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A B S T R A C T

An investigation into the properties and production characteristics of charmed mesons is presented. 
The data are taken from a high energy photoproduction experiment, NA14, which collected 17 million 
triggers in the period 1985-86, at a mean energy of 100 GeV.

The theoretical context of the work is described, including the models of photoproduction and 
weak decay. The production of the photon beam and the detectors that make up the apparatus are 
discussed, with particular emphasis on the construction, operation and performance of a high 
resolution silicon microstrip detector—important for the isolation of charm signals.

Data reduction, track reconstruction and particle identification are discussed, and details are given 
of the vertex finding algorithms that have been developed, which are crucial for the enrichment oi 
charm. Signals are presented in the decay channels D® -> Kn and Dg , D+ -> <J)tc.

The properties of the Dg and D+ signals are investigated, including their lifetimes, with a value 
measured for the Dg of:

x (Ds) = 0-33 ± 003 Ps
O

The mass of the Dg is measured as 1969-8 ± 1-9 ± 2-4 MeV/c , and the angular distributions of the Dg 
and D+ decays are found to be consistent with their pseudoscalar spin-parity assignment.

The production characteristics of the Dg andZ)+ signals are investigated, including the energy, xp, 
and prp distributions, and are found to be consistent with the predictions of a Monte Carlo simulation 
based on the first order QCD process, yg-fusion. The particle-antiparticle asymmetries are found to be 
0-29 ± 0-19 for the Dg and -0-31 ± 0-30 for the D+. The production ratio is measured:

c(D s)
-------  = 0-54 ±0-17 ±0-23
c (D +)

These values agree with those predicted by the Monte Carlo, which uses the Lund scheme for 
hadronisation, indicating that the parameters of this scheme—taken largely from e+e~ results—are 
suitable for charm photoproduction.
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O rdinary  (sca lar) p h y sica l v a r ia b le s  are rep resen ted  u s in g  p la in  ita lic  typ e. Vector  

quantities are represented w ith  b o ld  i ta l ic  type. M atrices are represented w ith b o ld  ro m a n  

type, and th eir  e lem en ts w ith  p la in  rom an type.

P a r t i c l e  n o t a t i o n

T h e u se  o f  a  sym bol for a p artic le  is  g en era lly  ta k en  to in clu d e th e  corresponding  

an tip artic le , excep t in  situ a tio n s w here th is  is  clearly  n ot the case (such as th e d iscussion  

o f  p artic le -an tip artic le  asym m etries). For exam p le, ‘D 0, includes D 0 and D®.

T h e  r e c e n tly  r a tio n a lise d  P a r tic le  D a ta  G roup [1] sy stem  o f  n o ta tio n  is  u sed  

th ro u g h o u t for p artic le  n a m es (w ith  one exception: th e ir  J / y  is  denoted  sim p ly  y ) .  In 

particu lar, th e  particle  form erly know n a s th e  F -m eson  is  denoted Dg.



Chapter 1

I N T R O D U C T I O N

T h is  th e s is  co n cern s a  h ig h  en erg y  p h y s ic s  e x p e r im e n t n a m ed  N A 1 4 . In th is  

in trod u ction , an overv iew  o f th e  a im s and tech n iq u es o f h ig h  en ergy  p h y sics  is  g iv en , 

a long w ith  a gen eral description  of th e  experim ent. F in a lly  th e  structure o f th e th e s is  is  

o u tlin ed .

1.1 High energy physics

O v e r v ie w

H igh  en ergy  p h y sics  is  th e  stu d y  o f th e fu n d a m en ta l stru ctu re  o f  m atter . It is , a s  a  

consequence, th e stu d y  o f th e  very  sm all, since to u n d erstan d  th e  b eh aviou r o f a  large  

system  it  is  in stru ctive  to in v estig a te  its  com ponent parts and th e ir  in teractions.

In th e study o f the structure o f m atter it  is  found th a t m acroscopic objects are com posed  

o f m olecu les, co llection s o f chem ically  bonded atom s. A tom s are th e  sm a lle st u n it o f an  

e lem en t th a t m a in ta in s its  chem ical properties, b u t th ey  are not e lem en tary  as th ey  m ay  

be read ily  ion ised . Ion isation  in vo lves th e  rem oval from th e  atom  o f one of its  com ponent 

p a rtic les , th e  electron , th e  first exam ple o f  a  particle  for w hich  th ere  is  no ev id en ce of 

substructure.

A s w ell as electrons, th e  atom  h a s  a n u cleu s, m ade up in  turn  o f neutrons and protons, 

th e  nucleons. O ther, short-lived , p artic les o f  a  sim ilar  n atu re  to nu cleon s m ay be created  

w h en  su ffic ien t e n erg y  is  a v a ila b le , a s  in  th e  c o llis io n  o f  cosm ic  ra y s  w ith  th e  

a tm o sp h ere , or s im ila r  p h en o m en a  crea ted  in  th e  lab oratory . T h e se  p a r tic le s  a re
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th em selv es  com posite, b u t th eir  com ponents, th e  quarks, represent th e  current lim it to th is  

q u est for deeper substructure, as they appear to be truly elem entary.

Q uarks come in  variou s types, or flavou rs: th e up and dow n  quarks th a t m ake up the  

n u cleon s, and  other m ore exotic flavours in c lu d in g  th e  stra n g e , ch a rm ed  and b ea u ty  

(o th erw ise know n as bottom ) quarks. T he work in  th is  th es is  is  concerned w ith  p articles  

co n ta in in g  th e  charm ed quark.

H igh  en ergy  p h y sics  th u s  in vo lves th e stu d y  o f the p rop erties o f th e  e lem en ta ry  

p a r tic le s  such  as th e  quarks and th e  electron , and  th e forces th a t  d eterm in e  th e ir  

in teraction s. A  b r ie f sum m ary of the theory w ill be g iven  in th e n ex t chapter, a long w ith  

an account o f the phenom enology re levan t to th is  th esis .

E x p e r i m e n t a l  f e a t u r e s

T h e size  o f th e  sm a lle s t  fea tu re  o f an object th a t  m ay be reso lv ed  is  lim ited  b y  th e  

w avelen gth  of th e probe u sed , w hich for en ergy  E  is  g iven by th e  de Broglie relationship:

For X ~  1 0 -1  ̂ m , th e  size  o f th e  nucleon , th e  eq u iv a len t en ergy  is  ab ou t 1 GeV. H igh  

en erg y  p h y sics  ex p er im en ts  therefore in v o lv e  th e  tran sfer  o f en e r g ie s  o f  a t le a s t  th is  

order of m agn itu d e in to  vo lu m es sm all com pared w ith  the nucleon  size.

T he h ig h  en erg ie s  are ach ieved  by su p p ly in g  partic les w ith  k in e tic  en ergy  in  an  

accelerator to form  a beam. T he acceleration  is  provided by th e electrom agn etic  force, so 

th e  a ccelera ted  b eam  p a rtic les  m u st be charged . In a lin ear  accelerator  th ey  travel a  

s in g le  tim e down a stra ig h t beam  pipe, rece iv in g  energy from  radio-frequency cavities; 

th is  h a s  th e  d isa d v a n ta g e  o f req u ir in g  a g rea t len g th  to a c h ie v e  h ig h  en erg ie s . 

A ltern a tiv e ly , in  a cyclic accelerator, a  m agn etic  field  is  used  to con stra in  th e  beam  to a  

circular path , o f rad iu s R  g iven  by:

R=S-
qB

w h ere p  is  th e  b eam  partic le  m om entum , q  is  its  charge, and B  is  th e m agn etic  field  

stren gth . As the partic les circulate, radio-frequency cavities a t one or m ore points on th e  

r in g  boost th e  en ergy . T yp ica lly  1 0 5 c ircu its  are required  before th e  fu ll en ergy  is  

ach ieved , so beam  sta b ility  is very im portant. D uring the acceleration  th e  m agnetic field  

m u st be correspondingly increased to confine th e beam  to a con stan t radius, so th a t it  m ay
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be en closed  in  a sm all d iam eter  b eam  pipe.

T h e  accelerated  p artic les are th en  directed onto a  target. In fixed target exp erim en ts, 

a s ig n ifica n t fraction  o f  th e  b eam  en ergy  is  n o t a v a ilab le  in  th e  cen tre-o f-m ass fram e, 

sin ce  m om en tu m  con servation  req u ires th a t  th e  k in e tic  en erg y  a fter  th e  co llis ion  is  

h igh . T he energy in  th e  cen tre-of-m ass fram e is  g iven  by:

E* = (M2 + m 2 + 2M E)112

w here m  is  th e m a ss o f th e  beam  particle, E  is  its  energy  and M  is  th e  m a ss o f th e  target 

p article  (in u n its  w here c = 1). For a typical beam  energy of 100  GeV, ta k in g  th e  effective  

ta rg e t m a ss  to be th a t  o f th e  proton, about 1 G eV /c2, and n eg lectin g  th e  b eam  particle  

rest-m a ss , th is  g ives a  centre-of-m ass energy of on ly  ~ 14  GeV.

C o llid er  exp erim en ts, on th e  other hand, u tilise  a ll th e beam  en ergy  by m a k in g  th e  

ta rg et a  second, cou n ter-rotatin g  beam . T hen  th e  p artic les o f both  collid ing b ea m s h a v e  

m o m en tu m  o f th e  sam e m a g n itu d e  b u t opposite  d irection , and  th e  cen tre o f m a ss is  

sta tio n a ry  in  th e laboratory fram e. One pays th e  price o f low er in teraction  rate , how ever, 

and  th e  co llid in g  p a r tic le s  m u s t  be both  s ta b le  and  charged , l im it in g  th e  ra n g e  o f  

in te r a c tio n s  th a t m ay  be stu d ied  (com pared  to fixed  ta r g e t ex p er im en ts , for w hich  

secondary beam s m ay be produced u sin g  th e  prim ary, accelerated , particles).

T h e  cen tre-o f-m a ss en erg y  a v a ila b le  in  th e  in tera ctio n  o f th e  b eam  a n d  ta rg e t  

p a rtic les  m ay  be u sed  in  th e  creation  of n ew  p artic les, provided th e ir  qu an tu m  num bers  

obey c er ta in  con servation  la w s  (su ch  as th e  co n serv a tio n  o f charge). S om e o f  th e se  

in teraction  products w ill be u n stab le , and decay to gen era te  further particles. T he process 

of th e in teraction  o f beam  and ta rg et lead ing  to product particles con stitu tes an event.

T h e  in teraction  products em erge from the in teraction  point, typ ica lly  a t re la tiv istic  

sp eed s, an d  th e  experim ental detectors record their  p assa g e  so th a t th e even t m ay be later  

reco n stru cted  and a n a ly sed . In g en era l th e  p a ssa g e  o f a partic le  through  a d etector  

produces an analogue s ign a l (for exam ple th e am ou n t o f ion isa tion  produced in a silicon  

detector). S torage o f th e  sig n a l m ay  be ach ieved  in  a v a r ie ty  o f w a y s— for exam p le  the  

photographic record o f a bubble cham ber— but i f  it  is  required to stu d y a large num ber of  

in tera c tio n s  th en  e lectron ic storage is  m ost su ita b le . T h is  in vo lves both  th e e lectron ic  

r e a d -o u t o f  th e  s ig n a l, w ith  a m p lifica tio n  an d  s ig n a l sh a p in g  i f  n e c e s sa r y , and  

d ig itisa tio n , th e tran sla tion  from  analogue to d ig ita l form . T he d ig itised  ou tp u ts from  all
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th e  detectors are m ultip lexed  by th e  data  acquisition  system  and th en  read by a com puter 

and  fin a lly  w ritten  to m agnetic  tap e for su b seq u en t an a lysis .

It is  necessary  for the data  acquisition system  to know  w hen to read out the apparatus. 

T h is  req u ires a  tr ig g e r , a sign a l created  from  th e  rapid in sp ection  o f a  su b set of th e  

a p p a ra tu s  th a t  in d ica te s  w h eth er  an  e v e n t  o f in te r e s t  h a s  occurred. B y tr ig g er in g  

se lec tiv e ly  on a  particu lar property o f th e  ev en t (such as the presence o f an electron) th e  

volum e o f data  th a t m u st be w ritten  to tape m ay be substantia lly  reduced.

W h ils t  d a ta  are b e in g  ta k en , th e  a p p a ra tu s  m u st be m o n ito red  to check th e  

perform ance o f th e detectors and to d etect an y  fa u lts . D ue to th e  h ig h  cost o f running an  

exp er im en t and fierce com petition  for ‘beam  tim e’, data  tak in g  an d  its  a tten d a n t on-line  

m on itorin g  tak e p lace day and n igh t, run in sh ifts  by th e  p articip an ts in  an experim ent. 

T he ta p es of data  are th en  availab le  for off-line processing, w ith  ev en t reconstruction and  

fin a lly  th e  p h ysics a n a ly s is .

1.2 The NA14 experiment

N A 1 4  is  an  e x p er im en t a t  C E R N , a  E u rop ean  cen tre  for h ig h  en erg y  p h y sics  in  

S w itzer la n d . I t  ta k e s  it s  n am e from  th e  N orth  A rea , a  s ite  d ed ica ted  to fixed ta rg et  

e x p e r im e n ts , o f w h ich  i t  w a s  th e  fo u r teen th  to be approved— see  F igu re 1 .1 . T h e  

ex p er im en t u t il is e s  a  b eam  o f  h igh  en ergy  p h oton s, created  in d irec tly  u s in g  450  GeV  

p roton s from  th e  S u p er Proton Synchrotron (SP S) accelerator (th e  position  o f w hich is  

illu s tr a te d  in  F igure 1.1).

T h e app aratu s o f th e  exp erim en t is  show n in  F igure 1 .2 . It is  large, w ith  d im ensions  

o f  ap proxim ately  26 m  a lon g  th e  beam  direction , and 6 m tra n sv erse  to th e  beam . T h is  

e lo n g a ted  sh ap e is  a  consequence o f th e  fixed ta rg et k in em atics, s in ce  th e  angle  0 in  th e  

laboratory fram e o f a  particle th a t travels a t angle  0 ' in the centre-of-m ass fram e is  g iven  

by:

tan 0 =■ sin  0 '

y  cos 0 '+ p /p'
]|(

w h ere P' is  th e  particle velocity  in th e centre-of-m ass fram e, P is  th e  re la tive  velocity  o f  

th e  fram es, and y* = (1 -  p*2) - l /2
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Figure 1.1 Aerial view ofCERN

jjc

For NA14, (3 may be found using the fact that the momentum sum is zero in the 

centre-of-mass frame:

p —E p* = A/J3*

where p is the photon momentum, E is the photon energy and M is the target mass. But
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Figure 1J2 View of the NA14 apparatus

p = E for a photon, so:

p * = _ £ _
(E + M )

Now E  ~ 100 GeV, M  ~ 1 GeV/c2, so {3* ~ 0.99 and y ~ 7. Hence for a relativistic particle 
emitted perpendicular to the beam direction in the centre-of-mass frame ((3' ~ 1, 9' = 90°):

tan 0 ~

giving 0 ~ 4°, with the result that in the laboratory frame the interaction products emerge 

in a narrow forward cone, along the beam direction.

The large dimensions of the apparatus are a consequence of the detection methods 

employed. An insight can be gained by considering one technique, the measurement of 

momentum from the deflection of a charged particle in a magnetic field: in traversing a 

distance L through a region of constant magnetic field B, a particle of charge q and 
momentum p will be deflected a distance d given by:

P
so the deflection is inversely proportional to the momentum of the particle, and to obtain a
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F ig u re  1.3 The N A M  counting room

g iv e n  d eflection  a s  th e  b ea m  en ergy  is  in c r e a se d , th e  d im en sio n s  o f  th e  reg ion  o f  

m a g n etic  field  m u st in crease .

T he apparatus stan d s in  an  underground h a ll, th e  ‘zon e’, to w hich th ere  is  no access  

w h ilst d ata  tak in g  is  in  progress due to th e  d an gerou sly  h igh  level o f rad iation . T h e parts  

of th e  app aratu s u sed  in  th e  trigger are read by th e  electronics w hich decides w h eth er  th e  

ev en t is  o f in terest, and  th is  process m u st be done quick ly  (in le s s  th an  ~ 1 |is )  to preven t  

th e  lo ss  o f th e  s ign a ls from  th e  rest o f th e ap p aratu s. A t th ese  tim e-sca les  th e  tim e tak en  

for s ig n a ls  to travel dow n cab les becom es sign ifican t, so th e  trigger logic is  k ep t a s  close  

to th e  ap p aratu s as is  feasib le; th e  com ponents th a t  m ay require h u m an  in terven tion  are  

s itu a te d  in  a  screen ed  area  n e x t to  th e  zone. A ll o th er  rem ote con tro ls an d  m on itorin g  

eq u ip m en t are kept, a lon g w ith  th e  data-acquisition  com puter, in th e  cou n tin g  room  above 

ground. T h is m ay be seen  in  F igure 1.3.

T h e  w ork  d escrib ed  in  th is  th e s is  co n cern s th e  stu d y  o f  sh o r t-liv e d  ch arm ed  

p a rtic le s . O ne w ay to recogn ise  ev en ts  th a t  con ta in  such p artic les is  to search  for the  

decay v er tex  form ed by th e  tracks o f the decay products (see F igure 1.4). T h ese  tracks do 

n ot in  gen era l point to th e prim ary vertex, but are offset by a d istance 5, and for a particle
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o f life tim e  x:

8 -  c x

in d ep en d en t o f th e  en ergy  o f th e  d ecaying  p artic le  (see  Section  8.2). T h u s for a  typ ical 

charm ed particle  o f life tim e ~ 5 x lO -*^ s, th e  offset is  o f the order o f  15 0  p.m, and a h igh  

reso lu tion  detector is  n ecessary  to see it. Such a  vertex  detector is  u sed  in  N A 14, com posed  

o f tw o parts: an active ta rg et (<active  because th e  m ateria l serving a s  a  ta rg et it s e lf  acts as  

a d etector for io n is in g  p artic les) and a  m icrostrip  track ing  detector.

T h e sca le  o f h ig h  en ergy  p h ysics exp er im en ts is  such th a t th e y  are u su a lly  run by  

la r g e  in te r n a tio n a l co lla b o ra tio n s o f  p h y s ic is ts , and N A 14 is  no ex cep tio n , w ith  a 

p op u lation  o f around fifty  p articip an ts from th e  fo llow ing in stitu tes:

CERN

F r a n c e : College de France P aris, LAL Orsay, Saclay, S trasbourg

G reece: N a tio n a l Technical U niversity A thens

P o la n d : W arsaw  U n iversity

S p a in : U n iversidad  A utdnom a Barcelona

U .K : Im perial College London, Southam pton University

T h e  d ifferen t in s t itu te s  g en era lly  to o k  r e sp o n s ib ility  for se p a r a te  p a rts  o f th e  

a p p a ra tu s. Im p eria l C ollege w a s resp on sib le  for th e  m icrostrip  d etector  and  I h ad  a  

specific  re sp o n sib ility  for its  m on itor in g  a n d  d a ta  a cq u isition . For th is  reason , and  

b eca u se  o f it s  im portance in  th e  id en tifica tion  o f  ev en ts  co n ta in in g  charm ed  particles, 

prom inence is  g iven  to th e  device in th is  th es is .
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1.3 Outline of the thesis

In th e  n ex t chapter, th e  theoretica l background to the experim ental work o f th e th e s is  is  

described . A fter a b r ie f overview  o f  th e th eo retica l structure o f  th e  subject, d e ta ils  are 

g iven  about charm  spectroscopy, photoproduction, and  w eak decays.

In C hapter 3, th e  ap p aratu s o f  th e ex p er im en t is  described, w ith  d iscu ssion  o f the  

req u irem en ts o f particle detection , th e princip les o f operation o f th e  detectors th a t m ake up  

th e  ap p aratu s, and th e ir  configuration. F urther d eta ils  are g iven  in  C hapter 4  concerning  

th e  silicon  vertex detector, in clu d in g  the tech n iq u es o f detector fabrication  and operation.

T h e  d ata  tak in g  is  d iscu ssed  in  C hapter 5, w ith  d eta ils  o f th e  detector m onitoring  and  

o f th e  trigger used  by th e  experim ent. Included in  th is  chapter are te s ts  th a t w ere m ade o f  

th e  m icrostrip  detector prior to th e  d ata  ta k in g  ru n s, and th e  perform ance o f th e  device  

d u rin g  th e  runs.

T h e first step in  th e  a n a ly s is  o f th e  d ata  th a t  w ere recorded, d a ta  p rocessing, in vo lves  

th e  u se  o f filters to reduce th e  d ata-sam ple, and th e  ru n n in g  o f production to reconstruct 

th e  tracks of each even t. T h is is  described in  C hapter 6 .

T h e  a n a ly s is  o f th e  e v e n ts  for charm  th e n  fo llow s. T h is  r e lie s  h e a v ily  on th e  

reconstruction  of vertices form ed by the tracks of each event, so C hapter 7 is  devoted to th e  

v ertex  find ing tech n iq u es th a t w ere developed. T h ey  are then  app lied  in  C hapter 8 , w here  

th e  charm  a n a ly s is  is  described , lea d in g  to th e  iso la tio n  of variou s charm  sig n a ls. In  

C hapter 9 the physics r e su lts  th a t have b een  extracted  from th e se  s ig n a ls  are p resen ted , 

fo llow ed  by a d iscu ssion  o f th e  conclusions draw n from  the a n a lysis .



Chapter 2

T H E O R E T I C A L  B A C K G R O U N D

In  th is  ch a p ter  th e  th eoretica l background to th e ex p er im en ta l work o f th e  th e s is  is 

described. A  b r ie f  overview  o f th e  theoretica l structure o f th e  subject is  g iven  first, to put 

th e  work in to  context. T hen  th e  p articu lar  top ics o f photoproduction  and th e  decay of 

charm ed m eso n s are addressed .

I The Standard Model

2.1 Introduction

T he S ta n d a rd  M odel [2] is  the n am e g iven  loosely  to th e  se t  o f th eories th a t describe th e  

exp erim en ta l resu lts  o f h igh  energy  p hysics. A s y e t  th ere is  no evidence o f behaviour th a t  

v io la te s  th is  sch em e, a lth ou gh  th ere  are th eo retica l an d  aesthetic a rg u m en ts  w hich  

su ggest th a t it  is  n o t a  com plete picture. In th is  part o f th e  chapter, the Standard M odel w ill 

be outlined .

P a r t i c l e s

T h e p h y s ic a l w orld  is  com posed  o f  e le m e n ta r y  p a r tic le s , w h ich  m a y  be c la ss ified  

according to th e ir  quantum  n um bers , th a t d esign ate  in tr in sic  properties o f th e  particles  

su ch  as th e ir  charge and sp in . T here are variou s ty p es o f p article , and  for each  particle  

ty p e  th ere  is  a  corresponding an tip a rtic le  w ith  th e  sa m e m a ss  b u t op p osite  q u antum  

n u m b ers (e.g . charge). T he s ta t is t ic a l p rop erties o f  p a rtic les  are in tim a te ly  re la ted  to
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Generation Quarks Leptons

Type Q I3 Type Q I3

1 u (up) +2/3 +1/2 ve 0 +112
d (down) -1/3 -1/2 e~ -l -1/2

2 c (charm) +2/3 +1/2 vn 0 +1/2
s (strange) -1/3 -1/2 -l -1/2

3 t (top)? +2/3 +1/2 v-c 0 +1/2
b (bottom) -1/3 -1/2 T~ -1 -1/2

T a b le  2.1 The fundam ental constituents o f  m atter

th e ir  sp in: th o se  w ith  h a lf- in teg ra l sp in  (in  u n its  o f  H) are fe rm io n s  (i.e . th e y  obey  

F erm i-D irac  s ta t is t ic s — req u ir in g  for ex a m p le  th a t  no tw o ferm io n s m ay  occupy th e  

sam e sta te), w h ils t th ose  w ith  in tegra l sp in  are bosons (i.e. obey B ose-E in ste in  sta tistic s).

M a tter  is  b u ilt  ou t o f tw o ty p e s  o f fu n d a m en ta l ferm ion , for w h ich  th ere  is  no  

exp erim en tal evidence for structure a t a scale of lO'1  ̂m:

(i)  Q u arks  h a v e  fraction a l e lectr ic  charge, are m a ssiv e , and com e in  var io u s typ es, 

k n ow n  as ‘flavou rs’;

( i i )  L e p to n s  h a v e  in teg ra l charge, and  for each m a ss iv e  charged  lep ton  th ere  is  a  

corresp on d in g  n eu tra l, m a ss le ss  neutrino .

T h ese  p a rtic les  are lis ted  in  Table 2 .1 , sep arated  in to  g en era tio n s— su c c e ss iv e  h ig h e r  

m a ss groups o f partic les w hose p roperties closely  m atch th ose  o f th e previous gen eration s. 

The top quark h a s not y et been discovered experim entally , but its  ex isten ce  is  postu la ted  to 

com plete th e  th ird  generation . A lso g iven  in  th e  table for th e  partic les are th eir  charge, Q, 

and th ird  com ponent o f w eak  iso sp in , (d iscu ssed  below ). T h e quarks and lep to n s  are  

d istin g u ish ed  according to the in tera ctio n s th ey  are affected  by.

I n t e r a c t i o n s

C lassica lly , in tera ctio n s w ere described  according to a ‘field ’ p icture; th is  is  rep laced  in
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Force Gauge boson Dimensionless coupling

Gravitational
Weak
Electromagnetic
Strong

graviton 
W^Z0 
Y (photon) 
g  (gluon)

GM2!hc - 10-37 
M2cGj^fi3 - 10*5 
e2/4nflc ~ 10'2 

~ 1 (r > 1 fin) 
< 1 (r < 1 fm)

T a b le  2 .2  The fundam ental forces

quantum  theory  by th e  exchange o f quanta—bosons th a t m ed ia te  th e  force. T he stren gth s  

o f  th e  forces m ay  be com pared b y  con stru ctin g  a d im en sio n less  m easu re from  re lev a n t  

param eters: see  T ab le 2 .2 . T rad itionally  th e  forces are c lassified  a s  four types:

( i)  G ra vita tio n a l. G ravity a ffects a ll p articles, b u t is  n eg lig ib le  com pared to th e  other  

forces a t  th e  m a ss sca les  re lev a n t to exp erim en tal h igh  energy  physics. It h a s  also  

b een  found  d ifficu lt to q u an tize  (a lth ou gh  its  m ed ia tin g  boson, th e  graviton , h a s  

b een  p o stu la te d ), an d  th e  th eo ry  o f g ra v ita tio n  re m a in s  o f  a v ery  d ifferen t  

character to th ose  o f the other forces. B ecause o f th is theoretical difficulty i t  does not 

form  a p art o f th e  standard m odel.

( i i )  E lectrom agnetic; th e  in teraction  th a t couples to charge, m ed iated  by th e photon. The 

th eory  th a t describ es it, Q u an tu m  E lectrodynam ics (Q ED ) h a s  been  su ccessfu lly  

te sted  to grea t precision. D ue to its  success, it  is  expected  th a t  theories o f th e  other  

in tera ctio n s are o f a  sim ilar  character.

( i i i )  S tr o n g .  A  force th a t  a ffects  q u ark s, b u t n ot lep to n s. T he quark flavou rs are  

conserved  in  stron g  decays. T he m ed ia tin g  boson is  th e  g lu o n , w hich  is  n eu tra l, 

m a s s le s s  an d  fla v o u r less , b u t cou p les to c o lo u r , th e  stro n g  force an a lo g u e  of  

e le c t r ic a l  c h a r g e . T h e  c o r r e sp o n d in g  th e o r y  is  k n o w n  a s  Q u a n tu m  

C hrom odynam ics (QCD). T he effective coupling con stan t of th e strong in teraction  

d ep en d s  on th e  m o m en tu m  tr a n s fe r  (Q 2 ) o f  th e  p ro cess  in v e s t ig a te d  (or  

e q u iv a le n t ly  th e  corresp on d in g  d is ta n c e  sc a le — see  T a b le  2 .2 ); th e  co u p lin g  

s tr e n g th  d e c r e a se s  a s  th e  Q 2 in c r e a se s  (u n lik e  in  Q ED , w h ere th e  stren g th  

in creases  a s  th e  Q 2 in crea ses). T h is  lea d s  to ‘a sym p totic  freedom ’: for very  h ig h  

m om en tu m  tran sfer  th e  quarks are e sse n tia lly  free, and  as a resu lt perturbation  

theory can be u sed  for QCD calcu lation s a t large Q2.
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( iv )  W eak. T h is  in tera ctio n  w a s d iscovered  first in  0 -decay , and  is  fe lt  by a ll know n  

p artic les. It can change quark flavour in particle decays, b u t is  read ily  observable  

on ly  w h en  th e  stron g  and e lectrom agn etic  d ecays are forbidden by con servation  

law s. It h a s been  unified w ith  th e  electrom agn etic force, in  th e electroweak  theory, 

an d  it s  m e d ia tin g  b oson s are th e  m a ssiv e  W  and  Z  p a rtic le s , w h o se  m a ss  is  

r e sp o n s ib le  for th e  a p p a ren t w e a k n e ss  o f th e  co u p lin g  com pared  to th a t  of  

electrom agn etism — due to th e  short range associa ted  w ith  a m a ssiv e  propagator.

F ree qu ark s are n ev er  found. In stea d  th ey  are bound by th e  stron g force in to  h a d ro n s, 

w hich m ay  b e o f tw o types: baryon s  form ed from th ree  quarks (such a s  th e  proton, w ith  

quark co n ten t uud), or m esons  form ed from  a quark and an antiquark  (such  a s  th e  pion, 

u d ). T h e se  co m b in a tio n s  a r ise  from  th e  3 a v a ila b le  co lou rs (an d  co rresp o n d in g  

an tico lou rs) o f quarks; th e  observed p artic les  are colour s in g le ts , w h ich  m ay  b e form ed  

u s in g  a  q u ark  o f  each  colour (b aryon s) or a  co lou r-an tico lou r com b in ation  (m eson s). 

S in ce  q u ark s h a v e  sp in  1/ 2 , b a ry o n s are ferm io n s, w h ils t  m eso n s are  b o so n s. T h e  

n u m erou s quark flavours perm it a  w ea lth  o f d ifferent p artic les to be con stru cted  in  th is  

fa s h io n .

In QCD th e sim p le  co n stitu en t ‘v a len ce’ quark p icture o f hadrons is  com plicated  by  

th e  ‘sea ’, form ed by th e  rad iation  o f g lu o n s and th e  creation  o f qu ark -an tiq u ark  pairs. 

T he hadron co n stitu en ts— quarks and g lu on s— are g en era lly  referred to a s  p a rto n s .

2.2 QED

T he th eo r ie s  o f th e  var io u s in tera c tio n s  are form u la ted  in  term s o f L a gran g ian  field  

theory, u s in g  (from  classica l m ech an ics) th e  E u ler-L agrange equation  for a field  <j)Gr,£):

9 /  BL
9 x \  9(9<t> / dx  )

H \  M-

w here th e  L agrangian  den sity  L  is  defined by:

^ L d Sx = T - V

(the d ifference of th e  k in etic  and p oten tia l energy o f th e  system ). The equation  o f  m otion  

fo llo w s from  m in im isin g :

J l  d4*
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T h e H am ilton ian  H  is  a lso  u sed , defined by:

d3*  = T +  V

In Q E D , th e  ap p rop riate  L agran g ian  for a free ferm ion  fie ld  \|/ is  (from  D irac’s 

eq u ation ):

L  -  f  \jr

w h ere  y l1 are th e  stan d ard  D irac y-m atrices, and  m  is  th e  m a ss  o f th e ferm ion . The  

req u irem en t o f local gauge invariance  is  th en  app lied , i.e . th e  L agrangian  sh ou ld  be 

in v a r ia n t w ith  resp ect to an arbitrary local p h a se  change aOc):

\j/ y ' = eia \j/

T h is  en ta ils  th e  in troduction  o f a g en era lised  ‘covariant’ derivative:

w h ere e is  th e  electronic charge, and A .., th e  gauge field, satisfies:r0

T h is gauge fie ld  is  id en tified  w ith  th e  photon field, i.e. th e  gau ge p ostu la te  id en tifie s  th e  

form  o f th e  in teraction . T he concept o f g a u g e  in varian ce ap p ears to be crucial for th e  

re n o rm a lisa tio n  o f  th e  theory: d iv ergen ces a r is in g  from  se lf-en erg y  m ay b e absorbed  

in to  the defin ition  o f  th e  con stan ts (such as m a ss and charge), to en su re  th a t ca lcu lation s  

rem ain  fin ite. T he Q ED L agrangian for a ferm ion field  th u s becom es:

L=\j / ( iy^3i t - m ) \ i /  + e\i/yllAii\ i / + i F  
M- M- 4 jiv

w here the gau ge-in varian t field strength  ten sor  h as been introduced:

(2.1)

^IV — ̂(1 ̂ V ■'V

N o te  th a t a  m a ss  term  for th e photon o f th e  form  m 2A A *1 is  p roh ib ited  by gau ger
in v a r ia n c e .

T he e lectrom agn etic  in teraction  o f tw o charged partic les m ay  be considered  as the  

ex ch a n g e  o f  a  ph oton  (to lo w est order), a s  illu s tr a te d  in F igu re 2 .1 . T he in v a r ia n t  

am p litu d e  for th e  process is g iven  by th e  product of e lectrom agn etic  ‘cu rren ts’ and a 

propagator term  for th e  exchanged photon, w ith  a coupling co n sta n t e from each vertex  of 

th e  diagram :
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F ig u re  2.1 Electrom agnetic interaction

2
_ , e , .em. , cm  ll
^ = - - o  \

Q
w here q is  th e  m om entum  o f th e  photon. T he current is  g iven  by:

.em _ ~
•V

w here th e  charge operator Q h a s  b een  introduced, w ith  e ig en v a lu es ±  1 according to  th e  

charge o f th e  particle.

2.3 Electroweak theory

E a r l y  th e o r y

By an alogy  w ith  e lectrom agn etism , Ferm i [3] su g g ested  th a t th e  in v a r ia n t am p litu d e for 

P-decay should  be oi the form:

M = G WJ ^ J + = Gjp(u yV-u )(u y u  ) r  jx t  n P v e

w here G p  is  a  w eak coupling con stan t, are th e  charged currents, r a is in g  or low erin g  

th e charge, and û  are the D irac spinors for the partic les i. T he lack of a  propagator term  is  

due to th e  4-particle  vertex  n a tu re  o f th e proposed in teraction , see F igu re 2 .2 . T h is  w as  

quite su ccessfu l, b u t h ad  to be m odified w hen  p arity  v io la tion  w as d iscovered  [4], by th e  

incorporation of a parity  v io la tin g  term  in th e  currents [5]:
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F ig u re  2J2 Fermi fi-decay

g iv in g :

+ —J  = J  =
M- M-

u y  —(1 - y  )u  = v T y  eT 
v V  2 5 e L V  L

J  ^ = J  - u  y  i ( l - y  ) u s  nT y  p T

w h ere th e  sh ort-hand  notation  e h a s  been  introduced for ue, (etc.), and the su b scrip t L  

in d ica tes  th a t it  is  th e  left-handed  com ponent th a t is  taken . T he theory therefore h a s  a 

(V  -  A) stru ctu re , s in ce  uy^u transform s lik e  a  vector, and  uy^gu, tran sform s lik e  an  

ax ia l vector u n d er L orentz tran sform ation s. Then:

J  (2.2)

V2 V
w h ere  th e  n u m erica l factor p reserves th e  old defin ition  of G p. T h is  form ulation  o f th e  

th eo ry  su ffers from  ‘u n ita r ity ’ problem s, i.e . th e  n on-conservation  o f  probability , b u t it  

su rv ived  u n til su p ersed ed  b y  th e  W einberg-Salam  theory  [6] th a t  unified  the w eak  and  

e lec tro m a g n etic  forces.

W e i n b e r g - S a l a m  t h e o r y

T h e  ch arged  w ea k  cu rren ts  m ay  be r e w r itten  u s in g  a 2 -d im en sio n a l form  for th e  

le ft-h a n d ed  sp inors:

an d  u sin g  th e  ‘step  up/dow n’ operators:

w h ere x- are th e  P au li sp in  m atrices. Then:
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Jl ^ L \ \ V L  (2.3)

to com plete an  isosp in  trip let o f w eak  currents:

Jl=^L\\\y-L (i=1,2,3)

The corresponding charges, th e com ponents of w eak  isospin:

^ = { 4  tod3*

obey th e  com m utation  relation:

^ i’ = * Hjk

w h ere is  th e  stan d ard  an tisym m etr ic  ten sor, and  th e y  therefore g en era te  an S U (2) 

a lg eb ra .

T h e electrom agn etic  in teraction  is  incorporated th rou gh  a further current, th e  ‘w eak  

h y p erch a rg e’ current:

/ = y 7(iy v

w here w ea k  hypercharge Y  is  defined by:

Q = /3
Y+—
2

i .e :

J.
JS 1 .Y 

= «/ + ~ J (2.4)
>  [i 2 [i

The hypercharge operator g en era tes  a sym m etry group U ( l) ,  so th e sym m etry  group o f the  

theory is  en larged  to SU (2) x  U (l) .

T he electrom agn etic current couples to th e photon v ia  a term  in  th e  Lagrangian:

(2.5)

It is  p ostu la ted  th a t th e  electrow eak  currents couple to vector bosons: W..1 (a tr ip let) couple 

to j J  w ith  stren g th  g, and  B.. (a sin g let) couples t o y  ^  w ith  stren gth  g 72, g iv in g  th e  

e lec tro w ea k  in teraction :

g j iV-Wi + $ - j Y 'LB  
P 2 P

T he com b in ation s:
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F ig u re  2.3 W einberg-Salam /3-decay

W * =  / i  (W 1 ± i  W 2)\1 \J  2 \1 \L
g ive  th e  charged bosons, and W^3 and are neutral.

T he m a sses  o f th e  bosons are gen erated  by sym m etry break ing . A s for Q ED , adding  

a  s im p le  m a ss  term  for th e  boson  fie ld s  to th e  L a g ra n g ia n  w ou ld  v io la te  g a u g e  

in varian ce, and m ak e th e  theory unrenorm alisab le . In stead , th e  H iggs m ech an ism  [7] is  

u se d , a d d in g  a com p lex  d ou b let o f  sc a la r  fie ld s , and  th e n  a llo w in g  sp o n ta n eo u s  

sy m m etry  b rea k in g  to absorb th ree  o f th e  sca lar  d egrees o f freedom  a s lo n g itu d in a l 

p o la r isa tio n s  o f th e  vector b osons, le a v in g  th ree  m a ssiv e  g a u g e  fie ld s an d  a  m a ssiv e  

sca la r  H iggs particle . The n eu tra l fields m ix  to  produce m a ss e igen sta tes:

A\i -  fijj,cos + W^3 sin  (m assless)  

sin  + W^3 cos 0py (m assive)

w h ere  th e  m ix in g  p aram eter , 0^  know n a s  th e  ‘w eak  m ix in g  an g le’, is  d eterm in ed  by  

exp er im en t to g ive  s in 2 0^  ~ 0-23. T he charged  gauge bosons h a v e  m ass:

MW = \

w h ere v is  th e  vacu u m  expectation  va lu e  o f th e  scalar field, and  th e  m a ss o f the n eu tra l 

gau ge boson is  re la ted  to M w  by:

----- =  COS 0 t t tMz V

T he w eak  in teraction  is  now  seen  as an exch an ge o f W* and Z ° p articles. For exam ple, 

th e  P-decay show n in  F igure 2.2 is in terpreted  as th e tran sition  o f a  rf-quark to a w-quark 

v ia  th e  em ission  o f a  v irtu a l W-boson. S ee  F igure 2.3.

T he electrow eak  n eu tra l current in teraction  is  th u s g iven  by:
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g f w 3* +£-jY B»=
H 2 |1

T he first term  is  th e  e lectrom agn etic  in teraction , so by com parison w ith  E q u a tio n s 2 .4  

and 2 .5 , w e have:

g  sin  0w  = g ' cos dw  = e

T he charged  current in teraction  is  g iven  by:

w here w e h a v e  used:

- ^ ( J V  W + + JHt W )  
^2 ^ *

— (t . W1 + t0 W^) = /  — (x . W+ + x W~ 
2 1 2 v  2 +

T he in v a r ia n t am plitude m ay  th en  be calcu lated , fo llow in g  th e  QED procedure:

■
( ^ O

w h ere th e  factor (1 / M y y )  com es from  th e  approxim ation  to  th e W propagator a t  lo w  Q .  

H ence, by com parison w ith  E quation  2 .2 , w e have:

GF _ /

72 8M,

Q u a r k  m i x i n g

A s n o ted  above, th e  fu n d a m en ta l ferm ion s are grouped  in  left-h an d ed  p a irs  for th eir  

w eak  in tera ctio n s. T h e p artn er  o f th e  w-quark is  th e  d-quark , and  so on. H ow ever, th e  

e ig e n s ta te s  o f  th e  w ea k  in tera c tio n  n eed  n o t in  g e n e r a l be th e  sa m e a s  th e  m a ss  

e ig e n sta te s , so w e in trod u ce w eak  m ix in g  o f  th e s ta te s  [8]: th e  p artn er o f th e  u -q u a rk

becom es:

d ’ = d  cos 0£  + s sin 0£

i.e. m ixed  w ith  th e  s-quark  s ta te , w here th e  m ix in g  an g le  0^ is  know n as th e  Cabibbo  

a n g le— to be d eterm in ed  by exp erim en t. T he decay  K *  -+ p.+ v.. is  exp ected  (from  p h aser*
space) to occur a t about 18 tim es th e rate o f the decay k + -> | i+ H ow ever, from  F igure 2.4, 

it  can b e  seen  th a t th e  kaon  decay  am p litu d e w ill in vo lve  a  factor sin  0£ , w h ils t  th e  pion  

decay w ill involve a  factor cos 0£ , so th e  ratio o f decay ra tes  w ill be m odified  by tan^ 0£ .
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Figure 2.4 K f (n+) decay to

E xp erim en ta lly  i t  is  found that:

r (K+ -> |i+v ) 
----------UL-1.34
r  (7t+ -> | i+v )

n
H ence ta n 2 0£  ~ 0*05.

T he hadronic n eu tra l current from  th e (u , d ') pair of s ta te s  w ill h ave th e  form  (from  

E q u ation  2.3):

_  — 2 -  2 — _
u u + d d  cos 0£  + ss  sin  0^  + (s d  + sd ) sin 0^  cos 0 ,̂ (2.6)

w h ere th e  7-m atrices an d  overall factors h a v e  b een  suppressed . H ow ever, it  can be seen  

from  th is  th a t  stra n gen ess-ch an g in g  n eu tra l currents ex ist, g iv en  by th e  la s t  term  in  th e  

exp ression . S ee  F igu re 2 .5 . E xperim entally:

— --------io*8
r  a ll)

i.e . th ese  reaction s are strongly  suppressed . T h is w as exp la in ed  by the GIM m echan ism  

[9]— in v o lv in g  th e  prediction  o f an  ad d ition a l quark, th e  charm ed quark c. The c-quark  

and s-quark th en  form  a doublet, w ith  th e w eak  partner o f th e  c-quark given by:

Figure 2.5 K ° decay to
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s ’ = - d  sin 0£  + s cos Qc

in  a corresponding m an n er to th e  (u , d ') doublet. T h is  in troduces fu rth er  term s in to  th e  

n eu tra l current:

-  — 2 -  2 — _
cc + ss  cos Qc  + dd  sin  0^ - ( s  d  + sd) sin 0^  cos 0^

and (com p arin g  E quation  2 .6) r e su lts  in th e  can ce lla tion  o f th e  s tr a n g en ess-ch a n g in g  

com p on en t.

T he m ix in g  of quark s ta te s  m ay  be stra ightforw ard ly  ex ten d ed  to 6 quark flavours, 

req u ir in g  a (3 x 3) m ix in g  m atrix  (know n as th e K ob ayash i-M askaw a m atr ix  [10]). T he  

hadron ic charged  current becom es:

t  (1 -Y 5)
J  = U J y -------- — V ..d

n 1 \i 2 v  j

w h ere:

u = d =

and:

t  m b

' y ud Vus

v  = \ d v „ Vc6

V,6

In stead  o f th e  single Cabibbo an g le , th e m ix in g  m atrix  now  h a s  4 p aram eters— out o f th e  

18 real p aram eters required  (a llo w in g  each  e lem en t to be com plex), 5 are u nobservab le  

(and  th ere fo re  u n im p o rta n t) p h a se s , an d  th e  req u irem en t o f  u n ita r ity  p ro v id es 9 

con stra in ts, lea v in g  3 a n g les  and one overall p h ase  (th a t p erm its C P -violation  [11]) to be  

d eterm in ed  b y  exp er im en t. Ign orin g  C P -v io la tion , th e  m a tr ix  m ay  be ap p rox im ate ly  

p aram eterised  [12] as:

V~

1

-X

-X3

X

1

-X2

X3

X2

1

w here X ~  s in  0£ . (T h is is  an exp erim en ta l observation— th ere  is  no ju stifica tio n  for i t  in
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th e  S tan d ard  M odel). In teraction s in v o lv in g  a K M -m atrix e lem en t o f 0 (h )  (or h igh er  

pow ers) are th u s referred to as C abibbo-suppressed (or very C abibbo-suppressed).

2.4 QCD

T h e theory  o f  th e strong interaction , QCD, fo llow s the structure o f  QED, and is  a  locally  

gau ge in varian t theory. The U ( l)  gauge group is  replaced by th e  SU (3) group o f colour. As 

for QED, th e  free L agrangian is:

w h ere  on ly  one quark flavour h a s been  show n, and th e  in d e x ,/ runs over th e  3 colour 

fields. W e require L q to be in var ian t u n d er an arbitrary gauge transform ation:

i  a.a(x) h J 2
g ( x ) - > e  q(x)

w h ere  ha (a  = 1 , ..., 8 ) are th e  G ell-M an n  m a tr ices— lin e a r ly  in d ep en d en t, tr a c e le ss  

(3 x  3) m atrices. T h ey  form a non-abelian  group, since th ey  do n o t all com m ute:

lXa/ 2 , \ b/2 'i = i f a b c%J2

w here f  ^  are th e  structure constants  o f th e  group. A s in  QED, w e introduce gau ge fields, 

alth ou gh  8 are now  required, G^a . T he corresponding covariant derivative becom es:

a ~+D =3
ll \1. \L

a y~a+ l g  — G
2 M-

w here g  is  th e  cou p lin g  constant, and  for gau ge invariance w e require:

G a - > G ° - i a  a °  _ f abc a  g  (2.7)
M- M- g  V- b ^

T h u s th e  QCD L agrangian  becom es:

h ,
L  - q { i y V - d  -  m)  q - g  ( q y V - ^ - q )  G °  — - G a G ^V 

[L 2 |i 4  |iv a

w here th e  final term  rep resen ts th e  k in etic  energy o f th e  G^a fields, in  a sim ilar  fash ion  

to  th a t o f A ,  in  E quation  2 .1 , but w ith  a  m ore com plicated form due to the additional term  

in  E quation  2.7:

G °  = 3  G ° - 3 G a - g f abcG G
jiv ji v v \ i  \ib vc

(2.8)

T he G..a fields rep resen t th e gluons, and th e la s t  term  of Equation 2.8 in d icates th a t they
r*

h a v e  self-coupling. T h is is  a resu lt o f th e non-abelian  structure o f th e theory, and follow s
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from  th e  fact th a t th e  g luons th em se lv es  carry colour.

T h e  sy m m etry  o f th e  co m p lete  S tan d ard  M od el, in v o lv in g  th e  S a la m -W ein b erg  

e lec tro  w ea k  th eo ry  an d  Q CD, is  th u s  S U (3 ) x  S U (2 )  x  U ( l ) .  T h is  m o d el h a s  b een  

su ccessfu l in  d escrib in g  th e  ex p er im en ta l r e su lts  o f h ig h  en ergy  p h y sics  to  d a te , b u t  

ser io u s  q u e stio n s  rem a in  u n a n sw ered : w hy is  th ere  m ore th a n  on e g en era tio n  o f  

fu n d a m en ta l ferm ions? W hat is  th e  source o f th e  var iou s m a ss sca les  an d  (re lev a n t to 

th is  th e s is )  th e K M -m atrix param eters? How m ay gravity  be included? Q u estion s such  as  

th ese  provide m otivation  for th e  fu ture developm ent o f th e  theory.

2.5 Charm physics

T h e ch a rm ed  qu ark  w a s p o s tu la te d  in  19 7 0 , a s  n o ted  above, to a cco u n t for th e  

e x p e r im e n ta lly  ob served  la ck  o f s tr a n g e n e ss -c h a n g in g  w ea k  n e u tr a l cu rren ts , by  

in vok in g  th e  GIM m echanism . It w as discovered in 1974  [13], in  the gu ise  o f th e  \jMneson, 

th e  bound  s ta te  o f  th e  charm ed  quark  and its  an tiq u a rk . T h e ch a ra cter istic  w hich  

in d icated  th e  presence o f a n ew  quantum  num ber w a s th e  narrow  w id th  o f th e  excitation  

observed , in d ica tin g  th a t  th e  p artic le  w as lon g-lived . P a rtic le s  w ith  n a k ed  charm  (i.e. 

form ed from  a  charm ed quark w ith  other ligh ter  q uarks, and th u s  w ith  a  non-zero va lu e  

for th e  charm  q u antum  num ber) are o f  too h igh  m a ss  to be produced in  \p decay, so th e  

c o n stitu e n t  charm ed  quark an d  an tiq u ark  o f  th e  y  m u st lo se  th e ir  charm  q u an tu m  

num ber b y  m u tu al a n n ih ila tion , a su p p ressed  process. P artic les w ith  n ak ed  charm  w ere  

first observed in  1975 [14].

C h a r m  s p e c t r o s c o p y

W ith th e  charm ed quark there w ere now  four quark flavours, and th e h adrons predicted  

by th e  quark m odel are d isp layed  in  F igure 2 .6 . T h ere are 6 low -ly in g  charm ed m eson  

s ta te s  form ed  from  co m b in a tio n s o f  lig h t  q u a rk s w ith  th e  ch arm ed  quark: th ree  

p seu d osca lars, (cu ), D + (cd ), D g+ (cs); and three vector partners of th ese  s ta te s , w hich

decay e lectrom agn etica lly  or v ia  s in g le  pion em issio n  to th e  p seu d osca lars. T he D + w as  

first d iscovered , follow ed by th e  D °. T he Ds w as search ed  for, and  early  in d ica tio n s gave  

it  a m a ss  o f about 203 0  M eV/c2 [15]. T he first un am b igu ou s ev idence for th e  p article  w as  

found in  1983  [16], w ith  a m a ss o f  about 1970  M eV/c2, an d  su b seq u en t ex p er im en ts  h a v e  

confirm ed th is , a lthough  th e to ta l w orld sta tis tic s  for th e  Ds rem ain  low. T h e th ree  vector
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?/<»«•

(a) JP = CT (b) ^ = 1 -

(c) Jp = l/2 + (d) Jp = 3/2+

F igu re 2 .6  H adron classification for four quark flavours

partners h a v e  also  been  seen.

A m ong th e  charm ed baryons, four decay weakly: th e Ac+, Ec+, Ec®, and Oc°. O f th ese , 

th e  Ac (cud)  is  w ell e sta b lish ed  exp er im en ta lly , and  th e  S c+ (c u s ) h a s  b een  recen tly  

discovered [17]. One experim ent h a s seen  ind ications of th e  £2C (css), and th e field  o f h eavy  

quark spectroscopy rem ains an active area  o f  experim ental stu d y  [18].
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C h a r m  e x p e r i m e n t s

Over th e  p a st  few  years, charm  p h ysics h as been explored by a lm ost every var ie ty  o f h igh  

en ergy  p h y sic s  exp erim en t. T he orig in a l in v estig a tio n  o f  n eu tra l cu rren ts w a s m ade  

w ith  n eu trin o  fixed ta rg et experim ents, and th e y  w a s discovered by both an  e+e~ collider  

exp erim en t, and a  proton fixed ta rg et experim ent. In  th e  p a st, e+e~ collider exp erim en ts  

h a v e  d om in ated  th e  field , th rou gh  th e ir  ab ility  to  tu n e  th e  b eam  en ergy  to th a t  o f  a  

reson an ce su ch  a s  th e  \j/", w hich d ecays a lm ost exclu sively  to charm ed fin a l s ta te s . T hey  

th u s ach ieved  h ig h  s ta t is t ic s  for charm ed particle decays, b u t gen era lly  w ith  low  sp atia l 

p recision  for v er tex  recon stru ction . T h eir  life tim e  m ea su rem en ts  h a d  th erefore  to be  

o b ta in ed  from  sm a ll o ffse ts  o f  broad  im p a ct p a ra m eter  d is tr ib u tio n s . P ro m in en t  

experim ents of th is  type w ere ARG US [19] and M a rk lll [20].

R ecen tly  th e  em p h a sis  h a s sh ifted  tow ards fixed ta rg et ex p erim en ts, u t il is in g  h igh  

precision vertex  detectors. N A 14 is  o f th is  type, as is  N A 32 [21], another C ER N  experim ent 

(u sin g  a  hadronic beam ). A  further experim ent currently  producing resu lts  is  E 691 [22] a t  

F erm ilab , w hich  took an im p ressiv e  1 0 0  m illion  tr iggers u s in g  a  very  s im ila r  set-u p  to 

N A 14, w ith  photon beam  and m icrostrip  detectors.

A i m s  o f  N A M

T he N A 14  ex p er im en t w a s proposed  in  1 9 7 8  [23], to  in v e s t ig a te  h a rd  sc a tte r in g  in  

photoproduction. T he large m om en tu m  tran sfer in vo lved  in  h ard  sca tter in g  is  seen  as a  

la rg e  tr a n s v e r s e  com p on en t o f  th e  m o m en tu m  o f  th e  in te r a c tio n  p ro d u cts . T h e  

in tera ctio n s o f p hotons and quarks w ere stud ied  through th e  m ea su rem en t o f C om pton  

scattering: th e  QED Com pton process is  sim ply the scatterin g  o f a photon o ff a parton o f the  

ta rg et n u cleon  (F igure 2 .7  (a)), and  in  a sim ilar  p rocess, QCD Com pton sca tter in g , the

(a) QED Compton (b) QCD Compton

Figure 2.7 Compton scattering
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o u t-go in g  p h oton  is  rep laced  by a  g lu on  (F igu re 2 .7(b)). T h e cro ss-sectio n s for th ese  

p ro cesse s  h a v e  b een  ca lcu la ted  w ith in  th e  S ta n d a rd  M odel, and th e  ex p er im en ta l 

r e su lts  [24] w ere co n sisten t w ith  exp ectation s. T he standard  fraction ally  charged quark  

m odel w as supported, w h ils t certain  in teg er  charged quark m odels w ere d iscounted .

In 1982 an upgrade o f th e  apparatus w as proposed [25] to study the photoproduction of 

h ea v y  flavou rs. T h is  in vo lved  th e  add ition  o f a  v er tex  detector  to be se n s it iv e  to the  

sh ort-lived  p a rtic le  decays.

W h ilst th e  vertex  detector w as developed , a  beam -dum p exp erim en t w a s perform ed in  

1984 , to in v estig a te  b eau ty  production through th e  search for ev en ts  con ta in in g  lik e-sign  

m u on  p a ir s . T h is  w ork  p rov id ed  an  u p p er  lim it  for th e  b e a u ty  p h otop rod u ction  

cross-section  o f  3-0 nb a t a 90  % confidence level.

F in a lly  th e  upgraded  exp erim en t (renam ed  N A 14') w as operational, and  a fter  a  te s t  

run in  1984, d a ta  w ere collected during th e  Sum m er o f 1985. Further runs took p lace in  the  

S u m m er  a n d  A u tu m n  o f  1 9 8 6 . T h e e x p e r im e n t w a s  in te n d e d  to in v e s t ig a te  th e  

photoproduction  o f  charm ed p artic les, so in  th e  n ex t part o f th is  chapter th e  th eory  of  

photoproduction w ill be d iscussed .

II Photoproduction

2.6 Introduction

T h e  h ig h  e n e r g y  in te r a c t io n  o f  p h o to n s  w ith  m a tte r  m a y  occur b y  v a r io u s  

m e c h a n ism s  [26]:

( i)  P o in t- lik e : th e  photon in tera cts  d irectly  w ith  one of th e  partons from  th e  ta rg et  

nucleon , a s  in  the QED and QCD Com pton effects th a t w ere show n in  F igure 2.7;

( i i )  H a d ro n -lik e : th e  photon d isso c ia tes  in to  quarks and g lu on s w hich  th en  in teract  

w ith  th e  target. T h is type of in teraction  m ay be further classified:

(a) T he photon  m ay couple to one o f th e vector m eson  (such  as th e  p, co, <{), \j/, etc.) 

w hich  h a v e  th e  sam e quantum  num bers as th e  photon. T he m eson  th en  in teracts  

w ith  th e  target, a s  show n in  F igure 2.8.
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F ig u re  2 .8  Photon interaction as a vector meson

(b) T h e photon d issoc ia tes in to  a quark pair, one o f w hich  th en  in teracts w ith  th e  

target, a s  illu stra ted  in  F igure 2.9; th is  is  th e  so-called  anom alous com ponent o f th e  

p h oton ’s in teraction . It h a s  sim ila r  ch a ra cter istics  to  hadroproduction , b u t w ith  

d ifferen t structure fun ction s. T h is process in vo lves large p y , and therefore m ay  be  

ca lcu la ted  u s in g  p erturbative QCD.

F ig u re  2 .9  Anom alous component o f the photon interaction

V e c to r  M e s o n  D o m i n a n c e

An early m odel [27] proposed th a t th e  coupling of the photon to th e  target v ia  a  vector m eson  

s ta te  d om in ates th e  photon’s in teraction , h en ce  ‘V ector M eson  D om inance’ (VM D). T h is  

a ssu m p tion  p erm its ca lcu la tion s to  be m ade o f th e  production  ch aracteristics, w h ich  are  

found to agree reason ab ly  w ell w ith  th e  data. T he photon is  trea ted  as a  su p erp osition  of 

th e  1“  vector m eson  sta te s , as show n in  F igure 2 .10 , an d  th e  in v a r ia n t am p litu d e  th en  

b ecom es:
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F ig u re  2 .10  Vector meson dominance

2
V I  mv

M (y A ^B ) = e 2r=----5----5---------- (̂VA ->B)
V &v mv  — q —i T y  m y

w here V  is  a  vector m eson o f m ass m y  and tota l w idth  T y ,  g y  is  th e  coupling o f th e  vector  

m eson  d eterm in ed  from its  lep ton ic decay, and:

q 2 = (pA - p B)2

T he m om en tu m  transfer in volved  in  th is  process is  low , so QCD ca lcu la tion s cannot 

be perform ed in  th is  non-perturbative regim e. VMD is  expected  to be im portant for lo w p j ,  

p roduction .

C h a r m  p h o t o p r o d u c t i o n

T he m om en tu m  transfer of a process lea d in g  to th e  production o f a  quark w ith  m a ss m q 

and tra n sv erse  m om entum  is  g iven  by:

Q ~ mq +P T

T herefore for th e  photoproduction o f charm , Q2 > mc2 ~ 2 G eV 2/c4, su b stan tia lly  greater  

th an  th e  h ad ron isa tion  scale o f QCD. H ence, due to th e  large m a ss  of th e charm  quark, 

perturbative QCD is  va lid  even  for low  p ^ , and charm  photoproduction is  therefore a good 

place to te s t  it.

2.7 y ̂ -fusion

T he lo w est order diagram  for th e  QCD calcu lation  of charm  photoproduction is  show n in  

F igure 2 .1 1 . T he photon in teracts w ith  a gluon from th e target nucleon, so th is  is  know n



40 Theoretical background

F ig u re  2.11 Photon-gluon fusion

as photon-gluon fusion  (yg-fusion). I t  h a s  been calcu lated  u s in g  QCD [28 ,29 ,30], w here (in  

th is  ca se ) th e  h ig h e r  order co n tr ib u tio n s  are n o t exp ected  to be su b sta n tia l. T h e  

cross-section  is  g iv en  by:

1
a(s) = a  (xs) GCc) d x J yg 

xmin

w here x  is  th e  fraction o f th e m om entum  o f the target nucleon  carried by th e g luon , G(x) is  

th e structure function  o f the gluon in  th e  nucleon, is  th e  cross-section  o f  th e  subprocess  

y g  -> cc , and xm -n is  th e  lower lim it o f x. T he M andelstam  s-variab le  o f th e  y N  sy stem  is  

g iv en  by:

For charm  production:

s  = mN  (mN  + 2 E J

xmm s

giv in g  x min ~  0-05 for a  photon energy o f  100  GeV.

T he cross-section  cr h a s been  ca lcu la ted  [28]:# o

a  =■
yg

n a a  es c

t
(3 — p4) In (H 5 ) -

2 p (2 - 132)

w here:

and s~= xs is  th e  s-variab le o f the y g  subprocess.
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T he ca lcu lation  o f th e  charm  photoproduction cross-section  therefore depends on th e  

g luon  stru ctu re  function , th e  m a ss  o f th e  charm ed quark, and  th e  v a lu e  ta k en  for Q 2 

(w hich affects th e coupling constant, a s (Q2), and  th e  g luon structure function).

C h o ic e  o f Q 2

From  in sp ection  of th e  yg -fu sion  d iagram , th e  fo llow ing choice o f Q2 m igh t be considered  

su itab le:

w here m c is  th e  m a ss of the v irtu a l (charm ed) quark th a t is  exchanged. Then:

^ _ * ( l - p c o s 0) _ 2(y — ~ t  — S  • — TTl
2 c

w h ere 0 is  th e  an g le  b etw een  th e  gluon  and charm ed quark in  th e  centre o f m a ss  fram e. 

H ow ever, th is  choice differs for th e  tw o charge-conjugate d iagram s, due to th e  sign  o f the  

cos 0 term . A  m ore sym m etric choice is:

a  . 2
^  Sthreshold mc

and  th is  is  u su a lly  adopted.

M a s s  o f  t h e  c h a r m e d  q u a r k

Since th e  charm ed quark is n ot found a s a free particle, its  m a ss  is  not w ell know n. It is  

d eterm in ed  from  th e m a sses  of bound s ta te s  o f th e charm ed quark w ith  other quarks, so 

th e  b in d in g  en ergy  confuses th e  ca lcu lation . F urtherm ore th e  m ass is  ren orm alised  by  

self-en ergy  term s, and h en ce d epends on Q2. It is  u su a lly  tak en  as:

m GeV/c2
c 2

S in ce  th e  th e o r e tic a l ca lc u la tio n s  d ep en d  stro n g ly  on m c, i t s  u n cer ta in ty  le a d s  to 

su b sta n tia l errors on the predictions.

G lu o n  s t r u c t u r e  f u n c t i o n

From  deep in e la stic  sca tter in g  exp erim en ts [31], it  h a s  been  determ ined  th a t  th e  gluons  

carry about h a lf  o f th e  m om entum  o f  th e  nucleon, so w e m u st have:
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F ig u re  2 .12  The gluon structure function

1
x  G(x) d x ~  —

2

In th e  lim it x -* 1, w e w ould h a v e  a  sin g le  parton (th e  g luon) carrying a ll th e  m om en tu m  

of th e  nucleon , w hich  is  clearly  im possib le . T h e structure fu n ction  m u st therefore v a n ish  

in  th is  lim it. A s th e  lim it  is  approached, th e  o th er p arton s h a v e  v a n ish in g  m om en tu m , 

and hard  g luon  exch an ges are n ecessary  to tran sfer th e ir  m om entum  to the fa s t  parton. 

T h ese con sid eration s lead  to the ‘d im en sion a l counting ru le ’ re su lt  [32] that:

2 n - 1
x G ( x ) ~ ( X - x )

w here ns is  th e  m in im u m  num ber o f o th er parton s in vo lved  (apart from  th e  one u n d er  

in vestig a tio n ). For th e  gluon stru ctu re fu nction , ns = 3 (the th ree va len ce  quarks o f  th e  

n ucleon) and  hence:

*  Gix) ~  (1 - x ) 5

T he evolu tion  o f th e  structure function  w ith  Q^ lea d s to an  in crease  in  th e  v a lu e  o f th e  

exponent, w hich h a s  been  calcu lated  to g ive va lu es o f  n ~  7—10 a t  ~  10 GeV^/c^ [33].

J
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V ariou s o th er m odels h ave b een  u sed  to predict th e  sh ap e o f th e  structure function , 

such as for exam p le  th e  ‘bag’ m odel [29], in  w hich th e  gluon is  considered as confined in  a  

b ag  o f th e  d im en sion s o f th e nucleon; th e  various resu lts  are show n in F igure 2 .12 . A s can  

be seen, th e  m odels a ll predict a  strong p eak in g  o f th e structure function  a t low  x.

2.8 Other processes

In th is  section  th e  other possib le m ech an ism s for th e  photoproduction o f charm , apart from  

y g -fu sio n , are d iscu ssed . T heir contributions are n ot expected  to be su b stan tia l.

R a d i a t i v e  c o r r e c t io n s

R ad ia tiv e  correction s to th e  y g -fu sio n  d iagram , such  a s  th a t  in  F igure 2 .1 3 , m ig h t be 

expected  to contribute to th e  cross-section . T h ey  h ave n o t been  calculated , b u t estim ation s  

m ad e [34] u s in g  VM D in d ic a te  th a t  th e y  add on ly  ~ 1 0  % to th e  b are d iagram ’s 

con trib u tion .

F ig u re  2 .13  R adia tive correction to yg-fusion

A n o m a l o u s  c o m p o n e n t

O ther h ig h er  order d iagram s in v o lv in g  the d issocia tion  o f th e  photon into  quarks and  

g lu o n s con trib u te  to th e a n o m alou s com ponent o f th e  photon . T he d iagram  show n in  

F ig u re  2 .1 4  (a ) in v o lv e s  th e  su b p ro cess  q q  -> cc; th e  p h oton  d is so c ia te s  in to  a 

q u ark -an tiq u ark  pair, and  e ith er  th e  an tiq u ark  from  th e  photon  coup les to  a  nucleon  

va len ce  quark, or th e  quark from  th e  photon couples to  an  an tiq u ark  from  th e  nucleon
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F ig u re  2 .14  Anom alous component contributions

‘s e a ’. T he quark  stru ctu re  fu n c tio n s  o f  th e  photon  an d  th e  n u cleon  are th ere fo re  

in v o lv ed  [35].

T h is process is  o f order a a s2 , and should  therefore be su p p ressed  rela tive to y g -fu sio n  

(of order a a g). H ow ever, th e xm -n low er lim it  to th e  cross-section  in tegra tion  en h a n ces  

th is  process, since th e  quark structure fu n ction s are not peaked  a t low  x, u n like th a t  o f  th e  

gluon . T h is p rocess w ill therefore dom in ate a t large Q 2, b u t a t photon  en erg ies  in  th e  

range th a t is  o f in terest  here, the contribution is  sm all (a  few  percent).

For th e  d iagram  sh ow n  in  F igu re 2 .1 4  (b), th e  su b p ro cess  is  g g  -> cc. S im ila r  

argu m en ts to th ose  for th e previous d iagram  apply, but now  th e g luon structure fu n ction s  

are in vo lved , p ea k ed  a t low  x, so th e  x min  lim it  w ill lead  to fu rth er  su p p ress io n  o f  

contributions o f th is  form .

I n t r i n s i c  c h a r m

C harm  is  exp ected  to be p resen t (a t a  low  level) in th e  sea  o f th e  nucleon , and  m ay  

therefore lead  to a contribution to charm  photoproduction o f  th e  QCD Com pton typ e, as  

show n in  F igu re 2 .1 5 . T h is  contribution  is  ca lcu la ted  ta k in g  a stru ctu re  fu n ction  for 

charm  in  th e  nucleon  norm alised  to about 1 % of th e total. It is  found [34] to be sm all, and  

decreases w ith  Q2.

C h a r m  c r o s s - s e c t io n

T he ca lcu la ted  con trib u tion s o f th e se  var iou s effects to th e  to ta l charm  cross-section  is
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F igure 2.15 Intrinsic charm

sh ow n  in  F igu re 2 .16 , as a  fu n ction  o f energy. T he p red icted  to ta l charm  cross-section s  

(from  QCD for various charm ed quark m a sse s  [36], and from  VM D [37]) are com pared  

w ith  data  from  various exp erim en ts in F igure 2.17. N ote th e  rise  in  cross-section  tow ards 

an asym ptotic lim it. T he agreem en t w ith  th e d ata  is  good.

Figure 2.16 Contributions to the total charm cross-section
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(a) VMD

(b) QCD, mc = 1-3 GeV/c2 

(0  QCD, mc = 1-5 GeV/c2 

(d) QCD, mc = 1-7 GeV/c2

0 £0 SO 170 160 700

Ey [GeV]

F ig u re  2 .1 7  Comparison o f charm  cross-section predictions w ith  d a ta

A t th e  en ergy  o f  N A 14 (<E> ~  100  G eV), th e  photoproduction charm  cross-section  is  

about 500  n b /n u cleon . T h is  m ay  b e com pared  w ith  th e  to ta l photoproduction  had ron ic  

cross-section  o f  ab ou t 1 0 0  ph/nucleon. T h u s ~ 0-5 x  10"2 for photoproduction. By

com parison , for hadroproduction  g^ ^ t OT ~ W*5—1 ) x  1 0 "°, m a k in g  th e  recogn ition  o f  

charm  d eca y s co rresp o n d in g ly  m ore d ifficu lt. F u rth erm o re , th e  lo w e s t  ord er QCD  

diagram s for hadroproduction are 0 (ag2), (com pared w ith  0 (ag) for photoproduction), and  

in vo lve  tw o stru ctu re  fu n ction s (in stea d  o f one). The h ig h er  order correction s are also  

expected  to be m ore significant. Photoproduction therefore h a s  various ad v a n ta g es for the  

stu d y  o f  charm  production  m ech an ism s.

2.9 Hadronisation

T h e m ech a n ism  o f  charm  p h otop rod u ction  a t  th e  p arton  le v e l ap p ea rs to b e  w ell 

understood: a s  described  above, th e situ a tio n  is  sim ple, w ith  th e  dom in an t contribution  

com ing from  y g -fu sio n . T he observed  final s ta te , h ow ever, co n s is ts  o f h ad ron s ra th er  

th an  free quarks, so th e  charm ed quarks th a t  are produced m u st be h adron ised , i.e . th ey  

m u st in  som e w ay com bine w ith  other quarks to form  hadrons. T he sim plicity  o f  th e  QCD 

description  o f the charm ed quark production m ak es th is  a  good field  for te s t in g  m od els o f  

h ad ron isation , in  th e  non-perturbative regim e. T h is is  ach ieved  by th e  u se  of M onte Carlo 

tech n iq u es— th e  com puter sim ulation  o f th e  processes involved.
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Baryonic
string

Q

(a) Diffractive (b) Non-diffractive

F ig u re  2 .18  H adronisation schemes

D i f f r a c t i v e  s c a t t e r i n g

C onsidering  th e  in teraction  of th e  beam  photon and th e  ta rg et nucleon, th e partic les m ay  

com bine to produce n ew  partic les e ssen tia lly  a t rest in  the centre-of-m ass fram e. T h is is  

cen tra l production , ch aracterised  by th e  isotrop ic d istr ib u tion  o f  in teraction  products. 

A ltern atively , one o f th e  in teractin g  p artic les m ay sim ply  be excited  into a m ore m assive  

s ta te , w ith  th e  sa m e q u an tu m  n u m b ers, w h ich  th e n  d ecays. T h is  is  lo o se ly  term ed  

diffractive  sca tter in g , and re su lts  in  th e  forward production o f particles, w ith  a  relatively  

low  m u ltip lic ity . For charm  photoproduction, th e diffractive process m ay be v isu a lised  as 

show n in  F igu re 2 .18  (a).

T h e r e la t iv e  im p o rta n ce  o f  d iffra c tiv e  an d  n o n -d iffra c tiv e  p ro cesse s  h a s  b een  

calcu la ted  u s in g  VM D, and it  is  predicted  [34] th a t th e  diffractive charm  cross-section  is  

only a few  percent of th e total.

N u c l e a r  e f f e c t s

P h otop rod u ction  ev en ts  m ay be fu rth er  c la ssified  accord ing  to th e  b eh a v io u r  of th e  

n u cleu s. In an  incoheren t ev en t, th e  photon  in tera cts  w ith  an in d iv id u al n u cleon , and  

n u clea r  b reak -u p  re su lts . T h is is  seen  through  th e  ex isten ce  of ‘b lack  tra ck s’—h ig h ly  

io n is in g  n u clea r  fragm en ts— th a t are isotrop ica lly  d istrib u ted  in  th e n u clear rest-fram e, 

and  th ere fo re  are  ty p ica lly  a t la rg e  tra n sv erse  a n g le s  to  th e  b eam  d irection  in  th e  

laboratory, and  ‘grey  track s’— evaporation  protons from  th e n u clear  d isin tegration .
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In  coherent ev e n ts , on th e  other h an d , th e  n u cleu s in tera cts  as a  w hole, and  sim ply  

recoils, w ith o u t d is in teg ra tin g . T h ese  ev en ts  are d iffractive, and  for charm  production  

on a  silicon  target th e ir  contribution is  calcu lated  [25] as:

<5̂ {coherent) ~ 0.3 a ^ d iffra c tiv e )

T he effect o f th e  n u cleu s on th e m easured  cross-sections is u su a lly  p aram eterised  as:

g  (y A  ->  cc + X ) = A a o  (y N  ->  cc +  X)

w here A  is  th e  m a ss  num ber o f th e  n u cleu s. I f  th ere  w ere no sh a d o w in g  (th e  obscuring  

effect o f nucleons, on other nucleons in  th e  nucleus) th en  a  va lu e  a  = 1 w ould  be exp ected  

for in coh eren t in teraction s, and a  = 2 for coherent in teraction s (since th e  effect is  on th e  

in tera c tio n  a m p l i t u d e , w h ich  ap p ears squared  in  th e  cross-section ); i f  sh a d o w in g  is  

p resen t, th e se  va lu es w ill be reduced. T he h igh  m a ss  o f th e  charm ed quark m a k es charm  

photoproduction  a h ard  process, and  furtherm ore th e  to ta l hadronic cross-section  o f th e  

photon  is  re la tiv e ly  low  (com pared w ith  th a t of hadrons), so l it t le  sh ad ow in g is  expected . 

E x p e r im e n ta lly  [38] a v a lu e  a  ~ 0*94 h a s  b een  m ea su red  for in co h eren t \j/-m eso n  

photoproduction, and a  ~  1-4 for coherent (in d icatin g  th a t in  th is  case shadow ing is  m ore  

s ig n if ic a n t ) .

M o n te  C a r lo  s i m u l a t i o n

T he tech n ica l d e ta ils  o f  th e  M onte Carlo sim u lation  u sed  b y  th e  exp erim en t w ill b e  g iven  

in  C h ap ter  6 ; h ere  th e  p h y sics  in p u t for th e  s im u la tio n  o f  charm  p h otoproduction  is  

described [39].

T h e first order QCD calcu lation  is  u sed  for th e  production o f charm , v ia  th e  y^ -fu sion  

m ech an ism . T he g luon  stru ctu re fu n ction  xG(x) ~ (1 - s ) ^  is  a ssu m ed , no Q^ ev o lu tio n  

is  in troduced , and th e  m a ss o f th e  charm ed quark is  tak en  a s  1*5 GeV/c^.

T he h ad ron isation  is  non-diffractive, u s in g  th e  ‘dual parton’ m odel [40], in  w hich  th e  

h ad ron s are gen era ted  along tw o ‘s tr in g s’— regions of gluon  flux of th e type u sed  in  th e  

L und fra g m en ta tio n  sch em e [41]— a s show n in  F igu re 2 .18  (b). T he m esonic s tr in g  

stretch es b etw een  th e  charm ed antiquark  and a quark from  th e  ta rg et nucleon, w h ils t  th e  

baryonic s tr in g  stretch es b etw een  th e  charm ed quark and th e  rem a in in g  diquark o f  th e  

n u c leo n . T h e  stru ctu re  fu n c tio n s  o f  th e  n u cleon  fr a g m e n ts  are ta k e n  from  lo w  p>p 

p h ysics [42]; th e  structure function  o f th e  quark is taken  as:
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F ig u re  2 .1 9  D ual parton  model string m asses

v 1 n >.3/2 f ix)  ~  —  (1 - * )
i jx

g iv in g  an  x ‘1 2̂ b ehaviour for th e  quark and an x ^ 2 behaviour for the diquark at low  x. 

H ence m ost o f th e  target energy  is  tak en  by th e diquark, as show n in  F igure 2 .19 , w here  

th e  m a sses  o f th e  two strin gs generated  by the M onte Carlo are show n. T h is in eq u a lity  in  

th e  str in g  m a sse s  can lead  to partic le-an tip artic le  asym m etry  for th e  charm ed particles  

produced . H ad ron s are created  a lo n g  th e  tw o in d ep en d en t s tr in g s  u s in g  th e  Lund  

schem e [41], in  w hich  quark-antiquark  pairs and d iquark-antid iq uark  pairs are created  

along th e len g th  o f th e strin g  u n til th e available energy h as been  exhausted .

P a r t i c l e - a n t i p a r t i c l e  a s y m m e t r y

In th e  p ertu rb ative  QCD ca lcu la tion  of charm  photoproduction, the charm ed quark and  

an tiq u ark  are produced in an eq u iv a len t fash ion . The source o f any p article-antiparticle  

asym m etry  m u st therefore be in  th e  hadronisation .

For th e  Ac-baryon, th e Ac+ contains a c-quark, and is  therefore form ed in th e  baryonic
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Mass

Q

F ig u re  2 .20  Baryonic string m ass

strin g , w h ils t  th e  Ac“  conta ins a c-quark, and is  form ed in  th e  m eson ic string. T h e  Lund  

sch em e g en era tes  d iquark-antid iq uark  p a irs w ith  co n sta n t probability , b u t i f  th e  str in g  

m a ss  is  too sm a ll th e n  such a p air  can n ot be produced. T he low  m a ss  o f th e  m eson ic  

str in g  w ou ld  th erefore  be exp ected  to r e su lt  in  a  su p p ressio n  o f Ac~  re la tiv e  to A c+ 

production. H ow ever, n ot all o f th e  m a ss  o f  th e  baryonic s tr in g  is  ava ilab le  for forw ard  

Ac+ production , s in ce  th e  in itia l diquark from  th e  ta rg et form s an uncharm ed  baryon as  

show n in  F igure 2 .2 0 , and only  th e  fraction  M b < M^ o f th e  m a ss  is  ava ilab le . T h u s th e  

forw ard production  o f  charm ed b aryon s and  antib aryon s is  sim ilar.

T h e rem ain in g  source of asym m etry  b etw een  Ac+ and Ac-  production is  th e  form ation  

a t low  m a ss o f an  excited  baryonic s ta te  by th e charm ed quark and  th e  d iquark o f  th e  

baryonic strin g . T h is  m ay th en  decay  to form a Ac+ w ith  o th er h ad ron s, r e su lt in g  in  

‘a sso c ia ted  production’ of th e  charm ed baryon w ith  a charm ed m eson  from  th e  m eson ic  

s tr in g :

yN~*  A D X

T h is effect is  expected  to be strongly en ergy  dependent, and in th e sim u lation  a th resh old  

value M a is  chosen, such th a t i f  M^ < M a the cQ  system  decays into ACX. E xp erim en tally  it  

is  found [43] th a t th ere  is  about 70 % asso c ia ted  production a t  20 GeV, and  a v a lu e  of 

Ma = 4  GeV is  chosen to reproduce th is  resu lt. For th e m esonic string, there is  a  threshold  

for production o f Ac~ a t Af(Ac) + M(N) = 3-2 GeV, due to th e requ irem ent o f baryon num ber  

con servation . T h is in h ib its  th e production o f  Ac~ a t  low  en ergy , b u t is  in sig n ifica n t for 

h igh er  en ergies; below  th e  threshold  only charm ed m eson s are produced.

T he D-D  a sym m etry  reflects th e Ac -Ac asym m etry, w ith  th e  additional feature th a t for 

associa ted  AJD production th e  D -m eson s are produced forward, and  therefore are u su a lly  

d etec ted  w ith  h ig h  effic iency  in  th e  ap p a ra tu s. T h is is  on ly  a sm a ll e ffec t a t  h ig h
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en ergies, since Ac production is  only about 10 % of D  production.

T he D s is  gen erally  produced along w ith  a D , rather th an  as DSDS. A t low  energy  an  

excess of D ~  m ig h t be expected  due to associa ted  production w ith  th e Ac+ , b u t th e  D ~  

production (in th e  m esonic string) is  suppressed  by p h ase space considerations: a  K  m ust 

a lso  be produced for stra n g en ess  con servation , and  th e  m a ss  o f th e  m eson ic  s tr in g  is  

already low. T h is la tter  effect d om inates th e  form er, and m ore Dg+ are expected  th an  D ~ .

P r o d u c t i o n  r a t io s

T he ratio o f D + to D °  production depends on th e  rate o f production of D *-m esons, since the  

.D*0 cannot decay to th e D + (due to k inem atics). T he D*+, on th e  other hand, decays to D + or 

D °  w ith  approxim ately equal probability. E xperim entally  [44] a  va lu e for th e  ratio o f D + to

Figure 2.21 Production rate predictions



52 Theoretical background

D v production o f  0*48 ±  0-07 is  found, in d icatin g  th a t 3 tim es  m ore D  are produced th an  D, 

w hich  a grees w ith  th e  va lu e  from  th e sim ulation .

T he production o f th e  D s requ ires th e  contribution o f a strange quark from  th e  sea , 

and is  therefore expected  to occur w ith  a low er probability th an  th e  production o f th e  D +. 

T h e production  ra tio  m ay  be estim a ted  b y  com parison  w ith  ex p er im en ta l r e su lts  for 

u n ch a rm ed  p roduction: th e  ra tio  o f  K -  to 7t-m eso n  p rod u ction  in  co n tin u u m  e +e~ 

a n n ih ila tio n s in d ica tes th a t th e  ratio ss /to ta l ~  15 % [16]. A ssu m in g  th a t  th is  fraction  is  

a lso  correct for charm ed  production , and  a llo w in g  for th e  ratio  o f D + to D® d iscu ssed  

above, th is  lead s to a  prediction o f the ratio of Ds to D + production of ~ 0-5.

T h e re su lts  o f th e  M onte Carlo sim u la tion  are p resen ted  in  F igure 2 .21 , w h ere  the  

exp ected  production  ra te s  for th e  var iou s charm ed p artic les are g iven  a s  a  fu n ctio n  of 

th eir  energy. T h ese  w ill be o f in terest for d iscu ssion  o f exp erim en tal resu lts  p resen ted  in  

th is  th es is . O ther M onte Carlo predictions, for th e  energy  and p ^2 d istr ib u tion s, w ill be  

described along w ith  th e  resu lts  in  C hapter 9.

I ll Charm Decay

2.10 Introduction

T he w eak  decay o f charm ed p articles [45] m ay proceed v ia  th ree  categories o f decay:

(i)  Purely leptonic. For a p seudoscalar m eson  D, th e  decay is  o f th e  form  D  -> Zv̂ . T h is  

m ay on ly  occur through  th e  an n ih ila tion  o f th e  quarks o f  th e  m eson , as show n in  

F igu re 2 .2 2 , and  therefore  prov id es a  m ea su re  o f th e  cou p lin g  o f  th e  h ad ron ic

Figure 2.22 Leptonic decay
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current to th e vacuum , i.e . th e  m atrix  elem ent:

< 0 \ J VL\ D >  = - i fD q il

w here q is  the 4-m om entum  o f th e  m eson , and fjy is  the overlap of th e quarks in the  

D  w avefu n ction , introduced by ana logy  to pion decay [461. T heoretical predictions  

g iv e f D ~ 1 0 0 -2 5 0  M eV [47]. The decay rate is calcu lated  u sin g  [46]:

w h ere dQ is  th e  in v a r ia n t p h a se  space, and E  is  th e  en ergy  o f th e  m eson . T h is  

g iv e s :

T h ese  d ecays are strongly  h elic ity  su ppressed : due to th e  ( V - A )  stru ctu re o f th e  

w eak  charged  current, an d  th e  con servation  o f an gu lar  m om entum , a  sp in  zero  

s ta te  can n ot decay to a m a ss le ss  ferm ion-antiferm ion  p air  v ia  th e  w eak  charged  

current; w hen  th e  ferm ion m a sse s  are sm all com pared to th e ir  en ergy  th e  process 

is  still strongly  suppressed . For exam ple [48]:

( i i )  S e m i l e p t o n i c ,  i.e . D -> X l v j .  T h is occurs p rim arily  th rou gh  th e  p -decay  o f th e  

ch arm ed  quark. S ee  F igu re 2 .2 3 . D ecays o f th is  form  are know n as sp e c ta to r  

decays, as th e ligh t quark in th e  charm ed m eson is  assu m ed  n ot to p lay any part in  

th e  decay.

(2.9)

G 2
r(Dfc$>-Jvp-£ IV^I2/jmD r f r (2 .10)

w here fTis a phase space factor, g iven  here by:

B (D+ p.+Vp) < 8-4 x 10‘4 (90%  CL)

q
Figure 2JS3 Semileptonic decay
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F ig u re  2 .24 Hadronic decay

( i i i )  H adronic . T he w eak decay o f charm ed m eson s to ex c lu sive ly  hadronic final s ta te s  

m ay a lso  occur v ia  a sp ecta tor  decay, as show n in  F igure 2 .2 4  (a). In th is  case , 

how ever, th ere  are other d iagram s w hich  m ay con trib u te, in vo lv in g  a n n ih ila tio n  

and  exchange; see  F igure 2 .24  (b) and (c). T h ese  la s t  tw o p rocesses, h ow ever, are 

h e lic ity  suppressed , and a s  a first approxim ation m ay be neglected .

2.11 The spectator model

N a i v e  m o d e l

T h e sp ectator m odel [49] is m o tiva ted  by th e  large  m ass o f th e  charm ed quark, w hich  

perm its it  to be treated  as though it  w ere essen tia lly  free, w ith  the lig h t spectator quark not 

con trib u tin g  to th e  dynam ics o f the decay. T he valence quark approxim ation  is  assu m ed , 

and th e hadron isation  o f th e quarks in  th e  final sta te  is  n ot considered.

T here is  th en  a  d irect paralle l b etw een  th e  charm ed sp ectator decays seen  above and  

m uon decay  (F igu re 2 .25). T he in v a r ia n t am p litu d e  for m uon d ecay  is  g iv en  by (from
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F igu re 2.25 Muon decay

E q u ation  2 .2 ):

5vr= ^ v 1e Y - d - Y 5)v
/ V 2

( v v b - v O

E quation  2 .9  gives:

r
r 2 5Crp 771 e
— -----^ ~ 4 - 5 x l 0 5
192 n

-1
s

In  th e n a ive  sp ecta tor  m odel, th e  decay  rate for a process such as th a t  illu stra ted  in  

F igure 2 .24  (a) is  sim ply  g iven  by:

r0 “
1
T v r  IV ,cq ab

2 r

w here fTis a 3-body phase space factor, w ith  va lu e  ~ 0-5. I f  th e  Cabibbo suppressed  m odes 

and non-charm  m a sses  are n eg lected , and w e tak e m c = 1-5 G eV/c2, then:

T he tota l rate is  g iven  by:

r o - s x i o 11 s’1

r TOT = 5 r o

since th ere  are 5 availab le  final s ta te s , in vo lv in g  e, p., and 3 colours for th e  quarks. Thus 

th e  predicted  lifetim e is:

t = — -------4 x 1 0 13 s
TTOT

T he sp ecta tor  m odel a lso  pred icts th a t  th e  life tim e s  o f all w eak ly  d ecay in g  charm ed  

particles w ill be equal, and th a t th e  sem ileptonic branch ing  ratio B(D  -> eX) ~ 20  %, since  

sem ilep ton ic  an d  hadronic d ecays are trea ted  eq u iva len tly .

E xp erim en ta lly , th e se  predictions are qu ite good. T he life tim es of th e  D + and D s 

m eso n s agree to w ith in  an order o f m agn itu d e, and  are in  th e range lO '^ - lO '1-̂  s [50].
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Furtherm ore [51]:

B (D + -> e+X) ~  17 %

close to th e  p red iction . T he a g reem en t is  n ot, h ow ever , perfect: th e  life t im e s  o f  th e  

charm ed m eson s are n ot exactly  th e sam e, but in stead  x(D+) > x (D ° )» x(Ds). E ith er  th e  

(and Ds) decay is  enhanced  com pared w ith  the spectator m odel prediction, or th e D + decay  

is  suppressed; u n fo rtu n a te ly  th e  life tim e  pred iction  d ep en d s on th e  fifth  pow er o f  th e  

charm ed quark m a ss, w hich is  n ot accu rate ly  know n, an d  therefore th ese  p o ss ib ilit ie s  

can n ot be d istin g u ish ed  from  life tim e m ea su rem en ts  a lone.

Q C D  c o r r e c t io n s

T h e spectator m odel is  clearly too sim ple: th e  charm ed quark is  in itia lly  p art o f  a  hadron, 

and th e final s ta te  is  seen  as hadrons, not free quarks. QCD corrections are n ecessa ry , to  

incorporate th e  effects o f th e strong interaction .

T he H am ilton ian  H  for a process is  related  to the in v a r ia n t am plitude M (such  a s  th a t  

in  E quation  2 .2 ) by:

^ y .=  < f \ H \ i >

for a tra n sitio n  i -> f. T h u s th e  bare sp ecta tor H am ilton ian  for w eak  hadronic d ecays o f  

charm  is  g iven  by:

Hyy  (Ac = -1) =
4G*

V2 ][V ,(d u )T + V  (sb)r + ev + p v  ud L us L  e ^ ii

T he lo w est order corrections m ay be sep arated  in to  th o se  in v o lv in g  self-en ergy  or v ertex  

correction s ( illu s tr a te d  in  F igu re 2 .2 6  (a) an d  (b)) w h ich  m ay  be absorbed  in to  th e  

ren orm alisa tion  o f Gp>, and th ose in vo lv in g  hard  gluon  exch an ge (such as th a t  show n in  

F igure 2 .26  (c)), w h ich  affect only hadronic decays. T he second c la ss  o f contributions are  

lo g a r ith m ic a lly  d iv erg en t, and  im p o s in g  a cu t-o ff  a t  M yy  y ie ld s  [52] a fir st order  

correction to Hyy® (for th e  Cabbibo allow ed decays):

4 G „ V  V  , 3 aF cs ud s
8 K In (sX  c)T (id Xa u)Ta  Li Li

w h ere p is  th e  sca le  o f ren orm alisa tion , o f th e  order o f  th e  charm ed  quark m a ss . T h e  

correction th u s  in troduces a  n ew  operator w ith  th e  sam e chiral and  flavour stru ctu re, b u t  

in v o lv in g  th e  colour o c te t cu rren ts, Xa . To se e  th e  p h y sica l e ffec ts  w e m a k e  a  F ierz  

tran sform ation  [53]:
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F ig u re  2 .26  QCD corrections

2
(s X c)T (d X u)T = — (sc)T (du)T + 2 (sd)T (uc)TCL Lt Q* Lj  o Jj Li Li Li

T hen  th e  hadronic p art of th e H am ilton ian  becom es:

D efin in g  th e  sym m etric  and an tisy m m etr ic  lin ea r  com binations: 

0 _  (Ac = -1) = 7 ^ ( 5 c)L ( u d ) L ± (s d)L (u c)L J

H w =
4:Gp

72
V  V  ,cs u d  I c+ 0 + + c o

w e m ay w rite:
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F ig u re  2 .2 7  QCD correction coefficients

w here th e coefficients:

c_
+

a  M ,
= 1 ± — In

2 7t 2 )X
W

T he bare sp ecta tor m odel is  recovered in  th e  lim it c+ = c_ = 1 . T h ese  coefficien ts m ay  be  

c a lc u la te d  to  a ll  o rd ers in  a s (in  th e  le a d in g  lo g  a p p r o x im a tio n , L L )  u s in g  

ren o rm a lisa tio n  group m eth o d s [52]. Tw o loop correction s (n ex t-to -lea d in g  log , N L L ) 

h a v e  a lso  b een  ca lcu la ted  [54], and  are sm all, g iv in g  confidence in  th e procedure. T he  

ca lcu la ted  v a lu es  o f th e  coefficients are show n in F igure 2 .27 , a s  a  function  o f th e scale p. 

T he effect o f th e  QCD corrections m ay be seen  by putting:

c + c c — c
T “ T “

T h en :

r i
Hw = J 2  V“  V“4 Cl (s c)L (Ud)L + c2(* d)L (Zu)l \

and w ith o u t corrections, ci  = 1, ^  = 0. T h u s th e  QCD corrections are responsib le  for:
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( i)  sh orten in g  th e charm  life tim es, as the non-leptonic decay w idth  is  enhanced  [54]:

r M , = (2 e+2 + c- 2 ) r 0

( i i )  in d u c in g  an  effective  n eu tra l cu rren t in tera ctio n , a lso  know n a s th e  ‘colour- 

su p p ressed ’ interaction , w ith  coefficient c2 ;

( i i i )  red u cin g  sem ilep ton ic b ran ch in g  ratios. For exam ple:

T (c -> s u d ) = (2 +c_2) T (c -> s  l vp

therefore:

B { c ^ e X )  = ----------------- - ~  15 %
n n 2 2 2 + 2 c+ +c_

T h ese  p red iction s are a ll in  a g reem en t w ith  exp erim en t, and  rep resen t a  su ccess  for 

QCD. H ow ever, apart from  sm all p h ase-sp ace  corrections, th e  life tim es of all charm ed  

m eson s are still predicted as id en tica l. T h is in d icates th a t other, non-spectator, processes  

m u st be involved .

2.12 Non-spectator processes

T he sem ilep ton ic branch ing ratio o f th e h a s been m easured  [51]:

B(D° -+ e+X) = 7-5 %

in  poor agreem en t w ith  the spectator m odel prediction. W ith E quation 2 .11 , th is  gives:

£ i £ l ^ =2.3
B ( D ° - * e * X )

But:

B ( D + ~>e+ X) r ( D + ^ e + X ) r  (D° ^  all) T (D+ -> e+ X) x (D+) 

B ( D ° ^ e + X)  T (D + -> all) r ( D ° - + e + X)  T (D ° -> e+ X)  x (D°) 

and from  exp erim en t [50]:

' = 2-27  
xCD°)

T h u s th e p artia l w id th s for sem ilep ton ic  decay are th e  sam e for th e  and th e  D +, and

therefore th e  source o f th e ir  d iffering life tim es m u st lie  in th e  non-leptonic decays.
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F ig u re  2 .28  A nnihilation an d  exchange

A n n i h i l a t i o n  a n d  e x c h a n g e

T h ese p rocesses w ere illu stra ted  in  F igure 2 .24  (b) and (c). T he p ossib le  final s ta te s  for 

th e Z)°, D + and D s are show n in  F igu re 2 .28. T h is looks prom ising , a s  th e  D + hadronic  

decay is  Cabibbo suppressed , u n lik e  th ose  o f  th e D ® and Dg. T he decay ra tes depend on the  

overlap o f th e  quark w avefunctions, and  m ay  b e ca lcu la ted  in  a m anner an alogou s to th e  

p urely  lep ton ic  d ecays (see  E quation  2 .10 ), giving:

rA  = C Gf 2 fD2 mD( m 2 + m 2) f \ V c q \ 2 \Va b \ 2

w h ere T  is  a  p h a se -sp a ce  factor, an d  C  is  a  colour factor. T h e p resen ce  o f  a  factor  

d ep en d in g  on th e  final quark m a sse s  is  a  re su lt  o f  th e  h e lic ity  su p p ression  m en tion ed  

earlier . W hen th e  r a te s  are ca lcu la ted  in  th is  m an n er [55], th ey  are found  to b e  very  

sm all, e.g: r^ (D °) ~ 5 x  1 0 '3 r Q.

T h e h e lic ity  su p p ression  m ay be rem oved by th e  rad iation  o f g lu on s from  th e  in itia l 

sta te  [56], as illu stra ted  in F igure 2 .29  (tw o g luons are required to en su re th a t th e  charged

F ig u re  2 .29  Rem oval o f helicity suppression
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cu rren t rem a in s  co lourless). T h is a llow s th e  in it ia l quark s ta te  to h a v e  sp in  1 , th u s  

rem oving th e  suppression . A  sim ilar  process is  observed in  strange-quark  decays:

r ( t f - > e v )
= 2 4 x l 0 ' 5

T ( K- +  \iv )

2m e

m 2

due to h e lic ity  suppression , but:

T (K  -> e v  y)
= 2-6 x  10'3

in d ica tin g  th a t  th e  em ission  of th e  photon reduces th e  suppression . T he ca lcu la tion s for 

th e  charm  decays are difficult, a s  th e  d istribution  o f quarks in  the m eson s is n ot know n, 

b u t in d ication s are [57] th a t a  lifetim e ratio x(JD+)/t(Z>0) ~ 2 -3  can be achieved. H ow ever, a 

life tim e for th e  D g th a t is  longer th an  th a t o f th e  D °  is  a lso  in d ica ted , d isfavoured  by 

ex p er im en t.

F i n a l  s t a t e  i n te r a c t i o n

T h e d ecay  D °  -► w a s o r ig in a lly  proposed  [58] a s  th e  ‘sm ok in g  g u n ’ te s t  o f th e  

ex isten ce o f n on-spectator processes (see  F igure 2 ,30  (a)), as th e spectator contributions to 

th is  decay w ere expected  to be strongly  suppressed . It w as in  due course discovered [59], 

w ith  a su r p r is in g ly  large  b r a n ch in g  ra tio  o f  -  1 %. I f  th e  ex ch a n g e  p ro cess  w as  

resp on sib le  it  w ould require an u n exp ected ly  large w avefunction  overlap.

A n a lte r n a tiv e  exp lan ation  w a s advanced  [60]— th a t of final s ta te  in tera ctio n , as  

illu s tra ted  in  F igure 2 .30  (b). Such  re -sca tter in g  effects are required by u n itar ity , but 

w h eth er  th e y  p la y  a sig n ifica n t p art in  th e  w eak  d ecays of charm ed m eso n s is  an 

u n d ecid ed  q u estion .

(b)

F ig u re  2 .30  Final state interaction
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F ig u re  2.31 Penguin diagram

P e n g u i n  d i a g r a m s

A  fu rth er  lo w e st order QCD correction  to th e  w eak  H a m ilto n ia n  is  provided  by th e  

so -ca lled  ‘p e n g u in ’ d iagram s, illu s tr a te d  in  F igu re 2 .3 1 . D ia g ra m s o f th is  form  are  

th o u g h t to p lay  an im p ortan t role in  th e  AI  = 1/2 ru le  o f  K  d ecays [61], T h eir  e ffec t on 

charm  decays is , how ever, strongly  su p p ressed  by th e  K M -m atrix e lem en ts, and  can  only  

be sign ifican t for certain  m odes th a t are already Cabibbo suppressed .

P a u l i  i n t e r f e r e n c e

T he a m p litu d es a t th e  quark lev e l from  th e  spectator m odel H am ilton ian  are sh ow n  in  

F ig u re  2 .3 2 . T he fou r quark  op era to rs (from  E q u a tio n  2 .1 2 ) g en era te  tw o  d is t in c t  

a m p litu d es  for each  charm ed  m eson: one ‘co lour-a llow ed’ w ith  coeffic ien t Cp and  th e  

other ‘colour-suppressed’ w ith  coefficien t c^  T he la tter  resu lts  from  th e  effective n eu tra l 

current gen erated  by th e F ierz transform ation , and is  expected  to be suppressed  sin ce  the  

colour o f th e  final s ta te  is  com pletely determ ined  by th e in itia l state; a factor o f 3 w ould  be 

n a iv e ly  exp ected  b e tw een  th e  co lou r-a llow ed  and  su p p ressed  am p litu d es, a s  in  th e  

allow ed case th ere are 3 colours ava ilab le  to th e  quarks form ing th e  n.

W e w ould  therefore expect:

B  (D ° -> 1C  n )  2 ®
0-055

w here th e  extra  factor o f a h a lf  com es from  isosp in  considerations, since:

7T° = — r  (u u + d  d)
4 *

B u t ex p er im en ta lly  [62] th e  ratio  is  m ea su red  a s  ~ 0-45, com p atib le  w ith  no  colour  

su p p ression . T heoretica l m otivation  for th e  n eg lect of colour su p p ression  com es from  th e  

‘1/JV -expansion’ of d ecay  m atrix  e le m e n ts  (w here N  is  th e  n u m b er o f colours). In  th is
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Colour allowed Colour suppressed

F ig u re  2 .32 Spectator decay am plitudes

sch em e [63], th e  lim it  as N  -> is  ta k en , p rov id in g  sim p lifica tio n s w hich  are th en  

a ssu m ed  to h o ld  for th e  p h ysica l world (w here N  = 3). W hen th e  lea d in g  term s in  th e  

expansion  are tak en , th e colour suppression  is  lost.

By in sp ection  o f F igure 2 .32 , th e  colour-allow ed and suppressed  am p litu d es produce  

th e  sam e fin al s ta te  for the D + (but n ot for the D® or th e  D g), in c lu d in g  tw o id en tica l 

ferm ion s. P a u li in terferen ce  is  th erefore  expected  b etw een  th e  tw o D  + a m p litu d es , 

d ep en d in g  on th e  overlap o f th e  w avefu n ction s. It h a s  been  show n [64] th a t m axim al 

d e s tr u c tiv e  in te r fe r en ce  occurs for rea so n a b le  v a lu e s  o f  th e  overlap , p ro v id in g  a 

th eoretica lly  favoured  exp lanation  for th e  suppression  o f the D + decay. A  lifetim e ratio o f  

t(D+)/x( D ~ 1-5 h a s  b een  ca lcu la ted , w ith  an in creased  v a lu e  i f  colour su p p ression  is  

n e g le c te d .
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IV Conclusions

A s in d icated  in th e  previous section s, th e fields of photoproduction, and th e  w eak  decay of 

charm ed  m eson s, are a fer tile  area  for th eoretica l endeavour. T he large  m a ss  o f th e  

ch arm ed  quark  r e su lts  in  r e la t iv e ly  stra igh tforw ard  QCD c a lc u la tio n s , an d  th e se  

p h e n o m e n a  th ere fo re  prov id e  a su ita b le  p la ce  for a ccu ra te  t e s t s  o f  th e  th eory . 

F u rth erm ore, in  a reas w here th e  QCD ca lcu la tion s are n o t sim p le, th ere  e x is t  a  w ide  

range of m odels to account for th e d ata , and the lack  o f su b sta n tia l exp erim en tal sta tistic s  

m ak es th e  choice b etw een  th eories difficult.

I t  is  th erefore im p ortan t th a t  fu rth er  exp er im en ta l d a ta  shou ld  be provided. T he  

rem ain in g  part o f th is  th esis  w ill describe an exp erim en t th a t w as in ten d ed  to fu lfil th is  

n eed .



Chapter 3

A P P A R A T U S

T h is  ch ap ter b eg in s w ith  a description  o f th e  beam  u sed  by N A 14. A  d iscu ssion  o f the  

req u irem en ts o f particle detection  fo llow s, and fin a lly  d e ta ils  are g iven  o f th e p rincip les  

and configuration o f th e detectors th a t m ake up the apparatus.

I  T h e  B e a m

3.1 Coordinate system

T he coordinate system  chosen to describe the apparatus is C artesian , w ith the x-ax is ly in g  

a lon g  th e  b eam  d irection , and th e y -a x is  h orizontal (see F igure 3.1). T he origin is  tak en  

as th e  centre o f  one o f the spectrom eter m agn ets (the AEG) and corresponds approxim ately  

to the target position.

z

Beam X

Figure 3.1 The coordinate system
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For th e  d a ta  a n a ly s is , i t  is  often  con ven ien t to describe th e  ap p aratu s in  term s of 

p ro jec tio n s, i.e . th e  tw o-d im en sion a l rep resen ta tio n s produced w hen  th e  a p p a ra tu s  is  

v iew ed  from  p a rticu la r  d irectio n s. M ost im p o rta n t o f th e se  are th e  ix $ )  an d  (x,z) 

p rojections (i.e . th o se  produced by v iew in g  a lo n g  th e  z-  and y -a x es). For th e  sak e o f  

brevity  th ese  w ill be denoted th e  Y-projection and th e  Z-projection respectively .

3.2 Beam production

T he h ig h  energy photon beam  is produced by an ind irect process from protons accelerated  

to an en ergy  o f  4 5 0  G eV in th e  S P S  a t CERN. T he acceleration  ta k es about 12 s , and  is  

follow ed by th e extraction  o f th e  protons from  the SP S  r in g  by a k icker m agn et th a t deflects  

them  into  an  evacuated  beam  pipe tow ards th e experim ent. T h is sp ill ta k es approxim ately  

2 s, and  is  fo llow ed by another cycle o f  acceleration , th u s  g iv in g  a b u rst stru ctu re  to  th e  

beam  seen  by th e  experim ent.

T he beam  is  know n as th e ‘Broadband E lectron and  G am m a’ beam  and u se s  th e  E12  

beam  line. It is  produced u s in g  a three step  process:

p  -*• y->  e -> 7

T h is in d irect schem e h a s  th e ad van tages that:

(i)  T h e beam  m ay be tagged, i.e . th e  energy  o f in d iv id u al photons m ay be m easured .

( i i )  It produces a  very pure photon beam , w ith  low  hadron contam ination.

T he production o f th e  beam  [65] is  illu stra ted  in  F igure 3.2. T he protons from  th e  S P S  are 

dum ped in to  a production  ta rg e t (T 10) co n s is t in g  o f  a  b lock o f  b ery lliu m  100  m m  in  

length . In a b u rst th ere  are typ ica lly  2 x  1 0 ^  protons, o f w hich about 20  % in tera ct in  th e  

ta rg e t. A m o n g st th e  in tera c tio n  p rod u cts are n e u tr a l p io n s, w h ich  d ecay  e lectro -  

m a g n e t ic a lly :
K0 yy

to g ive photons th a t are used  in  th e  n ex t stage. T he ta rg et m ateria l and len gth  rep resen t a 

com p rom ise b e tw een  th e  req u irem en ts  th a t th e  p roton s sh o u ld  be u sed  e ffic ien tly , 

im p ly in g  a h ig h  p rob ab ility  o f n u c lea r  in tera c tio n , i.e . a sh o r t n u c lea r  in te r a c tio n  

length; and th a t th e  loss through electrom agn etic in teractions:
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Production Conversion
target target

Radiator
target

Experimental
target

Proton dump Neutron dump Electron dump Collimator

0 10 20 m
1 _____________ i___________ i Quadrupole magnet Dipole magnet

F ig u re  3 .2  The beam line

o f  th e produced photons should  be m in im ised , im p ly in g  a lon g  radiation  len gth . T he ratio  

o f  rad iation  len g th  to n u clear  in teraction  len g th  is la rg est  for e lem en ts  o f  low  atom ic  

num ber, such as beryllium  (see T able 3.1). A  further consideration  in  th e  choice o f  length  

o f  the production ta rg et is  th a t the creation  o f  m uons form ing th e  m uon halo , a  source of 

background to th e  experim ent, is  greater for longer len gth s.

T he products o f th e proton in teraction s p a ss  through a pair o f sw eep in g  m agn ets th a t  

deflect all charged p articles in clu d in g  th ose  protons w hich h ave n o t in teracted  in to  a 4 m  

th ick  iron w all, th e  proton  dum p. T he photons, and any other n eu tra l p articles (such as  

EPs and neu tron s) p a ss  through an aperture and strike a conversion target con sistin g  of a  

lea d  sh ee t 4  m m  th ick . A bout 40  % o f th e  p hotons convert to g ive  e+e" pairs. H ere the  

req u irem en ts  are an effic ien t con version  o f  th e  p h otons, b u t a  m in im isa tio n  o f th e

Material Z Density 

[g cm*3]

Radiation length 
[gem*2]

Nuclear interaction

length

[g cm*2]

Beryllium 4 1-85 65-2 75-2

Silicon 14 2-33 21-8 106

Lead 82 11-4 6-4 194

T a b le  3.1 Properties o f m aterials
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F ig u re  3.3 Electron energy

con tam in ation  from  charged p artic les produced by th e  in teraction  of th e  n eu tra l hadrons. 

A  low  ratio o f rad iation  len gth  to n u clear  in teraction  len g th  is  needed , h en ce th e  choice o f  

le a d .

T h e  e lectron s are se lected  u s in g  a  ser ies  o f fiv e  b en d in g  m a g n ets  in  th e  form  o f  a  

ch icane, th e  n eu tra l and p o sitiv e  p a rtic le s  b e in g  dum ped in to  an oth er  iron w a ll, th e  

neutron  d u m p . T h e  apertu re  th rou gh  w hich  th e  e lec tro n s p a ss  h a s  a d ju sta b le  ja w s , 

p e r m itt in g  v a r ia t io n  o f  th e  m o m en tu m  ra n g e  se le c te d ; for a  ty p ica l s e le c t io n  o f  

1 2 0 -2 5 0  GeV/c th ere are about 1 08 e lectrons per burst, w ith  a m ean energy o f  14 0  G eV (see  

F ig u re  3 .3 ) . E le c tr o n s  r a th e r  th a n  p o s itr o n s  a re  se le c te d  to red u ce  th e  m u on  

co n ta m in a tio n , sin ce  about tw ice  a s  m a n y  p + a s  jj." are produced in  th e  in it ia l  proton  

in te r a c tio n s .

T he electron  beam  is  focused w ith  a pair o f quadrupole doublets, and  is  in cid en t on a  

radiator target, a  5 0 0  |im  th ick  lead  sh eet. H ere th e electron s undergo brem sstrahlung, th e  

em issio n  o f  a  photon  a s  a  r e su lt  o f  d eceleration  in th e  e lectr ic  field  o f a  n u c leu s  o f th e  

m ed iu m , in  th is  ca se  lead . A bout 10  % of th e  e lectron s rad ia te  a  s in g le  h ig h  en ergy  

photon, and  it  is  th e se  ph oton s w h ich  provide th e  ex p er im en ta l beam . In crea sin g  th e  

radiator th ic k n e ss  w ould  in crease  th e  photon y ie ld , b u t a lso  in crease  th e  p rob ab ility  o f  

m u ltip le  b rem sstrah lu n g  w hich p reven ts th e  correct m easu rem en t of photon en ergy  b y  th e  

ta g g in g  system . T he ta g g in g  m a g n ets  sw eep  all charged  p artic les out of th e  b eam , to be 

dum ped in  th e  electron d u m p , an iron w all. T he p h oton s are n ot d eflected , an d  p a ss  

through a n  aperture in  both th e electron dum p and a  collim ator, to reach th e  exp erim en ta l 

target.
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3.3 Tagging

T he photon en ergy  m ay be d eterm in ed  from  th e  d ifference in  th e  electron energy  before  

an d  a fter  i t  r a d ia te s , provided  th a t  on ly  s in g le  b r e m sstr a h lu n g  h a s  occurred. T he  

electron  en ergy  is  found from a m ea su rem en t o f  it s  m om en tu m  through deflection  in  a 

m agn etic  field. Before rad iating, th is  field  is  provided by th e  ch icane m agn ets, and  after  

by th e  ta g g in g  m a g n e ts . T he p o sitio n  o f  th e  e lectro n  is  d e term in ed  u s in g  e ig h t  

sc in t il la to r  fin g er  h od oscop es (d isc u sse d  in  S ec tio n  3 .8 ) n a m ed  H l - 4  an d  V I —4 

according to th e h orizon ta l or v ertica l orien tation  o f th e  coordinate th a t  th ey  m easu re. 

D u e to th e  h ig h  e lectron  flux, th e  h od oscop es requ ire fa s t  tim e  reso lu tion  and  h igh  

seg m en ta tio n  to en a b le  th e  trajectory  o f th e  ra d ia tin g  e lectron  to be u n am b igu ou sly  

m easured . A lso  in th e  sam e region are th e  Back Tagging Counters (BTCs) w hich provide  

a  tim e reference for th e  beam  trigger.

A n u n a m b ig u o u s so lu tio n  to th e  ta g g in g  a lg o r ith m  is  found  in  ab ou t 30  % of 

ev en ts  [66], w h ils t a  further 15 % h a v e  am biguous so lu tion s due to m u ltip le  h it s  in  the  

hodoscopes; for th e  rem ain in g  ev en ts  th e electron  trajectory is  n o t reconstructed . T hese  

effic ien c ies  are low  due to h ard w are  prob lem s exp er ien ced  w ith  th e  ta g g in g  sy stem  

d u rin g  d ata  tak ing . T he finger size  o f  th e  hodoscopes lim its  th e ir  angu lar p recision  and  

g iv e s  r ise  to an  u n cer ta in ty  in  th e  b eam  en ergy  o f ab ou t 3 GeV. T he b eam  energy  

spectrum  m easu red  b y  th e  ta g g in g  is  not, how ever, exactly  th e  spectrum  of en erg ies seen  

by the apparatus due to the fo llow ing effects:

( i)  D ouble brem sstrah lu ng'. T h e ta g g in g  a ssu m es th a t  a ll th e  en ergy  lo s t  by the  

ra d ia tin g  electron  is  tak en  by a sin g le  photon, so ad d itional rad iated  p hotons w ill 

cause th e  ta g g in g  to over-estim ate th e energy;

( i i )  R andom  coincidence: T he photon cau sin g  th e  tr igger  m ay be in  random  

coincidence w ith  a d ifferent photon th a t is  m easured  by th e  tagging.

T h ese  e ffec ts  h a v e  b een  ca lcu la ted  u s in g  a M onte C arlo s im u la tio n  [67], w ith  th e  

conclusion th a t (as a  resu lt o f m u ltip le  b rem sstrah lu n g  or random  coincidences) for 17 % 

of tr iggers th e tr igger  photon is  accom panied by a second photon o f energy greater  th an  

20 GeV. T he ta g g in g  w as te sted  u sin g  xjMneson even ts, found in data  taken  w ith  a  m uon  

trigger, look in g  for th e  decay:

R equiring th a t there are no other particles detected  in th e  ev en t other than  th e  m uon pair
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F igu re 3.4  Energy difference between beam photon and y-meson

se lects q u asi-e la stic  production of \j/-mesons, for w hich th e y  energy should be equal to th a t  

o f th e photon. The difference b etw een  th e  tagg in g  en ergy  and the reconstructed  \jr energy  

is  p lotted  in  F igure 3 .4  [68]. A s can be seen , the data  d isp lay a peak  a t zero difference, o f  

w id th  d eterm in ed  by th e  fin ite  reso lu tio n  of th e  ta g g in g , and a ta il from  th e  over­

estim ation  o f th e  energy  due to double b rem sstrah lu n g  and random  coincidences.

Figure 3.5 Beam energy



Apparatus 71

Beam Particle Flux

[/burst]
Energy
[GeV]

Mean energy 
[GeV]

Primary P 2X1012 450 450
Intermediate e' 108 120-250 140
Experimental y 107 40-180 100

T a b le  3 .2  Beam characteristics

3.4 Beam properties

T he energy spectrum  o f th e  beam  m easu red  b y  th e  tag g in g  is  show n in  F igure 3.5 , w ith  a  

m ean  v a lu e  o f  ~  100  GeV. T he flux o f  photons w ith  energy greater th an  4 0  G eV is  typ ically  

1 0 7 per 2 second  burst; th is  and o th er ch aracter istics o f th e  b eam  are su m m arised  in  

T ab le 3 .2 . T h e sp a tia l d im en sion s o f th e  b eam  m ay be d eterm ined  from  th e  d istrib u tion  

o f  vertices, form ed u s in g  th e  tracks o f charged  p artic les reconstructed  in  th e  apparatus. 

T h is d istribution  is  show n in F igure 3 .6  for th e  tw o coordinates tran sverse  to th e  beam ; as  

can be seen  the beam  size is  ~ 28 x  12 mm^ (F W H M y x  z). It should  be noted th a t th e  u se  o f  

th e  active ta rg et in  th e  trigger condition w ould in fluence th ese  d istrib u tion s i f  th e area of 

th e  target included  in  th e trigger w as sm aller  th an  th e beam  size; th is  is  not th e  case for

Horizontal (y) coordinate [mm]

Vertical (z) coordinate [mm] 
F igu re  3 .6  Beam size
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the ^-coordinate, b u t th e clipped form  o f the profile in d ica tes  th a t i t  u n d erestim a tes  th e  

beam  w idth  in  y.

3.5 Sources of background

H a d r o n i c

T he photon  beam  is  very  clean  o f  hadronic con tam ination , to  th e  lev e l o f  1 p art in  1 0 5. 

W hat co n tam in ation  rem a in s is  a  r e su lt  o f a  sm all n u m b er o f  rc’s th a t accom pany th e  

electron  beam  w ith  a  ratio (jt/e) ~  10 '3 . T h ese  p ions are produced by th e  decay  o f n eu tra l 

h a d ro n s, p r in c ip a lly  A s and K®s, and  th ey  are sw ep t ou t o f  th e  beam  by th e  ta g g in g  

m agn et, a lon g  w ith  any charged  p a rtic le s  th a t th e y  produce through in teraction  in  th e  

radiator; how ever, an y  n eu tra l had ron s produced w ill con tam in ate  th e  b eam , an d  r e su lt  

in a proportionally  h igh er  rate o f background in teraction s in  th e  exp erim en ta l target.

E l e c t r o m a g n e t i c

T he m o st ser iou s source o f background  to th e  ex p er im en t is  o f e lectrom agn etic  origin . 

98 % o f  th e  photons reach ing  th e  experim ental target h a v e  energy le ss  th an  50  GeV: th ese  

low  en erg y  p h oton s are th e  r e su lt  o f e ith er  b rem sstra h lu n g  in  th e  rad ia tor , or (for 

en erg ies le s s  than  10 M eV) synchrotron  radiation  cau sed  by th e deflection o f th e  electron  

b ea m  in  th e  la s t  m a g n e ts  o f  th e  sy stem . E very  e lec tro n  r a d ia te s  on a v era g e  six  

synchrotron photons and one b rem sstrah lu n g  photon tow ards th e  target, and  th e  photons  

can convert in  th e target to form  e+e~ pairs, a t a ra te  w hich w ould  blind th e ap p aratu s i f  

p recau tion s w ere n ot taken .

To com bat th is  source o f background th e exp erim en ta l ta rg et is  situ a ted  in  a  vertica l 

m agn etic  field  th a t is  d esign ed  to sw eep  low energy ( le ss  th an  250  M eV) p airs out o f th e  

acceptance o f th e ap p aratu s, w h ils t  n o t rem oving th e  h ig h er  energy  in teraction  products  

th a t th e  exp erim en t is  designed  to study. T he pairs h a v e  op en in g  an g le  a  g iven  by [69]:

E
(X-f-log-I

E  m
y

w h ere  m  is  th e  e lectro n  m a ss  an d  E ^  is  th e  in c id e n t  p h o to n  en erg y . T h u s  for  

E y>  500  M eV, a  < 7 m rad, i.e . th e  op en in g  an g le  is very  sm all. T h u s th e  m ag n etic  field
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F ig u re  3 .7  D esensitised wire chamber regions

sw eep s th e  p a irs th a t  are o f su ffic ien t en ergy  to rem ain  in s id e  th e  acceptance in to  a  

h orizon ta l band. D etectors th a t w ould be ad versely  affected b y  th e  pairs are d esen sitised  

over a corresponding horizon ta l region; for exam ple F igure 3 .7  sh ow s th e  d esen sit ised  

reg io n s o f a  w ire  cham ber, kn ow n  a s th e  ‘M ou stach e’ for obvious reason s. T h e b eam  

k iller  is  required  w hen  a charged pion beam  is  u sed  (see  below ).

T he e lectrom agn etic  background is  excluded  a t th e  tr igger  le v e l by a req u irem en t  

th a t  m ore io n isa tio n  is  d ep osited  in  th e  ta rg et th an  w ould be created  by a  sin g le  pair. 

R em ain in g  p a irs th a t are reconstructed  m ay be recognised  b y  th e ir  sm all open ing  angle  

in  th e non-bend (Z) projection.

M u o n  h a lo

M uons are created  both in th e production target and in  th e proton dum p. T hey are h igh ly  

p en etra tin g , since b ein g  lep ton s th ey  do n ot in teract v ia  the stron g  force, and as th ey  are 

ab ou t 2 0 0  tim es  a s  m a ssiv e  a s  e lectron s, th ey  lo se  le s s  en ergy  rad ia tively . A s a resu lt  

th ere  is  a  flux o f  about 106 m '^s'1 m u on s th a t  p en etra te  th e  in terv en in g  m ater ia l and  

reach  th e  ex p er im en ta l ap p aratu s. T h ey  are  d istr ib u ted  asy m m etr ica lly  over a large  

area  tran sverse  to th e  beam , and are m ost in ten se  above and to th e  le ft o f th e beam . T he  

flux could be reduced  by ch an g in g  th e  a x is  of th e  photon beam , b u t th is  w ould en ta il a 

tig h ter  se lection  o f th e  electron m om entum , w ith  a corresponding decrease in  th e  beam  

in te n s ity . T he m uon h a lo  is  excluded  a t  th e  trigger lev e l by th e  muon veto, a large  

sc in tilla to r  array described  in  S ection  3.8.

3.6 Alternative beams

O ne o f  th e  fea tu res  o f  th e  N A 14 beam  lin e  is  its  ab ility  to run w ith  d ifferent b eam s for 

p u rp oses o f a lig n m en t and calibration .
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P io n  b e a m

P ion s are ab u n d a n tly  produced in  th e  in it ia l in tera ctio n  o f  protons in  th e  production  

ta rg e t. T h ey  are se lec ted  by tu rn in g  o ff both  th e  sw eep in g  m a g n et th a t  fo llo w s th e  

production target and the tagg in g  m agn ets a t the end  o f th e  beam  line; th e  aperture o f th e  

neutron  dum p is  narrow ed and th e  ch icane m agn ets are tu n ed  to se lect tc's o f th e  chosen  

en ergy , u su a lly  90  GeV; th e  con version  an d  rad ia tor  ta rg e ts  m u st be rem oved; and  

fin a lly  th e  B TC s and th e charge veto  (a sc in tilla tor  detector, described in  Section  3 .8) are  

tak en  out o f  th e trigger. N eg a tiv e  p articles are chosen  to p reven t n on -in teractin g  protons 

from  con ta m in a tin g  th e beam , b u t th ere  is  a  sm all com ponent o f iT s  and antiprotons. To 

avoid sa tu ra tion  o f th e  detectors by th e  h igh  flux o f p ions, th e  proton flux is  reduced by the  

in sertion  o f ad d itional target m ateria l upstream  o f th e  production target, rem ovin g  about 

99 % o f  th e  protons; th is  h as th e  side-effect o f reducing th e m uon halo  in ten sity .

M u o n  b e a m

T h is is  produced by sim p ly  c lo sin g  th e  apertures o f th e  neutron  dum p and  th e  collim ator  

(see  F ig u re  3 .2 ), so th a t  on ly  th e  m uon h a lo  seen  w ith  th e  photon b ea m  rea ch es th e  

apparatus.

II The Detectors

3.7 Introduction

The recon stru ction  o f an even t requ ires know ledge o f th e  p artic les th a t are produced in  

th e  in tera ctio n . T he in form ation  ab ou t each p artic le  th a t  is  o f in te r e st  m ay  b e broadly  

separated  into:

(i)  Iden tifica tion : th e  in tr in sic  properties, such as m a ss and charge;

( i i)  K in e m a tic s : th e m om entum  and direction in space;

( i i i )  H istory , th e  poin t of creation , and of decay (if it  occurs).

T he id en tifica tion  o f a  particle m ay  be ach ieved  by a  d eterm in ation  o f it s  r e s t  m a ss, its  

in te r a c tio n s , or in  som e ca ses  it s  decay  prod u cts. T h e  k in e m a tic s  an d  h is to r y  are



Apparatus 75

discovered p rim arily  through tracking , th e m easu rem en t of particle trajectories, and due  

to  its  im p ortan ce  th is  w ill be d escrib ed  first. T h e  ca teg o r ies  are n o t ex c lu siv e : for  

exam ple, a  particle  m ay be identified  through a  know ledge o f th e  k in em atics o f  it s  decay, 

and  th e  lifetim e is  obviously a characteristic  o f the particle type.

M ost m ethods o f particle detection  depend on energy tran sfer to th e  m edium  through  

w hich  th e  partic le  travels. For a  charged particle th is  is  principally  through in teraction s  

w ith  th e e lectro n s of th e m edium , ca u sin g  io n isa tio n  or exc ita tion  o f it s  a tom s. T he  

energy  lo ss  is  described  by th e B ethe-B loch  form ula [70], w h ich  g ives th e  m ean  energy  

lo ss  o f a p artic le  w ith  charge z  and ve loc ity  v tra v e llin g  through  a m edium  o f atom ic  

num ber Z  and m a ss  num ber A:

2 m i>2 t2 ̂  p2

w here m is th e electron m ass, N A is  the Avogadro constant, x  is  th e path  len gth  m ultip lied  

by th e d en sity  of th e  m edium , and /  is  an effective ion isation  poten tia l th a t depends on the  

m ateria l (~ 10  Z  eV).

From  th is  it  m ay  be seen th a t th e rate  o f energy lo ss is  only w eakly  d ep en d en t on the  

m edium  (sin ce  Z/A  ~ 0 .5  for m ost e lem en ts), and is in d ep en d en t o f  th e  in cid en t particle  

m ass; for n o n re la tiv istic  ve loc ities it  d ecreases a s  1/u2 , and th en  after p a ssin g  through  a 

m in im u m  a t y  ~  3 , in crea ses  logarith m ica lly  w ith  y. T h is is illu stra ted  in F igure 3 .8  [1], 

(w here the m om entum  p  = yMv for a particle o f m ass M).

d E  
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Figure 3.8 Energy loss of particles in matter
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F ig u re  3 .9  The apparatus ofN A 14

A  p article  is m inim um  ion isin g  w h en  it s  en ergy  lo ss  is  close to its  m in im u m  va lu e. 

T hen  th e  io n isa tio n  produced in  a d etector is  know n a s  7m in , and corresponds to  about 

2 M eV  g _1cm  2 in  silicon  for exam ple.

N o s in g le  detector  is  capab le o f d eterm in in g  a ll th e  p rop erties o f th e  in tera ctio n  

products th a t  are o f in terest, so th e ap p aratu s o f a  h ig h  en ergy  p h y sics  ex p er im en t is  

gen era lly  an  assem b ly  o f d ifferen t detectors, each m ea su r in g  a su b set o f th e  properties. 

T he inform ation  is  th en  com bined a t th e  a n a ly sis  stage . T he detectors o f N A 14  w ill be 

described according to th e  property th ey  are in tended  to investigate; they  are arranged , as  

show n in  F igure 3.9 , in to  th e form  o f a  spectrom eter , u tilis in g  m agn ets to deflect charged  

particles. Som e parts of th e apparatus are v isib le  in F igure 3.10.

3.8 Particle kinematics

T r a c k in g

T he m otion  o f  th e  p artic les is  n ot m easu red  d irectly , and th ey  are considered  a s  tra ck s , 

th e  l in e s  in  space th a t  th ey  fo llow . T he d etection  o f  tra ck s  is  cen tra l to  h ig h  en ergy  

p h ysics exp erim en ts, and h a s  been  ach ieved  in a var ie ty  o f  w ays. In th e  p ast, track s w ere  

o b served  u s in g  clou d  ch a m b ers , in  w h ich  th e  io n isa tio n  cau sed  by th e  p a ssa g e  o f a
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Figure 3.10 View of the apparatus

charged particle through a saturated vapour led to the formation of liquid droplets along 

the track; Bubble chambers operate in a related manner: the detector takes the form of 
super-heated liquid usually used as the experimental target, and the ionisation gives rise 

to bubbles of gas that may be photographed and so reveal the track; Emulsions represent 
one of the oldest techniques, but one that is still in use— stacks of photographic emulsion 

are exposed directly to the high energy particles, and reveal the tracks when developed. In 

electronically recorded experiments, on the other hand, track finding is achieved by the 

association of space points that are recorded as a result of the passage of a particle through 

digitised elements of the detectors.

Scintillator hodoscopes

Scintillating materials have the property that a small fraction of the energy gained by 

their atoms from ionising particles is lost through the emission of light, and furthermore 

the materials are transparent to their own luminescence. They may be classed as 

inorganic— of which sodium iodide (with suitable impurities) is the prime example— and 

organic, including various polystyrene based materials. One common arrangement for 

organic scintillator is to utilise excitation of molecular energy levels, which then decay
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F ig u re  3.11 Scin tilla tion  counter construction (schematic)

w ith  th e  em ission  o f u ltrav io let ligh t, converted to b lue by th e  fluorescent excita tion  o f dye  

m olecu les  incorporated in  th e  p rim ary sc in tilla tor  m edium .

T h e  sc in tilla tio n  lig h t  i s  g en era lly  detected  by a p h o to m u ltip l ie r , a  d ev ice  w hich  

produces an electrical signal in  resp on se  to lig h t (see F igu re 3.11). T h is is  done u s in g  an  

a lk a li m e ta l coated  p hotocathode th a t  em its  p h otoelectron s w h en  illu m in a ted , w ith  a  

typ ica l efficiency  o f 10  % for p h oton s o f 450  nm  w a v e len g th . T he m u ltip lie r , a  chain  of  

e lec tro d es  a t  p ro g ress iv e ly  h ig h e r  v o lta g e  (d y n o d e s ) g iv e s  a  cu rren t a m p lifica tion , 

typ ica lly  o f ga in  ~ 108, and th e  re su ltin g  p u lse  is large, p erm ittin g  sim ple read-out.

S c in tilla tio n  counters h a v e  th e  ad v a n ta g es o f  b e in g  robust, effic ien t and  fa st , w ith  

ou tp u t s ig n a l w id th s as low  a s 10  n s provid ing accu rate  tim in g  in form ation , b u t  th e ir  

sp a tia l reso lu tion  is  obviously d eterm in ed  by the d im en sion  o f th e  sc in tilla tor , so for u se  

in  track in g  th ey  m u st be arranged  in to  hodoscopes o f th in  fingers.

S c in tilla to r  hodoscopes o f th is  n a tu re  h ave a lread y  b een  m en tion ed  a s  p art o f  th e  

ta g g in g  sy stem  for th e  beam : H l - 4 ,  V l - 4  and th e BTCs. T h eir  p osition s m ay  be seen  in  

F igure 3 .2 . H l - 4  h ave vertica lly  orien ted  fingers (g iv in g  m ea su rem en t o f th e  h orizon ta l 

coordinate) and m easu re th e  en ergy  o f  th e  electron s in c id en t on th e  rad iator target. H I 

an d  H 2 prov id e a m ea su rem en t o f  th e  e lectron ’s tra jectory  before th e  la s t  b en d in g  

m a g n ets  o f  th e  ch ican e w h ils t  H 3 an d  H 4 m ea su re  th e  trajectory  a fter  deflection . A n  

electron  o f  1 5 0  GeV energy is  deflected  by about 17 m rad, and th e  tw o pairs o f  p la n es are  

about 5 m  apart, so fingers w ith  w id th s o f th e  order o f m illim eters are required to g ive  th e  

n ecessa ry  p recision  in  en ergy  m easu rem en t. T he w id th s chosen  rep resen t a  com prom ise  

b etw een  en ergy  reso lu tion  and th e  n um ber o f ch an n els o f read-out e lectron ics required; 

th ey  m a y  be seen  in  T ab le 3 .3 . T he th ic k n e sse s  (a lo n g  th e  b eam  direction) are a lso  a  

com prom ise, b etw een  th e num ber o f  photoelectrons produced for good efficiency, and th e  

req u irem en t o f  transparency (since th e  electrons h ave n o t y e t  rad iated , and so m u st n ot be  

sig n ifica n tly  affected  by th e  sc in tilla tor).
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Hodoscope No. of fingers Thickness
[mm]

Width
[mm]

Height
[mm]

HI 80 6 1-5 100
H2-4 64 6 1-5 100
VI 64 6 100 15
V2 34 8 100 3-10-5
V3 65 8 100 1-5-12
V4 72 8 100 1-5-12

T a b le  3.3 Tagging hodoscope geom etry

V l - 4  fu n ctio n  in  a  s im ila r  fa sh io n , w ith  th e  d eflection  provided  by th e  ta g g in g  

m a g n ets , in  a v ertica l d irection . H odoscope V I is  lik e  one o f th e  H  hodoscopes ro ta ted  

through 90°; the other three are o f a  d ifferent type since th ey  lie  a fter th e  radiator target so 

th e  con stra in t o f  tran sp aren cy  is  relaxed . T he vertica l w idth  o f th e ir  fingers is  varied  to  

en su re  a co n sta n t p recision  in en ergy  m ea su rem en t, g iv in g  a  quadratic dependence on 

th e  h e ig h t  from  th e beam  axis. T he BTC s provide a fa s t  s ig n a l th a t  serves as a  tim e  

reference for th e beam  trigger. T hey cover th e  acceptance of th e  V  hodoscopes, w ith  only a  

few  channels: 21 in  total.

In th e N A 14 spectrom eter th ere are th ree  m ain  sc in tilla tor  hodoscopes, n am ed  G l,  

G 2H  and G2V. T h ey  are u sed  prim arily  in  th e  experim ental tr igger, to se lec t hadronic  

ev en ts , i.e. ev en ts  w here th e photon h a s  in teracted  hadronically  in th e target (rather than  

electrom agn etica lly). For further d eta ils  o f th e  trigger see C hapter 5.

Som e p aram eters o f th ese  hodoscopes are g iven  in  Table 3.4; both G l and G2V h ave  

th e ir  fingers orien ted  vertica lly , g iv in g  m easu rem en t o f the y-coordinate, w h ilst for G2 H 

th e  e lem en ts  are horizon ta l. In a ll th ree  th ere  is  a central h orizon ta l gap in  th e  area  

covered, to prevent th e  saturation  of the detectors by electrom agnetic pairs, as described in  

Section  3.5. In G l th e  80  fingers are arranged into four p lan es o f 20, two above th e  beam  

an d  two below , w ith  a separation  o f 27 m m  along th e beam  direction. T he others both h ave  

th e ir  e lem en ts  arranged  in single  p lan es above and below  the beam .

A lso  d isp layed  in  T able 3 .4  are som e p aram eters o f three m ore hodoscopes th a t  are  

p a rt o f a  d etector for m uons. A s th is  d etector is  u sed  for th e identification  o f p artic les it  

w ill be described  in  th e  n ex t section . S c in tilla tors are also u sed  in  th e calorim eters both  

for p osition  d etection  and as charge vetoes, as w ell as providing th e  active e lem en t in  one



80 Apparatus

Hodoscope Distance 

from target 
[m]

No. of 

elements
Element
orientation

Element
dimensions
[mm2]

Desensitised

gap
[mm]

Tim ing
Resolution

[ns]

G1 1-85 80 V 54 x 550 ±50 10
G2H 7-5 32 H 1200x70 ±50 15
G2V 83 24 V 200x750 ±60 10
H1H 18 36 H 1800x180 no 160
H3H 22 32 H 2190x180 no 160
H3V 23 72 V 180x1450 no 160

T a b le  3 .4  Spectrometer hodoscope geometry

of them , b u t again  th ese  w ill be d iscu ssed  w ith  th e calorim eters th em selves.

T he rem ain in g  u ses  o f sc in tilla tors in the exp erim en t are in a muon veto  and charge 

veto th a t lie  upstream  o f th e target (i.e. a t a  low er x-coordinate). T hese are both  u sed  in  the  

trigger: th e  m uon veto is  a  large p lane o f scin tilla tor (1-80 x  1-92 m 2) 3-5 m  u pstream  o f the  

target th a t serves to prevent triggers from halo m uons, w h ilst th e charge veto  is  re la tively  

sm all (100  x  100 m m 2), and is  situ a ted  1 m  upstream  o f the target to p reven t an y  charged  

particle th a t  is  coaxial w ith  th e beam  from producing a trigger.

W ir e  C h a m b e r s

M u ltiw ire  p rop ortion al ch am b ers (M W PCs) provide th e  m ain  tra ck in g  d etec to rs  in  

m any h ig h  en ergy  p h ysics ex p erim en ts. T h ey are constructed  out o f p la n es  o f para lle l 

w ires a t  a  positive  p o ten tia l, ly in g  b etw een  conducting surfaces in  a  gas filled  container, 

as illu s tr a te d  sch em a tica lly  in  F igu re 3 .12 . E lectron s lib era ted  from  th e  g a s  by the  

p a ssa g e  o f a  charged partic le  drift tow ards th e  n e a r e st  w ire, g a in in g  en erg y  from  the  

electr ic  fie ld . I f  th e  en ergy  ga in ed  exceed s th a t requ ired  to ion ise  th e  g a s th en  further  

secondary  e lectron s are produced, and  an ava lan ch e  en su es. T he g a s a m plifica tion , the

Figure 3.12 Wire chamber contraction (schematic)
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F ig u re  3 .13 Wire cham ber layout

n u m b er  o f seco n d a ry  e lectro n s produced  p er  p rim ary ion  p a ir , is  - 1 0 ° .  A  typ ica l 

arran gem en t is  to h a v e  anode w ires 20  |dm in  d iam eter w ith  a  2 m m  spacing, k ep t a t 5 kV  

re la tiv e  to th e  cath od e p la n es, w h ich  are sep arated  b y  12  m m . T he choice o f g a s  is  

in flu en ced  by req u irem en ts  in c lu d in g  low  op era tin g  vo lta g e , h ig h  ga in , fa s t  recovery  

and lon g  life . T he noble ga ses  h ave a low  avalanche voltage an d  are su itab ly  in ert, w ith  

argon th e  sta n d a rd  choice; h ow ever i f  u sed  alone th e  ga in  th a t  m ay be ach iev ed  is  

sev ere ly  lim ited  by con tin u ou s d ischarge. T h is  m ay be qu en ch ed  by th e  add ition  o f a 

polyatom ic g a s , and th e  gas u sed  is  g en era lly  a m ixture such  as argon-isobutane. By  

read in g  out th e  anode w ires ind iv id u ally , th e  coordinate o f th e  particle perpendicu lar to 

th e  w ires m ay be determ ined.

M W PCs form  th e  back-bone o f th e N A 14 apparatus. T here are 21 cham bers, w ith  a 

to ta l o f 73 p la n e s  o f w ires, d istr ib u ted  in  th ree  groups or stacks  as il lu s tr a te d  in  

F igu re  3 .1 3 . T h ey  are gen era lly  s itu a te d  in  reg ion s free o f m a g n etic  field , to avoid  

problem s o f sp ira llin g  low  energy electron s and  th e d ifficu lties o f track reconstruction  in  

a  strong field. A n exception  is  the sin g le  cham ber positioned  w ith in  th e AEG  m a g n et to 

provide a track  coordinate as close to th e  ta rg et as possib le; it  is  sm all and h a s  fa s t  

read-out to cope w ith  th e  adverse conditions. S tack  1 con ta in s tw o O rsay  and six  C P K  

cham bers, a ll o f  w h ich  are d esen sitised  in th e m edian  horizon ta l p lane as described  in  

S ectio n  3 .5 . F our sm a ll F a s t  ch am b ers are provided to cover th is  reg ion , w ith  fa s t  

read -ou t to com bat th e  h igh  rate  o f  p a irs. S tack  2 h a s  five cham bers, w hich a lon g  w ith
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Chamber No. Distance
from
target
[m]

Area

(y x z) 
[m2]

De-sen-
sitised
region
[mm]

Planes
per
chamber

Orien­
tation*

n

Wires
per
plane

Wire
spacing
[mm]

Gate
[ns]

AEG 1 0-1 0-20 no 4 0 186 1 50
X 90 186

0-20 45 186
135 186

CPK 6 10 1-79 50 4 104 768 2 120
11 X to 90 896
1-3 0-73 120 0 368
3-2 14 576
3-4
3-5

Fast 4 1-4 0-26 no 2 60 256 1 50
1-5 X 90 256
30 0-21 or
3-1 90 256

120 256

Orsay 4 1-7 3-60 5 4 90 1792 2 120
21 X 60 1536
8*1 1-50 120 1536
8-8 90 1792

GCPK 3 7-8 3-11 no 4 104 1024 3 120
8-5 X 14 896
9-0 2-15 90 1024

0 704

Neutrino 3 14-0 4-33 no 3 60 1232 3 120
14-3 X 120 1232
14-6 3-75 0 1232

* The angle is measured relative to the horizontal (y) axis, and the order follows the beam direction.

T a b le  3 .5  Wire chamber characteristics

Stack  1 provide p attern  recognition  for tracks before and  a fter  th e  large G oliath  m agn et. 

F in a lly  S ta c k  3, w ith  th r e e  ch a m b ers , e n h a n c e s  th e  p r e c is io n  o f  m o m en tu m  

m e a su r e m e n t for h ig h  m om en tu m  track s. Som e c h a ra c ter is t ic s  o f th e  ch am b ers are  

g iven  in  T ab le 3.5.

S i l i c o n  d e te c to r s

T he u se  o f silicon  as a  m ater ia l for th e  construction  o f h ig h  reso lu tion  track in g  d etectors  

is  a  re la tiv e ly  recen t d evelop m en t [71]. It h a s  fo llow ed  th e  creation  o f h ig h  r e s is t iv ity
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s ilico n  c r y sta ls , an d  th e  p erfection  o f  te c h n iq u e s  o f  h ig h  sp a tia l p recision  in  th e  

construction  o f th e  detectors. T h ey  u se  a  w afer o f  silicon  cu t from  a  sin g le  crysta l, o f  

d im en sion s up to 5 x  5 cm^. T he silicon  is  trea ted  as described  below  to produce diode  

strips, each of w hich acts as a  separate detector elem ent. T he p assa g e  o f a  charged particle  

through a strip  g iv es  rise to a  conduction charge in  th e  m ateria l a s  a  resu lt o f energy  loss  

by ion isa tion . T h is  charge is th en  co llected  a t th e  e lectrod es o f  th e  diode to provide a  

s ig n a l .

T he g rea t a d van tage  of u s in g  a  s ilicon  d etector o f  d iode con stru ction  is  th a t  by  

u tilis in g  th e prop erties of th e  diode ju n ctio n , th e d etector m ay  be operated in  a  ‘fu lly  

d ep leted ’ m ode, for w hich  th e  conduction  charge in  th e  d etector volum e is  very  sm all, 

even  at room tem perature. The charge produced by io n is in g  p artic les is  therefore read ily  

detected .

T he a llow ed  en ergy  le v e ls  o f e lec tro n s in  a cry sta llin e  m a ter ia l fa ll in to  b an d s, 

w hich m ay be separated  by gaps o f forbidden energy. In m eta ls th e  band th a t is  h ig h e s t  in  

en ergy  is  n o t filled , so th a t conduction  is  p ossib le  b y  electron s in  th a t band. In  other  

m ateria ls , how ever, in th e  absence o f th erm al excitation , th e  band  o f  h ig h est energy  th a t  

con ta in s electron s is  exactly  filled. T h is  valence band  con ta in s th e  electrons resp on sib le  

for th e b in d in g  o f th e  atom s to form  th e  crystal structure. The n ex t band, o f h igh er energy, 

is  know n as th e  conduction  band sin ce  electrons in  it  w ould b e  availab le  for conduction, 

and it  is  separated  from  th e valence band by a  band gap. The on ly  electrons th a t are in  th e  

conduction  b an d  are th o se  th a t  are th erm a lly  prom oted from  th e  va len ce  b and , w ith  

probability P  g iven  by [72]:

p  _  r 3' 2 e-(Eg l2kT)

w h ere T  is  th e  ab so lu te  tem perature, Eg  is  th e  band gap energy and k is  th e B oltzm ann  

co n sta n t. T h e v acan cy  le ft  in th e  v a len ce  band  by th e p rom oted  electron  a c ts  a s  a  

p o sit iv e ly  charged  p artic le , know n a s  a hole . In th e  ab sen ce o f an applied  field  th ese  

e lec tro n -h o le  p a ir s  w ill recom bine e v e n tu a lly , and  an eq u ilib r iu m  con cen tra tion  is  

a ch iev ed  p rop ortion a l to  th e  ra te  o f  th erm a l exc ita tio n . T h is  con cen tration  is  th u s  

critica lly  d ep en d en t on th e  band gap  energy. For in su la tin g  m a ter ia ls , the ban d  gap  is  

large (~ 5 eV), w h ils t  for sem iconductors such as silicon  th e  band  gap is  sm all enough  

(~ 1 eV) for an appreciable population o f th e  conduction band to ex ist  a t room tem perature.

In p ractice silicon  is  n ot u sed  in  th is  pure sta te , b u t in s te a d  sm all q u a n tit ie s  o f  

im p u r itie s  are in troduced  into  it s  crysta l stru ctu re. S ince silicon  is  te tra v a len t, i f  th e
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A

-s

C onduction  band

------------'-------------------------- D onor lev e ls
(n -ty p e )

_________________________  A cceptor levels
(p -ty p e )

V alence band

F ig u re  3 .14  Sem iconductor energy levels

additive is  p en ta v a len t th en  th e  electron  o f its  a tom s th a t is  not required by th e  four bonds 

o f th e  n eigh b ou rin g  silicon atom s in  th e crystal structure is  on ly  loosely  bound, an d  lie s  

a t an en ergy  level n ear  th e top o f th e  band gap. T h is  m ateria l, w ith  its  excess o f n egative  

ch arge carriers , is  k n ow n  as rc-type. In a s im ila r  fa sh io n , an atom  o f  a  tr iv a le n t  

im p u rity  la ck s an electron for bonding, and acts a s  a  source o f h o les. T heir en ergy  lev e l 

is  a t th e  bottom  o f  th e  band gap , and  th e  r e su ltin g  m a ter ia l is  know n a s  p -ty p e . S ee  

F ig u re  3 .1 4 .

I f  7i- ty p e  and p -ty p e  silicon  are b rou gh t in to  con tact to form  a p /i- ju n c tio n , th e  

d iscon tin u ity  in  concentration  o f electrons and h o le s  a t  th e  in terface r e su lts  in  d iffusion  

of th e  charge carriers across th e  boundary. In practice th e  p /i-junction  is  ach ieved  b y  th e  

diffu sion  o f  tr iv a len t im p u r itie s  in to  an 7i-typ e su b stra te , or v ice versa . A s th e  charge  

carriers m ig ra te  th e y  lea v e  b eh in d  fixed  ch arges in  th e  cry sta l la tt ic e , and th u s  a  

p o ten tia l d ifference develops w hich  e v en tu a lly  lim its  th e  flow . T he e lectron s an d  h o les  

th a t do m ig ra te  w ill recom bine w ith  th e  m ajority  carriers in  th e  m a ter ia l th e y  h a v e  

en tered , le a v in g  a  region  around th e  ju n ction  th a t  is  free o f  conduction ch arges, know n  

as th e dep letion  layer  (see  F igure 3 .15). It is  th is  region th a t  form s th e  active  a rea  o f the  

d etector, an d  its  th ick n ess  is  u su a lly  en h an ced  b y  th e  app lication  o f a  reverse  b ias; th is  

in crea ses  th e  am ou n t o f charge d ep osited  by an in c id en t particle  in  th e  d ep leted  region, 

and a lso  d ecrea ses  th e  cap acitan ce  o f th e  detector, w h ich  h e lp s  reduce n o ise . For an  

applied  v o lta g e  V, th e  depletion  th ick n ess  d  is  g iven  by [72]:

d =
/ 2 ee0

V 7 aT(V-vo)
w h ere  e e 0 is  th e  d ie lec tr ic  c o n sta n t, e is  th e  e lec tro n ic  ch arge, N  is  th e  dop an t  

co n cen tra tio n  and  V q is  th e  b u ilt-in  v o lta g e  o f th e  ju n ctio n  (~  -0.6  V). I f  V  i s  m uch  

greater th an  Vq, as is  u su a lly  th e  case, we expect:
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Fermi
energy

d o c J V  (3.2)

T h e prc-junction acts  a s  a  diode since current m ay ea sily  flow from  n-type to p -ty p e  (i.e. 

electrons m ay p a ss  from p-typ e to n-type) b u t n o t in  th e reverse direction.

T he p a ssa g e  o f a  charged  particle th rou gh  th e  detector r e su lts  in  th e creation  of  

electron -h o le  p a irs a lon g  th e  track. T he a verage en ergy  exp en d ed  by th e  partic le  per  

e lec tro n -h o le  p a ir  is  ab ou t 3 .6  eV, w h ich  im p roves s ig n ifica n tly  on th e eq u iv a len t

Figure 3.16 Silicon strip detector operation (schematic)



86 Apparatus

Microstrip detector

Active target

F ig u re  3 .1 7  The vertex detector

en erg ies  in  other ty p es o f detector, g iv in g  silicon d etectors a  h igh  en ergy  reso lu tion . T he  

charge is  sw ep t by th e  b ias field  tow ards th e n ea rest electrode, w here i t  is  collected  and  

d etected  b y  th e  read -ou t e lectron ics (see  F igure 3 .16). T he h ig h  field  g iv e s  a  h ig h  drift 

velocity , and  since th e  d istan ce  th e  charge m u st drift is  sm all, th ese  d etectors h a v e  a  very  

fa s t  resp on se .

S ilico n  detectors are u sed  in N A 14 for th e  v ertex  detector. T h is is com posed o f an  

active ta r g e t and a m icrostrip detector, as illu stra ted  in F igure 3.17. Som e p aram eters o f  

th e  d ev ice s  are g iven  in T ab le  3 .6; th ey  w ill be described  in  m ore d e ta il in  th e  n ex t  

ch a p ter . A  silico n  Q u a d ra n t C ou n ter  w a s a lso  in s ta lle d , ju s t  d o w n strea m  o f th e  

m icro str ip s . I t  is  a  s in g le  p la n e , d iv id ed  in to  fou r q u a d ra n ts  each  o f  d im en sio n s  

1 cm  x  1 cm. It w as in ten d ed  for u se  in  th e  trigger, and  w a s u sed  in  th is  m an n er during  

beam  te s ts  o f th e m icrostrip detector.

M o m e n t u m  a n d  C h a r g e  m e a s u r e m e n t

T he m om en tu m  o f  ch arged  p a rtic le s  m ay be m ea su red  th rough  th e ir  deflection  in  a  

m ag n etic  field. In a  co n sta n t field  JB, a  charged p article  w ith  charge q  and velocity  v  fee ls
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Active target Micro strips

Number of planes 32 10
Plane orientation* [*] 90 (planes 1-30) 0,90,0,90,0,90,0,90,

0 (planes 31,32) 33,123
Plane dimensions 50x44 50x50
(y x z) [mm2]
Silicon thickness [pm] 300 450
Number of strips / plane 24(Y) 1000

22 (Z)
Strip pitch [pm] 2100 50
Read-out Analogue Digital

* Angle of rotation of strips about beam axis, relative to horizontal (y) axis.

T a b le  3 ,6  Silicon detector characteristics

a force:

F = q v x B

T he particle therefore follow s a helica l trajectory, which in a projection orthogonal to  th e  

field  is  a circle o f rad iu s R,  g iven  by:

R P cos ^
“ 0 003 B q

w h ere X is  th e angle  of th e track re la tive  to th e p lane of the projection, and R  is  in  u n its  

o f cm, B  in T esla  and p  in GeV/c. The m om entum  of th e particle m ay th u s be determ ined  

from  th e m agn itu d e o f its  deflection in th e  region of m agnetic field , and the charge o f th e  

p article  from  the sen se  of th e deflection. In practice the field is  n ot exactly  uniform , so the  

tra jectories are n o t h e lica l. T he field  is  p rec ise ly  m apped, an d  described  in  term s of a  

large  num ber o f coefficien ts: for exam p le  for one o f the N A 14  m a g n ets , th ere  are 27  

coefficien ts, each  d eterm in ed  a t  39 sep arate s ite s  from field  m ea su rem en ts  m ade u s in g  a  

H a ll probe. T he trajectories are th en  ca lcu la ted  u sin g  a R u n ge-K u tta  m ethod [73]. T he  

procedure o f  track  fin d in g  and propagation  through the m ag n etic  fie lds is perform ed by  

th e  program  TR ID E N T , and w ill be described in  Chapter 6 .

N A 14 u se s  tw o m agn ets, as illu stra ted  in  F igure 3.9, both provid ing a dipole field w ith  

ax is vertical. T he first, nam ed  the AEG, surrounds the target. It is  required to sw eep  th e
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AEG Goliath

B(T] 1-29 1-3

Distance from target [m] 00 5-5

Aperture (yxz)  [cm] ± 65 x ± 25 ± 120x± 60

Acceptance (yxz)  [mrad] ± 650 x ± 250 ± 160 x ± 80

i B d l  [Tm] 1-24 31

T a b le  3 .7  M agnet characteristics

ab u n d an tly  produced e lectrom agn etic  pairs out o f th e acceptance o f th e  detectors, w hich  

w ou ld  o th erw ise  be ren d ered  in se n s it iv e  by th e  h ig h  ra te . T he A E G  a lso  provides  

m om en tu m  m easu rem en t for tracks th a t are outside th e  acceptance o f th e  second m agn et  

(w h ich  corresponds to tra ck s w ith  en ergy  le s s  th a n  ab ou t 5 GeV). T he second, larger, 

m a g n et is  nam ed  G oliath, and provides a precise m om entum  m easu rem en t for en ergetic  

p artic le s , w ith:

~  5 x  10'4 GeV^c
2

P

for track s w ith in  its  acceptance. T he m agn et p aram eters are g iven  in  T ab le 3.7.

For n eu tra l particles, and charged particles th a t do n o t p a ss  through th e  m agn ets, th is  

te c h n iq u e  o f  m om en tu m  m e a su r e m e n t m ay  n o t be u sed . I f  th e  p a r tic le  d eca y s in to  

m easu red  charged p articles th en  its  m om entum  m ay be reconstructed  from  th e  m om enta  

o f  i t s  d eca y  products. T h is  is  n e c e ssa r y  in  p a r ticu la r  for th e  sh o r t-liv ed  ch arm ed  

p artic les th a t we are in ten d in g  to in v estig a te . T he m om entum  o f  photons and  7t°s m ay be  

ca lcu la ted  u s in g  th e  ca lorim eter  in form ation .

3.9 Particle identification

From  th e  m u ltitu d e of particle typ es th a t are produced in  a typical in teraction , it  is  only  

th ose  th a t  are re la tive ly  lon g-lived  th a t reach th e  d etectors, and m ay  be id en tified . T he  

sh ort-lived  partic les decay, and  can only be id en tified  from  th eir  decay products. T h is is  

also  th e  case  for som e re la tiv e ly  long-lived  n eu tra l p artic les, such a s  K? s  and  A s.
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O f th e  long-lived  particles produced in  a hadronic in teraction , th e  m ost abundan t are

p ion s, and  also  p resen t in  sign ificant num bers are kaon s, protons, e lectrons, photons and

typ es: th e  charged h ad ron s are id en tified  u s in g  C erenkov d etectors, th e  electron s and  

p h oton s are id entified  b y  th e  electrom agn etic  calorim eters, and  for th e  m uons there is  a  

m u on  filter.

C e r e n k o v  d e te c to r s

A  C erenkov detector is  sen sit iv e  to th e  v e lo c ity  o f a  particle. I f  th e  m om entum  o f th e  

p a rtic le  is  know n, how ever, th en  its  m a ss  m ay  be determ ined , provid ing  identification . 

W hen a  charged p artic le  tra v e ls  through a d ielectric  m edium  a t  a  velocity  greater  th an  

th e  sp eed  o f lig h t in  th e  m edium , som e o f th e  lig h t  em itted  by th e  excited  atom s o f the  

m a ter ia l appears a s  a  coherent w ave-front a t a  fixed  angle to  th e  particle trajectoiy . T h is  

C eren kov  lig h t h a s  a  con tin u ou s spectru m  o f  freq u en cies, p ea k ed  tow ards u ltra v io le t  

ligh t. For particle velocity  v and refractive in d ex  n, th e  condition for Cerenkov lig h t to  be 

produced is:

S ee  F igure 3.18.

A  threshold  C erenkov detector is e ssen tia lly  a box of gas. T he C erenkov lig h t created  

b y  a p artic le  p a ss in g  th rou gh  th e  g a s  is  co llected  u sin g  m irrors, and d etected  w ith  

photom ultip liers. T he trajectory o f a particle through the Cerenkov detector is  found u sin g  

tra ck in g  in form ation  from  other d etectors, and th e m irror th rou gh  w hich th e p article

o th er  n eu tra ls . A  n um ber o f  d ifferen t d etectors are u sed  to d istin g u ish  th ese  partic le

n

i .e :

Particle
trajectory

Wave-front ^

Figure 3.18 Cerenkov light emission
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F ig u re  3 .19  The Odysseus Cerenkov detector

p a sse d  is  ch eck ed  for lig h t . A s sh ow n  above, th ere  is  a  m in im u m  v e lo c ity  for th e  

production  o f C erenkov lig h t, w hich  for a g iven  particle  type tra n sla tes  in to  a  m om entum  

th resh o ld . T herefore i f  th e  p article  m om entum  an d  th e  presen ce or ab sen ce o f  lig h t  are 

know n, in form ation  is  ga in ed  about th e  particle type.

N A 14 h a s  two C erenkov detectors, nam ed IN D R A  and O dysseus. A  p lan  o f O dysseus  

is  g iven  in  F igure 3 .19 to illu s tr a te  th e ir  construction . IN D R A  [74] h a s  48  m irrors, each  

w ith  a photom ultip lier. It is  filled  w ith  dry air at room  tem perature and p ressu re , and has  

m om en tu m  th resh o ld s as show n in  T able 3.8.

T h e  m irror s ize  is  in flu en ced  by th e  d esire  to keep  all lig h t from  a s in g le  particle  

con ta in ed  w ith in  a  s in g le  m irror. From  F igure 3 .18 , th e  an g le  of em issio n  o f  th e  lig h t is  

g iv en  by:

A c t / n  1 cos 0 -------------------
Pc£ ptt

Cerenkov Gas Refractive Momentum threshold [GeV/c]
index e U JT K P

INDRA Dry air 1000297 0-021 4-34 5-73 20-27 38-52
Odysseus Freon-12 1 001080 0-011 2-28 3-01 10-63 20-21

T a b le  3 .8  Cerenkov detector characteristics
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Z fern]

-238 -187 -136 -96 -64 -32 0 32 64 96 136 187 238 y  [an]

F ig u re  3 .20  The INDRA Cerenkov m irror layout

A fter  tr a v e r s in g  a  d ista n ce  L  th rou gh  th e  C erenkov detector, th e  cone o f l ig h t  h a s  

d iam eter  g iven  by:

dL = 2 L  tanQ

For IN D R A , L  ~ 3 .5  m , so for p ~ 1, d  ~  1 7 0  m m . T he m irror s iz e  is  lim ited  by th e  

con flictin g  req u irem en t th a t  no m ore th a n  one track  crosses an y  m irror in an  even t. 

T h is  lea d s to a sm aller  m irror size n ear to th e  beam  axis, as th e  d en sity  o f p artic les is  

greater . T he la y o u t o f  m irrors for IN D R A  is  show n in  F igure 3 .20 . To avoid  lig h t  from  

e+e~ pairs, tw o h orizon ta l opaque sh ie ld s are fitted  a t  h e igh t ±  2 5  m m . A  sim ilar sh ie ld  is  

fitted  vertica lly , a lon g  th e  beam  axis, to further iso la te  regions o f  th e  Cerenkov.

T h e  m irro rs a re  o r ie n te d  to re flec t a ll th e  l ig h t  to w a r d s  th e ir  in d iv id u a l  

p h otom u ltip liers. To m ax im ise  the efficiency o f lig h t collection a t th e  ph otom u ltip liers, 

each  h a s  a W inston  cone lig h t funnel.

T he O dysseus detector w as added to th e apparatus to extend  th e m om entum  range of  

p a r tic le  id en tifica tio n . I t  is  filled  w ith  a d ifferen t gas, g iv in g  d ifferen t m om en tu m  

th resh o ld s. T he g a s  ch osen  w as Freon -12 (C C I ^ q), and i t  fills  a  volum e th a t accounts for 

ap p ro x im a te ly  60  % o f  th e  len g th  o f th e  d etector , th e  r e s t  b e in g  filled  w ith  a ir (see  

F igure 3.19). T he detector h a s  32 m irrors, and  lie s  in  the 1-3 T field  of th e  G oliath m agnet, 

a s th a t  w as th e  on ly  ava ilab le  space for its  in sta lla tio n . T h is , how ever, is  th e  source of 

ser io u s  d ifficu lties:

( i)  T he p h otom u ltip liers w ill n ot function  in any m agnetic  field  greater th an  ~ 1 0 *4 T. 

A s far a s  p ossib le  th ey  w ere k ep t o u t of th e  volum e o f  th e  m agn et, b u t ex ten siv e  

screen in g  w a s  required .
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( i i )  T he tracks th a t  are u sed  in  th e  a n a ly sis  o f th e  C erenkov in form ation  are curved  

ra th er  than  stra igh t, m ak in g  the a n a ly sis  m ore com plex.

O d y sseu s  w a s  in sta lle d  and  te s te d  in  1 9 8 5 , an d  w a s op erational in  1986 . D u e  to th e  

prob lem s m en tion ed  above, i t  w as n ot u sed  for th e  a n a ly s is  p resen ted  in  th is  th es is; i t  

w ill, h ow ever, be p articu larly  u sefu l in  th e  stu d y  o f ch an n els con ta in in g  protons, such as  

Ac -> pKn.

C a l o r i m e t e r s

A  p a rtic le  en ter in g  a d en se  m edium  w ill in tera ct to produce secondary p artic les, w hich  

th e m s e lv e s  in tera c t p rod u cin g  fu rth er  p a r tic le s— g en era tin g  a sh o w er.  In  th e  case  of 

e lec tro n s an d  photons, th e  in tera ctio n  is  e lectrom agn etic . T he process o f sh ow erin g  is  

u tilise d  by calorim eters, so n am ed  becau se m ost o f  th e  energy o f th e  in c id en t p article  is  

absorbed and  appears a s  ion isa tion  or excitation  in  th e  m edium .

E le c tr o n s  and p h o to n s  p rod u ce e le c tr o m a g n etic  sh o w ers  v ia  th e  p r o c e sse s  o f  

b r e m sstr a h lu n g  and  p a ir  p roduction , g iv in g  an  in it ia lly  ex p o n en tia l in crea se  in  th e  

num ber o f p articles w ith  depth. A s th e  m ean en ergy  o f th e particles is reduced, ion isation  

lo ss becom es im portant and rad iation  ceases, g iv in g  a broad m axim um  in  th e  num ber o f  

p a r tic le s , an d  th en  a  grad u al d eclin e . T he sh ow er a lso  sp read s la te r a lly  v ia  Coulom b  

sc a tte r in g .

E lectro m a g n etic  ca lo r im eters  u t ilise  m a te r ia ls  w ith  h igh  atom ic  n u m b er a s  th ey  

h ave sh o rt rad iation  len g th s , p erm ittin g  th e  sh ow er to be conta ined  in  a  sm a ll volum e. 

T he ca lorim eters require an active com ponent to a llow  th e developm ent o f th e show er to be 

m ea su red . O ne tech n iq u e is  to  u se  lea d -g la ss  (55 % P bO , 45 % S 1O 2), and to  d etect th e  

C erenkov lig h t caused  by th e  re la tiv istic  electrons in  th e  show er. A ltern atively , th e  active  

and p a ss iv e  e lem en ts  m ay  be d istin ct, for exam p le u s in g  a ltern ate  p lan es o f sc in tilla tor  

an d  lea d . From  th e d ev e lo p m en t o f th e ir  sh o w ers, e lec tro n s an d  p h o to n s m ay be  

d istin g u ish ed  from other p artic les.

T h e  a p p a ra tu s  o f  N A 1 4  in c lu d es  th ree  e le c tr o m a g n etic  c a lo r im eters , cover in g  

b etw een  th em  th e an gu lar  acceptance. S ee  F igu re 3 .21 . OLGA [75] covers th e  forw ard  

region 0 -8 0  m rad in  th e  laboratory fram e, ILSA  [67] covers 8 0 -1 5 0  m rad, around 90° in  

th e  centre-of-m ass fram e, and  Crown [75] covers th e  backw ard region up to 275  m rad. A ll 

th ree d etectors have th e fo llow ing structure:
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F ig u re  3.21 C alorim eter geom etrical acceptance

( i)  Charge ve to : d iscr im in ates b e tw een  charged  p articles an d  n eu tra ls , and  perm its  

the rejection o f charged particles for th e  an a lysis  o f photons;

( i i )  Preconverter: in it ia te s  th e show ering  o f photons and e lectrons, and th u s a llow s th e  

m easu rem en t o f th e position  of photons by th e position detector. The th ickness o f the  

p recon verter  is  d e term in ed  by th e  req u irem en ts  th a t  a ll p h oton s sh o u ld  be  

converted , b u t th a t  th e  p recision  o f  th e  p osition  m ea su rem en t sh ou ld  n o t be  

degraded . A  fu rth er  in cen tiv e  for k eep in g  a low  th ic k n e ss  is  to a s s is t  in  th e  

rejection  o f n eu tra l h ad ron s, sin ce  hadron ic sh ow ers d evelop  m ore slow ly  w ith  

d istan ce th an  electrom agn etic  show ers;

( i i i )  Position  d e tec tor : d eterm in es th e  p osition  o f th e show er in th e calorim eter. The  

p o sitio n  d e tec to rs  o f a ll th r e e  ca lo r im eters  are o f  s im ila r  co n stru ctio n , o f  

sc in tilla to r  h od o sco p es, each  w ith  tw o orthogonal p la n e s  o f th in  fingers. T he  

problem  o f a m b igu ities encountered w ith  such a system  is  h elp ed  by th e  low  average  

track m u ltip lic ity  in  each  detector, th e  segm entation  o f th e  calorim eter proper, and  

by com parison o f th e  pu lse h e ig h ts  in  th e  tw o projections;

( iv )  C alorim eter proper.

T h e ca lorim eters Crow n and OLGA are q u ite  sim ilar  in  con stru ction . S ee  F igure 3 .22 .

T h ey  are both  e s se n t ia lly  w a lls  o f lea d  g la s s  b locks: Crown h a s  192  b lock s, each  o f
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410 r • 400 2 crossed sc in tilla to r fingers, 6mm wide

F ig u re  3 .22  The Crown calorim eter

d im en sio n s  9 x  9 x  25  cm 2 and OLGA h a s  3 4 4  b lock s o f d im en sion s 1 4  x  14  x  47  cm^ 

— larger sin ce  it  is  further from  th e target. ILSA, on th e  other hand, is  o f lead /sc in tilla tor  

construction . It is  com posed o f four separate q u adrants, arranged sym m etrica lly  around  

th e  b ea m  a x is , each  w ith  fou r la y ers  o f 4  m o d u les . T he m od u les h a v e  d im en sio n s  

25 x  100  cm 2, and are constructed  o f 3 m m  thick lea d  sh eets  in terspersed  w ith  5 m m  thick  

sc in tilla to r  p la n es. T he la y ers  in  a q u ad ran t are orien ted  a lte r n a tiv e ly  v ertica l and  

horizontal; th e  first two h ave a th ick n ess  of 3-5 rad iation  len gth s, w h ils t  th e  la s t  two are 

5*5 r a d ia tio n  le n g th s . F in a lly  th ere  are tw o fu r th er  la y ers  o f sc in tilla to r , u sed  for 

tr iggerin g . D e ta ils  o f th e  ca lorim eters are g iven  in  T able 3.9.

M u o n  f i l t e r

M uons are rem arkable for th e ir  ab ility , though charged, to p en etra te  m a tter  w ith  little  

lo ss o f energy. T h is property is  u tilised  in th e ir  identification , by d etec tin g  th e ir  p assa g e  

th ro u g h  la rg e  th ic k n e sse s  o f  iron a t th e  d o w n strea m  end  o f th e  ex p er im en t. S ee  

F ig u re  3 .9 .

T h e  iron  w a ll is  5-4 m  in  le n g th , and is  20  m  dow n stream  from  th e  ta rg et. T he  

p a ssa g e  o f  charged partic les through it is  detected  by th ree  sc in tilla tor  hodoscopes: H 1H , 

H 3H  and  H 3V, th e param eters of w hich w ere g iven  in  T able 3.4.
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OLGA ILSA CROWN

Distance from target [m] 15-5 13-5 2-35

Angular acceptance [mrad] 0-80 80-150 80-275 V 
150-275 H

Construction Pb-glass Pb/scint. Pb-glass

Cell size [cm ]̂ 14x14 25 x 25* 9x9

Number of radiation 
lengths

18-5 18 14-8

Minimum energy 
measured [GeV]

1-5 1-5 1

CHARGE VETO Scintillator Scintillator Wire
chamber

PRECONVERTER Active Active Passive
Construction Pb glass Pb-scint. Pb

Number of radiation 
lengths

3 4-5 5

POSITION DETECTOR Scintillator Scintillator Scintillator

Width of fingers [cm] 1-5 1-5 08

t 2
Cell size in each projection 25 x 100 cm .

T a b le  3 .9  Electromagnetic calorim eter characteristics

3.10 Particle history

T h e  h isto ry  o f a p a rtic le  com prises its  p o in t o f creation , i t s  tra jectory  th rou gh  th e  

ex p er im en ta l ap p a ra tu s, and  if  it  d ecays, th en  its  poin t o f decay. T he m eth od s for 

d e te r m in in g  th e  tra jectory  o f the p a rtic le  h a v e  b een  d iscu ssed  in  S ection  3 .8 . T he  

rem a in in g  in form ation  is  provided by vertex finding. A vertex  is  th e  poin t in  space at 

w h ich  tw o or m ore track s in tersect. If, for exam p le, a  charged particle decays in to  three  

charged  products, and th e  tracks o f all the p artic les are reconstructed , then  a four-track  

v e r te x  sh ou ld  be fou n d . I t  is  th en  in ferred  th a t  th e  p a r tic le s  resp o n sib le  for th e  

d ow n stream  tracks are th e  decay products o f  th e  u pstream  p article , and  in form ation  is  

ob tain ed  about th is  p aren t particle from th e  properties of its  daughters. O bviously i f  som e
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o f th e  d au gh ters are n eu tra l, or th eir  tracks are n ot reconstructed , th en  th e  recognition  of  

such d ecays becom es m ore difficult.

T h e m ajority  o f  th e  p a r tic le s  w ith  w h ich  w e are concerned are produced  a t th e  

in teraction  o f the beam  photon in  th e silicon target. T h is point is  know n a s th e  production  

or p r im a ry  vertex . I t  is  characterised  by th e ex isten ce  o f  no incom ing track , and typ ica lly  

ab ou t ten  tracks are produced. H ow ever, th e  reconstruction  o f th e  prim ary v ertex  m ay  

prove d ifficult due to the presence o f tracks n ot associated  to it, com ing e ith er  from decays 

or from  errors in  th e  track finding.

T h e  v er tice s  form ed by p artic le  d ecays m ay  b e broadly  sep arated  according to th e  

life tim e  o f  th e  decay in g  p article . For re la tiv e ly  lon g-lived  p articles, such  a s  jK°s and  A s, 

th e  v e r te x  fin d in g  is  s im p lified  by th e  lack  o f o th er  in terfer in g  track s. For sh ort-lived  

p a r tic le s , th e  d iscovery  o f  th e  d eca y  or se c o n d a ry  v er tex  and  i t s  reso lu tio n  from  th e  

p rim ary v er tex  is  a  d ifficu lt problem , req u ir in g  a  d etector w ith  h ig h  sp a tia l p recision . 

J u s t  su ch  a  detector w a s u sed  b y  N A 14, and is  described  in  th e  n ex t chapter. T he thorny  

problem  o f vertex  find ing is  returned  to in  C hapter 7.



Chapter 4

V E R T E X  D E T E C T O R

T he v ertex  detector is  in  tw o parts: a m u ltila y er  active target, and  a m icrostrip tracking  

cham ber. T he in form ation  provided by th e  tw o com ponents is  com plem entary , as th e  

active  target g ives a m ea su rem en t o f v ertex  position  along th e beam  direction, w h ils t th e  

m icrostr ip s are d esign ed  to g ive h igh  tra n sv erse  resolution . T h is  chapter starts w ith  a 

d isc u ss io n  o f g e n e r a l c o n sid era tio n s  co n cern in g  s ig n a l crea tio n  an d  d etec tio n  in  

silicon  detectors. A  description  o f th e tech n iq u es o f detector fabrication  is  then  g iven , and  

fin a lly  th e  tw o devices are described.

I Silicon Detectors

4.1 Signals from silicon detectors

T h e  L a n d a u  d i s t r i b u t i o n

T he sign a l deposited  in  a  silicon detector co n sists  o f th e electron-hole pairs created by the  

p a ssa g e  o f an  io n is in g  p article . T he B eth e-B loch  form ula (E q u ation  3 .1) d iscu ssed  in  

S ec tio n  3 .7  d escr ib es th e  m acroscopic a verage  o f  en ergy  d ep o sitio n  in  th e  m ateria l. 

H ow ever, i f  one is  in terested  in  the ion isa tion  produced by th e p a ssa g e  o f an ind iv idual 

p article  through a th in  absorber, as is  th e  case for th e  silicon detectors, th en  th e sta tistica l 

n a tu re  o f  th e  p rocess m u st be con sid ered . T h e d istr ib u tion  o f  en erg y  lo ss  in  a th in
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--------  Landau distribution

_____  Corrected Landau

Histogram: Charge deposited in the
microstrip detector by muons

F ig u re  4.1 Comparison o f the Landau  distribution w ith  data

absorber w a s first s tu d ied  by L andau  [76], so it  is  gen era lly  referred  to a s  th e  L andau  

d istr ib u tion . It is  ch aracterised  by a long ta il o f h ig h  en ergy  tran sfers. T he ca lcu la tion  

h a s b een  im proved [77] by in clu d in g  th e  k in em atic  con stra in t on energy  tran sfer , and  by  

th e  in corp oration  o f th e  fa c t  th a t  th e  e lec tro n s o f  th e  m ed iu m  a re  n o t free . T h ese  

correction s h a v e  th e  effect o f  b road en in g  th e  p eak  o f  th e  d istr ib u tion , an d  im prove its  

descrip tion  o f the d ata  (see  F igure 4.1). T he sam e gen era l feature rem ain s, how ever, th a t  

large flu ctu ation s in  th e  energy  deposited  are to be expected  for th in  absorbers.

C h a r g e  c o l le c t io n

T he charge produced by th e  p assa g e  o f an io n is in g  particle through th e  silicon  is  deposited  

in  a  narrow  tube around th e  track. It drifts under th e  in fluence of th e  electric field  created  

by th e  b ia s  vo ltage, tow ards th e  electrodes. T he collection  tim e is  o f th e  order of 10 n s for a  

30 0  jim th ick  detector. T h e charge collection  efficiency , i.e . th e  proportion  o f  deposited  

charge th a t is  seen  a t th e  electrodes of the detector, m ay be reduced by various factors, such  

as th e  recom bination  o f electron-hole pairs, and  th e  trapp ing  o f charge a t im perfections in  

th e  crysta l structure.

C h a r g e  s h a r i n g

S in ce th e  detectors h a v e  m u ltip le  ch an n els on th e  sam e w afer o f silicon , th e  p ossib ility  o f  

ch arge sh a r in g  a r ises , w h ere  th e  charge d ep o sited  by an in c id en t p a rtic le  is  sh ared  

am o n g st m ore th an  one channel. T h is ar ises for th e  fo llow ing reason s [78]:
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F ig u re  4.2 Geometrical charge sharing

( i)  The sim ple geom etrical effect. A  track p a ss in g  through th e  detector a t an  oblique  

an g le  m ay p a ss  th rou gh  m ore th a n  one str ip , and it s  charge w ill th erefore be  

divided  b etw een  th e  strips. For th e  m icrostrip  geom etry  th is  can give r ise  to  the  

charge b ein g  shared  b etw een  up to 3 strip s, for tracks orig in atin g  in  th e target (see  

F ig u re  4 .2 ).

( i i )  D iffu s io n . W h ilst  th e  charge d rifts u n d er  th e  in flu en ce o f  th e  electr ic  field  it  

spreads la tera lly  due to diffusion. T he tran sverse  w idth  o f th e  charge d istribution  

th erefore  in c r e a se s  d u rin g  th e  d rift tim e  td , in  a m a n n er  d eterm in ed  by th e  

D iffusion equation . T h is  lead s to an rm s  w idth  cD g iven  by:

GD = 'J2Dtd

w here D  is  th e  d iffusion  constant, w hich  h a s  th e  va lu e  of 35 ernes'1 for electrons  

and 12 cm 2s_1 for h o les  in  silicon. For a drift tim e of 10  n s th is  g ives a  w idth  of 

about 5 pm  a t th e  electrodes, leading to th e  possib ility  th a t the charge spreads into the  

n eigh b ou rin g  strip .

( i i i )  8 -ra ys. T h ese  are e lec tro n s from  th e  prim ary  io n isa tio n  th a t  h a v e  su ffic ien t  

energy to cause secondary ion isation . A  8-ray o f 100  keV  w ill travel about 60 pm  in  

silicon [79], and so m ay trigger the n eighbouring  strip in  th e  m icrostrips.

L e a k a g e  c u r r e n t

T h e leak age  current o f a silicon  detector is  th e  (u su a lly  sm all) current th a t flow s w hen  

th e  b ia s  vo ltage is  applied , in  th e  absence o f io n is in g  radiation . I f  i t  becom es too large, 

th e n  its  flu ctu ation s m ay be com parable to th e  sign a l charge. L eakage current is  caused  

b y  th e  generation  o f electron-hole pairs in  th e  silicon, th e m ain  sources o f w hich are the
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fo llo w in g  [80]:

(i) G eneration cu rren t: gen eration  o f e lectron -h o le  pairs w ith in  th e  d ep leted  region. 

T he resu ltin g  current Ig  is  g iven  by:

e n .A d
Ig 2 t0

w h ere n • is  th e  in tr in s ic  carrier con cen tra tion , A  is  th e  ju n ctio n  area , d  is  th e  

d ep letion  th ick n ess  and Tq is  th e m inority  carrier lifetim e. U s in g  E quation  3.2 , w e  

therefore expect:

(4.1)

( i i )  D iffusion  current: g en era tion  o f m inority  carriers in  th e  u n d ep leted  region of the  

detector. T hey m ay th en  d iffuse into th e  d ep leted  region and be sw ep t aw ay by the  

electric field. T h is contribution m ay be n eg lected  in  a fu lly  d ep leted  detector;

( i i i )  S u rface cu rren t: g en era tio n  o f m in ority  carr iers a t th e  silico n  su rface , w h ich  

depends upon both  th e  nature o f the Si-<Sf02 boundary, and surface contam ination , 

in  a com plex m anner. It is  im portant th a t th e  surface be k ep t a s  clean  a s  p ossib le  to 

m in im ise  th is  source o f  leak age  current.

N o is e

E very  sy stem  o f m easu rem en t h a s  an asso c ia ted  noise. T h is is  th e  random  background  

to th e  property being  m easured . I f  th e m agnitude o f th e  signal is  n o t large com pared to the  

n o ise , th en  a random  flu c tu a tio n  in  th e  n o ise  m a y  s im u la te  a s ig n a l, d egrad in g  th e  

perform ance o f the system . For silicon detectors, th e  n o ise  tak es th e  form  o f flu ctu ation s  

in  th e  electr ica l read-out o f each  channel. It m ay be described in  term s o f th e  E quiva len t 

Noise Charge (ENC), th e  am ount o f charge th a t w ould  h ave to be deposited  in  th e silicon to 

provide a sign a l o f th e  sam e m agnitude as th e  w idth  o f th e  noise d istribution . T he n oise  of 

th e  silicon  detector a r ises  from  [72]:

( i)  S h o t noise, from  flu ctu ation s in  th e  lea k a g e  current in th e silicon.

( i i )  Joh n son  n o ise , or th erm a l flu ctu ation s, ca u sed  by ser ies r e s is ta n c e  such as poor 

electr ica l contact to th e  silicon.

T h ese  contributions to th e  n o ise , in tr in sic  to th e  detector, are u su a lly  sm a ll com pared to 

th e contribution from  th e read-out electronics. T he s ign a l m u st be am plified  so th a t it  is  of 

su ffic ien t m agn itu d e to b e  reg istered  by th e  d a ta  a cq u isition  sy stem . S in ce  th e  s ign a l
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deposited  in silicon detectors is  rather sm all (about 6 fC in  the N A 14 detectors), and h a s  no 

in tr in s ic  a m p lifica tio n , th e  am p lifica tio n  req u ired  o f  th e  r e a d -o u t e lec tro n ic s  is  

g e n e r a lly  large . For th e  first sta g e  o f a m p lifica tio n , th e  con tr ib u tion  to th e  n o ise  

in crea ses  w ith  in creasin g  capacitance at th e  in p u t o f the am plifier. T he am plification  is  

therefore u su a lly  arranged to be a two stage  process, w ith  a pream plifier for each channel 

situ a ted  a s  close a s  p ossib le  to th e detector, to reduce th e cap acitan ce provided by th e  

con n ectin g  cables. T h e am plification  from  th e  pream plifier is  su ffic ien t for s ig n a ls  to 

travel a  considerable d istance to the m ain  sh ap in g  am plifier, w hich  need  n ot th en  be close  

to the detector.

4.2 Detector fabrication

T he creation  of diode str ip s on w afers o f silicon  crysta l, for u se  in  h ig h  energy  p h ysics  

exp erim en ts, is  a  re la tiv e ly  recent developm ent. T he techn iques u sed  for th e fabrication  

of th e se  d etectors h a v e  b een  adapted from  th e  standard  procedures u sed  for in tegra ted  

circuit construction. The general m ethods recounted  here apply to both  o f th e  silicon strip  

devices in  N A 14, as w ell as others used  elsew h ere; th e  specific d e ta ils  are from th e process 

u sed  to fabricate th e m icrostrip detector diodes.

T h e procedure u t il is e s  ‘p lanar’ tech n ology  [81], w hich in v o lv es  th e  fo llow in g  step s. 

F irst a  slice is  cut from  a doped silicon  in got. Its  surface is  p a s s iv a te d  w ith  a layer of 

silicon  oxide, w hich is  th en  etched  u sin g  a  techn ique o f photolithography  to reveal strips of 

silicon. T hese are th en  strongly doped w ith  th e  opposite polarity to th e  bulk  o f th e silicon.

T he silicon  w afers u sed  for th e  m icrostrips w ere 500  pm th ick , w ith  a res is tiv ity  of  

750 0  £2 cm. T h ey  w ere doped n-type u s in g  a phosphorus ad d itive  a t  a concentration  of  

ab ou t lO 1  ̂ atom s/cm 3. O ne side w as p o lished , becom ing the front surface, and th e  other  

e tch ed , an d  th en  g e t te r e d .  T h is  is  a  tech n iq u e  for th e  rem oval from  th e  silicon  o f  

im p u r itie s , and  o f  fa u lts  such  as d isloca tion s in  th e  crystal stru ctu re  th a t w ould  form  

tra p p in g  cen tres. It is  a ch ieved  by sp ray in g  th e  back surface o f  th e  w afer w ith  25  |im  

a lu m in iu m  oxide p artic les, u s in g  a com pressed  air gun. The w afers w ere th en  h ea ted  to 

103 0  *C and exposed to a  stream  o f oxygen and w ater  vapour, w hich  produces a  uniform  

an d  pure layer o f silicon  oxide ( S i0 2) on th e ir  surface, to a  depth o f 800  nm .

T he strips w ere th en  etched  u sin g  photolithography. Insoluble ph otoresist is  applied to 

th e  surface o f th e  w afer, and a m ask  d efin in g  th e  diode strip p attern  is  a lign ed  w ith  th e
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F igure 4.3 Photolithography

surface. It is  th en  illu m in a ted  w ith  u ltrav io let lig h t, w hich cau ses th e  exposed  ph otoresist  

to becom e soluble, so th a t  it  m ay  be rem oved by th e  application  o f  a  d evelop in g  solution . 

T h is exp oses the surface o f th e  oxide layer, w hich is  etched  aw ay w ith  hydrofluoric acid to  

r e v e a l th e  u n d er ly in g  silico n . N itr ic  acid  is  th e n  u sed  to rem ove th e  rem a in in g , 

u n exp osed , photoresist. T he step s o f th is  process are illu stra ted  in F igure 4.3.

T he exposed strips m u st n ex t be doped by th e  introduction  o f a p -typ e additive. For the  

N A 14 d etectors th is  is  ach ieved  u sin g  the tech n iq u e o f ion im plan ta tion . The w afers are 

irrad ia ted  w ith  boron io n s from  an accelerator a t  an  en ergy  o f 2 0  keV , u s in g  a dose of 

about 5 x  1 0 14 cm '2. T he ion s h a v e  a m ean range o f  about 70 nm , and  produce a  ju n ction  

depth (defined  as the depth  for equal concentration o f  n -type and p -typ e dopants) o f about



Vertex Detector 103

2 5 0  nm . The back surface o f the w afers is  also  ion im planted, w ith  60 keV  arsenic ions at 

a  dose o f 5 x  101® cm'^, to produce a m ore h ea v ily  rc-type doped layer (known a s n +) th a t  

g iv es  good electrical contact. T he ion im p lan tation  dam ages the crystal structure, so the  

w afers are annealed  a t 900 ”C to rem ove th e im perfections.

T he electrical contacts to the front and back surfaces m u st n ex t be m ade. A  th in  film  

o f  a lu m in iu m  is  d e p o s ite d  on b o th  su r fa c e s  by e le c tr o n  b ea m  e v a p o ra tio n . 

Photolithography is  then  used  on the front surface to rem ove the u nw anted  m etal from the  

oxide surrounding th e  strips. The n egative  o f th e  orig inal m ask  is  used , and a ligned  to 

th e  strips to w ith in  1 pm; s lig h t over-etch ing en su res th a t the m eta l rem ains only on th e  

silicon  surface. F in a lly  th e com pleted p lan es are cu t to size.

II The Active Target

4.3 Description

T h e active target [82] is  constructed  from 32 p lan es o f silicon, each  w ith  an active area of

5-03 x  4-40 cm and 300  pm  thick. T he gen era l lay-out w as illu stra ted  in F igure 3.17; the  

ta r g e t m ay also be seen  in  a  scale draw ing o f  th e  vertex  detector, F igure 4.4 . T he p lan es  

are separated  by 512  pm  a lon g the beam  ax is , and are d ivided in to  paralle l diode strips  

th a t  act as p article  d etector e lem en ts  as described  in  Section  3.8 . T he strips are 2 m m  

w id e , w ith  a p itch  o f 2-1 m m . For th e  first 3 0  p la n es there are 24  str ip s, and th ey  are 

orien ted  vertica lly  to provide m easu rem en t o f th e  y-coordinate o f tracks— th ey  are know n  

a s  Y -planes. T he la s t  tw o p lan es h ave 21 horizon ta lly  oriented str ip s (w hich m easure the  

2-coordinate) and are know n a s Z-planes; th ey  are used  in th e exp erim en tal trigger.

T he d im en sion s o f th e  target w ere im posed  b y  th e beam  spot size , and are such th a t  

9 0  % o f beam  ph oton s are in cid en t upon it. A part from its  obvious u se  for tracking, the  

seg m e n ta tio n  is  req u ired  for flux co n sid era tio n s , to reduce th e  s ig n a l ra te  in  each  

ch a n n e l to a lev e l th a t  can be h an d led  b y  th e  read-out electron ics (~ 2 x  106 s'1). T he  

m a ter ia l in the ta rg et co n stitu tes  about 10  % o f a  radiation  len g th , and 3-2 % o f a  nuclear  

in tera c tio n  len g th .

E ach  o f th e diode str ip s h a s  an a logu e read -ou t, provid ing a  d irect m easu re  o f  th e
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F igu re  4.4 The vertex detector (scale draw ing)
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”  V-PLANE 123* 56' OO'FROM HORIZONTAL.

io n isa tio n  d ep osited  in  it. T he strip  w idth  is  su ch  th a t th e h ig h  en erg y  products of a  

hadron ic in teraction  in  th e  ta rg et are typ ica lly  conta ined  w ith in  one or tw o strip  w id th s  

th ro u g h o u t th e  le n g th  o f  th e  ta rg et. T he p a r tic le s  w ill be a p p ro x im a te ly  m in im u m  

io n is in g , so each  d ep o sits  a  s im ila r  am ou n t o f  ch arge in  tra v ers in g  a  str ip , an d  th e  

a n a lo g u e  rea d -o u t o f  th e  ta r g e t  th u s  p e r m its  a  m ea su re  o f  th e  ch a rg ed  p a rtic le  

m u ltip lic ity . T h is is  illu stra ted  in  F igure 4 .5  w here th e  p u lse  h e ig h ts  in  th e  Y -strips of the  

ta rg e t are d isp layed  for a  typ ica l ev en t, in  u n its  o f Jm tn . T he rec ta n g le  sh ow n  is  th e  

ou tlin e  o f th e  target, and  th e  scale is  m arked in  cm . T he row o f str ip s w hich  show  activ ity  

lie  d ow n stream  from  th e  production  vertex , an d  are know n as th e  m ain  road. For clean  

ev en ts  o f  th is  type th e  production vertex  is  ea s ily  loca lised — it lie s  in  th e  first strip  o f the  

m ain  road (circled in  th e  figure). N o te  th e  h igh  p u lse  h e ig h t in the first strip , caused  by the  

h ig h ly  io n is in g  n u clear recoil, w hich  further a id s in  th e  d eterm in ation  o f th e  production  

vertex  p osition . S ince th e  p lan e th ick n ess is  30 0  pm , th e  2 -coordinate o f  th e  vertex  m ay be  

d eterm in ed  to  w ith in  ± 1 5 0  pm.
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F ig u re  4 .5  A  clean active target event

A  m ore com plex ev en t is  show n in  F igu re 4 .6 . T h is is  an  exam p le o f an incoherent  

ev en t, w here th ere  h a s  been  nuclear break-up, g iv in g  rise  to grey  tracks (ind icated  w ith  

lin e s  in  th e figure, to  gu ide the eye). T hey com plicate th e  pattern  recognition , b u t m ay be 

u sed  to great effect in  fu rth er loca lisin g  th e production vertex: th e ion isation  in  the strips  

a lo n g  th e  le n g th  o f th e  grey  track s su p p ly  en ou gh  in form ation  for th e  track s to be  

a ccu ra te ly  reco n stru cted , and th e ir  w ide a n g le  g iv es  p recise  in form ation  about th e  

^-coordinate of th e  vertex.

It w as o r ig in a lly  in ten d ed  th a t  a  stu d y  o f  th e  evo lu tion  o f th e  charged  p artic le  

m u ltip lic ity  a lo n g  th e  len g th  o f th e  m ain  road w ould  allow  th e  d etection  o f secondary, 

d eca y  v er tice s . A s sh ow n  sch em a tica lly  in  F igu re 4 .7  (a), th e  d ecay  o f a  p artic le  to 

charged  products w ill g ive an increase in  m u ltip lic ity . Secondary vertices m ay therefore  

be detected  by search in g  for a m u ltip lic ity  step; th is  provided th e  b a sis  for a fa s t  filter to  

en rich  th e  charm  co n ten t o f th e data, as w ill be described in  C h ap ter 6. A  charm  decay
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F ig u re  4 .6  An active target event w ith  nuclear break-up

found in  th is  m anner is  show n in  F igure 4 .7  (b). D u e to th e  flu ctu ation s in  th e  ion isa tion  

it  is  n ecessa ry  to average th e  m easu red  m u ltip lic ity  over a num ber o f  str ip s , ty p ica lly  

four. It w a s  found  th a t, ev en  so, th e  tech n iq u e  w a s d ifficu lt— due m a in ly  to photon  

conversion  in  th e ta rg e t s im u la tin g  a secondary vertex . T he p hotons com e from  both n® 

decay, and  double b rem sstrah lu n g , a s  m en tion ed  in  Section  3.3.

T he ta rg et is  also  u sefu l for the rejection o f hadronic secondary in teraction s  w hich  

m igh t sim u la te  a decay, i.e . w here a  particle from th e  production vertex  h a s  re-in teracted  

in  th e  ta rg e t. T h ese  e v e n ts  m a y  be recogn ised  b y  a  sim p le  a lgorith m , d escrib ed  in  

S ectio n  8 .4 . F in a lly  th e  ta r g e t in form ation  is  u sed  in  th e  tr igger , to en rich  th e  d a ta  

sam p le  in  hadronic in teraction s o f photons, as described  in  Section  5.10.
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F ig u re  4 .7  Vertex detection w ith the active target

4.4 Construction

T h e d iodes o f th e  ta r g e t p la n es  w ere fab ricated  by E n ertec Schlum berger. T he silicon  

p la n es  are m ounted  on epoxy boards from  w hich  flexib le fan -ou ts connect the sig n a ls  to 

pream plifiers. A  p lan e is  show n in F igure 4 .8 , and th e assem bled  detector can be seen  in  

F igure 4.9 . From  th e pream plifiers th e sig n a ls  travel about 90 m a lon g  tw isted  pair cables  

to  lin e  rece ivers, an d  are th en  read by ch a rg e-sen sitiv e  an a logu e-to -d ig ita l converters  

(ADCs) of the type LeCroy 2282.
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Figure 4.8 An active target plane

Figure 4.9 The complete active target
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A  m in im um  io n is in g  particle  tra v ersin g  300  |im  o f silicon d ep osits  about 84 k eV  of 

en erg y , w hich  com p ares w e ll w ith  th e  ty p ica l n o ise  o f a  ~  17  k eV  for th e  rea d -o u t  

electron ics. L eakage cu rrents w ere about 54  n A  per strip , g iv in g  a neg lig ib le  contribution  

to th e  noise.

H I T h e  M ic r o s tr ip  D e te c to r

4.5 Description

T h e m icrostrip detector [83] consists o f 10 p lan es o f silicon of d im en sion s 5 cm x  5 cm, and  

4 5 0  pm  thick . E ach p lan e is  divided into  1 0 0 0  diode strips, w ith  a 50 pm  pitch , g iv in g  a 

to ta l o f 10 ,000  ch an n els to be read out. The in d iv idual p lanes only provide two coordinates 

o f  a track  p a ss in g  th rou gh  them : th e  * -coord in ate  o f th e  p la n e , an d  a tr a n sv e r se  

coordinate from th e position  of th e strip th a t is  h it. The p lan es are therefore arranged in  

p airs, w ith  th e  strip s on th e  m em bers o f  each  pair orthogonal. A  ser ie s  o f such p a irs of 

p la n es  w ill th en  g ive  a  projection  o f th e  track  in  both orthogonal v iew s. H ow ever, w hen  

th ere  is  m ore th an  one track , th e  a ssoc ia tion  o f th e  track projections to form track s in  

sp ace is  am biguous. For th is  reason a th ird  projection is  required.

T h ese  con sid eration s w ere sa tisfied  for th e  m icrostrip cham ber by th e  arrangem ent 

show n in F igure 4.4: th e  first four pairs o f p la n es w ith  th eir  str ip s orien ted  h orizonta lly  

and  vertica lly , as (Z, Y) p a irs, and th e  final pair (know n as th e  U- and V -planes) rotated  

th rou gh  approxim ately  33* about the beam  axis. T h is schem e provides redundancy  in  both  

o f  th e  orthogonal v ie w s , an d  in  th e  m a tch in g  o f th e  v iew s. For exam p le , track s are 

stra ig h t lin es  in  th e  Z-projection, and so could be specified by tw o poin ts. H ow ever, i f  there  

i s  m ore th an  one track , th e  recognition  o f track s u s in g  only tw o p o in ts w ould obviously  

becom e rath er  confused. Four point tracks, on th e  other hand, are m uch m ore lik ely  to be  

rea l, so th e  system  b en efits  from  th e extra inform ation.

T he area  o f th e  p la n e s  w as th e  m ax im u m  th a t  could be a ch ieved  w ith  cu rren tly  

a v a ilab le  3 inch silicon  w afers, and provides an  acceptance o f ± 25 0  m rad, w hich c losely  

m atch es the acceptance o f th e  AEG m agnet in  w hich th e detector is  situ ated . The u se  of the  

sam e p lan e d esign  for a ll o f th e  p lan es s im p lifies th e  construction  o f th e  detector, and is  

n ecessary  due to the large spot size of th e photon beam , w hich prevented  a reduction in the
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size  o f  th e  u p stream  p la n es. T he strip  w idth  w as ch osen  as th e  re su lt  o f  a  M onte Carlo  

sim u la tio n  w hich  in d icated  th a t  th e  reso lu tion  w ould  be su fficien t to recogn ise charm ed  

p article  decays. M onte Carlo stu d ies  w ere a lso  u sed  to choose th e optim um  p osition in g  o f  

th e  p la n es  a lon g th e  b eam  a x is  [84]. The m ain  r e su lts  o f  th is  work w ere th a t  th e  first 

p lan es in  each projection should  be as close as possib le to th e  target to g ive precision for the  

v ertex  reconstruction , and  th a t  oth erw ise th e  p la n es  shou ld  be even ly  spaced, w ith  an  

overall len g th  of 10 cm. I f  th e len gth  of the detector w ere increased  th en  th e  acceptance  

w ould be reduced, and th e  reconstruction  o f track s in  th e  Y-projection (th e  b end  p lan e o f  

th e  m a g n etic  field) w ou ld  be m ore d ifficu lt a t  th e  filter  lev e l— sin ce  a t  th is  lev e l th e  

m o m en tu m  is  n ot k n ow n , so th e  track s are ap p ro x im a ted  a s  s tr a ig h t  lin e s . T h ese  

con sid era tion s m u st be b a lan ced  a g a in st th e  corresponding in crease in  th e  lever  arm  for 

track  reconstruction , w hich  im proves th e accuracy a t  th e  vertex.

T he m icrostrip detector is  design ed  to give a  h igh  resolution  for track finding close to  

th e  vertex . It therefore h elp s in  th e  accurate reconstruction  o f even ts by th e  com bination of  

its  inform ation w ith th a t from  the rest o f the spectrom eter. It w as also used  to provide a fa st  

filter  for charm ed even ts, by th e  recognition  o f track s th a t are offset from  th e  production  

v e r te x .

4.6 Construction

S i l i c o n  m o u n t i n g

T he silicon  p lan es w ere  fab ricated  by M icron Sem icon d u ctor (UK ) L td, a s  described  in  

S ection  4.2 . T he sig n a ls  from  th e  d iodes a t  a  50  |im  pitch  m u st be d istributed  or fanned out 

to  th e  read -ou t e lectro n ics  for each  ch an n el. A  ser io u s  co n stra in t for th is  is  th a t  th e  

d etector s its  in sid e th e  A E G  m agnet, so the availab le  space is  lim ited  by th e  A E G  aperture. 

T h is  a lso  h a s  th e  co n seq u en ce  th a t  a ll m a te r ia ls  u se d  m u st be n o n -m a g n etic . T he  

fa n n in g  out is  ach ieved  u s in g  conductive track s on th e  surface o f  a  fib reg la ss  P rin ted  

C ircu it B oard (PCB) o f stan d ard  1*6 m m  th ick n ess . E ach silicon  p lan e is  m ou n ted  in  a  

5 cm x 5 cm hole in  th e  centre o f a  PCB, and is  g lu ed  in  position  u s in g  epoxy. T he diode 

str ip s are connected  to fine tracks on th e  front face o f th e  PCB by u ltra so n ica lly  attach ed  

25 p m  a lu m in iu m  w ire  bonds; th e se  m ay  b e se e n  in  F igu re 4 .1 0 , w h ich  sh o w s a 

m a g n ified  v iew  of th e  ed ge o f a  m icrostrip  p lan e. C on secu tive str ip s on th e  silicon  are 

connected  on a ltern ate  sid es o f th e  p lane, r e su ltin g  in  a bond sep aration  o f 100  Jim. The  

tra ck s on th e  PCB w ere fab rica ted  by C icorel (N eu ch a te l) u s in g  a p h oto lith ograp h ic
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Figure 4.10 Wire bonding to the silicon strips

technique to etch the track pattern onto a coating of copper. The tracks were then 

electroplated with gold to provide a good electrical contact. They fan out from a pitch of 

100 jim to 1/20 inch at the board edge, where they are soldered to commercial 50-way 

connectors (see Figure 4.11). The back plane of the PCB is coated with gold plated copper, 

and is maintained at earth potential. It is isolated from the back plane of the silicon 

(which is at the bias potential) by eight 4-7 nF capacitors. For the angled U- and V-planes 
it was not possible simply to rotate the PCB fan-outs, since they would foul the A E G  pole 

pieces. Instead the central part of the PCB was retained, and triangular outer pieces were 

designed and built at Imperial College to maintain the same overall dimensions as the 

other boards. The inner and outer sections were glued to a fibreglass support, and their 

tracks connected using the same wire bonding technique as was used for the connection to 

the silicon.

Test pu lse

The read-out system for the silicon strips is relatively complex. Even apart from the 

electronics involved, there are ten cable connections for every channel, each with a
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Figure 4.11 A microstrip plane

possibility of unsuccessful contact. It is therefore desirable to have a means of 

systematically testing the read-out chain, by the injection of a test signal into any chosen 

channel, with similar properties to a real signal. This also permits the amplifier gains 

and discriminator thresholds of individual channels to be checked.

The system chosen was a strip of copper laid across the fan-out tracks at each edge of 

the PCBs. The copper test-strip was 3 m m  wide, and coupled capacitively to the PCB 

tracks, with a dielectric provided by a 100 jim thickness of Mylar (see Figure 4.12). The 

test pulse was implemented by the application to the test-strip of an attenuated NIM pulse 

(a negative going square pulse of standard 750 m V  amplitude). The attenuation was such 

that the signal produced at the preamplifier input corresponded to the signal from a
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F ig u re  4 .12  Test pulse arrangem ent (schematic)

m in im u m  io n is in g  p artic le . A s th e  str ip s each  covered  one edge o f a  PC B , th ey  each  

provided a  te s t  p u lse  for 250  channels, so a  tota l o f 40  strip s w ere required.

M e c h a n i c a l  c o n s t r u c t i o n

T he u se  o f  th e  m icrostrip  d etector for h ig h  p recision  track in g  m ea n s th a t  th e  re la tive  

a lig n m en t o f th e  p la n es  m u st  b e  kn ow n  to an  accuracy o f a  few  m icrons, and  m u st be 

stab le . T he stab ility  w as ach ieved  by m ou n tin g  th e  PC B s on a stress-re lieved  20  m m  thick  

a lu m in iu m  p la te , to w hich th e  active target w a s a lso  attached . T he PC B s w ere supported  

by four 6 m m  d iam eter s ta in le ss  stee l stu d s, w h ich  w ere threaded  in to  a  tita n iu m  block  

th a t  w a s recessed  in to  th e  a lu m in iu m  p la te . T ita n iu m  w as u sed  a s  i t  h a s  a  sim ilar  

th erm a l ex p a n sio n  coeffic ien t to  th e  PC B s. T h e  accu rate  a ssem b ly  o f  th e  m icrostrip  

p la n e s  w a s ach ieved  by th e  u se  o f  a  h igh  p recision  j ig  boring m ach in e w ith  attach ed  

m icroscope. T he m ain  p la te  w a s m ounted  on th e  tra v e llin g  bed o f th e  j ig  borer and the  

a lig n m en t o f  th e  strip s to th e  d irection  of m ovem en t o f the bed w as observed  u s in g  the  

m icroscope. T he PC Bs w ere attach ed  to the stu d s w ith  eccentric b u sh es, w hich  could then  

be rotated  to a lign  th e p lane. T h is  gave a lign m en t of b etter  than 3 pm  over th e  50 m m  strip  

len g th , p rov id in g  a h ig h  p recision  for th e orth ogon ality  and p a ra lle lism  o f  th e  p lanes. 

F igu re 4 .1 3  sh ow s th e  h a lf  a ssem b led  detector as th e  process o f a lig n m en t w as n earin g  

com pletion . T he re la tive  d isp lacem en t of strip s from  different p lan es w a s n o t m easured  

at th is  sta g e , b u t w as in stea d  found  from  th e  reconstruction  o f particle tracks. To ensure  

th a t  th e  first p lane o f each projection w as as close as possib le to th e target, th e  first two  

p la n es  w ere m ounted  ‘face dow n’, w ith  th e  diode str ip s on the u p stream  side o f th e plane. 

T h is requ ired  th e tran sfer  o f th e strip  orien tation  to th e back face o f th e  PC B a s a cross 

h a ir  m ark , to  p erm it th e  a lig n m en t. The U - and V -p lan e rotation  w a s defined  by an
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F ig u re  4.13 The microstrip detector during construction

angular displacement ring, that mounted on the studs and provided new, rotated, studs 

for the attachment of the planes.

The main plate was mounted on a wheeled chariot, which permitted the movement of 
the detector out from its inaccessible position inside the A E G  magnet, for checks on the 

read-out cabling etc. Whilst data taking was in progress the chariot was locked in the 

correct position.

4.7 Read-out electronics

The signals from the silicon are fanned out along the tracks of the PCBs, and are then 

transmitted via 50-way cables to the preamplifiers. After the preamplification, the signals 

are further amplified, shaped and discriminated. This produces a digital output: a Tit’ if 

the signal is greater than the discrimination threshold, no hit if not. The choice of a 

digital rather than analogue read-out system was motivated by cost, bearing in mind the 

large number of channels.

The digital signals must then be fed into the data acquisition system, which
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F ig u re  4 .14  Read-out chain for the m icrostrip detector

in ter fa ces  th em  to th e  d a ta -ta k in g  com puter so th a t th ey  m ay be recorded. T he data  

a cq u isition  sy stem  w as th e m ost exp en sive  p art o f  th e  d etector sy stem  per channel, and  

fin an cia l con stra in ts p reven ted  th e  in stru m en ta tion  o f th e  fu ll 10 ,0 0 0  ch an n els. Instead , 

an O i?-gate  sy stem  w as d ev ised  th a t  p erm itted  each  ch an n el o f  th e  d a ta  acq u isition  

sy stem  to read  tw o of th e  silicon  strip s. T he to ta l num ber o f data  acq u istion  ch an n els  

req u ired  w a s th ereb y  reduced  by a factor o f tw o. T he read-out ch ain  is  illu stra ted  in  

F ig u re  4 .1 4 .

P r e a m p l i f i e r

A  m in im u m  io n is in g  p a rtic le  p a ss in g  th rou gh  th e  4 5 0  |im  th ick n ess  o f silicon  o f a  

m icrostrip  detector p lane d ep osits on average 130  keV  o f energy. S ince it  requires 3-6 eV  

to produce an  electron-hole pair, th is  corresponds to a deposition  of about 36 ,000  electrons’ 

charge. T h e  n o ise  o f th e  sy stem  m u st be su ffic ien tly  sm all th a t  th is  s ig n a l m ay be 

detected . S ince an in cident p article  m ay p ass through two strips, th e signal-to-noise  ratio  

m u st be h ig h  enough to a llow  th e  d iscrim inator threshold  to be se t a t le s s  than  50 % o f the  

s ig n a l from  a m in im u m  io n is in g  p article . T h e p ream p lifier  m u st th erefore  h ave an  

eq u iv a len t n o ise  charge le s s  th a n  ~  2500  electrons.

T h e n eed  to m in im ise  th e  in p u t capacitance req u ires th e  pream plifiers to be as close  

a s  p o ss ib le  to th e  detector. T h is  r e su lts  in a  h ig h  p ack in g  d en sity  for th e  pream plifier  

ch a n n e ls , exacerbated  by th e  large  num ber o f ch an n els and th e  lim ited  ava ilab le  space. 

T he p ream p lifiers m u st therefore h ave low pow er consum ption to avoid problem s o f h ea t
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Figure 4.15 Preamplifier hybrids in a miniblock

Figure 4.16 MSD2 circuit diagram
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dissipation. Finally the high rate of electromagnetic background processes associated 

with the photon beam requires that the preamplifiers must have a fast shaping time, less 

than about 50 ns. These criteria were met by the MSD2, designed at C E R N  [85] and 
supplied by Laben (Milan). It is of hybrid construction, a combination of miniature active 
components and thick-film passive components, mounted on a 1 inch x 1 inch ceramic tile 

that carries four channels (see Figure 4.15). The MSD2s are current sensitive amplifiers, 

with a current gain of ~ 200, and hybrids were selected with gain within 10 %  of the 

sample mean. They have a rise time of ~ 10 ns and a shaping time of ~ 15 ns; the circuit 

diagram is shown in Figure 4.16. Their low power consumption of about 20 mW/channel 

permits them to be closely packed, separated by 0-1 inch, suitable for standard connectors. 

They were grouped together to form ‘miniblocks’, consisting of 25 hybrids, arranged to 

accept two input 50-way cables. The 100 miniblocks necessary to supply 10,000 channels 

were arranged in groups of 25 to form four ‘maxiblocks’, each taking the channels from 

one side of the detector. A  maxiblock is shown in Figure 4.17. They were mounted on the 

detector chariot to minimise the cable length to the preamplifier inputs— 20 cm of ribbon 

cable was required. The detector with maxiblocks attached may be seen in Figure 4.18.

Figure 4.17 A maxiblock of preamplifiers
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A m p l i f i e r  I  d i s c r i m i n a t o r

T he lim ited  space close to th e  detector required th e  n ex t stage in  th e  read-out chain , th e  

am p lifier/d iscrim inator, to  b e  situ a ted  a t  som e d ista n ce  from  th e  pream plifiers. A  sh ort  

len g th  o f 50-w ay cable jo in ed  th e  pream plifier outputs to a  bu lkhead  connector, w here th e  

s ig n a ls  w ere transferred  to a further 3 m  len g th  o f 50-w ay cable connected  to th e  m ain  

am p lifiers. T h is a rra n g em en t provided both  stra in  r e lie f  and  a com m on ground for the  

lo n g  ca b les , each o f  w h ich  carried  25 s ig n a ls  an d  th e ir  grou n d s. T h e ca b les  w ere  

in d iv id u a lly  w rapped in  a lu m in iu m  foil to provide screen in g  from  e lectr ica l pick-up.

T h e am p lifier/d iscrim in ator w as d esign ed  a t C ER N  [86] for u se  in  conjunction  w ith  

th e  M S D 2, and  is  k n ow n  a s  th e  M S D 3 .  I t  is  a lso  of hybrid  co n stru ctio n , sh ow n  in  

F igure 4 .1 9 , w ith  a  v o ltage  g a in  o f ~  40; th e  circu it diagram  is  g iven  in  F igure 4 .20. Each  

hyb rid  h a s  four ch a n n els , so th ey  w ere m ou n ted  on boards in groups o f 13 , to g ive  50  

ch a n n e ls  per board (w ith  2 ch a n n els  unused). T here w ere therefore tw o in p u t cables per 

board, and tw o ou tp u t cab les. T he hybrids on each  board w ere se lec ted  to h a v e  uniform  

g a in  and  offset vo ltage , so th a t  th ey  could a ll be supp lied  w ith  th e  sam e d iscrim in ator  

th resh o ld .
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F ig u re  4.19 An amplifier I discriminator hybrid

& r T  m s : 5i\ o

Figure 4.20 MSD3 circuit diagram
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T h e d ig ita l d iscr im in ator  output m u st  b e  su itab le  for in p u t to th e  d a ta  acq u isition  

system . T he system  u sed  required ECL  in p u ts. ECL (Em itter-C oupled Logic) is  one o f th e  

sta n d a rd s for logic s ig n a ls  in electron ics, w ith  ‘h ig h ’ and ‘low ’ v o lta g e  le v e ls  o f  ab ou t 

-0 .8  V  and -1.6 V  resp ective ly . T he v o lta g e  le v e ls  o f th e ou tp u t from  th e  M SD 3s w ere  

changed  to balanced  ECL by additional circuitry m ounted on th e  boards.

O R -g a te

T h e d ig ita l s ig n a ls  w ere p assed  from  th e  M S D 3s to another s e t  o f  e lectron ics boards, 

perform ing th e  OR-gatin g . For each p air  o f in p u t channels, th e  log ica l OR  o f th eir  d ig ita l 

sig n a ls  is  tak en , and fed  into a single output channel. The effect o f th e  OR -gate is  th a t for 

every  rea l h it, an ‘im a g e’ h it  is  produced, e lsew h ere in  th e detector. T here is  c learly  a  

dan ger th a t th ese  im age h its  m igh t confuse th e  track finding program s, and resu lt in  th e  

recon stru ction  o f n o n ex isten t (‘gh o st’) tracks. T he decision  o f w hich  ch an n els to p air  w a s  

m ad e u s in g  a M onte C arlo sim u la tio n  [78], and  th e sch em e ch osen  w a s th e  one th a t  

m in im ised  th e  production  o f g h o st track s: th is  in volved  th e  O R -in g  o f ch a n n e ls  from  

d ifferen t reg ions o f th e orthogonal p lan es.

T he OR-gate  boards w ere purpose-built a t th e Saclay in stitu te . E ach board ta k es four  

in p u t 50-w ay cables (100 channels) and provides th ree 34-w ay ou tp u t cab les each carrying  

16 ch an n els (g iv in g  a to ta l o f 48 ch an n els), su itab le  for th e d a ta  a cq u isition  system . T h e  

rem ain in g  two ch an n els per board w ere collected  together to m ak e up further cables.

D a t a  a c q u i s t i o n  s y s t e m

T h e  d a ta  a cq u istio n  sy s te m  serv es  a s  an  in ter fa ce  b e tw een  th e  s ig n a l p ro cess in g  

e lec tro n ic s  and  th e  o n -lin e  com puter. I t  h a s  var iou s ta sk s . T h e  ch a n n e ls  from  th e  

d etector m u st be m u ltip lex ed , since th e  sy stem  h a s  5000  p ara lle l in p u ts , w hich  m u st be 

converted  into a sin g le  seria l output; a s  th e  in p u ts are m ostly  em pty , i t  is  desirable th a t  

zero-suppression  should  be performed, to speed  up the processing o f th e  data.

A  com m ercially  ava ilab le  system  w as chosen , design ed  for th e  read -ou t o f M W PCs: 

‘P roportional C ham ber O p eratin g  S y ste m ’ (PCO S III) m an u factu red  by LeCroy. I t  is  a  

m o d u la r  sy stem , c o n s is t in g  o f crate m o u n ted  u n its , u n d er  th e  control o f C A M  A C  

(C om p u ter  A u to m a ted  M ea su rem en t an d  C on tro l)— an in te r n a t io n a l s ta n d a rd  for  

m od u la r  sy ste m s o f  d a ta  p ro cessin g  th a t  sp ec ifies  a sta n d a rd  d a ta  h ig h w a y  for th e  

com m unication  o f m od u les and the connection  to an on-line com puter, and  also se ts  out
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m ech an ica l and electr ica l sp ecification s [87].

T he PCOS III system  con sists o f th ree  different typ es of m odule, show n in F igure 4.21 

(p h otograp h ica lly  in  (a) and  sch em a tica lly  in  (b)). F irstly  th ere  is  a  d elay  an d  la tch  

m odule d esig n a ted  th e  2731. E ach 2731 m odule a ccep ts 32 in p u t ch a n n els  (and  th e ir  

grou n d s) in  tw o 34 -w ay  fla t cab les. T h e in p u t s ig n a ls  are d elayed  by a  so lid -s ta te  

program m able d elay , w hich m ay  be se t  for each  m odule over th e  range 3 0 0 -6 8 0  n s , in  

1-5 n s  s tep s. T h is  d elay  is  required  w h ils t  th e  tr igger  logic (described in  S ection  5 .10) 

decides w h eth er  th e  even t should  be recorded. T he d elay  is  produced by th e ‘R ipplethnT  

circu it o f LeCroy, w hich u n lik e  earlier m onostab le d e lays does n o t gen erate  a dead  tim e  

equal to th e  delay, b u t in stead  m ay operate a t greater th an  10 M Hz rates. It rep laces the  

u su a l cab le d e la y s, and h a s  th e  a d van tage  of b e in g  m ore flex ib le , sin ce  th e  re la tiv e  

tim in g  o f th e  in p u t s ign a ls and th e trigger decision  m ay be m odified a t w ill.

I f  th e  trigger algorithm  is satisfied  by the event, a  gate  is  produced, a short p u lse  sen t  

to th e data  acqu isition  system  to in itia te  th e read in g  o f the event; a  70 ns gate  w a s used. 

For the duration o f th e  gate the delayed sign a ls are latched  by th e  2731 m odules, i.e. i f  a h it  

is  received  on a ch an n el as an ECL ‘low ’ from  th e d iscrim inator, th en  th e  in form ation  is  

reta in ed  by h o ld in g  th e level o f th e  channel low . T h is provides tim e for the a ddresses  (i.e. 

loca tion s w ith in  th e  system ) o f th e h it  ch a n n els  to be read. T he h it-ch an n el in form ation  

is  stored in  th e  la tch  as a  32 b it word (one b it per in p u t channel). T he 2731 m odules also  

provide a vo ltage  lev e l to be u sed  for se tt in g  th e  d iscrim inator threshold . T he vo ltage  is  

produced by an 8-b it d ig ita l-to -an a logu e converter, g iv in g  an ava ilab le  ran ge o f 0-7*5 V  

u n d er com puter control. T he lev e l is  se n t down one o f th e  rem ain in g  pair o f  w ires o f th e  

34-w ay in p u t cab les w hich do n ot carry a  signal, and in  our set-up w as read a t th e OR-gate 

board and d istributed to the M SD 3s.

T h e la tch  m od u les are m ounted  in  CAMAC crates. A  connector a t th e  rear  o f each  

m od u le  p lu gs in to  a corresponding sock et in  th e  crate, w h ich  provides pow er for th e  

m odule, and connects it  to th e  other e lem en ts  of th e system . Each crate h a s  space for 25  

s in g le -w id th  m od u les: 23  o f th e se  s lo ts  are filled  by la tch es; th e  rem a in in g  tw o  are 

occupied by a double-w idth  d ed icated  controller know n as th e  2738 , w hich  controls the  

read-out th e m odules in  its  crate. T he controller com m unicates w ith  th e la tch es by 32-b it 

data  tran sfers, a t 10  tim es th e m axim um  rate  defined by th e  CAMAC standard . It scans  

th e  sta tu s  of th e la tch es, and only those m odules th a t h ave been h it  are read out, a t a  speed  

o f about 100  n s  per m odule. The data  from each latch are then  encoded by the controller, to 

g ive  a 16 -b it ad d ress for each h it  ch an n el— th e in form ation  o f ‘hit* or ‘no h it ’ o f a ll the
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(b)

Figure 4.21 The PCOS III data acquisition system
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inputs is thus translated into a series of unique addresses for the hit channels. The 

controller is double-buffered, allowing a second latch to be read whilst the output from the 
first is being encoded. The encoded addresses of the hit channels are loaded into the 

1 K x  16-bit memory of the controller, ready for subsequent C A M A C  read-out.

The 23 latch modules in a single crate give a total of 736 inputs. To cover the full 5000 

channels of the experiment seven crates were therefore required, each with a controller; 

the crate controllers are read out via a 50-way ‘Databus’ cable which allows 16-bit parallel 

word transfer. The final module of the PCOS system is the LeCroy 4299 Databus interface, 

which occupies a single slot in a standard C A M A C  crate. It has a 4 K  memory, and 

permits the data on the Databus to be read using C A M A C  commands via a standard 

C A M A C  crate controller. The data are then passed to the on-line computer.

Figure 4.22 Microstrip detector system installed
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O ne u se fu l fea tu re  o f th e  sy stem  is  a  facility  for th e  dow n-load ing  o f a  3 2 -b it te s t  

p a ttern  o f  choice to each  la tch  m odule. T he p attern  is  stored  close to th e  in p u ts  o f the  

m od u les, an d  can be read  back in  a  sim ilar  m an n er to rea l in p u t s ig n a ls . T h is  facility  

m ay th u s  be u sed  to perform  sy ste m a tic  t e s ts  o f  th e  d a ta  acq u isitio n , an d  proved  

in va lu ab le  in  se tt in g  up th e  system .

T h e com p letely  a ssem b led  m icrostrip  detector sy stem  is  show n in  F igure 4 .2 2 . T he  

d etector  i t s e l f  lie s  w ith in  th e m a g n et aperture, an d  is  overw h elm ed  in  v o lu m e b y  th e  

a sso c ia ted  cab lin g  and rack s o f th e  read-out electronics.

4.8 Vertex detector display

T he m a in  fe a tu r e s  o f th e  v er tex  d etector  m ay  be seen  in  e v e n t d isp la y s , su ch  as  

F igure 4 .2 3 . T he Y - and Z -projections o f a  typical ev en t are show n. T he box to th e  le ft o f  

each fram e rep resen ts th e ou tlin e o f th e active target, and  th e vertica l m arks w ith in  th e  

ta rg e t d en ote  th e  str ip s for w hich  th e  p u lse  h e ig h t  w a s grea ter  th an  1 Imin . N ote  th e  

ev id en ce for w ide an g le  track s in  th e  Y -projection. T h e m icrostrip  d etector p la n e s  are  

show n a s  vertica l lin es  to th e  r ig h t o f th e  target (th e  b eam  en ters from  th e  left). O nly the  

re lev a n t p la n es  of each projection are d isp layed , and  th e  27- and V -planes are n o t show n  

a t  all. T h e a n g led  m ark s on each  p la n e  rep resen t th e  m icrostrip  h its; th e  a n g lin g  o f th e  

m arks is  p u re ly  an  artifice o f th e  d isp lay— th e  m ark s for h its  on con secu tive  str ip s o f  a  

plane are progressively  rotated  through 9 0 ’, so th a t th e  effective resolution  o f  the d isp lay  is  

im proved, and  c lu sters  m ay  be m ore ea s ily  recognised . U n d ern eath  each  p lan e th e  tota l 

num ber o f h its  is  g iven .

T he track s th a t h ave been  reconstructed  for th e  ev en t are d isplayed, and to th e  r igh t o f  

ea ch  tr a c k  in fo r m a tio n  is  p ro v id ed , g iv in g  th e  tr a c k  in d e x , a n d  th e  p a r tic le  

id en tifica tion  ( i f  any). A t th e  edge o f  each  fram e is  a  sca le , m arked  in  cm. N o te  th a t  on 

each o f th e  tracks th a t h ave been  found there are h its  a t  a lm ost all o f th e  m icrostrip  p lanes. 

N o te  a lso  th e  su b sta n tia l n u m b er o f  h it s  seen  in  th e  ou ter  p a rts  o f  each  p la n e , n ot 

assoc ia ted  to tracks; th ese  are due to th e  OR-gate, and  are th e  Q R -im ages o f th e  tru e h its  

on th e  tracks.

T h e e v e n t d isp lay  program  w ill be described  in  S ectio n  6 .4 . In th e  n e x t  ch ap ter, 

m ea n w h ile , th e  ta k in g  o f d a ta  is  d iscu ssed , w ith  som e specific  d e ta ils  con cern in g  th e  

m icrostrip  detector.
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Figure 4.23 Vertex detector event display



Chapter 5

D A T A  T A K I N G

In th is  chapter, a  description is  g iven  o f the te s ts  o f th e  m icrostrip detector for w hich  I w as  

resp on sib le , during th e  d evelop m en t and  construction  o f th e  device. T he preparations for 

th e  d a ta  ta k in g  are d iscu ssed , and d eta ils  are g iven  of th e trigger and th e d a ta -tak in g  

periods. F in a lly  th e  perform ance o f th e  m icrostrip detector is  described.

I Microstrip Detector Tests

5.1 Leakage currents

An ap p a ra tu s w a s assem b led  to m easu re the lea k a g e  cu rrents o f in d iv id u a l diode strips  

on th e  m icrostrip  detector p lanes. A  sw itch  board w as used  th a t could be connected  to one of 

th e 5 0 -w ay  connectors on th e PCB fan -ou t o f a  p lan e, w ith  a se t o f sw itch es  th a t  a llow ed  

an y  one o f th e  ch an n els to be connected  to an  am m eter, sen sitiv e  to 0-1 nA. T h e leak age  

cu rren ts o f a ll str ip s w ere m easu red , and th e  ten  p la n es w ith  th e m ost uniform  currents  

and th e  la rg est num ber o f operational strips w ere se lected  for use in  the detector.

A  typ ica l d istribution  o f cu rrents from  th e str ip s on a  sin g le  silicon  w afer is  show n in  

F igure 5.1. T h ese  data  w ere tak en  w ith  a  b ias vo ltage o f 90  V. A s can be seen , m ost strips  

h a v e  a  lea k a g e  current o f ~  2-0 nA /strip  (w hich  corresponds to ~ 80 nA  cm"2), b u t a  few  

strip s are found w ith  an om alously  h igh  leak age currents, up to ~ 1 fiA; th e  h ig h  currents



Data Taking 127

F ig u re  5.1 M icrostrip leakage currents

a re  caused  b y  im p erfection s in  th e  silicon  crysta l structure, or fa u lts  in  th e  processing. 

S u ch  str ip s  are u s e le s s  for p a rtic le  d e tec tio n  as a n y  s ig n a l w ou ld  be obscured  by  

flu ctu ation s in  th e  lea k a g e  current. T h ey  w ere therefore stab ilised  by th e  in sertion  o f a 

1 0  M Q  res isto r  in  th e  connection  to th e  p ream p lifier , to p rev en t th e  cu rren t draw n  

becom ing so large th a t the b ias could no longer be applied. O ther fa u lts  th a t w ere detected  

in clu d ed  str ip s th a t  w ere shorted  together, and others w hich w ere open circu its. T h ese  

problem s w ere often  traced to fau lts  on th e  h igh  resolution  section  o f th e PC B s, and w ere  

corrected w ith  th e  u se  of a  scalpel and a so ldering  iron. A  few  rem ained  th a t could n ot be 

corrected, due to fa u lts  in  th e silicon. S trips th a t rem ained shorted  together w ould  share  

th e  charge from an  io n is in g  particle b etw een  tw o read-out channels, so in th ese  cases one 

o f th e read-out ch a n n els  w as severed , effectively  leav in g  a strip  o f 100  pm  w idth . A fter  

th is  effort, there w ere typ ically  995 operational strips out of 1000 on each plane.

T he var ia tion  of leak age  current w ith  b ia s  vo ltage is  show n in  F igure 5 .2 , both  for 

norm al strip s and for a strip  w ith  a h igh  leak age current. N ote th a t for low  vo lta g es th e  

lea k a g e  cu rren t is  approx im ately  proportional to Vn, w here n is  con stan t, b u t n ~  0-7 

in s te a d  o f th e  v a lu e  o f 0-5 w hich w ould  be exp ected  if  the dom in an t contribution to the  

lea k a g e  current w a s G eneration  current (see E quation  4.1). D iffusion  current or Surface  

current m u st therefore m ake a sign ificant contribution to the total.

The leakage currents drawn by each of the silicon planes of the microstrip detector
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O Normal strip 

•  Normal strip 

■  High current strip

Bias voltage [V]
F ig u re  5 .2  Variation o f leakage current w ith  bias voltage

w ere m onitored , and  th e varia tion  o f th e  lea k a g e  cu rren t o f one o f th e  p la n es d u rin g  th e  

operation  o f th e  d etector is  show n in  F igure 5.3 . A s can be seen , th e current rose during  

exp osu re to th e  b eam , b u t a fter  each  run  i t  fe ll to th e  orig in a l lev e l. T h e  in crea se  in  

lea k a g e  cu rren t is  due to ra d ia tio n  d am age to th e  d etecto r  p la n es  [88]. T h e norm al 

operation  o f silicon  d etectors req u ires a  near-p erfect crysta llin e  la ttice , to avoid  d efects  

th a t  can  trap  th e  charge carriers and  cau se  in com p lete  charge co llection . E xp osu re to 

io n is in g  rad iation  cau ses d isruption  o f th e  la ttice , m o st com m only through th e  creation  of 

F ren k e l  d efec ts , w h ere  a to m s are d isp laced  from  th e  la tt ic e . T h is  g iv e s  r ise  to th e  

fo llo w in g  effects:

(i) In crease of leak age current due to dam age to th e  bulk  silicon;

( i i )  D ecrea se  in  charge collection;

( i i i )  D ecrease  in  effective dopant concentration , w hich m ay  d istort th e  in tern a l electric  

fie ld ;

( iv )  D am age to th e  oxide p assiva tion  layer.
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F igu re 5.3 Variation with time of the leakage current o f a microstrip plane

D u rin g  exposure to th e  b eam  th e  leak age current increased  b y  a factor o f about 5. The  

decrease of th e  current in  th e  period after exposure is  thought to be due to room tem perature  

se lf-a n n e a lin g  o f th e  silicon , w hich  repairs th e  rad ia tion  in d u ced  la tt ic e  d efects. T he  

to ta l flux o f m in im um  io n is in g  partic les du rin g  th e  ru n n in g  o f th e exp erim en t w as about 

4 x 1011 cm -2. T here w as no noticeable degradation o f th e perform ance o f th e detector as a  

resu lt o f exposure to th e beam .

5.2 Test pulse development

T he sch em e for th e provision  o f  a te s t  p u lse  fa c ility  for th e read -ou t electron ics of the  

m icrostrips h a s been described in  Section 4.6. It w as necessary  to te s t  the system , to check  

th a t th e  coup ling  o f th e test-str ip  to the read out ch an n els w as cap acitive, and w as of a 

su ita b le  m agn itu d e. A  te s t  app aratu s w as constructed , u sin g  a section  of a fan-out PCB 

w ith  conductive track s on its  surface, and te st-str ip s  of various w id th s. T he str ip s w ere  

cu t from  M ylar-b ack ed  copper, u s in g  a sca lp e l and  a ste e l ru le . T h e ir  w id th s  w ere
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F igu re  5.4 Apparatus for test pulse investigations

m easu red  w ith  a tra v e llin g  m icroscope, to an  accuracy o f ±  2 jim. T he m ea su rem en t w a s  

m ad e a t each end o f th e  str ip s, and any w ith  vary in g  w idth  w ere rejected . T he strip s w ere  

g lu ed  to th e  board u s in g  double-sided  ad h esive  tape; firm  p ressu re  from  a  b lu n t sp a tu la  

e n su red  uniform  a d h esio n .

T he apparatus used  for th e  te s t  is  show n in  F igure 5.4. An a tten u a ted  p u lse  w as applied  to 

th e strip , and any sig n a l p icked up by a fan-out track w as am plified  u s in g  an M SD 2, and  

th en  d ig itised  w ith a  m u ltich an n el analyser. U sin g  a 0-8 V  p u lse , w ith  51 dB a tten u ation , 

and w ith  strip s o f d ifferen t w id th s, the data  show n in F igure 5 .5  w ere tak en . From  th e  

d efin ition  o f capacitance:

C = Q /V

w h ere V  is  the ap p lied  v o lta g e  and Q is  th e  m easu red  charge, i t  can be seen  th a t th e

Strip width (d) [mm]

Figure 5.5 Variation with strip width of charge deposited by the test pulse
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cap acitan ce  depends lin ea r ly  on strip  w id th , for w id th s above about 2 m m . T h is is  as 

expected  from  a parallel p la te  capacitor approxim ation:

w h ere  e i s  th e  p e r m ittiv ity  o f  th e  d ie lec tr ic  (a d h esiv e  tap e an d  M ylar), e Q is  the  

p erm ittiv ity  o f  free space, d  is  th e th ick n ess  o f the d ielectric, and A  is  th e  area of the  

capacitor p la tes, in  th is  case th e product of th e  strip w idth  and th e track w idth . For strip  

w id th s le s s  th an  2 m m  the data  fa ll below  th e  stra igh t lin e , as expected  w hen edge effects 

becom e im portant.

In a  fu rth er  te s t , th e th ick n ess  o f th e d ielectric w as varied. T h is w a s ach ieved  sim ply  

b y  th e  in clu sion  of add itional layers of ad h esive  tape betw een  the strip  and th e track. A  

strip  o f 3 m m  w idth  w as used . I f  a stray capacitance Cs (from th e connecting  w ires etc) is  

assu m ed , and the parallel p la te  approxim ation for th e test-str ip  system  is  valid , then:

Q = C V = (C s + e e 0 A /d ) V  

For n th ick n esses  of ad h esive tape, we m ay put:

d  = dQ + n d a

w here d$  is  a  constant (due to th e M ylar) and d a is  the th ick n ess o f the tap e, m easured

Figure 5.6 Test of capacitive coupling of the test-strip
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w ith  a m icrom eter to be about 100 |im . T hus w e expect:

Q = Qs + k / ( d 0 + n d a )

w h ere Qs = Cg V, and k is  a constant. R earranging  th is  gives:

(Q -  Qs )'1 «* d Q + n d a

S ee  F igu re 5 .6 . A s can b e  seen , th e  re la tion sh ip  is  accurately  lin ea r , in d ica tin g  th a t  th e  

cou p lin g  is  indeed  capacitive. T he in tercept of (Q -  Qs )'* = 0 a t n ~  -2 in d ica tes  th a t d  /  e 

for th e  M ylar layer is  approxim ately tw ice th a t for th e adhesive tape.

5.3 Analogue read-out tests

P r e a m p l i f i e r  t e s t s

T he apparatus show n in  F igure 5 .7  w as u sed  to m easu re th e  n o ise  and  th e  ga in  o f a ll th e  

M SD 2 channels. For th e  m easu rem en t o f th e  n o ise , no sign a l w as app lied , and  th e  ou tp u t 

w as sw itched  to the RM S m eter; to m easure the ga in , the signal w as applied, and th e output 

w as sw itch ed  to th e  oscilloscope. The four ch a n n e ls  on a hybrid  could  be in d ep en d en tly  

te sted  u s in g  another sw itch  system . H ybrids w ere selected  for u se  in  th e  detector th a t h ad  

gain  w ith in  10 % o f th e  sam ple m ean , and an EN C  o f le ss  th an  200 0  e lectrons, m easured  

w ith  an in p u t capacitance o f 22 pF and a 50 n s gate.

Figure 5.7 Apparatus for preamplifier tests
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F igure 5.8 Variation ofM SD2 noise with input capacitance

T he variation  of the ENC o f th e M SD 2s w ith  in p u t capacitance w as m easured  [84] (see  

F igu re 5 .8). In th e  m icrostrip  d etector th ere  are contributions to th e  in p u t capacitance  

from  th e  silicon, the PCB, and th e 20  cm ribbon cable to th e  M SD 2 inputs. T hese contribute  

ab ou t 4 pF, 11 pF and 12 pF repectively , m ak in g  a to ta l o f  -  27 pF, and h en ce an ENC of 

~  2 0 0 0  e lectron s.

A D C  i n s t r u m e n t a t i o n

T h e m icrostrip  d etector w a s p a rtia lly  in stru m en ted  w ith  M SD 2s and in sta lle d  in  the  

exp er im en ta l h a ll a t CERN. A nother experim ent, N A 10, w as ru n n in g  a t th is  tim e, and  

h a lo  m uons from the beam  of th e N A 10 experim ent w ere used  to te s t  the perform ance o f the  

d etector w ith  h igh  energy  p articles. For th ese  te s ts  A D C s w ere u sed  for th e  read-out, to 

p rov id e an a logu e in form ation  about th e  s ig n a l, p erm ittin g  th e  m ea su rem en t o f such

Figure 5.9 Apparatus for analogue tests of the microstrip system
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F igure 5.10 Pulse height spectrum from the test pulse

q u a n tit ie s  as charge sh ar in g  and th e  s ign a l-to -n o ise  ratio. T he read -ou t chain  is  show n  

in  F igu re 5.9 . 2 4 0  ch a n n e ls  w ere in stru m en ted , ch osen  so th a t  th e y  covered s im ila r  

reg ion s in  all four p la n es  o f a  projection: th e  choice w as resp ectiv e ly  2 4 , 24 , 96 an d  96  

ch a n n els  on the four p lan es.

T he pu lse h e ig h t spectrum  from a typ ical channel w hen th e  te s t  p u lse  is  u sed  is  show n  

in  F igu re 5 .10 . Sh ow n  in  th e  figure are th e  p eak  (or ‘p ed esta l’) a t  low  ch an n el num ber  

(i.e. low  m easured  charge) due to noise w hen th e  te s t  pu lse w as n ot active, and the peak  a t  

h igh er  charge due to th e  te s t  p u lse  signal. T he separation  o f th e  p eak s provides a m easu re  

o f the s ign a l from th e  te s t  pu lse.

------- > .

S,

M icrostrip d etector

Figure 5.11 Scintillator trigger arrangement
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F igu re 5.12 Pulse height spectrum from minimum ionising particles

To observe th e  s ign a ls from  particles, a  sc in tilla tor  trigger w as u sed , as illu stra ted  

in  F igu re 5 .11 . T he trigger w a s form ed from  th e  coincidence o f th e  tw o sc in tilla tors  

and  ^ 2- T he p u lse  h e ig h t spectrum  o f a typ ica l ch an n el is  show n in  F igure 5 .12, for a 

silicon  b ias o f 90  V. N ow  the noise  p ed esta l is  contributed to every tim e a  particle satisfies  

th e  trigger b u t does n o t p ass through th e strip  b ein g  read out. A  d istin ct sign a l peak  can be 

s e e n , d u e  to  th e  p a r tic le s . T h e  s ig n a l-to -n o ise  ra tio  w a s c a lc u la te d  for a ll th e  

in stru m en ted  ch an n els u s in g  p lo ts such as th is . T he sign a l is  m easu red  by sep aratin g

Figure 5.13 Signal-to-noise ratio for the microstrip detector
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th e  s ig n a l p eak  from  th e  p ed esta l and ta k in g  it s  m ean , w h ils t  th e  n o ise  is  tak en  a s  th e  

rm s  w id th  o f  th e  p ed esta l. S ee  F igure 5 .13 . A s can be seen , th e  ch a n n el-to -ch a n n el 

varia tion  o f the signal-to-noise  is  low, le ss  th an  about 10 %, and th e  average va lu e is  ~12.

U sin g  th is  va lu e and the m easu rem en t o f 2000  electrons for th e n o ise  o f the M SD 2, the  

collected  charge m ay  be estim ated  as about 24 ,000  electrons. T h is m ay be com pared w ith  

th e  ex p ected  ch arge d ep o sitio n  of a  m in im u m  io n is in g  p a r tic le  o f  3 6 ,0 0 0  e lectron s, 

in d ic a tin g  ap p rox im ate ly  70  % charge co llection . T h is is , h ow ever , th o u g h t to b e  an  

u n d erestim a te , a s  th e  am p lifiers u sed  for th e  sig n a l-to -n o ise  m ea su rem en t w ere  n ot  

sp ec ia lly  tuned , and th e  re su ltin g  overshoot in  th e  signal gave a  v a lu e  for th e  ratio  th a t  

w a s about 15 % low.

T h e  v a r ia tio n  o f  th e  s ig n a l-to -n o ise  ra tio  w ith  b ia s  v o lta g e  V B is  sh ow n  in  

F igu re 5.14. From  E quation  3 .2  w e expect th e  depletion  depth  to vary approxim ately  a s  

VB 1/2 up to fu ll d ep letion . T he s ign a l is  proportional to th e  d ep letion  depth , and  th e  

contribution of th e silicon to th e input capacitance (and hence to th e  noise) is  in sign ifican t  

for a ll but th e  sm a lle st dep letion  dep th s, so we expect th e ratio  to vary a s  Vq ^ 2. T h is is  

found to be the case, up to VB ~  90  V, w here th e  curve fla tten s off, in d icating  th a t the silicon  

is  fu lly  depleted. An operating b ias of 90  V w as therefore chosen for th e  detector.

Figure 5.14 Variation of the signal-to-noise ratio with bias voltage
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5.4 Digital read-out tests

M S D 3  te s ts

T he M S D 3s w ere tested  u s in g  th e  apparatus show n in  F igure 5 .15 . T he p u lse  generator  

w as se t  a t a  frequency o f 10 kH z, under CAMAC control. The a tten u ator  w as adjusted  to  

g iv e  a t e s t  s ign a l com parable to th a t expected  from  a m inim um  io n is in g  partic le  in  the  

fin a l detector  set-up . T h en  th e  M SD 3 d iscrim in ator  th resh o ld  w as varied , a lso  under  

CAMAC control, w h ilst th e  ou tp u t rate w as m easu red  w ith  a  scaler. T h e variation  o f the  

m ea su red  rate w ith  d iscrim inator threshold  is  show n in  F igure 5 .16 , w ith  te s t  p u lses  of 

tw o d ifferen t am plitudes, and w ith  no te s t  p u lse  applied. T he behaviour can b e  understood  

w ith  referen ce to F igure 5 .10: w hen th e  th resh o ld  is  large no s ig n a ls  can tr igger  th e  

d iscrim in ator, so th e m easu red  rate is  zero. For a  low er threshold , th e  la rg est te s t  p u lse  

s ig n a ls  tr igger  th e  d iscr im in ator , and a s  th e  th resh o ld  is  fu rth er  red u ced  a  p o in t is  

rea ch ed  a t  w hich a ll o f  th e  s ig n a ls  exceed  it , an d  a p la tea u  is  seen . T h en  th e  n o ise  

p ed esta l is  reached and th e ra te  in creases d ram atica lly .

A  com parison of th e  th resh o ld  v o ltages required  to reduce th e  m easu red  rate to h a lf  

th e  in p u t rate at two d ifferent va lu es of the a tten u ation  (41 and 47 dB) gave  a  m easure of  

th e  g a in  and th e DC offset for each channel. T he system  w as au tom ated  u s in g  CAMAC, 

p erm ittin g  th e rapid and reliab le  te stin g  of all th e M SD 3 channels.

D u rin g  th e se ttin g  up o f th is  te st, problem s w ere experienced w ith  oscilla tion  o f the  

electron ics. In th is  sta te  th e  ou tp u t becom es an  uncontrollable h igh  frequency oscilla tin g

C
A
M
A
C

CAMAC

Figure 5.15 Apparatus for amplifier / discriminator tests
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O Noise 
•  47 dB 

□ 41 dB

F ig u re  5 .1 6  Variation o f rate w ith  threshold voltage in M SD 3 test

w aveform , and  th e  sy stem  is  u se le ss  for th e  am plification  o f s ig n a ls . It is  a  problem  th a t  

goes han d -in -h an d  w ith  h igh  ga in , low  n o ise  electron ics, and is a  sym ptom  o f  u n w an ted  

p o sitiv e  feedback. T h e in p u t o f th e M SD 3 w a s found  to be p articu lar ly  se n s it iv e , and  

thorough  screen in g  w a s required  for sta b ility . O scilla tion  problem s p lagu ed  th e  se tt in g  

up o f th e  fu ll detector read out, as w ill be described below.

P C O S  te s ts

A  sm all te s t  system  w as arranged to te s t  th e PCO S system  and to ga in  fam iliar ity  w ith  its  

o p era tin g  procedures. It u sed  a s in g le  crate o f la tch  m odules read  out u s in g  CAMAC  

u n d er th e  control o f a  m in icom puter, an L SI-11. Program s w ere w ritten  to perform  the  

vario u s fu n ction s o f th e  system : to se t  an d  m ea su re  the program m able th resh o ld  and  

d elay , to dow n-load and  read  back te s t  p attern s, and to read in  te s t  in p u ts. A s a  re su lt  o f  

th ese  te s ts , various fa u lts  o f  th e system  w ere identified , and rem edied.

T h e  sym ptom s o f  a  problem  w ith  th e  d a ta  acq u isition  are in  som e resp ects  ra th er  

difficult to trace back  to th e  underly ing  fau lt. S ince th e system  is  d ig ita l, e ith er  a h it  or no  

h it  is  read  a t the m on itorin g  com puter for each  ch an n el. I f  a h it  is  spurious, due to a  

m a rg in a l effect su ch  a s  crossta lk  from  a d ifferen t ch an n el, it  ca n n o t be d istin g u ish ed
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from  a va lid  h it. One can only com pare the h its  recorded w ith those th a t w ere expected. In 

a te s t  a rran gem en t th is  is  straightforw ard, a s  specific ch an n els m ay  be in jected  w ith  a  

signal. In  th e experim ental situ ation , how ever, one does not know  w hich ch an n els should  

register a  h it. One can only verify th a t th e  address o f th e  h it  is  valid: th a t it  corresponds to 

a rea l ch an n el, and th a t no ch an n el h a s  m ore th a n  one h it in  an y  even t. It is  for th is  

reason  th a t th e  te s t  fac ility  o f PCOS w as so u sefu l. A  program  w as w ritten  th a t  w ould  

dow n-load a random  te s t  pattern  th a t s im u la ted  rea l data , and th en  read  it  b ack  and  

compare the read pattern w ith the pattern that w as set.

U s in g  th e  tech n iq u es described  above, i t  w a s  found  th a t th e  PCO S controller  2738  

m odules h ad  a fa u lt th a t gave rise  to repeated  h it  ad d resses in  th e  data; th is  w as rem edied  

by th e  m a n u fa ctu rers w ith  a m inor m odification  to th e  e lec tro n ics  o f  th e  m od u les. 

A nother fa u lt th a t w as detected  w as th e  in term itten t generation  o f h its , a s a  r e su lt  o f the  

u se  o f n on stan d ard  crates for th e PCOS latch  m odules. T he crates h ad  been  constructed  at 

Saclay  u s in g  a w ire wrap tech n iq u e for th e  D ataw ay  lin e s , and  th e  w ir in g  w a s su ch  th a t  

sign ifican t crossta lk  ex isted  b etw een  th e  lin e s  o f sep arate  m odules. R ew irin g  th e  crates  

solved  th is  problem . W hen th e fu ll sy stem  o f seven  crates o f  la tch es  w as assem b led , it  

w as found th a t  correct term in ation  o f th e  D atab u s w as essen tia l, to avoid th e  dropping of  

w ords. F in a lly , fa u lts  in in d iv id u al la tch  m odules w ere d iscovered by th e  sy stem a tic  use  

o f th e te s t  p attern , and the m odules w ere repaired or replaced.

5.5 Prototype run

In th e  Sum m er o f 1984 the first data  w ere taken w ith  a photon beam . A  prototype m icrostrip  

d etector w a s u sed  w hich  had  only e igh t p lan es o f silicon , arranged as th ree  (Z, Y) pairs 

and one (U , V). T he silicon  th ick n ess  for th e  p rototype w a s 3 0 0  p.m. T he n u m b er o f  

ch a n n els  th a t could be in stru m en ted  w as lim ited  by th e  a v a ilab ility  o f  M S D 3s, to 2800  

c h a n n e ls .

S er io u s prob lem s w ere exp erien ced  w ith  o sc illa tion , w hich b ecam e m ore severe  as  

fu rth er ch a n n e ls  w ere in stru m en ted . The sta b ility  o f th e  sy stem  depended  critica lly  on 

th e  p o sitio n in g  o f the cab les con n ectin g  th e  M SD 2s to the M SD 3s. T he osc illa tio n  w as  

thought to be due to capacitive coupling betw een the outputs and inputs of th e M SD2s.

From  th e  experience gain ed  w ith  th e prototype rim , the fo llow ing m odifications to the  

m icrostrip  d etector w ere im plem ented:
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(i)  T he M SD 2 m ou n tin g  w as m odified to provide a  good com m on ground for th e  inputs;

( i i )  T he B u lk h ead  w a s in troduced  b etw een  th e  M SD 2s and M SD 3s, g iv in g  a com m on  

ground for th e  earth s o f the cables carrying th e  sign a ls to th e  M SD 3s;

( i i i )  T he cables to th e  M SD 3s w ere in d iv id u a lly  w rapped in  a lu m in iu m  foil to provide  

e lec tr ica l screen in g ;

( iv )  A d d itional c ircu itry  w as in troduced  on th e  M SD 3 boards to g ive b a lan ced  ECL  

conversion for th e  outputs;

(v) A  further tw o p lan es o f silicon w ere incorporated, to a s s is t  th e  track reconstruction  

through th e in crease  o f redundancy;

(v i)  T he th ick n ess  o f  th e  silicon  w afers w as in creased  to 4 5 0  |im , so th a t  a  g rea ter  

s ig n a l w ould  be produced by a  p a rtic le , and  th erefore  a  h ig h er  d iscr im in a to r  

threshold  w ould be p ossib le  for th e  sam e detection  efficiency;

(v i i )  T he d iscrim inator threshold  w as ra ised  to a  h igh  va lu e  (7 V) in  th e  periods b etw een  

b ursts. T h is h a s  th e  effect o f k illin g  any oscilla tion  th a t  m ig h t h ave started  d u rin g  

th e previous bu rst, and so a s s is ts  in m ain ta in in g  th e  sta b ility  o f  th e  system .

A s a r e su lt  o f th ese  m odifications, few  problem s w ith  osc illa tion  w ere experienced  in  th e

su b seq u en t periods o f data  tak ing.

5.6 Preparation for data taking

T he im proved d etector and read-out e lectron ics w ere in sta lled  a t C ERN in  th e  S p rin g  of  

1985. T he fu ll 10 ,000  ch an n els o f M SD 3s w ere now  availab le, so th e en tire system  could be 

in s tr u m e n te d .

S e t t i n g  a  t h r e s h o l d

A  b eam  te s t  w a s carried  out u s in g  m u on s from  N A 10, in  a sim ila r  m an n er to th e  ADC  

t e s ts  m en tion ed  above, u s in g  th e  sam e trigger. T he correct tim in g  for th e  s ig n a ls  w a s  

sim p ly  found u sin g  th e  program m able delay  o f PCOS: th e  th resh o ld  w a s se t  to  1-8 V , and  

th en  b y  sw eep in g  th rou gh  th e  v a lu e s  o f th e  d e la y , a curve su ch  as th a t  sh ow n  in  

Figure 5 .17 (a) w as produced, from  w hich th e  correct tim in g  could be chosen. T he w id th  of 

th e  PC O S strobe w a s 70  n s. A  s im ila r  t im in g  curve for th e  t e s t  p u lse  is  sh ow n  in  

F ig u re  5 .1 7  (b).
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F ig u re  5 .1 7  Tim ing curves

A  th resh o ld  scan  could th en  be produced by sca n n in g  th rough  th e  d iscr im in ator  

th r e sh o ld  u s in g  th e  program m ab le  fa c ility  o f PC O S, w ith  th e  correct t im in g  se t  

(d eterm in ed  from  th e delay scan). T he r e su lts  for one of th e  te s t  p u lse s  are show n in  

Figure 5 .18 , w hich exhib its the sam e featu res as the curve from th e M SD 3 te s t  described in

O Noise 

•  47 dB 

□  41 dB
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O Noise 
•  Pa rtic les

F ig u re  5 .19 Threshold scan w ith  particles

S ection  5.4. T he p la tea u  now  occurs a t  250  h its /ev en t, a s  expected , since each  test-str ip  

covers 25 0  fa n -o u t track s. A  th resh o ld  scan  produced  w ith  p a r tic le s  i s  sh ow n  in  

Figure 5 .19. A n out-of-tim e curve is  a lso  show n, w hich in d ica tes  th e  resp on se to  n o ise . A t 

a th resh o ld  o f 1-5 V  th ere  is  about 1 n oise  h it  in th e  detector per event. For th e  in -tim e  

curve, one w ould  therefore hope for a p la tea u  a t 11 h its  per even t, corresponding to a  h it  

from each o f th e 10  p lan es o f th e  detector, and one noise  h it. A s can be seen , there is  som e  

evidence th a t th is  is  the case.

T he th resh o ld  for th e  d iscrim in ators m u st be se t  low  enough to give a  h ig h  efficiency  

for particle  d etection , w h ils t  m a in ta in in g  a low  num ber o f  n o ise  h its . A  th resh o ld  o f 1-6 V  

w as chosen . I t  w as p ossib le  to run a t a  low er threshold , b u t th en  th ere  w ere s ig n s  o f  th e  

on set o f  oscilla tion . T he m agn itu d e o f th e  th resh o ld  m ay  be d eterm in ed  in  term s o f th e  

s ig n a l d ep osited  by a m in im u m  io n is in g  p artic le  (Imin) by  in sp ection  o f th e  te s t  p u lse  

threshold  curve. From the ADC spectra it  w as found th a t a  te s t  pu lse w ith  47  dB atten u ation  

corresp on d ed  to a b o u t 70  % o f th e  s ig n a l from  a  m in im u m  io n is in g  p a r tic le . T h e  

th resh o ld  vo ltage  for th is  te s t  p u lse  a t  w hich only h a lf  th e  ch a n n els  g ive a  s ign a l g rea ter  

th an  th resh old  is  about 3 0 V. T h u s th e  threshold  of 1-6 V  corresponds to about 35 % o f Jm£ . 

T h is  w a s a lso  verified  by a c lu ster  s iz e  a n a ly s is  o f  m uon d a ta  ta k en  w ith  th e  ADC  

read-out [84].
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F ig u re  5.20 Strip-to-strip uniformity of test pulse

U n i f o r m i t y  o f  t h e  t e s t  p u l s e

T he u n iform ity  o f th e  te s t  p u lse  w a s in v estig a ted  u s in g  d iscrim in ator ch a ra cter istics  

such  as th o se  show n in F igure 5 .18 . For a g iven  te s t  strip , a  m easu re o f th e  average  

m agn itu d e  o f th e  te s t  p u lse  is  g iven  by th e  th resh o ld  v o ltage  V^ for w hich  h a lf  o f  th e  

ch an n els respond per event. T h is w as m easured  for th e  4 0  te s t  strips, and th e  re su lts  are 

show n in  F igure 5 .20 . M ost o f th e te s t  strips gave p u lses  of c losely  sim ilar m agn itu d es. A  

few , h ow ever, gave  sign ifican tly  larger  p u lses , shaded  in  th e  figure. T hey w ere found to 

b e th e  str ip s on th e  in clin ed  p la n es, and th e  larger p u lse  h e ig h ts  w ere understood: th e  

sp ec ia l fa n -o u t PC B sectio n s for th e  in c lin ed  p la n es  w ere m an u factu red  a t  Im p eria l 

C ollege an d  h ad  s lig h tly  w ider track s th an  th ose  o f th e  other, com m ercially  produced, 

boards. T he capacitance form ed by th e  te s t  strip and th e  tracks w as therefore greater, and  

th e  te s t  p u lse  larger. A part from  th is  effect, th e p u lses w ere uniform  to b etter than  ± 1 0  %.

Figure 5.21 Channel-to-channel uniformity of test pulse
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F ig u re  5 .22 R atio o f signals from particles and test pulse

W h at sp read  is  found  could  be due to m an y  sources: d ifferen t w id th s  o f  th e  str ip s, 

non-uniform  app lication  o f th e strip s to th e  PC B s, variation  in  th e  am plifier g a in s  etc. A  

sim ila r  in v e s t ig a tio n  w a s m ade o f  th e  ch a n n el-to -ch a n n el u n iform ity  o f  t e s t  p u lse s  

w ith in  a te s t  strip , show n in  F igure 5.21. T h is w as also  checked u s in g  th e  ADC data, by  

ca lcu la tin g  th e  ratio o f th e sign a l from  particles and th e sign a l from th e te s t  p u lse  for the  

sam e ch an n el, so th a t  the ch an n el ga in  does n ot in fluence th e d istrib u tion . S ee  F igure  

5.22. In all cases, a  uniform ity o f about ± 10 % w as found.

T h ese  m ea su rem en ts  also in d icate th a t th e ch an n el-to -ch an n el varia tion  o f  th e  gain  

is  sm a ll. A s a r e su lt , a com m on d iscrim in ator  th resh o ld  could  be a p p lied  to a ll th e  

ch a n n e ls  o f th e  d etector. A lth ou gh  th e  fac ility  for ap p lica tion  o f in d iv id u a l th resh o ld  

v a lu es to ch an n els ex ists  in  th e  PCOS system , th e  u se  o f a  sin g le  va lu e  w as obviously  a  

su b sta n tia l s im p lifica tion .

5.7 Preparation of other detectors

M W P C s

The M W PCs w ere a lign ed  u sin g  th e  d ata  from  special ru n s tak en  w ith  a m uon beam . As 

described in  Section  3.6 , th e  m uon beam  is created by closing  the apertures o f th e  neutron  

dum p and th e  collim ator in th e  beam  line. M uons are p articu larly  su itab le  for a lig n m en t  

work as th ey  are h ig h ly  p en etratin g , and form  stra ig h t tracks.
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I N D R A  C e r e n k o v

T he C erenkov h a d  to be ca lib rated  before i t  could be u sed  in  th e  d a ta  a n a ly s is . To 

recognise lig h t  in cid en t on a m irror o f th e  C erenkov, it  is  n ecessary  for photoelectrons to  

be gen era ted  a t the associa ted  p hotom ultip lier , and th en  for th e  sign a l produced in  the  

read -ou t ADC to be d istin g u ish ed  from  th e  n o ise  p ed esta l. T h e ca lib ration  therefore  

in vo lves th e  fo llow ing steps [74]:

(i)  M easu rem en t of the ADC pedestals;

( i i)  M easu rem en t of the ADC gain: th e sign a l produced in  th e  ADC per photoelectron. 

T h is is  ach ieved  u sin g  lig h t em ittin g  d iodes (LED s) th a t  are m ounted  w ith in  th e  

detector, and are supplied w ith  a p u lsed  current th a t produces short b u rsts  o f light. 

By adjusting the current th a t p asses through each LED, the in ten sity  o f th e  lig h t th a t  

is  em itted  m ay be varied . In th e a n a ly s is  o f d a ta  taken  w ith  th e  L E D s, p eak s are 

seen  in  th e  p u lse  h e ig h t d istr ib u tio n s o f th e  A D C s due to d iscrete  n u m b ers of 

p h otoelectron s, and th e  ga in  m ay be ca lcu la ted  (typ ica lly  25 ADC ch a n n e ls  per  

photoelectron);

( i i i )  D e term in a tio n  o f th e  n u m b er o f p h otoe lectron s produced  by th e  p a ssa g e  o f  a  

m in im u m  io n is in g  partic le  th rou gh  th e  detector. T h is  m a y  be ca lcu la ted  from  a  

k n ow led ge o f th e  sign a l seen , and  th e  gain; it  is  typ ica lly  10 ph otoelectron s per  

p a r tic le .

I I  D a ta  T a k in g

5.8 Data structure

T he d ata  o f  an e v en t tak e th e  form  o f 16 -b it d ig ita l words. E ach  word m ay e ith er  be a 

record o f a  s ig n a l in  one o f th e  d etector  ch a n n els , or a fo rm a ttin g  word th a t  e ith er  

d e lim its  a  g iven  group o f d ata  or g ives in form ation about th e  group. In a typ ica l even t  

from th e N A 14 apparatus there are about 2000  words. T hey are organised according to the  

detectors in  th e  apparatus, w ith  a block o f words from each detector. The first word in the  

block is  a  u n iq u e  id en tifier  for th e  detector; it  is  fo llow ed by a h ea d er ,  a  d escrip tive  

seq u en ce o f w ords th a t in clu d es in form ation  such a s  th e  num ber of w ords in  th e  block; 

th en  fin a lly  th e d ata  proper.
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M ic r o s t r i p  d a t a  f o r m a t

T he data  from  PC O S for an ev en t tak e  th e  form  o f w ords encoding th e  a d d resses  o f  th e  

PC O S ch a n n e ls  th a t  h a v e  received  a sig n a l. T he d a ta  from  each  crate are o u tp u t in  

seq u en ce , fo llow ed  b y  a  d e lim iter  word th a t  g iv e s  th e  crate  a d d ress. D u e  to  th e  

com plicated cab ling through th e  various stages of the read-out chain , the PCOS address of 

a channel is  not sim ply  related  to its  position  on th e  silicon. S ince it  is  the position  on th e  

silicon th a t is  o f in terest for the a n a ly sis  o f the data, i t  is  therefore n ecessary  a t  som e point 

to tra n sla te  th e  ad d resses to g ive strip  coordinates. To avoid h a v in g  to do th is  repeated ly , 

a m od u le  w a s in tro d u ced  in to  th e  d a ta  a cq u is itio n  sy s te m  th a t  provided  o n -lin e  

tran sla tion . It is  know n as th e CAC  (C ontroleur A utonom e de C h assis), and con sists  o f an  

EPRO M  m em ory th a t  is  program m ed w ith  a look-up ta b le  for th e  con version  o f th e  

a d d resses . T he p o sitio n s  o f h it  str ip s  w ere therefore a v a ila b le  for u se  by th e  on -lin e  

m on itorin g  program s. To guard a g a in st  fa ilu re o f th e CAC m odule, both th e  raw  PCO S  

data  and th e  CAC-converted data  w ere recorded, so th a t i f  th e  converted data w a s su sp ect  

th en  th e  con version  could  be checked . In p ractice it  w a s  found  th a t  th is  w a s  on ly  

n ecessa ry  in  a very  few  even ts.

T h e  m icrostr ip  d a ta  th erefore  h a d  th e  fo llo w in g  stru ctu re: th e  b lock id en tifier , 

fo llow ed by a h ead er w hich  gave th e  num ber of w ords in  th e  block, and a  CAC conversion  

s ta tu s  in d ica tin g  w h eth er  th e  converted  d a ta  existed; th en  th e  raw  PCOS d ata , w ith  th e  

d elim iters  su p p ressed , fo llow ed b y  th e  C A C -converted data , g iv in g  th e  h it  silicon  strip  

num bers (ru n n in g  from  1 for th e  first strip  o f  th e  first p lane, to 10 ,000  for th e  la s t  strip). 

D ue to th e  OR-gate, th e  CAC gen erated  two converted words for each raw  PCOS word.

5.9 Monitoring

T h e d a ta  a cq u istion  o f th e  exp er im en t w a s controlled  b y  a P D P  11 /45  com puter. T h is  

com puter w a s dedicated  to read in g  th e  variou s su b sy stem s o f th e  apparatus v ia  CAMAC, 

and w r itin g  th e  d ata  to  m agn etic  tape. It is  obviously  e s se n tia l th a t w h ils t  th e  d a ta  are  

recorded th ey  should  be m onitored, to ensure th a t th e  apparatus is  correctly se t up, and th a t  

th e  d etec to rs  are p erform in g  e ffic ien tly . T he 1 1 /45  d oes p rovid e a lim ite d  d egree  of 

m on itorin g , g iv in g  th e  v a lu e s  o f var iou s sca lers  th a t  m ea su re  tr igger  ra te s  e tc , and  

h istogram s o f som e variab les such as h it  m u ltip lic ities. H ow ever, a s  it  is  ded icated  to th e  

efficient read-out o f th e  apparatus and recording th e  data  to tape, there is  little  p rocessin g
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Figure 5.23 Inside the NA14 counting room

time available for monitoring. Instead the monitoring is handled by other on-line 

computers, and off line.

In the NA14 counting room, in addition to the PDP 11/45 there are two PDP 11/60 

computers. They were dedicated to the monitoring of various detectors. The one operated 

by Imperial College (visible in Figure 5.23) was responsible for the monitoring of the 

microstrip detector and ILSA, one of the calorimeters. The ll/60s received data from the 

11/45 via a C A M A C  controlled ‘Link’, that permitted events to be transferred from the 

11/45 to an intermediate memory module, without interfering with the recording of the 

events to tape. The ll/60s could then share the events from the memory, to use for their 

monitoring. When the Link was not functioning it was always possible to take one of the 

recently written 11/45 tapes to read at the 11/60. During the periods when the experiment 

was running, a shift system was operated so that there were always physicists ‘on shift’ 

with the responsibility of checking the monitoring, and responding to any problems.

Another person on shift was responsible for the off-line monitoring. This was known 

as the ‘bicycle shift’ as tapes had to be regularly transferred to the main C E R N  computer
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so th a t  stan d ard  m onitoring  jobs could be run. T he greater processin g  pow er o f th e  m ain  

com puter perm itted  m ore com plicated checks to be m ade o f the data. T he output from  th ese  

jobs w as returned  to th e  counting room for evaluation  by th e p h ysic ists  on shift.

M i c r o s t r i p  m o n i t o r i n g

T he m on itorin g  sy stem  run on th e  Im perial C ollege 11 /60  w as o f a  standard  C E R N  form , 

u sin g  a  skeleton  structure. A ll o f th e  standard  procedures such a s  read ing  in  th e  d a ta  and  

fillin g  h istogram s are h an d led  by th e  provided skeleton  rou tin es, and the u ser  n eed s only  

to supp ly  ro u tin es th a t are specific to th e  m onitored system . T he sk eleton  arran gem en t  

allow s m any ta sk s  to be run sim u ltan eou sly , and is  controlled a t  th e  term inal w ith  a tree  

structure o f com m and m enus. The h istogram s th a t are filled by ta sk s m ay be in sp ected  at 

an y  tim e.

T he m on itorin g  ta sk s  th a t w ere w ritten  for th e  m icrostr ip s w ere a s  fo llow s. Som e  

exam p les o f th e  h istogram s produced by th ese  ta sk s  are show n in  F igure 5.24.

(i)  R aw  event du m p. T h is d isp layed  th e  data  a s  it  w as received , and w a s u se fu l for 

in v estig a tin g  very  basic problem s, such  a s  corruption o f th e  data;

( i i )  D isp la y  o f  P C O S  inform ation . T he a d d resses  o f th e  h it  ch a n n e ls  in  th e  PC O S  

sy stem  w ere decoded from th e data , and  h istogram m ed  to produce a ch an n el-b y­

ch an n el profile. A n overall profile w as a lso  produced, w ith  th e  s ig n a ls  from  th e  

ch a n n e ls  o f each  m odule sum m ed and en tered  in to  one bin. S ee F igure 5 .2 4  (a). 

T h is a llow ed  th e  rapid recognition  o f serious problem s su ch  as power fa ilu re  on a  

PCO S crate. T he rather irregular appearance of th e profile is  caused  by th e  com plex  

fan -ou t o f th e  detector channels. T h is can be seen  by com parison w ith  F igure 5.25, a  

corresp on d in g profile produced from  th e  M onte C arlo sim u la tio n  of th e  detector. 

T h e ch an n e l-b y -ch a n n e l profile  g a v e  u se fu l in form ation  for th e  recogn ition  o f  

re a d -o u t p rob lem s. F a ilu re  a t  d ifferen t p o in ts  in  th e  rea d -o u t ch a in  g a v e  

ch aracteristic  irregu lar ities in  th e  profile: i f  th e  O R -im age o f a  dead ch an n el w as  

also  d ead  th en  th e problem  w as probably a fter  th e  O R -gate in  th e  ch a in , w h ils t  

groups o f four dead ch an n els, for exam ple, w ere gen era lly  caused  by th e  fa ilu re  of  

an M SD 3 hybrid;

( i i i )  D isp la y  o f  h it s tr ip s . A n a g g reg a te  profile w a s produced for each  p la n e  o f th e  

detector, w ith  ten  strips per bin. D ue to th e  O R -gate, th ese  profiles do not sh ow  th e  

true profile o f h its  in the silicon, since for each true h it  an im age h it  is  produced on 

a d ifferent p lane. See F igure 5 .24  (b);
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HIST 2 OVERALL PCOS PROFILE

(b)
HIST 15 AGREGATE PROFILE: Z3 HIST 2 MULTIPLICITY Zl'Yt

(d) KIST 21 4 HIT PROJ TRACK PROFILE’ Z1

HIST 35 CLUSTERS PROFILE: Z2

Figure 5.24 Histograms from the microstrip detector online monitoring system
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F ig u re  5 .25  H it frequency profile from  Monte Carlo sim ulation

( iv )  M u ltip licities. T he to ta l h it  m ultip lic ity  w as h istogram m ed, and a fter th e  d a ta  h ad  

b een  decoded h istogram s w ere produced o f th e  m u ltip lic ity  of h its  in  each p lane. See  

F igure 5 .24  (c). N o te  th a t  due to th e effect o f  th e  OR-gate, pairs o f p la n es h a v e  th e  

sa m e m u ltip lic ity ;

(v ) D isp la y  o f h its on fitted  tracks. To rem ove th e  obscuring in fluence o f th e  O i?-gate, a  

sim p le  track  fit w a s  perform ed, find ing  fou r p o in t track s in  ea ch  projection . It  

could th en  be confidently  a ssu m ed  th a t th e  h it s  on th e  tracks w ere tru e h it s  rather  

th a n  im age h its , and th ey  w ere h istogram m ed  to produce an aggregate  profile for 

each p lane, w ith  ten  strip s per bin. S ee  F igure 5 .24  (d). O ther in form ation  from  the  

track  fit w as also  d isp layed , such as th e  track  a n g les  (F igure 5 .2 4  (e)) an d  th e  fit 

‘res id u a ls’ (d iscu ssed  in  Section  5.14, see F igure 5 .24  (f));

(v i)  O scilla tion  m onitor. O scilla tion  in the read-out electron ics o f th e  d etector appears  

in  th e  data  a s  large num bers o f h its  in groups o f channels. D ue to th e  arrangem ent 

o f th e  cabling, osc illa tion  in  consecutive ch an n els of th e M SD 2s (the m ost frequent  

type) is  seen  a s  h its  in  every fourth consecutive channel o f the detector. A  ta sk  w as  

w ritten  to search th e  decoded data for such a p attern  o f h its . I f  th e  num ber o f  h its  in  

th e  cand idate ‘o sc illa tion ’ w as greater  th an  a  u ser  defined th resh o ld , th en  th e  h it  

c h a n n e ls  w ere en tered  in to  an  a g g reg a te  profile . S ee  F igu re 5 .2 4  (g). In  th is  

m an n er, a  check could be k ep t on th e  overall incidence o f o sc illa tion , and  w h eth er  

i t  w a s localised  in  any p art o f th e detector;

(v ii)  E ven t d isp la y .  T h is  p rov id es a overa ll im p ress io n  o f how  w e ll th e  d etector  is  

p erfo rm in g , and  is  p a r tic u la r ly  u se fu l for  th e  reco g n itio n  o f  th e  o n s e t  o f  

o sc illa tion . A  d isp lay  o f  a  n orm al ev en t is  sh ow n  in  F igure 5 .26  (a), w ith  track s  

from  th e  sim p le  fit o f  th e  profiling ta sk  m en tion ed  above. In F igu re  5 .2 6  (b) an  

ev en t is  show n w here oscilla tion  can be seen.
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F ig u re  5 .26  Online m icrostrip event d isp lay

T h e m on itorin g  o f  som e o f th ese  ta sk s  w a s autom ated: for th e  overall m u ltip lic ity  and  

PC O S profile, th e  con ten ts o f the h istogram  b in s w ere compared w ith  defau lt va lues, and if 

th e  d isagreem en t exceeded  a user-defined  lim it  th en  an alarm  w a s sounded. T h is h elp ed  

to ensure a quick resp on se  to any serious fa ilu res  o f the system .

R e c o v e r y  o f  d e a d  c h a n n e l s

T he Im perial C ollege 11 /60  w as also used  to control the read-out o f th e  m icrostrip detector  

in  periods w h en  th e  1 1 /45  w a s in a c tiv e , su ch  as w hen th e  b eam  w as off. T h is  w as  

sim plified  by th e  u se  of tw o D atabus interface m odules, one dedicated  to each com puter. To 

sw itch  b etw een  th e  tw o com puters w as th en  sim ply  a m atter  o f  tran sferrin g  th e  PCOS
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D a ta b u s cab le from  one in terface  to  th e  other, and  sw itch in g  over th e tr igger in g  system . 

W ith th e  detector read-out u n d er th e  control o f th e 11/60, various te s ts  could be run. U se  

w a s m ad e o f both the te s t  p attern  facility  o f PC O S, and th e te s t  p u lse , to d etect dead  

ch an n els. A  lot o f effort w a s  expended  on th eir  recovery, u su a lly  w ith  one person  a t th e  

com puter console, w h ils t  a second in v estig a ted  th e  fa u lt  in th e zone, in  com m unication  

v ia  an  in tercom  system . In th is  m anner dead ch a n n els  w ere identified , and recovered i f  

p ossib le , and for the m ajority o f th e  tim e during w hich the experim ent w as ru n n in g  there  

w ere 9927  out of th e total 10 ,000  strips operational. O f th e rem ain ing  73, m ost o f th e  fau lts  

w ere th o se  discovered during th e  DC tests , and therefore could not be rem edied.

P C O S  p r o b le m s

V arious problem s concerning th e  PCOS data acqu isition  system  had been  m et w hen a test  

a rran gem en t w as operated , a s  described in  S ection  5.4 . H ow ever, w h en  th e  fu ll sy stem  

w as assem b led , further d ifficu lties w ere experienced . T h e sym ptom s o f troub le w ere  th e  

production  o f data  w ords th a t  corresponded to n o n e x is te n t a d d resses , th e  rep etitio n  o f  

w ords, th e  creation and lo ss o f d ata  words, and th e corruption o f th e  data  d elim iters. Som e  

of th ese  fa u lts  w ere found to be specific to m odules, w hich  w ere repaired or replaced, b u t for 

o th ers  no con clu sive  d ia g n o s is  w a s form ed. In ste a d  i t  w a s fou n d  th a t  b y  m ov in g  a  

trou b lesom e m odule to a  d ifferen t s lo t in  its  crate w ould  often cure th e  fau lt. Som e tim e  

w a s sp e n t before th e  run sta r ted  fin d in g  a  s ta b le  a rra n g em en t for th e  m od u les. T h is  

appears to h ave been  su ccessfu l, a s no evidence for problem s o f th is  sort h ave been found  

in th e  d ata  th a t w ere taken.

5.10 The experimental trigger

The tr ig g er  o f  a  h igh  energy p h ysics experim ent is  th e  algorithm  th a t is  u sed  to determ ine  

w h eth er a n  ev en t should be recorded. It is  u sed  to se lec t  ev en ts  th a t are in terestin g , since  

th ey  e x h ib it ev idence o f th o se  p roperties th a t th e  ex p erim en t is  in v estig a tin g . G iven th e  

lim ited  ra te  a t  w hich th e  d a ta  acq u isition  sy stem  can record data , th is  is  im p ortan t, if 

only to en su re  effic ien t u se  o f  th e  beam  tim e. It a lso  g iv es  a  reduction  o f storage and  

h a n d lin g  problem s, and  red u ces th e  off-line a n a ly s is  ta sk .

T h e  tr ig g er  is  g e n e r a lly  a  com b in ation  o f c a lc u la t io n s  u s in g  in fo rm a tio n  from  

d ifferen t d etectors in  th e  a p p aratu s. T he m ore com p licated  d ec ision s g en era lly  ta k e  a  

longer tim e . I f  an  ev en t fa ils  an y  o f  th e  decisions it  is  rejected , and th e  d a ta  acqu isition
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sy ste m s o f th e detectors are cleared, ready for th e  read out o f th e  n ex t event. The tim e  

ta k en  to process an even t th a t is  su b seq u en tly  rejected contributes to th e  dead-tim e  o f the  

sy ste m . In order to red u ce th is  d ead -tim e, i t  can be a d v a n ta g eo u s to sep a ra te  th e  

co n stitu en t decisions th a t m ake up th e final tr igger according to th eir  duration. The fast, 

s im p le , d ecision s are m ad e first, and only  i f  th ey  are sa tisfied  are th e  m ore len g th y  

ca lcu la tion s begun. T h is procedure m ay be extended  to produce m any lev e ls  o f trigger.

In N A 14 th e  trigger is designed  to se lec t  hadronic in teraction s o f th e  beam  photon. 

T h ere are tw o lev e ls  o f tr igger, a pretrigger and th e final trigger, th e  e lem en ts of w hich  

are described below.

P r e t r i g g e r

T h e pretrigger is  constructed  from th e  fo llow ing com ponents:

BEAM • ACT • HODO • DT

w h ere • im p lies a logical A N D . The com ponents h a v e  th e  fo llow in g  m eaning:

B E A M  The ta g g in g  counters in d icate th a t a  photon o f en ergy  greater than  40  GeV

is in cid en t on th e  experim ental target.

A C T  A n in teraction  h a s  occurred in  th e  active target. D iscrim in ators attached

to som e o f  th e  ta r g e t  r ea d -o u t ch a n n e ls  are u se d  to  p rovid e th is  

in form ation . T h e  d iscr im in ator  th resh o ld  is  s e t  to  2-5 tim es  th e  s ign a l 

from  a  m in im u m  io n is in g  p a r tic le , I m | . T h is  h e lp s  to reject th e  

electrom agn etic  background, w here an e+e~ pair is  produced, since th en  a 

sign a l o f on ly  2 Jmi- w ould be seen . T he channels u sed  for th e  trigger w ere  

th e cen tra l 15 vertica l strip s on th e  la s t  two Y -p lanes (p lan es 29 and 30), 

and th e central 13 horizontal strips on th e first o f th e  Z -p lan es (plane 31). A  

h it  above threshold  m u st be reg istered  in  each o f th e  p lan es for the trigger  

condition to be satisfied . T he central strips on Y- and  Z -p lanes w ere chosen  

to avoid in teractions a t th e  edge o f th e  target (for w hich  tracks would be lost 

from th e  m icrostrips) w h ilst th e  num ber o f strips in  th e  trigger w as chosen  

to g ive  a trigger rate th a t sa tu rated  th e data  acquisition .

H O D O  T h is  is  a  com bination  o f s ig n a ls  from  th e  sc in tilla to r  hodoscopes o f th e

a p p aratu s, d esig n ed  to in crea se  th e  hadron ic co n ten t o f th e  trigger. In  

m ore d eta il, th e  requ irem ent w as:
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0V •  G1 • G2V .  G 2H )top .  G2Hbot)  | ( ( mV • G1 •  G2V •  G 2H )fco( -G 2 H iop)

w h e r e  I im p lie s  log ica l O R ;  G l ,  G 2V  and G 2H  are th e  hod oscop es  

d escrib ed  in  S ectio n  3 .8 , an d  p V  is  th e  m uon veto . T he to p  and  b o t  

subscripts refer to th e  top and bottom  halves o f the detectors.

D T  ‘D ead  T im e’: th is  is  th e signal from th e 11/45 th a t it  is  ready to read in an

ev en t.

F i n a l  t r i g g e r

T he fin a l trigger only d iffers slig h tly  from  th e pretrigger. I t  is  th e  follow ing:

PT • DARM

w h ere th e  e lem en ts h ave th e fo llow ing m eaning:

P T  The pretrigger.

D A R M  ‘D ouble A rm ’: a  m ore re str ic tiv e  req u irem en t for th e  h od oscop es than

HODO. It is  design ed  to select ev en ts  w ith  a track in  both th e upper and the  

low er h a lv es  o f  th e  apparatus. T h is further en h an ces th e  hadronic content  

of th e  trigger. In m ore deta il th e  req u irem en t is:

( mV  • G l •  G 2V • G2H)top •  ( j lv  ♦ G l •  G 2V •  G2H>6o(

T he tr ig g er  is illu stra ted  in  F igure 5.27.

Figure 5.27 The experimental trigger (schematic)
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In th e 2 s b u rst of the experim ental beam , there w ere typ ically  220 pretriggers, and 95 

fin a l tr ig g e r s , from  w hich  80  e v e n ts  w ere  w r itten  to  tap e . T h e d ea d -tim e  o f  th e  

data-acquisition  system  is  determ ined by th e  tim e taken to read th e reg isters (~ 5 m s) and  

th e  tim e tak en  by a fa st clear (~ 5 |is). From  a scan o f even ts, th e  trigger w as found to be  

about 95 % hadronic. M onte Carlo s tu d ies  in d icate th a t it  enriches th e charm  con ten t of 

ev en ts  by a  factor o f about 2, com pared w ith  all photon induced hadronic in teractions (see  

S ectio n  9 .9).

5.11 The data sample

F ollow ing th e  prototype run in 1984, d ata  w as taken  in three runs during 1985 and 1986. In 

th e  S u m m er o f  1 9 8 5 , th e  exp er im en t ran for 35 d ays, an d  5-2 m illion  tr ig g ers w ere  

recorded. In th e  S u m m er and A u tu m n  o f 198 6  a fu rth er  70  d ays o f  ru n n in g  y ie ld ed  

12 m illio n  tr ig g e r s . A  to ta l o f  17-2  m illio n  tr ig g ers  w ere  th ere fo re  ta k e n  b y  th e  

experim ent. T h is is  eq u ivalent to about 2500  raw -data tapes.

A ssu m in g  t h a t  th e  ch arm  c r o ss -se c t io n  is  a b o u t 1 % o f  th e  to ta l h a d ro n ic  

cross-section , and  b ear in g  in  m ind th e  tr igger  en rich m en t factor o f 2 , a  to ta l o f about 

300 ,000  charm  even ts are expected in  th e  data  sam ple. For a decay channel w ith  a product 

of cross-section  and branching ratio th a t is  1 % of the charm  cross-section , and assu m in g  

a com bined filter and reconstruction  efficiency of 30 %, we expect to m easu re about 1000  

d e c a y s .

H I M ic r o s tr ip  D e t e c to r  P e r fo r m a n c e

5.12 Noise

T he num ber o f n o ise  h its  in  th e m icrostrip  detector, m easured  w ith  an out-of-tim e strobe, 

w a s typ ica lly  6 per ev en t in 10 ,000  ch an n els. T h is com pares w ith  about 120 h its  from  a 

typ ica l photon in teraction  in w hich 10 charged tracks w ere produced. T he h it  m u ltip lic ity  

is  show n in  F igure 5 .28  (tak in g  th e  O R-ga te  in to  account, i.e. ta k in g  h a lf  th e num ber of 

h its  seen  by th e  data  acquisition).
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F ig u re  5J28 M icrostrip h it m ultiplicity

5.13 Charge sharing

T he sh a r in g  o f  ch arge from  an  io n is in g  p a r tic le  a m o n g st c h a n n e ls  in  th e  s ilicon  

m a n ife s ts  i t s e l f  a s  c lu sters  o f h its . T he c lu ster  s ize  d istr ib u tio n  observed  for track s  

produced by photon hadronic in teraction s is  show n in F igure 5 .29. A s can be seen , about

Figure 5.29 Cluster size distribution
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90 % o f c lu sters  are single  h its , in d ica tin g  th a t charge sharing  is  low. C lu sters o f  tw o and  

th ree  h its  are com patib le w ith  th e  m ech an ism s described  in  Section  4 .1 . T he occasional 

very  large c lu sters  are thou gh t to be th e  resu lt o f particle re-interaction  occuring in  the  

m icrostr ip  s ilicon  p lan es.

5.14 Alignment

I n t e r n a l  a l i g n m e n t

T he separation  o f th e  m icrostrip p lan es w as accurately  m easured  during the construction  

o f th e detector. T he tran sverse  a lign m en t, on th e other hand , w as perform ed u s in g  the  

recon stru ction  o f tracks. For th e  four p la n es in  each projection, tracks are found  u sin g  

h its  on th ree  o f  th e  p lan es, and a pred iction  m ade for th e  position  o f  th e  h i t  on the  

rem ain in g  p lan e o f the projection. T he d istance o f th e  n earest h it  to th e  predicted  point, the  

resid u a l , is  h istogram m ed  to produce p lo ts such  as th a t in  F igure 5.30. T h e ex isten ce  o f a 

clear p eak  in  th e  d istr ib u tion  in d ica tes  th a t  track s are b e in g  su ccessfu lly  found. T he  

in tern a l a lign m en t o f the p lan es is  ach ieved  by adju stin g  th eir  rela tive offsets so th a t the  

p eak  is  centred on zero. For th e  in clin ed  p lan es, tracks found in  th e  Y- and Z -projections  

are used  to predict the position  o f h its , and a sim ilar  procedure is  followed.

Figure 5.30 Residual distribution (four-point tracks)
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F ig u re  5.31 A ngular m atching o f  m icrostrip and spectrom eter tracks

D u rin g th e  periods th a t data  w as taken  the a lign m en t w as checked, and found n o t to  

change. T h is in d ica tes th a t the re la tive  m ovem en t o f th e  p lan es w as le ss  th a n  ~  2 pm .

A l i g n m e n t  to  t h e  s p e c t r o m e t e r

T he a lig n m en t o f th e  m icrostrip  detector to th e  spectrom eter is  e sse n tia l to p erm it th e  

a sso c ia tio n  o f  tra ck s found  in  th e  tw o sy ste m s. T h is  is  im p ortan t, a s  i t  a llo w s th e  

com bination  o f th e sp atia l precision  o f th e  m icrostrips w ith  th e  m om entum  resolu tion  and  

p a rtic le  id en tifica tio n  cap ab ility  o f th e  spectrom eter. T he a sso c ia tio n  o f  th e  tra ck s is  

ach ieved  b y  th e  com parison o f th e ir  angles: tw o an g les define th e  track direction, th e  dip  

and a z im u th a l a n g les  (X and <J>) w hich are defined  in  Section  6.9. T he d istrib u tion s o f th e  

difference in  an g le  o f  track s found in  both sy stem s is  show n in  F igure 5 .31 . A s can be 

seen , the m atch in g  o f the tracks is  clear, w ith  an rm s  w idth  to th e  peak  o f ~  0-7 mrad.

5.15 Spatial precision

Since th e m icrostrip detector is  designed  for vertex  detection , w ith  th e task  of recogn isin g  

short-lived  decays, th e  sp atia l precision  is  clearly  an im p ortan t property. It is  m easu red  

by d eterm in in g  th e resid u a l on th e ten th  p lan e o f tracks th a t p a ss  through h its  on each  of 

th e  other n in e  p la n es o f th e  detector, v a lid a ted  w ith  th e  sp ectrom eter. T he v a lid a tio n  is
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F ig u re  5 .32  R esidual d istribution  (ten-point tracks)

ach ieved  by requ iring  th a t a  spectrom eter track m atch es the dip and azim u th al an g les of  

th e  m icrostrip  track  to w ith in  2*5 m rad. A  typ ica l re s id u a l d istr ib u tion  is  show n in  

F igure 5 .32. T he w idth  of th e resid u a l g ives th e  sp atia l precision , w hich w a s m easured  to  

be ~ 16 jim rm s  for all p lan es, in d ep en d en t o f an g le  up to ~  150  m rad. T h is  m easu rem en t  

w a s m ade u s in g  photon in teraction  products, in  norm al conditions. T he th eoretica l lim it  

c t to the resolution of a  detector w ith  strip pitch w  is  given by:

So for a  50  pm  strip  pitch, a t ~  1 4 4  pm. The m easured  va lu e  o f 16 pm  is  close to th is  lim it.

T he p u ll  function  o f th e track fit is  show n for one of th e  p lan es in F igure 5.33. T he pull 

is  defined  a s  follow s:

ym - y f
(5.1)

w h ere y  is  th e  track coordinate and a  is  th e corresponding error; th e subscripts m  and f  

refer to m easu red  and fit q u a n tities  respectively . T he fit w as calcu lated  u sin g  oy*= 16 pm, 

and  th e  p u ll function  is  a G au ssian  d istribution  w ith  rm s  w id th  o f about 1-0, in d icatin g  

th a t th e  n om in al resolution  is  a  good description  o f th e  data.
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F ig u re  5.33 P ull distribution  from track fit

5.16 Plane efficiency

T h e p er -p la n e  e ffic ien cy  o f th e  m icro str ip  d etec to r  m a y  be d e term in ed  from  th e  

distribution  o f th e  num ber o f h its  on a reconstructed  track. T h is is  p lo tted  in  F igure 5.34, 

for track s w ith  m om entum  greater  th an  5 GeV/c th a t p a ss  through a ll 10  p lan es o f the

Figure 5.34 Number of microstrip hits on spectrometer tracks
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detector. From  th e ratio o f 9-point to 10-point tracks R , th e  efficiency e m ay be calculated , 

sin ce  th e num ber o f 10-poin t tracks:
10

an d  th e  num ber o f 9-point tracks:

W10~e

N q OC 1 0  (1 -  fi) £"

so:

N,
R = - 9 1 0 ( l - £ )

N.10

an d  therefore:

From  th e  d istr ib u tion , R  ~ 0-29, g iv in g  an efficiency o f 97 %. T h is  is  found for a ll the  

p la n e s , an d  no fa ll in  effic iency  is  seen  for tra v ersa l a n g le s  up to 150  m rad. S ee  

F igu re 5 .35 . T h is  in d ica te s  th a t  th e  d iscr im in ator  th resh o ld  is  a t  a  su itab ly  low  lev e l, 

sin ce  for a partic le  a t  100  m rad (for exam ple), th e  average sig n a l deposited  in  a strip  is  

on ly  70 % o f th a t  a t  n orm al incidence. T he v a lu e  m easu red  for th e  efficiency in c lu d es  

lo sse s  due to dead ch an n els, and due to th e  softw are clu ster in g  algorithm .

Figure 5.35 Per-plane efficiency of the microstrip detector

O Plane 1 

•  Plane 2 

■  Plane 3
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IV Summary

T he ex p er im en t ran  for a  to ta l o f  105  d ays d u rin g  198 5  and 1986 . O ver th is  period  

17-2 m illio n  triggers w ere tak en , se lec tin g  hadronic in teraction s o f th e  photon.

A s a  r e su lt  o f  exp erien ce  g a in ed  du rin g  a prototype run  in  1 9 8 4 , th e  m icrostrip  

d etec to r  w a s  m odified  to  im p rove th e  s ta b ility  o f  th e  rea d -o u t e le c tr o n ic s  for th e  

d a ta -ta k in g  runs. T he upgraded detector w as operated  su ccessfu lly  during  th e  ru n s, w ith  

9937 o f  it s  10 ,0 0 0  ch an n els operational. The n o ise  and charge sh ar in g  w ere low , and th e  

m easu red  sp atia l reso lu tion  o f  ~  16  pm  is close to th e  ideal va lu e  for a  5 0  pm  strip  pitch. 

T he p er-p lan e efficiency w a s ~  97 %, and  th e  detector fu n ctioned  reliab ly  th rou gh ou t th e  

data  ta k in g  periods.

In th e  fo llow in g  chapter, th e  fir st s ta g es  in  th e  a n a ly s is  o f  th e  d a ta  ta k en  w ill be  

d escr ib ed , in c lu d in g  th e  d a ta  red u ctio n , an d  th e  reco n stru c tio n  o f  tr a c k s  in  th e  

sp ectrom eter.
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D A T A  P R O C E S S I N G

T he raw  data from th e  experim ent are w ritten  to tape, as described in  th e  previous chapter. 

T he d ata  tak e th e  form  o f d ig itis in g s— w ire a d d resses , d ig itised  p u lse  h e ig h ts  an d  so 

on— th a t are read from th e  apparatus. To an a lyse  th e even ts, i t  is  n ecessary  to reco n stru ct. 

th e  k in em atic  variab les o f th e tracks th a t gave r ise  to  th e  d ig itisin gs, and  th en  to id en tify  

th e  p artic les concerned. T h is com prises th e d a ta  processing. T h e p h ysics a n a ly s is  m ay  

th en  proceed, u s in g  m a ss  com bination ca lcu la tion s and so forth , a s  w ill be described  in  

la ter  chapters.

T he reconstruction  o f charged tracks in  th e  fu ll apparatus, know n as th e  produ ction , 

is  a  com plex ta sk . It is  con seq u en tly  ra th er  slow , and req u ires su b sta n tia l com puter  

resources. In stead  o f ru n n in g  th e  production on all o f th e data, a  filter  m ay first be run, to  

se le c t  ev e n ts  o f in te r e st . It is  a lso  u sefu l to h a v e  a fa s t  version  o f th e production , or 

p r e p r o d u c tio n .  T h ese  v a r io u s fea tu res  of th e  d a ta  p ro cessin g  are d iscu ssed  in  th is  

chapter.

I Computing

T h e u se  o f com puters is  w idespread  throughout th e w hole o f h igh  energy  physics. T h is is  

due partly  to th e n atu re o f th e data involved (w hich take th e form  of a large se t o f num bers 

for each event) and also  to th e com plexity of th e  operations th a t m u st be perform ed on the  

d ata . For exam p le , a  p article  p a ss in g  through th e  apparatus m ay  gen era te  70 or m ore 

d ig it is in g s , an d  th e  a sso c ia te d  track  fit w ill req u ire  a co rresp o n d in g ly  com p lex
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calcu lation , to reduce th e num ber o f param eters to th e  few  required for th e  track definition  

(the coord in ates o f a  p o in t on th e  track, and its  vector m om entum ). T here are a lso  an  

en o rm o u s n u m b er  o f r e p e tit iv e  ca lcu la tio n s, b oth  w ith in  each  e v e n t an d  b eca u se  

con secu tive  ev en ts  are trea ted  in  e sse n tia lly  th e  sam e m anner. D ig ita l com p u ters are  

perfectly  su ited  to operations o f th is  nature.

6.1 Programming

T he sta n d a rd  program m ing la n g u a g e  u sed  th rou gh ou t th e  subject is  FO R TR A N . T he  

program s ten d  to be large, and  once developed th ey  are often u sed  by m any people w ith  

only m in or m odifications. A  program  h a n d lin g  and  ed itin g  facility  is  therefore  u sefu l, 

a llo w in g  th e se lec tiv e  m odification  o f sm all parts o f a  program  by in d iv id u a ls , w ith o u t  

affectin g  th e  other u sers. T h is n eed  is  filled  by variou s sch em es, one o f w hich , PATCH Y , 

is  u sed  for th e  N A 14 softw are.

T h e b a sic  stru ctu res o f PATCH Y are th e  p a m -file ,  a collection  o f  a ll th e  stan d ard  

code, stored  in  a specia l form at, th a t is  accessib le by m an y  users; and th e  cra d le , created  

by each  u ser , w hich  con ta in s control cards to se lec t  and  m odify code from  th e  pam -file , 

a lon g w ith  any additional code th a t is  required.

T he m ost im portant p am -files u sed  by N A 14 are th e  follow ing:

G E A N T

T R ID E N T

T Y P H O N

N E P T U N

T he M onte Carlo. S ep arate  p am -files are u sed  for th e  sta n d a rd  G EA N T  

rou tin es, th e  user-specific  routines, and th e  fragm entation  rou tin es.

T he production program .

The preproduction  program .

E v ery th in g  e ls e  (m ore or le s s ) . N E P T U N  is  th e  m ain  p a m -file  o f  th e  

experim ent, w ith  about 100 ,000  lin es  o f code. It is  d ivided in to  sec tio n s (or 

p a tch es  in  PATCHY term s) th a t deal w ith  th e  a n a ly s is  o f  in form ation  from  

each of th e  detectors th a t m ake up the apparatus. O f particular in terest to the  

a n a ly s is  o f th is  th e s is  are ACTANL, resp on sib le  for a  sta n d -a lo n e  active  

ta r g e t  a n a ly s is , an d  IN D A N L , p r o v id in g  an  a n a ly s is  o f  th e  IN D R A  

C eren k ov .

D a ta  are transferred  b etw een  th e  program s in  one o f  tw o form ats: e ith er  ‘raw -d ata’, as  

w ritten  by th e  data  acqu isition  com puter, or ‘EPIO ’, a  C E R N  standard  form at d esign ed  to
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e a se  d a ta  a n a ly s is  w h ere  tra n sfer  b e tw een  d ifferen t com p u ter sy stem s is  in volved . 

G en era lly  th e  d a ta  w ere kept in  raw -d ata  form at u n til th e y  w ere p rocessed  through  

TR ID EN T, a t w hich poin t th ey  w ere tran sla ted  to EPIO.

W ith in  each  program , th e  d a ta  are read  e v en t-b y -ev en t, decoded, and  stored  

in tern a lly  u s in g  Z B O O K , a dynam ic d ata  storage and h an d lin g  package th a t stores the  

in form ation  in  a on e-d im en sion al array, w ith  associa ted  p o in ters to th e b eg in n in gs of 

seq u en ces  (or b a n k s ) stored  in a secon d  array. A  p a rticu la r  ban k  m ay be sim p ly  

a ccessed  by d e term in in g  th e  req u ired  p o in ter , and  th en  rea d in g  from  th a t  p o sitio n  

onw ard in the first array.

6.2 Computers

T h e com puter resou rces required  for an  ex p erim en t are ty p ica lly  d ivided  am o n g st th e  

fo llo w in g  a c t iv it ie s :  program  d ev e lo p m en t, prod u cin g  M on te  C arlo e v en ts , ru n n in g  

filters, preproduction , production and p h y sics  a n a ly sis  jobs. For N A 14, the overall tim e  

u sed  w as dom inated by th e production.

T he com puters availab le  to th e collaboration  for offline work are d istributed  am ongst 

th e  various associa ted  in stitu tes. T he IBM  3090 com puter at C ERN is  im portant b ecause o f  

i t s  central situ a tion . A nother of th ese  m ach in es is  availab le a t th e  CCPN in stitu te  for th e  

u se  of our French collaborators, and w as u sed  for a large proportion o f the production. A t 

Im p eria l C ollege, th e  IBM  4341 is  le s s  pow erfu l, and w as n o t su itab le  for ex ten siv e  

production . In stea d  it  w as u sed  for program  develop m en t, and  for som e o f th e  final 

a n a ly s is  o f th e  data.

R ecen tly  an  e m u la to r  fa c ility  h a s  becom e ava ila b le  for our u se  a t C ER N . An  

em ulator h a s  th e p rocessin g  pow er of th e com puter th a t it em u la tes , w h ilst h a v in g  m uch  

reduced I /O  fa c ilities , and consequently  b e in g  m uch le ss  costly . T he H O  is  handled  by a  

host com puter. A t CERN, a farm  o f seven  3081/E  em ulators is  u sed , all under th e control 

o f  th e sam e h ost, an  IBM  4361. T h is facility  h a s a processing pow er of about tw ice th a t of  

th e  m ain  C E R N  IBM , and is dedicated  so le ly  to its  user, w h ilst th e  central com puter is  a 

m u lti-u se r  sy stem ; th e  prod u ction  o f  N A 1 4  ta k e s  ab ou t 0-85 s per e v e n t on th e  

em u la tors [89], com pared w ith  1*8 s on th e  m ain  C ERN IBM . A lthough  th e  fa c ility  w a s  

a v a ila b le  too la te  for th e  production  o f th e  filtered  data, i t  h a s  been  u sed  to run th e  

production on som e raw  data  for a determ in ation  o f filter effic ien cies and b iases.
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T h e tim in g  of program s w ill be g iven  in  term s o f th e  tim e tak en  on th e  m ain  C ER N  

IBM. T h is  corresponds to a  pow er o f about 5 standard IBM 168 u n its.

A  M onte C arlo is  e ssen tia lly  a  s im u la tion  of th e exp erim en t th a t is  run on a com puter. 

Inform ation  about th e  app aratu s and the u n d erly in g  p h ysics ev en ts  is  incorporated into  

th e  s im u la tio n , and random  n u m b ers are g en era ted  by th e  com puter to  s im u la te  th ose  

p aram eters o f the even ts w hich are n ot specified.

M onte Carlo even ts m ay be u sed  to m easure th e  perform ance o f th e  experim ent, both  

during  th e  d esign  of th e apparatus, and for optim isation  of th e  softw are u sed  in  th e  data  

a n a ly sis . T he u n d erly in g  ev en t m ay be arranged to sim u la te  w h atever  property is  under  

in v estig a tio n , or equally  to sim u la te  th e  background, and th e efficiency o f ev en t selection  

criter ia  m a y  be d eterm ined  from  a com parison o f  th e  re su lts . T he M onte Carlo is  a lso  

u sed  for th e  m easu rem en t o f d etector effic iencies, and acceptances, an d  m ay  be u sed  to 

predict p h ysics resu lts  (as seen  in  Section  2.9).

T he ev en t generation  is  o f  e ith er  hadronic (non-charm ) ev en ts  or charm  even ts. The  

n on -ch arm  e v e n ts  are produced  in  lin e  w ith  th e  V ector M eson  D om in an ce  m od el o f  

photon in teractions: th e photon m a ter ia lises  as vector m eson  (via a quark-antiquark  pair  

o f up or dow n quarks) w hich  th en  in tera cts  w ith  th e  ta rg et nucleon , a s  illu s tr a te d  in  

F ig u re  6 .1 . T h e g e n e r a tio n  o f  charm  e v e n ts  p roceed s v ia  g a m m a -g lu o n  fu s io n , a s

6.3 The Monte Carlo

Figure 6.1 Non-charm event production
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d iscu ssed  in  S ectio n  2.7 . T he h a d ro n isa tio n  of th e in tera ctio n  products is  s im u la ted  

u sin g  the L und M onte Carlo [41] (the JE T SE T  pam -file, version  6.01). For both c la sses  of 

ev en t sim u lation  th e  beam  energy spectrum  is  taken  into  account, and for gam m a-gluon  

fu sion  th e dependence of th e charm  cross-section  on energy is  considered.

T he in teraction s take place in th e target, and the products are tracked through the  

other detectors o f th e  apparatus. The M onte Carlo used  by N A 14 for detector sim u lation  is  

G EA N T [90] (version  2). T h is is  a large , stan d ard  program , w hich  h a s  p rovision  for 

user-defined  ro u tin es th a t describe th e  m a ter ia ls  and layou t o f th e apparatus. M ultip le  

sca tter in g  and electronic noise are included  in  the sim ulation . O ther fea tu res in clu d e th e  

generation  o f grey tracks in the target, charge sharing  in  th e m icrostrips, and th e  effect o f 

th e  O R -gate u sed  in  th e  m icrostrip  d etector  read-out electron ics. A  s im u la tion  o f th e  

experim ental tr igger (Section  5.10) m ay also be used.

E v en ts  w ith  a specific charm ed p artic le  m ay be produced b y  g en era tin g  gam m a- 

gluon  fusion  ev en ts  and  se lectin g  only th ose  even ts in  w hich  th e  particle  is  p resen t, for 

track ing  through th e  apparatus and ou tp u t to tape. T he decay m ode m ay  be specified  by  

choosing  su itab le  b ran ch in g  ratios for th e  s im u la ted  decay. T h is  a llow s th e  resp on se  of 

th e  detector to a  particu lar channel to be stud ied  efficiently.

6.4 Display programs

T he v isu a l sca n n in g  o f ev en ts  is  an im p ortan t part o f th e  a n a ly sis . I t  perm its th e  d irect 

in terp reta tion  o f th e  data, and g ives an in s ig h t  in to  such p rocesses as track and vertex  

finding. U n u su a l occurrences (such as a  M onte Carlo track th a t is  n o t reconstructed  due  

to an error in  th e  track  fin d in g  ro u tin es) m ay  be d isp la y ed  an d  th e  ca u se  rea d ily  

d eterm in ed . T h e  v is u a lis a t io n  o f  e v e n t  to p o lo g ie s  is  u s e fu l for su g g e s t in g  n ew  

approaches to follow  in th e  analysis: in  particular, candidate ev en ts  o f the ‘s ign a l’, e ith er  

from  rea l d a ta  or M onte C arlo, m ay  b e  com pared  w ith  th e  e v e n ts  th a t  form  th e  

background, and su itab le  cu ts chosen.

T e k t r o n i x  d i s p l a y

Som e o f th e d isp la y s  produced w ith  th e  T ektron ix  ev en t d isp la y  package h a v e  a lread y  

b een  show n (S ection  4 .8). T he package w as created  to d isp lay  th e  in form ation  from  th e  

v er tex  detector: th e  m icro strip  detector an d  th e  active target. I t  is  b ased  on stan d ard
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HPLOT [91] rou tin es, th a t h an d le  th e  m anipulation  o f a  specia l D isp lay  file  in  w hich  th e  

pictu res are stored , and provide a  lim ited  se t o f graph ics facilities, such as th e  d raw in g o f  

specified  stra ig h t lin e s  and  num bers. T hese are organ ised  in to  a m odular se t  o f rou tin es, 

d esign ed  to be u sed  as a  program  library for N E P T U N  a n a ly s is  jobs. E ach  rou tin e  h a s  a  

w ell defined  purpose, such a s  in itia lisa tio n , th e draw in g  o f  th e  detector o u tlin es , or th e  

d raw in g  o f  track s. A  seq u en ce o f  ca lls  to th e se  ro u tin es w ith in  a N E P T U N  job th en  

ca u ses th e  creation  o f the required  d isplay. T h is arran gem en t a llow s th e  u ser  to  se lect  

w hich ev e n ts  are o f  in terest  w ith in  th e  N E P T U N  job, and th en  to w rite  th em  out. T he  

crea ted  D isp la y  file  is  e ith e r  v iew ed  in  a s tra ig h tfo rw a rd  m an n er on a T ek tro n ix  

graphics term in a l, or printed  u s in g  a B enson plotter.

T h e d isp la y s are m ade o f th e  d etectors in projection— th e  Y- and Z -p rojection s are  

u sed . T h ere  are th e  fa c il it ie s  o f  b oth  ‘zoom ’ an d  ‘p a n ’: an a rb itra ry  o r ig in  and  

in d ep en d en t sca les  for th e  tw o a x es o f th e  p ic tu res m ay  be specified. V ariou s ty p es  of  

d isp lay  w ere developed:

(i)  O verall view o f the detector. T h is h as already been  described (F igure 4 .23). It g ives  

a  h it/n o -h it d isp lay  o f th e target inform ation;

( i i)  A ctive  target d isp la y . T he p u lse  h e ig h t o f each  strip  recorded, in  u n its  o f a s  

w as seen  in  F igures 4 .5  and  4.6;

( i i i )  Vertex d isp lay . S ee  F igu re 6.2. T he ca lcu la ted  p osition s o f th e  prim ary v er tex  and  

a n y  secon d ary  v e r tic e s  are sh ow n , a lo n g  w ith  th e  corresp on d in g  errors; th e  

vertices are m arked w ith  an error ellip se  th a t rep resen ts 1 a . T he tracks th a t belong  

to each vertex  are draw n so th a t th ey  start a t  th e  x-coordinate o f th e  vertex; in  the  

e v e n t d isp layed  in  F igu re 6 .2 , th e  secondary track s are m arked d ash ed , an d  th e  

‘charm ’ track (Section  8 .2) dotted. T he active ta rg et h its  are a lso  m arked , w ith  th e  

p u lse  h e ig h t w ritten  below  each h it. T he procedures u sed  to find th e  vertices w ill be  

described in  th e n ex t chapter.

As m ore u se  w as m ade o f th e d isp lays it  becam e clear th a t  a  d ifferent p h ilosop h y  for th e  

p ack age w ou ld  be m ore su ita b le . T h e tu rn -arou n d  tim e  o f a N E P T U N  job is  o ften  

su b sta n tia l, typ ica lly  10  m in u tes  or more even for a sim p le  job. I f  an ev en t d isp la y  w as  

found to h a v e  fea tu res  of in te r e st , i t  w as often  d esirab le  to produce m ore d isp la y s, to  

in v e stig a te  th ose  fea tu res fu rth er. To do th is  m ore effic ien tly , th e  d isp lay  pack age w a s  

reorgan ised  to g ive  in tera ctiv e  control o f th e  d isp la y s. In stea d  o f d irectly  p rod u cin g  a  

d isp lay  file in  th e  N E P T U N  job, a  ‘P icture’ file  w as created  in stea d , w hich  con ta in ed  a ll 

th e  re lev a n t inform ation for each ev en t th a t w as to  be d isplayed: th e num ber o f track s, th e
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Figure 6.2 Vertex display of a Dg candidate
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m icro str ip  h i t  coord in ates, and  so on. T h is  file  could th en  be read  b y  a  sta n d -a lo n e  

d isp la y  program , w h ich  is  run  on a T ektron ix  term in a l and u se s  th e  d isp lay  p ack age  

r o u tin e s . T h e  p a ra m eters  su ch  a s  th e  ty p e  o f  d isp la y  an d  th e  sc a le  are e n te r e d  

in te r a c tiv e ly , and th e  p ictu re  th a t  is  crea ted  is  im m ed ia te ly  d isp layed . A ny m odified  

d isp la y  th a t is  required m ay  th en  be produced w ith ou t delay.

M e g a te k  d i s p l a y

A n ev en t display package w as also developed for u se  w ith  a  M egatek  system  [92]. I t  u se s  a  

s im ila r  p h ilosop h y  a s  th e  in tera c tiv e  T ek tron ix  d isp la y  p ack age, w ith  a  P ic tu re  file  

(created  by a N E P T U N  job) th a t is  transferred to th e  M egatek for th e  in teractive d isp lay  of 

even ts; th e  sam e P icture file a s  for the T ektronix  d isp lay  is  used .

T h e  a d v a n ta g es o f  th e  M egatek  in c lu d e  i t s  th ree -d im en sio n a l ca p a b ility , an d  a  

colour d isp lay . T he th ree-d im en sio n a l fa c ility  a llo w s th e  u ser  to  ‘ro ta te ’ th e  d isp la y  in  

rea l t im e , r e la t iv e ly  sm o o th ly , under jo y -stick  control. T h is  i s  o ften  an  a id  to th e  

v isu a lisa t io n  o f th e  e v e n t topology. T he colour d isp la y  en ab les d ifferen t fea tu res  to  be  

e a s ily  d istin gu ish ed : for exam p le  th e  m icrostrip  h it s  th a t  are th e  O i?-im ages o f h its  on  

track s m ay  be in d ica ted  in  a  d ifferent colour. S om e d isad van tages w ere  th a t  th e  le v e l o f  

zoom  ava ila b le  w as lim ited , re su ltin g  in  a poor reso lu tion  for v er tex  an a lysis; an d  th ere  

w as on ly  a  single M egatek  ava ilab le , w h ils t  th e  other package could be run  on an y  o f  th e  

com m on T ek tron ix  term in a ls  a t Im perial C ollege or CERN.

6.5 Preproduction

T he fir st operation carried  out on th e tap es o f d ata  recorded by th e  on -lin e com puter is  to  

copy th em  to h igh  d en sity  tap e. T hey are orig in a lly  recorded a t  a  d en sity  o f 160 0  bp i, so  

copying to 6250  bpi a llow s about 3 tim es th e  num ber o f even ts to be stored on a single tape. 

It a lso  a llow s the data  to  be com pressed, i f  th e  low  d en sity  tap es w ere n ot com pletely filled  

due to th e  prem ature en d in g  o f runs.

A s n oted  above, th e  ru n n in g  of the production on the fu ll d a ta -se t w a s not feasib le , so 

at th is  stage  various filters w ere run on the data. T h ey  w ill be described in  th e  n ex t p art o f  

th e  ch ap ter . Som e o f  th em  u t il is e  a fa s t  v ers io n  o f th e  fu ll p rod u ction , kn ow n  a s  

T Y PH O N , th a t does a sim plified  pattern  recogn ition  u sin g  a su b se t o f th e  w ire cham bers.
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For th e  ru n s in  1986, su ffic ien t com puting  resou rces w ere ava ilab le  for T Y PH O N  to be 

run on a ll  o f  th e data. T his w as perform ed a t th e sam e tim e as th e com pressing job, so th at  

th e h igh  d en sity  tape, w hen w ritten , included th e  resu lts  o f th e  TY PH O N  a n a ly s is  as an  

additional block appended to th e data. It w as possib le to run th e  preproduction sufficiently  

quickly th a t it  k ep t pace w ith  th e d ata  tak ing.

T he operation  o f TYPH O N is  d iscu ssed  in  Section  6 .10. F irst, th e  variou s filters  used  

by th e  exp erim en t are described.

n Filters

The role o f a  filter  is  rather sim ilar to th a t o f th e  experim ental trigger. It is  responsib le for 

th e  se lection  o f ev en ts  th a t are o f in te r e st  for a p articu lar lin e  o f an a ly sis . T he obvious 

difference, h ow ever, is  th a t an e v e n t rejected  by th e  trigger is  n o t recorded, w h ils t  an  

even t rejected  by any particu lar filter  i s  still availab le  on tap e for la ter  use.

F ilter s  are n ecessa ry  since th e  production  ta k es  about 2  s per ev en t on th e  CERN  

com puter, so to process the en tire d a ta -se t on th a t m ach ine w ould  tak e ab ou t a yea r  of  

u n in terru p ted  p rocessin g . T h is w ould r e su lt  in  un accep tab ly  slow  a n a ly s is  o f th e  data, 

and w as beyond  th e  resources of th e  collaboration . In stead , filters are run on th e  fu ll 

data-set, and only those events th a t p ass their requirem ents are w ritten  to th e  output tapes. 

T h ey  are d esig n ed  to g ive a fa s t  decision , and to se lect even ts o f in terest to a particular  

lin e  o f an a lysis . T he output tap es are th en  processed through the production.

A  n u m b er o f d ifferent filters w ere u sed  by the N A 14 collaboration. Som e w ere quite  

specific: for exam p le  th e  electron filter, design ed  to se lec t ev en ts  w ith  an electron in  the  

final s ta te , for th e  stu d y  o f  sem ilep ton ic decays o f charm . O thers w ere le ss  specific, such  

a s th e  m icrostrip  filter described below , w hich used  th e  general property o f offset tracks to 

id en tify  ev en ts  w ith  short lived  decays. A  description  fo llow s o f th e  tw o filters w hich  are 

of d irect re levan ce  to th e a n a ly sis  p resen ted  in  th is  th es is , and a b r ie f sketch  is  g iven  of 

the others.
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6.6 The kaon filter

T h e in form ation  from  th e  preproduction  p erm its th e  con stru ction  of a  sim p le  filter  to  

se lec t ev en ts  w ith  k a o n s in  th e final sta te . T h is is  u sefu l b ecau se , as show n in C hapter 2, 

th ere  is  a  h ig h  p rob ab ility  th a t  a  charm ed quark w ill d ecay  to  g iv e  a  stra n g e  quark. 

E v en ts  con ta in in g  charm  are therefore expected  to exh ib it en h an ced  stra n g en ess , w hich  

is  g en era lly  seen  a s  k aon  production: exam p les in clu d e K n, and D ± -> K k k . T he  

filter  cr iter ia  w ere a s  follow s:

• a t  le a s t  tw o good TY PH O N  tracks

• a t le a s t  one T Y PH O N  id en tified  kaon

‘Good’ tracks for th is  purpose are tracks th a t  have been  reconstructed  on both  s id es  o f th e  

G oliath  m agnet. T h ey  are know n a s  ‘fla g  4 ’, w here th e  track fla g s o f  TY PH O N  fo llow  th e  

sa m e d e fin it io n s  a s  th o se  o f  T R ID E N T  (g iv en  b e lo w  in  S ec tio n  6 .9 ). A  T Y P H O N  

id en tified  k aon  is  defined  a s  a  track  o f  T Y PH O N  flag  3 or 4  th a t  p a sse s  th rou gh  th e  

IN D R A  C erenkov, g iv e s  no lig h t, an d  h a s  m om en tu m  in  th e  ran ge 6 -5 0  GeV/c. T h is  

w id e m om en tu m  ran ge  (com pared w ith  th a t  u sed  in  th e  sta n d a rd  IN D R A  C eren k ov  

a n a ly s is , S ection  6 .11) is  n ecessa ry  due to th e  re la tiv e ly  poor m om en tu m  reso lu tio n  of 

T Y PH O N  com pared w ith  TRID EN T. It a lso  re su lts  in th e  in clu sion  o f  cand idate protons  

in  th e  filtered  data  sam ple.

T h is  filter  w as run on th e  fu ll d a ta -se t o f 17 m illion  ev en ts , and p assed  ~  7 % o f  th e  

data, g iv in g  ~ 1-2 m illion  even ts output. I t  took about 100  m s per even t, taken  m a in ly  by  

th e  ru n n in g  o f TY PH O N . T he effic iency  o f th e  filter  w a s determ in ed  [93] u s in g  ev en ts  

th a t  w ere know n to conta in  k a o n s (th ey  h ad  b een  se lec ted  to con ta in  <j)-mesons, w ith  

$ ->• K*K~), and w as found to be ~ 75 %.

6.7 The microstrip filter

T h e p u rp ose o f a  m icrostr ip  filter  is  to recogn ise  ev e n ts  w ith  sh ort-lived  d ecays by  

u tilis in g  th e  accurate tracking inform ation o f the detector a t th e vertex. The decay m ay  be 

reco g n ised  e ith er  by th e  o ffset o f th e  decay  track s from  th e  prim ary v ertex , or by a 

reconstruction  o f th e  secondary vertex , and  its  separation  from  th e  prim ary.

T he m icrostrip  filter  run a t  Im perial C ollege [84] w as d esign ed  to be in d ep en d en t o f
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th e  re s t  o f th e  apparatus. In particular, no inform ation from  th e  M W PCs is  required. The  

first req u irem en t o f  th e  filter  is  th erefore pattern  recogn ition , to recogn ise th e  tracks  

p a ssin g  through the detector. T hen  th e tracks m u st be fit, a vertex  form ed, and th e offset of 

th e tracks from  th e vertex in vestigated .

A s th e program  is to run a s  a filter, it  is  essen tia l th a t it  is  fast. E xh au stive  pattern  

recognition  is  therefore im possib le , and in stead  a com prom ise m u st be reached  b etw een  

track fin d in g  efficiency and speed. R ather than  a fu ll error a n a ly sis , in the calcu lation  

o f sep a ra tio n s  in  space u sed  in  th e  filter  th e  coord in ates concerned  w ere w eig h ted  

according to th e  a sso c ia ted  u n certa in ty: th e  w e ig h ts  u sed  x : y  : z , w ere 0-05 : 0-5 : 1. 

A lth ou gh  th e  in tr in s ic  sp a tia l p recision  for th e y- and ^ -m ea su rem en ts  is  th e  sam e  

(~  16  pm ), th e  factor of 2 b e tw een  th e ir  w e ig h ts  reflects  th e  lo ss  in  p recision  o f th e  

trajectory in  th e  Y-projection due to th e  m om entum  b e in g  unknow n, since th e  production  

h a s  n ot been  run at th is  stage. T his affects th e  Y-projection since i t  is  th e  bend p lan e o f the  

m a g n etic  fie ld .

T r a c k s  i n  p r o je c t io n

T he m icrostrip  h its  are clusterised: c lu sters o f 2  or 3 h its  are m erged to g ive a sin g le  point 

for th e p a ttern  recogn ition , as th ey  can ar ise  from  a sin g le  track  in a w ell understood  

m anner; larger c lu sters are n ot m erged. T he O R -im age o f c lu sters  o f greater th a n  2 h its  

are rem oved, b u t those of 2 h it c lu sters are not, due to th e  sign ificant probability o f random  

form ation . In th e  Z -projection , track s are fitted  as s tra ig h t lin e s . T h ey  are found  by  

tak in g  pairs o f h its  on the first and la s t  p lan es of the projection and looking for h its  in  the  

in term ed iate  p lan es w ith in  80 pm  o f the predicted position.

In th e  Y-projection, a sim ilar  procedure is  used , b u t w ith  a w ider cut o f 200  pm , to 

allow  for th e  m agn etic  bend ing  o f tracks. A  parabolic fit to th e h its  is  used, w ith  a 145 pm  

cu t on th e  sa g itta  (see  F igure 6.3). T h is corresponds to rejectin g  tracks w ith  energy  le ss  

th a n  ab ou t 1-5 GeV, w hich (due to m u ltip le  scatterin g) are lik e ly  to give a fa lse  offset 

w hen  extrapolated  back to the prim ary vertex. A  parabola is u sed  rather than a circle, as it  

is  faster  to com pute.

T r a c k s  i n  s p a c e

T he tracks found  in  th e  two projections are m atched  u s in g  th e  in clin ed  U- and V -planes. 

For each  p air  o f  tracks, a  h it  p osition  is  predicted on th e  17-plane and th e  V-plane. I f  a  h it
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F ig u re  6.3 The sagitta o f a track

is  found  w ith in  11 0  pin on th e 17-plane and  150 Jim on th e V -plane, th en  th e  projection  

track  pair is  flagged  a s  ‘v a lid a ted ’, and  is  lik e ly  to be th e  r e su lt  o f a  rea l sp ace  track . 

T here is , how ever, gen era lly  m ore th an  one track o f th e  orthogonal projection w ith  w hich  

any g iven  projection track m igh t be m atched. O ne o f th e se  p o ss ib ilitie s  m u st be chosen . 

T h is is  ach ieved  by en ter in g  in to  an assignm ent m atrix  th e  resid u a l ca lcu lated  (from  th e  

h it  found  re la tiv e  to th e  predicted  position ) on th e  in c lin ed  p la n es. W hen th e  re s id u a ls  

from  a ll th e  v a lid a ted  track p a irs h a v e  b een  entered , th e  m a tr ix  is  d iagon alised  [94] to 

provide th e m ost lik ely  m atch in g  o f  th e  track  projections. W ith  th e  track projections th a t  

rem ain , m atch in g  is  a ttem pted  u sin g  eith er  one of th e U- or V -planes.

P r i m a r y  v e r te x

The n ex t step  of th e  filter is to construct a  prim ary vertex  u sin g  the space tracks th a t h a v e  

been  found. T h is w ill th en  be u sed  to d ist in g u ish  o ffset track s, w hich  m ay  be due to 

short-lived  decays. It is  v ita l th a t th e  x-coordinate of th e  prim ary vertex  is  accu rate, a s  

oth erw ise o ffset track s are found th a t are n ot physica l, a s illu stra ted  in F igure 6 .4 . T he

Figure 6.4 Consequence of incorrect vertex finding
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F ig u re  6 .5  A ctive target activity  in an  event w ith  a backw ard grey track

track s from th e m icrostrips are gen erally  at a  sm all angle to th e  beam  axis, and therefore  

h a v e  poor accuracy in  th e  ^-coordinate for th e  reconstruction  o f th e vertex . In stead , the  

a ctiv e  ta rg et w a s u sed . I f  th e prim ary v ertex  is  found in  th e  correct p lan e o f th e  target, 

th en  th e  ^-coordinate is  accurate to ± 150 pm. T his, how ever, is  not a lw ays the case: it  w as  

found  th a t for a sign ifican t proportion o f ev en ts  th e  inform ation from  th e active target is  

com plicated , and th e  correct reconstruction  o f the vertex is  difficult. One exam ple o f th is  

i s  w h ere a backw ard  grey  track  e x is ts , m im ick in g  an u p strea m  prim ary vertex . S ee  

F ig u re  6.5.

To avoid som e o f th ese  problem s, only th o se  even ts th a t p assed  a sim ple algorithm  for 

th e  active ta rg et a n a ly s is  w ere used  by th e  filter. T he algorithm  w a s fa st, and se lected  

e v e n ts  such a s  th o se  show n in F igure 6 .6 , w ith  a  w ell defined m ain  road th a t h a s  a large  

p u lse  h e ig h t in  th e first strip  (> 9 /  -n) due to nuclear recoil, and  n ot too m uch confusion  

ca u sed  by grey  track s [84]. T he ^-coordinate o f  th e  v ertex  for th e se  ev en ts  w a s m ore
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(a)

Run 5226 Event 5922 Scale 10.4 2.4 2.4 Origin -1 .4 0  -0 .2 0  0.00

X -Y
- 1.75 - 1.50 - 1.25 - 1.00 - 0.75 - 0.50 - 0.25

2.00

. 1.00

0.00

- 1.00

- 2.00

- 3.00

Run 3677 Event 6066 Scale 10.4 2.4 2.4 Origin -1 .4 0  -0 .2 0  0.00

Figure 6.6 Typical events passing the active target algorithm
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re lia b le  th a n  th a t  o f  th e  rem a in in g  e v e n ts , a n a ly sed  w ith  th e  fu ll ta r g e t a n a ly s is  

(A C TA N L). T h is  w a s checked  u s in g  e v e n ts  w ith  p a irs  o f w id e  a n g le  (> 50  m rad) 

m icrostrip tracks, th e  in tersection  of w hich g iv es  an accurate m easu re o f th e x-coordinate  

of the vertex. T h is w as found to agree m ore frequently  w ith th e active target m easu rem en t  

o f th e  vertex  ^-coordinate for even ts th a t p assed  (rather than  fa iled ) th e  ta rg et algorithm . 

For even ts th a t p assed  th e algorithm , the difference betw een th e  two m easures o f th e vertex  

rc-coordinate exceeded  2 mm  in ~ 9 % o f  ev en ts , w h ils t for other ev en ts  th e  corresponding  

figure w as -  15 %. T he target algorithm  selected  ~ 23 % o f th e data.

T he y-  and  ^-coordinates o f th e v ertex  w ere th en  found by ta k in g  the average of the  

corresponding coordinates o f the tracks, a t  th e  ^-coordinate of th e  vertex. I f  any track w as  

offset from the vertex  by m ore than  60 pm , th en  the m ost offset track w a s rejected from the  

v ertex  ca lcu la tion , and  th e vertex  p osition  reca lcu la ted . T h e o ffse t o f track s from  the  

prim ary vertex  in  th e  tw o projections is  show n in  Figure 6.7.

S e c o n d a r y  v e r te x

O ffset tracks w ere defined as any track th a t  p assed  m ore th an  80  pm  from th e  prim ary  

vertex . Secondary v ertex  reconstruction could th en  be attem pted  u s in g  an offset track plus  

an y  other track (or another offset track, according to th e  filter  criterion). T he w eigh ted  

d istan ce o f c lo sest approach w as m easu red  for th e  pair o f tracks, and  th e  criterion for a  

v a lid  vertex  w a s sa tisfied  w hen th e track  sep aration  w as le s s  th a n  13 5  pm . T he vertex

Figure 6.7 Offsets of projection tracks from primary vertex
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O Charm MC 

■  Non-charm MC 

•  Real data

(b) O Chm/non—chm 

•  Q h a rm /re a l

F ig u re  6.8 Influence o f vertex separation cut on filter performance

coordinates w ere taken  as th e  m ean o f the coordinates o f th e tracks a t th e  p oin t of c losest 

approach. A  cut w as then  m ade to ensure th a t th e in tersection  w as not com patib le w ith  the  

prim ary vertex: th e w eigh ted  sep aration  in  space o f th e  vertices h ad  to be greater  than  

10 0  |im , w ith  th e  secondary v ertex  dow nstream  from  th e  prim ary (i.e. a t  a  m ore p ositive  

2 -c o o r d in a te ) .

T h e  var io u s cu ts u sed  in  th e  filter  w ere tu n ed  u s in g  M onte Carlo. C harm ed  and  

non-charm ed even ts w ere run through th e  filter: th e  fraction  o f charm ed ev en ts  th a t are 

p a sse d  g iv e s  th e  ch arm  effic ien cy , an d  th e  ra tio  o f  th e  fra ctio n s o f  ch arm ed  and
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non -ch arm ed  ev e n ts  th a t  are p a ssed  g iv e s  th e  charm  en rich m en t. For exam ple, th e  

in flu en ce  on th e  charm  efficiency and en r ich m en t o f th e sep a ra tio n  o f  prim ary and  

secondary vertices  cu t is  show n in  F igure 6.8. T he charm  en rich m en t in creases a s  th e  

cu t is  increased , and a t  th e  chosen va lu e  o f 100  Jim for th e cut th e  requ irem ent does not 

sev ere ly  reduce th e  charm  efficiency.

F i l t e r  c r i t e r ia

V a r io u s  f ilter  c r ite r ia  w ere  te s te d  u s in g  th e  M onte C arlo , in v o lv in g  d ifferen t  

com b in ation s o f o ffset track s and secondary vertices. The filter  ch osen  rep resen ted  a 

com prom ise b etw een  th e  req u irem en t o f  a  h ig h  charm  effic iency  and m a in ta in in g  a 

reason ab ly  h igh  charm  enrichm ent. It w a s  th e  following:

Z-projection

F-projection

2 5

Figure 6.9 Typical event passing the microstrip filter
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• a t  le a s t  one secondary vertex , form ed b etw een  an offset track and an y  other track o f  

th e  event.

A  ty p ica l se lected  ev en t is  d isp layed  in  F igure 6.9 . T he charm  efficiency for th is  filter  

w as ~ 4 0  %, and the enrichm ent ~ 3. About 12 % of th e data  passed  th e  filter.

K a o n  s e le c t io n

W hen th e  filter w as first run, th e  volum e o f data  p assed  w as still too grea t for ru n n in g  

production  rapid ly  on th e  Im perial C ollege com puter. A s th e  charm  ch a n n els  an a lysed  

fir st w ou ld  contain  a kaon, it  w as decided to incorporate a further filter to se lect even ts  

w ith  a t  le a s t  one kaon in th e  final sta te . T h is reduced th e d a ta -set by a further factor of  

about 2. T he filter w as operated in  a sim ilar m anner to the kaon filter o f Section  6.6, u sin g  

th e  M W PC s o f S tack  2 to provide track seg m en ts  a t th e  IN D R A  C erenkov. W hen m ore 

com puter tim e w a s ava ilab le  la ter , th e ev en ts  th a t  fa iled  th is  kaon se lection  filter w ere  

also run through th e production.

T h e fu ll d ata-set from  th e  run in  th e  Sum m er o f  1985  w as run through th e  m icrostrip  

filter. T h is  corresponded to ~ 5-2 m illion  even ts. A bout 160  th ou san d  ev en ts  w ere p assed  

by th e  m icrostrip  filter , and  th is  w a s  fu rth er  reduced  to -  72 th o u sa n d  by th e  kaon  

se lection . T h ese  ev en ts  rem ain ed  to be p assed  through  th e  production. A s th e  raw  d ata  

tap es w ere stored a t CERN, th e filter w as run on th e  C ER N  com puter, and took ~ 10 m s per 

e v en t.

6.8 Other filters

P o s t - T Y P H O N  m i c r o s t r i p  f i l t e r

T h e m icrostr ip  filter  described  above w as d es ig n ed  for u se  w h en  no in form ation  w as  

a v a ila b le  from  th e  r e s t  o f  th e  sp ectrom eter . For th e  ru n s in  1 9 8 6 , h o w ev er , th e  

preproduction  TY PH O N  w as run on all even ts, so th is  w as no longer th e  case, and a m ore 

com p reh en sive  u se  could be m ade o f th e  in form ation  availab le . A  filter  th a t  w as sim ilar  

in  p r in c ip le  to th e  orig in a l m icrostrip  filter  w a s created  for th is  p urpose b y  our O rsay  

collaborators. It w as sim ilar ly  d esign ed  to se lec t  ev en ts  w ith  a com plex v ertex  topology, 

b u t n o w  u se d  tr a c k s  in  th e  m icro str ip s  w h ich  w ere  m a tch ed  to  tr a c k s  from  th e  

spectrom eter. The filter w as run on th e data  o f th e  1986  runs, and ~ 16 % w ere passed.
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C le a n  t a r g e t  f i l t e r

T h e clean  ta rg et filter  u sed  the active ta rg e t a lone. It w as d esign ed  to se lect ev en ts  in  

w hich th e inform ation from th e target w as re la tiv e ly  sim ple. In particu lar, a w ell defined  

m ain  road w a s req u ired , u n affected  by h e a v ily  io n is in g  track s. T h ese  ev en ts  w ere  

su itab le  for a search  for th e m u ltip lic ity  step  sign atu re  of secondary vertices, and also  

provided a d a ta -se t enriched  by coherent production on the silicon  n u cle i o f th e  target. 

About 8 % of the data passed  the filter.

E l e c t r o n  f i l t e r s

R un u sin g  two of th e calorim eters, OLGA and Crown, the electron filters w ere designed  to 

recogn ise  th e  p resen ce  o f an electron in  an  even t. Sem ilep ton ic d ecays o f charm  could  

th en  be investigated . A bout 6 % o f the data p assed  the filters.

r \- f il te r

T he OLGA calorim eter w as used  to se lect ev en ts  th a t contained an T| cand idate, for u se  in  

th e  study o f ch an n els such as D s -+ qrc, TjTtTc0. T he r| cand idates are se lected  from  pairs of  

ph oton s seen  in  th e  calorim eter, w ith  energy  greater  th an  2 G eV and  an in var ian t m ass  

th a t did n ot correspond to a  n®. About 6 % o f th e data  w as passed by th is  filter.

T h e ev en ts  th a t  w ere ou tp u t by th e se  var iou s filters w ere th en  p a ssed  through the  

production program , T R ID EN T, described in th e  n ex t section.

EH Production

6.9 TRIDENT

T R ID E N T  is  th e program  resp on sib le  for charged track reconstruction  in  N A 14, u s in g  

th e  M W PCs and th e  m icrostrips. It w as developed from a m ultipurpose program  th a t w as  

orig in ally  w ritten  for th e O m ega spectrom eter [95].

T he h its  in  th e  w ire cham bers are a sso c ia ted  to form space p o in ts, u s in g  groups of 

p la n e s  th a t  are  a d ja c e n t a lo n g  th e  b ea m  d irectio n , b u t h a v e  w ir e s  a t  d ifferen t
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o rien ta tion s, such as a  (Y , Z, U, V) arrangem ent. T he space poin ts are th en  associa ted  to 

form  ‘roads’ in  th e spectrom eter. In the field-free reg ion s o f th e apparatus, th e  tracks are  

stra ig h t lin es , and fits are done in  the various sta ck s o f cham bers: S tack  1 b etw een  th e  

A E G  an d  G olia th  m a g n e ts , an d  S ta c k s  2 an d  3 a fter  G o lia th  (a s  w a s  sh ow n  in  

F igu re 3 .13 ). The asso c ia tio n  o f  th e  stra igh t-lin e  seg m en ts  w ith  one an oth er  or w ith  a  

v er tex  (by extrapolation  through  th e  m agnetic fields) g iv es  a  m om entum  m easu rem en t. 

A  R u nge-K utta  m ethod [73] is  em ployed to sw im  th e  tracks through th e  m agnetic fields, for 

w hich  th ere  are d eta iled  m aps.

I n c o r p o r a t i n g  t h e  m i c r o s t r i p s

T h e T R ID E N T  program  h a d  a lread y  b een  u sed  for th e  pre-upgrade N A 14 exp erim en t. 

W ith  th e  addition o f th e  m icrostrip  detector, the program  w as m odified [93] to  u se  th e  new  

in form ation . The m atch in g  o f th e  spectrom eter tracks w ith  th e  m icrostrips is  ach ieved  as  

fo llo w s:

( i)  T h ree  and four p o in t track s are found in  projection in  th e  m icrostrips, u s in g  th e  

ex trap o la ted  sp ectrom eter  tracks. I f  th e  m om en tu m  is  know n, i t  is  u sed  for th e  

track  finding in  th e  Y -projection  (the bend  p lan e). T he track s in  projection  are  

th en  m atched  u s in g  th e  in clin ed  U- and V -p lanes (try ing  first to find h its  in  both  

in clin ed  p lanes, and  th en  to find a h it  in  either).

( i i )  M atched tracks th a t do n ot point to the vertex  are released , so th a t th e ir  h it s  m ay be 

u sed  again, and th ey  are th en  refitted u sin g  looser cuts.

( i i i )  T he rem ain in g  track s in  projection are dropped i f  th ey  cross m atched  tracks, or if  

th ey  do not poin t to th e  vertex. T hose th a t are left are m atched u sin g  the m atch in g  of 

th e  spectrom eter tracks, i f  th ey  lie outside th e acceptance of th e inclined  p lanes.

U s in g  th is  technique, ~ 90  % of the w ell m easured  tracks, found both before and after th e  

G oliath  m agn et (flag 4, see below ), are m atched w ith  th e  m icrostrips.

T he resu lts  o f th e TR ID E N T  processing  are ou tp u t as an extra  block o f data  on tape. 

T h is  b lock  co n sists  o f a  v er tex  b ank , g iv in g  th e  coord in ates o f a n y  v er tex  found  as  

described  below , and a track bank, providing a description  of th e  tracks found. For each  

track , th e  inform ation g iven  is su ffic ien t to specify  th e  trajectory. T he coord inates of a  

p o in t on th e  track are g iven , a lon g  w ith  the two a n g les  th a t define th e  trajectory a t th a t  

p o in t (see  F igure 6 .10). T he d ip  an g le  X is  th e  a n g le  o f th e track about a horizonta l ax is  

p erp en d icu lar to th e  track, w h ils t  th e  a zim u th a l  an g le  <j> is  th e an g le  in  th e  Y -projection.
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F ig u re  6 .10  Track angles

T h e particle m om entum  is  a lso  specified. I t  is  th en  possib le to  ca lcu la te  th e  coordinates o f  

th e  track a t  any jc-coordinate, by fo llow ing th e  trajectory o f th e  track, so long  as th e  va lu e  

o f  a n y  m a g n etic  field  en cou n tered  is  k n ow n . T he b a sic  tra ck  p a ra m eters  are th u s  

(y, z, 1/p, X, <J>) a t a  specified  ^-coordinate.

T h e track  p a ra m eters  each  h a v e  an  a sso c ia ted  error. S in ce  th e se  errors m ay  be  

correlated , th ey  are described  u s in g  a sq u are m atrix  th a t g iv e s  th e  v a lu e  o f th e  error 

assoc ia ted  w ith  each pair o f param eters. T he in verse  o f th e m om entum , 1/p, is  u sed  rather  

th an  p  in th e track param eterisation , because it  is  1/p th a t h as a  G au ssian  error.

V e r te x  a s s o c i a t io n

T he w ell m easu red  tracks reconstructed  by TR ID E N T  (flags 4, 22, 23  and 24, see  below ), 

are u sed  to form  a  vertex . A n a ttem p t is  th en  m ade to associate  all tracks w ith th e vertex, 

and th o se  w hich  are com patib le w ith  it  are flagged  a s  ‘fitted’. T he rem ainder, w hich m ay  

eith er  be poorly reconstructed  or va lid  offset tracks (due to h a lo  m u on s or electrom agnetic  

background  for exam p le), are flagged  a s  ‘ex tra ’ tracks.

Track flag 2 3 4 12 13 22 23 24

Ap/p2 [Id4 GeV1 c] 60 20 5 - - 20 3 4

Fraction [%] 17 5 6 9 4 25 4 30

T a b le  6.1 M om entum  precision of tracks
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T R I D E N T  t r a c k  f la g s

E ach track  found by T R ID E N T  is  g iven  a track flag, th a t in d ica tes th e  m an n er in  w hich  

it  w a s  form ed. T he m ea n in g  o f  th e  TR ID E N T  track flag  is  a s  follows:

2

3

4

12 ,13  

2 2 ,2 3 ,2 4

Track seg m en t is  found in  S tack  1 only. T he m om entum  is  m easu red  by th e  

association  o f th e track to the vertex , u s in g  th e  bend ing  o f th e  A E G  field. 

Track se g m e n ts  are found  in  S ta ck s  2 an d  3 on ly . T h e m o m en tu m  is  

m easured  by th e  associa tion  o f th e track  to th e  vertex , u s in g  th e  b en d in g  o f  

both th e  AEG  and G oliath fields.

Track seg m en ts  are found in all stack s. T he m om entum  is  m easu red  by th e  

association  o f track segm en ts on e ith er  side o f  th e  G oliath  m agn et, u s in g  the  

bending o f th e  G oliath  field, im proved w hen possib le by th e  associa tion  o f the  

track to th e  vertex, u s in g  th e  ben d in g  o f  th e  A E G  field.

A s for flags 2 and  3 resp ectively , b u t w ith  no associa tion  to th e  vertex , so no  

m om en tu m  m ea su rem en t.

A s for flags 2, 3 and  4 respectively , b u t in  addition  a  track  seg m en t is  found  

in  the m icrostrips. T he m om entum  m ea su rem en t for track s o f  th ese  fla g s is  

therefore m ost accurate o f a ll (see  T able 6.1). T hey  form  th e  b a s is  o f m ost o f  

th e  su b seq u en t a n a ly sis .

T h ere are ty p ica lly  tw e lv e  T R ID E N T  track s fou n d  p er  ev en t, w ith  ~  50  % f itted . T he  

re la tiv e  abundance of tracks w ith  th e  d ifferent flags is  show n in T able 6 .1 . N ote  th a t  th e  

m icro str ip  m atch ed  tra ck s (flag  g rea ter  th a n  20) accou n t for ~ 60  % o f  a ll th e  track s  

found . A  recon stru cted  e v e n t is  sh ow n  in  F ig u re  6 .1 1 , w ith  track s o f  d ifferen t flags  

(p re -m icro str ip s) m arked .

T R ID E N T  tak es about 1-8 s  per event.

6.10 TYPHON

T Y P H O N  w a s  w ritten  sp ecifica lly  for N A 14. It is  d esig n ed  to provide fa s t  reconstruction  

o f charged  tracks u s in g  th e  h its  in  45  o f th e  MW PC p lan es. The tech n iq u e u sed  is  sim ilar  

to th a t o f  T R ID EN T (described above), b u t it  is  fa ster , both due to th e  u se  o f  few er p lan es o f  

th e  d etectors, and because th e  a n a ly sis  o f  the track propagation  through m agn etic  fie ld s is  

sim plified : th e  fie ld s are ap proxim ated  u s in g  a  th in -le n s  typ e form ula . A s a  r e su lt  th e
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Y-projection

Figure 6.11 Reconstructed event after TRIDENT processing
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m om entum  precision  is  low er than  th a t o f T R ID EN T, with:

—2. ~  0-05 p  GeV^c 
P

T he m icrostrips are n ot used by TYPHON. Instead , it  a ssu m es th a t th e  vertex  is  a t th e  

centre o f th e AEG, in  order to provide a m om entum  m easu rem en t for flag  2  tracks (w hich  

do n ot p ass through the G oliath m agnet).

T Y PH O N  tak es ~ 90  m s per event.

6.11 The Cerenkov analysis

A n a ly sis  o f th e  in form ation  from th e  IN D R A  C erenkov tak es place in  th e  IN D A N L  patch  

of N E P T U N . The charged  track reconstruction  m u st a lready h a v e  been  perform ed. T he  

track s are a sso c ia ted  w ith  th e  C erenkov d a ta  to g ive  p artic le  id en tifica tion , an d  th e  

resu lts  o f the a n a lysis  m ay  th en  be w ritten  to th e output tape. T here are tw o approaches to 

th e  u se  o f th e C erenkov inform ation, e ith er  th resh old  or probability m ode.

T h r e s h o l d  m o d e

T he th resh o ld  m ode is  th e  sim pler and fa ster  o f th e  two, and w a s u sed  for th e a n a ly s is  

p resen ted  in  th is  th es is . T he m irror o f th e C erenkov through w hich  each  track p a sse s  is

Signal [ADC channels!

F ig u re  6.12 Cut for the definition o f  light in INDRA
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•aa
rS 0.6 -

’A  ° - 4  "

30 40 50

Momentum [GeV/c]

F ig u re  6.13 Variation w ith  momentum o f  the fraction o f particles g iv in g  no light

id en tified , and the ADC of th e  corresponding p h otom u ltip lier  is  checked to see  w hether  

th ere  is  a  signal. T he lig h t s ign a l is  determ ined  u sin g  th e  pedesta l and gain  o f each ADC  

ch an n el from  th e  calibration . L igh t is  defined as:

(da ta  -  pedesta l) > 1 3  channels

T h is corresponds to a cut a t about 0-5 photoelectrons. S ee F igure 6 .12. T he production o f  

C erenkov lig h t by a p article  depends on its  ve locity  (as exp la in ed  in  S ection  3.9), and  

each  p artic le  type h a s  a ch aracteristic  th resh o ld  m om entum , lis ted  in  T able 3.8. The  

v a r ia tio n  w ith  m om en tu m  o f  th e  proportion of p a rtic les  g iv in g  no lig h t  is  show n in  

F igu re 6 .13  for the IN D R A  C erenkov. T he th resh o ld s for lig h t production by p ions and  

k a o n s are clearly  v isib le . T he particle type m ay th u s be determ ined  from  a  know ledge of 

th e  m o m en tu m  o f  th e  p a r tic le , an d  w h e th e r  l ig h t  h a s  b een  produced , u s in g  th e  

a ss ig n m e n ts  show n in T ab le 6.2.

e 71 K P

Light 
No light

0-^1* 6-5-19
0-5 6-5-20 21-38

* Momentum limits in  units of GeV/c

T a b le  6 .2  S tan dard  particle type assignm ents
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e K nJK K P

Light 0-6 * 6-20 >20
No light 0-5 5-6-5 6-5-21 >21

* Momentum lim its in units of GeV/c

T a b le  6.3 Extended-kaon particle type assignm ents

T h e iden tifica tion  o f  k aon s is  im p ortan t for m an y  charm  ch a n n els , a s  d iscu ssed  in  

S ectio n  6 .6 . In th e  sta n d a rd , u n am b igu ou s, a ss ig n m e n ts  o f T ab le 6 .2  th ere  is  on ly  a  

r e s tr ic te d  region  over w h ich  k a o n s are id en tified . A lte r n a tiv e  a s s ig n m e n ts  w ere  

p rop osed  th a t  im p rove  th e  effic ien cy  o f  k a o n  reco g n itio n , w ith  an  ex ten d ed  k a o n  

defin ition , show n in  T able 6.3. A  new  cla ss  o f identification  is  in troduced , th e  am biguous  

kaon , k/K. P artic les a ss ig n ed  th is  id en tification  are u sed  in  th e  a n a ly s is  as e ith er  pion  

or kaon. P articles th a t are outside the acceptance o f the C erenkov are c lassed  as p ions, as  

th ey  are th e m ost abundan t particle type.

C onfusion m ay ar ise  w hen  m ore than  one track p a sses  through th e  sam e m irror, and  

th e se  e v e n ts  are fla g g ed  accordingly . E ven  th en , in form ation  is  s t i l l  a v a ila b le , for  

exa m p le  i f  no lig h t is  recorded in  th e m irror, th en  c learly  none  o f th e  p artic les h a v e  

g en era ted  ligh t.

P r o b a b i l i t y  m o d e

The probability m ode in vo lves a  more deta iled  stu d y  o f th e  generation  and detection  o f th e  

C erenkov light. A  M onte Carlo technique is  u sed  to predict th e d istrib u tion  o f lig h t a t th e  

p h o to m u ltip liers  o f  th e  d etector  produced b y  a  track , a ssu m in g  th a t  i t  is  each  o f  th e  

com m on particle ty p es (e, |i, n, K , p) in turn . T h en  a  sta tistica l a n a ly s is  o f th e  probability  

o f each  p article  typ e g iv in g  r ise  to th e  observed  s ig n a l is  perform ed. T h is  tech n iq u e is  

slo w er  th a n  th e  th r e sh o ld  a n a ly s is , an d  p roduced  no c o n v in c in g  im p ro v em en t in  

efficiency, so w as n o t u sed  here.

T h e  d a ta  th a t h a v e  p a ssed  th e  v a r io u s f ilte r s , and h a v e  b een  ru n  th rou gh  th e  

production, are now  ready for charm  an a lysis . O ne o f  th e  m ost im p ortan t a sp ects o f th is  is  

vertex  find ing, th e subject o f th e n ex t chapter.
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V E R T E X  F I N D I N G

T h is  ch a p ter  d escr ib es th e  tech n iq u es  em p loyed  for v er tex  fin d in g . T he m icrostrip  

d etector g iv es  a h igh  precision m easu rem en t o f tracks close to th e  target, and  w e w ish  to 

rec o n str u c t th e  v er tex  (or v e r tic e s )  from  w h ich  th e  tra ck s o r ig in a te . A  thorough  

description  o f th e vertex  finding procedure is  g iven  here, both due to th e  im portance of the  

subject, and  b ecau se  I w as resp on sib le  for w r itin g  and d evelop in g  th e  vertex  find ing  

a lg o r ith m s .

T h e v er tex  structure o f an ev en t is the m ost im p ortan t ch aracteristic  u sed  in  the  

a n a ly s is  to id en tify  ch arm ed  p artic les: th e  sh o rt-liv ed  p a rtic le s  g iv e  r ise  to  decay  

v er tice s  th a t  m ay be reso lved  from  th e  production vertex . It is  th is  property  th a t w as  

exp lo ited  in  the m icrostrip filters to enrich th e d ata-set w ith  charm ed even ts, as explained  

in  th e  previous chapter. A ccurate vertex  reconstruction  is , therefore, an e ssen tia l part of 

th e  an a ly sis . It w as found th a t th e careful adju stm en t of the vertex fit param eters w as the  

m o st critica l operation  for en h an cem en t of charm  sign a ls.

In th e  course o f th e data  an a ly sis , two approaches to vertex fin d in g  w ere developed; 

both w ill be described as each w as found to h ave featu res of m erit:

(i)  The 'In tersection ’ vertex: the a lgorithm  th a t w as in itia lly  developed. T he vertex  is  

found u sin g  the pairw ise in tersection s o f tracks. I t  h as the ad van tage o f sim plicity, 

and w a s found to be su ited  to the an a lysis  o f even ts th a t p ass th e  m icrostrip filter.

( i i )  The ‘C o n s tra in t’ ver tex : th is  w a s o r ig in a lly  d evelop ed  to  im p rove th e  m a ss  

reso lu tion , and w as th en  exten d ed  to form  a  com plete vertex  package. It involves  

con stra in in g  the track s (w ith  referen ce to th e  errors on th e ir  p aram eters) to p ass  

through a  com m on point, w hich is  th en  tak en  as th e vertex; it  g iv es  a  con sisten t use
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o f th e  errors on th e  track  param eters, and  m akes op tim al u se  o f th e ava ila b le  

inform ation, a t  le a s t  a t th e single vertex  level.

O ne o f  th e  m ost d ifficu lt prob lem s o f th e  charm  a n a ly s is  is  d ec id in g  w hich  tra ck s  

orig in a te  from  an y  p articu lar  vertex . In a typ ica l charm  ev en t, a charm ed quark and  

an tiq u ark  are produced a t th e  prim ary v er tex  and form  sh ort-lived  charm ed p artic les  

th a t  decay, g iv in g  r ise  to two secondary vertices. In addition , th ere  are further tracks  

from  th e  prim ary vertex; and th ere  m ay be spurious g h ost track s cau sed  by incorrect  

p attern  recognition  in  th e track in g  detectors. S ee F igure 7.1. T he stu d y  o f  a  p articu lar  

charm ed particle therefore in volves th e correct selection  of the tracks th a t form its  decay  

vertex . Furtherm ore, th e correct choice of tracks from the prim ary vertex  m u st be m ade, 

so th a t  the separation  of th e decay vertex  from  the prim ary vertex  can be determ ined. It is  

therefore n ecessary  to reject o ffset track s from  th e ca lcu lation  o f th e  prim ary vertex . In  

particu lar, the tracks from  th e ‘second charm ’ (i.e. th e charm ed p article  th a t h as n ot h ad  

its  decay vertex  reconstructed) w ill ten d  to p u ll th e prim ary vertex  dow nstream  from  its  

tru e position , tow ards th e  secondary vertex.

(a) Underlying event

(b) Reconstructed tracks

F ig u re  7.1 The task o f  vertex reconstruction
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T he choice o f tracks to be used  for the reconstruction of a g iven vertex is  difficult. It is 

d eep ly  in v o lv ed  w ith  th e  stra teg y  for th e  en r ich m en t o f th e  charm  sig n a l, and th a t  

d iscu ssion  is  le ft to th e n ex t chapter, w hen th e  charm  an a ly sis  w ill be described. H ere a 

descrip tion  is  g iven  of th e v ertex  find ing a lgorith m s, a ssu m in g  th a t th e  track  selection  

h a s  b een  m ade. T he vertex  find ing  algorithm  u se s  th e  se lected  tracks to form  a  vertex, 

an d  p ro v id es  som e m e a su r e  o f i t s  su c c e ss . I f  th e  v e r te x  form ed  is  con sid ered  

u n satisfactory , th en  th e track th a t is  le a st  w ell associa ted  w ith  it  m ay be rejected , and a 

n ew  ca lcu la tio n  m ade.

F irst it  is  necessary  to describe the tracks th a t w ill be used  in  th e an a lysis.

I Tracks

T he charged  track reconstruction  is  perform ed by TR ID EN T, a s  described in  Section  6.9. 

T he h its  in  th e  m icrostrips are u sed , as w ell as th ose from  the wire cham bers, so th a t the  

sp a tia l precision  o f th e  m icro str ip s is  m atched  w ith  th e  m om entum  m ea su rem en t and  

p a r tic le  id en tifica tio n  ca p a b ility  o f th e  r e s t  o f th e  sp ectrom eter . In  th e  course o f  

reconstruction , TR ID EN T u se s  th e  tracks found to form  a  vertex, w hich is  u sed  in  turn to  

im prove th e  m om entum  m easu rem en t of the tracks, w here possible.

T h e T R ID E N T  v er tex  is  n o t su ita b le  for u se  in  th e  charm  a n a ly s is , s in ce  th e  

to leran ce on the track offset for acceptance in  th e  vertex  calculation  is  su ffic ien tly  loose  

th a t  tr a c k s  from  sh o r t-iiv ed  p a r tic le  d eca y s are a ccep ted , r e n d e r in g  th e  v er tex  

inaccurate. It is  also im portant th a t th e tracks w hich are to be used  in  a particu lar vertex  

ca lcu la tion  m ay be freely  se lected .

T he track s recon stru cted  u s in g  T R ID E N T  are n o t u sed  d irectly  in  th e  a n a ly sis . 

W hen T R ID E N T  w as m odified to incorporate th e m icrostrips, th e early  version s used  the  

v ertex  in th e track  fit, th u s  p o ten tia lly  d isto rtin g  o ffset tracks; in  la ter  v ersio n s, there  

w ere prob lem s w ith  th e procedure for m atch in g  track  seg m en ts  in  th e  m icrostrips w ith  

th o se  in  th e  sp ectrom eter , w h ich  gave  r ise  to  tra ck s th a t  w ere  b a d ly  fitted  in  th e  

m icrostrip s. A  refit procedure w as therefore in troduced, to en su re th a t th e  m icrostrip  fit 

w a s good.
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7.1 Trajectory calculation

T he tracks th a t are found by TR ID EN T are specified u sin g  th e param eters (y, z,  1 Ip, X, (j>), 

a s d iscu ssed  in  S ection  6.9. T h is w ill be referred  to as th e T R ID E N T  p aram eterisa tion . 

T he param eters are defined a t the first m easured  point on th e track, w hich for a track th a t  

h a s  b een  m atch ed  in  th e  m icrostrip s is  th e  first m icrostrip  h it. In th e  course o f  th e  

a n a ly s is  i t  is  n ecessa ry  to ca lcu la te  th e  track  p aram eters a t  d ifferen t p o in ts  a lo n g  th e  

track , so th e  re la tio n sh ip  b etw een  th e  p aram eters a t d ifferen t jc-coord in a tes  m u st  be  

d e te r m in e d .

If w e tak e th e  sta r tin g  va lu es a t ^ -coordinate Xq a s (y0, Zq, 1/Pq, Xq, 4>q), th en  w e w ish  

to c a lc u la te  th e  v a lu e s  (y, z ,  1/p,  X, <(>) a t  arb itrary  x.  I f  en erg y  lo s s  p ro cesse s  are  

n e g le c te d , w h ich  is  a  good app rox im ation  in  th e  v er tex  d etector , th e  m o m en tu m  is  

in d ep en d en t o f x.  T herefore:

1/p = l/p0

T h e varia tion  of th e  other param eters m ay  be found u sin g  th e equation  o f m otion:

d l

T he force on a particle  o f charge q tra v e llin g  through a m agn etic  field  B  w ith  ve loc ity  v

i s :

F = q  v x B  = -3—p  x B
m

T h erefo re:

i i p x B  (7.1)
d t m

w here th e  con stan t k is  introduced to perm it th e  u se  of su itab le  un its: i f  p  is  in  GeV/c, B  in  

T esla , m  in GeV/c2 and q  is  th e  sign  o f th e  charge (± 1), then  k ~ 0-003.

R eferring to F igure 6 .10, w e m ay put:

PX =P  cos X cos <{>

P y - P  cos X sin <j> 

p z = p  sinX

T he dependence o f  th e  an gu lar  p aram eters on x  is  found by su b stitu tin g  th ese  eq u ation s  

in to  th e  com ponents o f  E quation  7.1. O ne finds:

(7.2)

(7.3)

(7.4)
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(sin  X) = -^3-  (B  - B  tan  <)>) 
d x  p y x

(sin  <j>) = ■' ^ U  tan X (B sin <{> + B  cos <}>) -  B 1 
d x  p  cos XL y x Z1

In  th e  reg ion  o f  th e  v er tex  d etector , th e  m a g n etic  field  (from  th e  A E G  m a g n et) is  

approxim ately  constant, and oriented  along th e  2-axis. So B  = B  = 0, B  = B.  Then:x  y  z

d x
(sin  X) = 0

J _  (sin  * ) = ! ! £ -
d *  pcosX .

In tegratin g  th ese  equations w ith  resp ect to x  gives:

A,= Aq

. . . , k q B  ,  .sin  <(> = sin  <j>0 + —  ----- (x  -  Xq)
p  cos X

(7.5)

(7.6)

T h e d ep en d en ce o f th e  sp a tia l p a ra m eters  on x  is  found u s in g  E q u a tio n s 7 .2 -4 . 

T ak in g  the ratios p y lpx and p z !px lead s to:

= tan 0 
dx

d z  _ tan X 

d x  cos ({)

In tegra tin g  th ese  equations w ith  respect to x gives:

w here:

(7.7)

(7.8)

R  P C0S ^ 
k q B

T h ese  eq u ation s are used  in th e  a n a lysis  to follow  th e  trajectories o f th e  tracks.
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7.2 Track refit

T h e b a sic  p rin cip le  o f  th e  refit is  to d eterm in e w hich  m icrostrip  h it s  lie  on a g iven  

T R ID E N T  track, an d  th en  to u se  th ose  h its  in  a n ew  track fit. It is  im portant to u se  th e  

T R ID E N T  tracks ra th er  th an  to do p attern  recognition  u s in g  th e  m icrostrip  h its  a lon e, 

sin ce  th e  m atch in g  o f  th e  m icrostrip  track  seg m en t to th e  r e s t  o f  th e  sp ectrom eter is  

m a in ta in ed , p rov id in g  a  m ea su rem en t o f  th e  m om entum  and  red u cin g  th e  num ber o f  

gh ost tracks found.

In th e  first p a ss , on ly  th ose  tracks are u sed  for w hich  T R ID E N T  finds a m a tch in g  

b etw een  the sp ectrom eter and th e m icrostrips, i.e . th ose w ith  flag  greater th an  20 . To find  

th e  m icrostrip h its , th e coordinates o f th e  trajectory a t  each o f th e  m icrostrip p la n es m u st  

be d eterm in ed . T h is  is  a ch iev ed  u s in g  th e  tra ck in g  eq u a tio n s , a s  d escrib ed  in  th e  

previous section. U s in g  th e  param eters provided at th e first m easu red  point, th e trajectory  

is  follow ed to each o f th e  m icrostrip p lanes, and th e  d istance from  th e  predicted p oin t to th e  

n ea rest h it is  determ ined. I f  the separation  is le ss  th an  a  g iven  cut, th en  th e h it  is  accepted  

a s ly in g  on th e  track . T h e cu t w a s d e term in ed  from  r e s id u a ls  su ch  a s  th o se  in  

Figure 5.32, and h ad  th e  va lu e o f 60 pm  for p lan es 1 and 2, and 50  pm  for the others. I f  tw o  

h its  are found w ith in  th e  cut, then  the poin t used  in  th e  refit is  taken  a s  the m ean o f  th e two  

h it  coordinates. A t le a s t  3 h its  are required in  each o f th e Y-  and Z-projections for th e  refit. 

T h is  is  ach ieved  for ~ 99 % o f  th e  track s, c o n s is te n t w ith  th e  m icrostrip  e ffic ien cy  

(S ec tio n  5 .16).

I f  th e  req u isite  num ber o f h its  h a s  been found, then  th e track fit is  perform ed in  both  

projections. To use th e  fu ll tracking eq u ation s in th e  fit w ould be com plicated. In stead  the  

s itu a tio n  is  sim plified  by ap proxim ating  th e  track as a stra ig h t lin e  in  the Z -projection , 

and a parabola in  th e  Y-projection. A  pow er ser ies expansion  o f th e  eq u ation s for th e  y- 

and z-p aram eters (E q u ation s 7.7 and 7.8) gives:

Ay = tan <J)Q Ajc +---- —-— Ax2 + 0(Ax3) (7.9)
2 R  cos <J>0

an d :

Az = —  Ax + 0 (  Ax2) (7 .10)
cos <j>Q

q #
w here Ax = (x - X q )  etc. T he approxim ation corresponds to n eg lectin g  th e 0(A x ) term s m  

th e  equation  for Ay, and  th e O(Ax^) term s in  th e  equation  for Az. For tracks o f reason ab le
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(a) Spectrometer track

(b) Curvature subtracted

(c) Straight-line fit

(d) Curvature reinstated

F ig u re  7.2 Procedure for Y-projection track fit

m om en tu m  (greater th an  about 1 GeV/c), and over th e  d istan ces th a t th e  approxim ation  

w ill be m ade (a few  cm s), the error introduced by th is  approxim ation is  sm all com pared to 

th e  co n tr ib u tio n s from  th e  in tr in s ic  sp a tia l reso lu tion  o f th e  m icrostr ip s, and  from  

m u ltip le  sca tter in g .

T he refitted  tracks are p aram eterised  as follows:

y  = ay x2 + by x + cy 

z  = a2 x  + bz

In  th e  Z-projection th e track fit is  accom plished u sin g  a least-sq u ares fit to  a stra igh t line. 

In  th e  F -projection , th e  curvature o f th e  parabola  is  tak en  from  th e  m om entum , u sin g  

(from  E q u ation  7.9):

1____________ k q B
~~ 3 _  3

2 R  cos (j)0 2 p  cos X cos <{)0

T h e procedure is  illu stra ted  in  F igu re 7.2: th e  h its  on th e  track  are found (a), and the  

contribution o f th e curvature to the h it  coordinates is  subtracted  (b), so th a t a least-sq u ares
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Track

Active target Microstrip planes

F ig u re  7.3 Definition o f track param eterisation  a t the vertex

fit to a  stra ig h t lin e  m ay be used  (c). T he curvature is  th en  added once m ore, to g ive  th e  

fitted  track  (d).

T he region  o f in te r e st  for v ertex  ca lcu la tion  is  in th e active  target. I f  th e  track s are  

extrapolated  from th e m icrostrips to th e  target u sin g  th e  parabolic p aram eterisation  th en  

th e  sy stem a tic  errors in troduced becom e sign ifican t. In stea d , th e  track  p aram eters are 

transform ed back in to  th e (y, z , U p, X, <{>) p aram eterisa tion  u s in g  (from E q u ation s 7 .2 -4 ):

ca lcu lated  a t  th e  centre o f th e  m icrostrip  detector. T he trajectory m ay  th en  be accurately  

ca lcu la ted , u s in g  E q u ation s 7 .5 -8 .

For th e  v ertex  ca lcu la tion , h ow ever, m ore fits m u st be accom plished , so a  parabolic  

p aram eter isa tion  is  aga in  con ven ien t in  th e  Y-projection. A  parabola  is  therefore defined

target, and ca lcu la tin g  th e  param eters o f a  parabola  th a t p a sse s  through  th e  th ree  points. 

S ee F igure 7.3. T he m u ltip lic ity  d istribution  o f tracks th a t h a v e  b een  su ccessfu lly  refitted  

is  show n in F igure 7.4; th e  m ean  is  ~ 7 tracks per event.

7.3 Error calculation

in th e ta rg et by fin d in g  th e  coordinates o f th e  track  a t th e  front, m iddle and back  o f th e

T he lea st-sq u a res fits  o f  th e previous section  (and e lsew h ere  in  th e  a n a ly sis) require th e  

specification  o f  th e  errors associa ted  w ith  each m easu rem en t th a t  is  u sed  in  th e  fit. T he
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F ig u re  7.4 M ultiplicity o f  refitted tracks

error is  n e c e ssa r y  for th e  ca lcu la tio n  o f th e  w e ig h t  th a t  is  to be g iv en  to each  

m e a su r e m e n t.

Calculation of weights

I f  th ere  are severa l in d ep en d en t m easu rem en ts X  ̂ o f a  p h ysica l quantity , w ith  standard  

dev ia tion s a-, th en  the w eigh ted  m ean  is  g iven by:

X = Y Jw .X .+T4 i ii

T he varian ce o f  th is  m ean  is:

V ®  = £ u ; 2 a 2i i i

To calcu late  th e  correct w eigh ts, w e w ish  to find th e m in im um  variance w ith  respect to the  

w eigh ts w-j subject to th e condition:

=1
i

D efin e:

x = v+x

w here a L agrange m u ltip lier  X h a s  been introduced. T hen  th e  m in im isation  becom es:
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dw.
■^-=2u;.a2 + X=0

g iv in g :

H en ce:

From  th e  constraint:

T h u s th e  w e ig h t g iv en  to a m easu rem en t should  be proportional to th e  in verse-sq u are of 

its  a ssoc ia ted  error.

Errors for the refit

sp atia l resolution  g iven  in Section  5.15, i.e. an rm s  v a lu e  o f 16 pm  on each point, or 32 pm  

w hen th e  m ean  coordinate from a tw o h it  c lu ster  is  used .

T h e cu rvatu re  o f th e  parabolic  fit in  th e  Y -p rojection  is  d e term in ed  u s in g  th e  

m om en tu m  from  T R ID E N T , as ex p la in ed  in  th e  p rev iou s section . T h is  in tro d u ces  a 

further error, th e  error on th e  m easu rem en t of the m om entum , w hich can be read from  th e  

T R ID E N T  b a n k . E ach  o f  th e  track  p a ra m eters  c a lc u la te d  by T R ID E N T  h a s  an  

a sso c ia te d  error, an d  th e  errors on th e  d ifferen t p a r a m e te r s  are n o t n e c e s sa r ily  

in d ep en d en t, so th e y  m u st be specified  u s in g  a m atrix: th e  covarian ce  m atrix . F or two  

variab les X- a n d ^ -  th e  covariance is  defined as fo llow s [96]:

w here E(x) rep resen ts th e expectation  va lu e  o f x. The e lem en ts C,-,- con stitu te  a m atrix . For
V

in d ep en d en t var iab les it  is  d iagonal, and th e d iagonal e lem en ts  g ive  th e  variances:

T he errors on th e  m icrostrip  h its  th a t are u sed  as poin ts for th e  refit are tak en  from  th e

Ca  = <ftTi>
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In th e case o f th e  track param eters from  TRIDENT, the variab les X  = (y, z , 1/p, X, <j>); 

th e  error on th e  m om entum  for u se  in  th e  refit m ay be calculated  from the variance o f the  

in verse  m om en tu m , A l / p ) ,  read  from  th e  error m atrix.

Propagation of errors

In the refit calcu lation  it  is  n ecessary to transform  the param eters u sed  to describe a track  

from one se t o f variab les to another. For exam ple, th e  param eters provided by th e  fit are in  

th e  (a „  6 ,  a.., b.., c j  param eterisation; w h ils t  to follow  the trajectory to th e  target, the  

(y, z ,  1 /p , X, <)>) p a ra m eter isa tio n  is  u sed . W hen such  tra n sfo rm a tio n s are m ad e, th e  

errors o f th e  transform ed param eters m u st be calculated  u sin g  th ose  o f th e original set.

I f  X  is  a  s e t  o f  variab les w ith  covariance m atrix  C y , and Y  is  th e  se t  o f transform ed  

va ria b les , i.e . Y- = (X), th en  i f  th e  tran sform ation  fu n ctio n s are lin ea r  (or are w ell

approxim ated  by th e  lin ear  term s o f a  T aylor expansion), th e  covariance m atrix  o f Y  is  

given  by [96]:

c y = t c x t T

w here T  is  th e  m atrix  of derivatives:

dYiT .. = — -  ( a t X = X )
lJ dX.

J

A p a r ticu la r  u se  o f th is  procedure is  w h en  th e  tra n sfo rm a tio n  is  s im p ly  th e  

ca lcu la tio n  o f th e  p a ra m eters  a t a  d ifferen t ^ -co o rd in a te . For ex a m p le , for th e  

propagation o f th e  errors on th e TR ID E N T  p aram eters of a track from ^-coordinate Xq to

* 1 :
Y - i y v z l , l / p v Xl ^ 1) (a t x = x 1)

an d :

X -  (yQ, Zq , 1 / P q , Xq , <{)q ) (a t x - X Q )

T h e m a tr ix  o f  d e r iv a t iv e s  T  is  a (5 x  5) m a tr ix  w h ich  m a y  be ca lcu la ted  u s in g  

E q u a tio n s 7 .7 -8 :
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etc. A s can be seen , th e expressions can be quite com plex. T he propagated errors m ay then  

be fou n d  by sim p le  m a tr ix  m a n ip u la tio n . In th is  m a n n er  th e  track  errors can be  

calcu lated  a t any position  along th e  track.

R ou tin es w ere w ritten  to transform  the error m atrix  b etw een  th e  T R ID E N T  and th e  

parabolic p aram eter isa tion s, and  a lso  from  e ith er  o f th e se  to a  lin ear  p ara m eter isa tio n  

th a t w ill be used  a t the vertex.

For th e  errors from  th e  refit, a  covariance m atrix  i s  constructed  u sin g  th e  errors from  

th e  p aram eters o f th e lin ear fits, and th e  error on th e  curvature term:

a  a  
y  y 0 0 0 0

0 b b 
y  y

b c 
y  y 0 0

0 c b 
y  y

c c  
y  y 0 0

0 0 0 a  a  z  z a  b z  z

0 0 0 bz ° z b bz  z

w here each  e lem en t is  lab elled  w ith  an  obvious n otation . T he errors are th en  propagated  

to th e  T R ID E N T  p aram eterisa tion , u s in g  a  (5 x  5) m atrix  o f d erivatives. T he e lem en t of  

th e  tran sform ed  error m atrix  th a t corresponds to cP'ilIp) is  forced to take th e va lu e  of  

cr^d/p) read  from th e  T R ID EN T bank.

T he errors on th e  various refit param eters at th e  m iddle o f th e  m icrostrips are show n  

in  F igure 7.5. T he en tr ies  a t h igh er  v a lu es  for the error are from tracks w ith  few er th an  

th e fu ll four h its  in  each projection.
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F ig u re  7 .5  Errors on refit track param eters a t the m iddle o f the m icrostrips

Multiple scattering

A  ch arged  p a rtic le  p a ss in g  th rou gh  m a tter  u n d ergoes Coulom b sca tter in g , due to its  

electrom agn etic  in teraction  w ith  th e charged com ponents of th e  m ateria l. T he individual 

in tera c tio n s  ty p ica lly  ca u se  a sm all and e ffec tiv ely  random  ch an ge in  th e  d irection  of
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th e  p a r tic le  trajectory, an d  th e  to ta l deflection  ca u sed  by th e  m a te r ia l is  found  by  

su m m in g  th e se  ch an ges over m a n y  scatterin gs.

M u ltip le  sc a tte r in g  is  p a r ticu la r ly  im p o rta n t for th is  a n a ly s is  w h en  th e  track  

m easu red  in  th e  m icrostrips is  extrapolated  back in to  th e  active target to find th e  vertex. 

T h e p a s s a g e  o f th e  track  th ro u g h  th e  ta r g e t m a ter ia l w ill h a v e  in tro d u ced  som e  

(unknow n) deflection due to m u ltip le  scattering, so w hen  th e  extrapolation  is  perform ed, 

th e errors on th e track param eters m u st be increased  to accom m odate th is  uncerta in ty .

For a th in  layer of traversed  m ateria l, the expectation  o f th e square o f th e  scattering  

angle in  space per unit length  can be approxim ated by [97]:

va lu e o f about 21 MeV.

For th e  purposes o f th is  a n a ly s is , p  » m, (3 ~  1, and n eg lectin g  th e  logarith m ic  term , 

we m ay put:

N ote th a t  th e average sca tter in g  angle depends upon th e  inverse of th e  m om entum , so the  

effect o f m u ltip le  sca tter in g  is  particu larly  im portant for low  m om entum  tracks.

T h e variance of the projected scatter in g  angle, 0^, is  determ ined  by:

w here m  is  th e  m ass o f th e  in cid en t particle, p  is  it s  m om entum  and P is  its  velocity; X q is  

th e rad ia tion  len gth  of the traversed  m edium  and x is  it s  th ickness; a  is  a  con stan t w ith  a

dg2(V  eo2
d x  2

and con sid erin g  the sca tter in g  effect as w hite n oise  it  fo llow s [97] th a t th e expectation  of 

the projected  scatter in g  an g le  is  g iven  by:

S im ila r ly  for th e  projected tra n sv erse  sca tter in g  d istance:
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and  for the correlation b etw een  the two:

©n 2
E  (y,0 ) = — —  

v ’ /  2 2

T h e active ta rg et is  constructed  from a stack  o f silicon w afers, each 300  pm  th ick , 

separated  by about 200 Jim o f air. For the purposes of the calculation of m ultip le scattering, 

th e  m a te r ia l is  con sid ered  as h o m o g en eo u s, an d  an a v era g e  ra d ia tio n  le n g th  is  

calcu lated . U sin g  th e  rad iation  len gth  of silicon  from Table 1.1 (~  9*36 cm), th e  average  

rad iation  len gth  m ay be calculated: X q ~ 15-8 cm.

To include the effect o f m ultip le  sca tter in g  on th e  error ca lcu la tion s, th e  d istan ce Ax 

th a t  h a s  been  travelled  through the target is  determ ined . T he m u ltip le  sca tter in g  g ives a  

contribution to th e covariance m atrix for th e  track param eters: i f  C -j is  an elem en t o f th e  

co v a r ia n ce  m a tr ix  a t a  g iv en  x -c o o r d in a te , in  th e  T R ID E N T  p a r a m e te r isa t io n  

th en  th e corrected covariance m atr ix  is  g iven  by:

<V V

w h ere e is  th e covariance m atrix  for th e  m u ltip le  scattering:

F ig u re  7.6 Variation w ith  momentum o f m ultiple scattering contribution to track error



204 Vertex finding

AxS/S 0 0 0 Ax2/2

0 Ax3/3 0 Ax2/2 0

0 0 0 0 0

0 Ax2/2 0 Ax 0

Ax2/2 0 0 0 Ax

T h e  e ffec t  o f th e  m u lt ip le  sc a tte r in g  is  i l lu s tr a te d  in  F ig u re  7 .6 , w h ere  it s  

contribution  to th e  tra n sv erse  error o f th e track s (a  and <szz ) a t th e  v er tex  is p lotted  

a g a in s t  th e  track m om en tu m . T he m u ltip le  sc a tte r in g  in  th e  p la n es o f th e  m icrostrip  

d etector is  neglected .

T h e errors on the tran sverse  track coordinates a t  th e  vertex  are show n in  F igure 7.7. 

U sin g  th e  non-charm  M onte Carlo even ts, th e  tra n sv erse  o ffset o f tra ck s from  th e  true  

v ertex  m ay be d eterm in ed  (see  F igure 7.8 (a) and  (b)). I f  th e  error a n a ly s is  is  accurate, 

th en  th e  ratio  o f th e  o ffset and its  error (th e  ‘n o rm a lised ’ offset) sh ou ld  b e  n orm ally  

d istr ib u ted , i.e . follow  a  G au ssian  d istribution  w ith  rm s  w idth  of 1-0 (see  F igu re 7.8 (c)). 

T he d istr ib u tion s are in d eed  o f G au ssian  shape, b u t th e  w id th s are s lig h tly  g rea ter  th an  

1-0, in d ic a tin g  th a t  th e  errors h a v e  b een  u n d erestim a ted . T h is  can be ca u sed  b y  th e

F ig u re  7 .7  E rror on transverse coordinates o f  tracks a t the vertex
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F ig u re  7.8 Offset o f  tracks from  the vertex (Monte Carlo)

incorrect a ssig n m en t o f h its  to tracks, due to th e  presence o f c lu sters, or by gh ost tracks. 

To com p en sate for th e se  effects, a  correction factor o f (1 -3 ,1 -2 ) w a s  introduced in to  the  

calcu lation  o f th e  errors for th e (Y, Z ) tracks.

7.4 Additional tracks

T h e track s from  T R ID E N T  th a t  h ave been  u sed  for th e refit do n o t account for a ll o f th e  

h it s  in  th e  m icrostr ip s. T h e average m icrostrip  h it  m u ltip lic ity  is  (from  F igure 5 .28)
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ab ou t 140 . T he m u ltip lic ity  o f  track s from  T R ID E N T  w ith  flag  g rea ter  th a n  2 0  (i.e . 

m atch ed  in  th e  m icrostrips and  su itab le  for u se  in  th e  refit) is  about 7. I f  w e a ssu m e th a t  

each track  h a s  10  m icrostrip  h its , th is  only accounts for about h a lf  o f th e  to ta l num ber of 

h its . T h e  num ber o f n o ise  h it s  th a t  are expected  in  an  even t is  sm all (a s  w a s  show n in  

S ection  5 .12), typ ica lly  6 h it s  per even t, and m ay be neglected  in  th is  argum ent. C lu sters  

accou n t for a  few  m ore h its , b u t a  sign ificant num ber rem ain— th ey  are from  tracks in  th e  

m icro str ip s w hich h a v e  n o t b een  reconstructed  by TR ID E N T . T h is  m ay  b e due to th e  

track s b e in g  outside th e  acceptance o f th e w ire cham bers, or due to in effic ien cies in  th e  

cham bers and the track  reconstruction .

I f  th e se  ‘additional’ tracks are outside th e acceptance o f TR ID EN T, th ey  w ill ten d  to  

h a v e  lo w  m om en tu m , so m u ltip le  sca tter in g  w ill b e  ser iou s. F urth erm ore, s in ce  th e  

track s are n o t reconstructed  in  th e  re st  o f th e  spectrom eter, th e m om en tu m  w ill n o t be 

m ea su red , so th e  error from  th e  m u ltip le  s c a tte r in g  w ill be u n k n ow n . H ow ever, th e  

precision  in  th e jc-coordinate o f a  vertex  is  greater for w ide angle tracks, so th e  additional 

track s m ay  be u sefu l for ver tex  finding.

T h ey  are found by p attern  recognition in  th e  m icrostrips a lone. A s m en tion ed  above, 

th is  w ou ld  be u n su itab le  for th e  recognition  o f a ll track s, u s in g  a ll o f th e  m icrostrip  h its . 

H ow ever, th e search for ad d itional tracks is  only m ad e after  th e  refit h a s  b een  perform ed. 

T he h its  w hich  lie  on th e  refitted  tracks can therefore  be excluded from  th e  search; th e  

O R -im ages of th ese  h its  are a lso  excluded. In F igure 7.9, an ev en t is  d isp layed  a fter th e  

refit h a s  b een  perform ed; in  F igure 7 .10  the sam e even t is  show n w ith  th e  refit h it s  and  

th e ir  O R -im ages n o t d isp layed: th e  rem ain in g  h its  in d ica te  th e p resen ce  o f ad d ition a l 

tr a c k s .

T h e  rem ain in g  m icrostrip  h its  are clu ster ised : each  c lu ster  (o f h it s  in  con secu tive  

str ip s on a plane) is  replaced by a poin t at th e centre of th e  cluster, for u se  in th e pattern  

recognition . The w idth  o f the cluster w ill be used  to determ ine the error on th e  point for the  

track fit. Tracks are searched  for in each of th e Y- and Z -projections.

Z-projection

T he tra ck s in the Z -projection  are fit as s tra ig h t lin es . T hey are found  by ta k in g  each  

com b in ation  of h its  in  th e  first p lan e and th e  la s t  p lan e o f th e  projection  (i.e. p la n es 1 

and 7), and ca lcu lating  th e  lin e  th a t p a sses  through th em  both, to g ive a candidate track. 

T h e o ffse t in  z  o f th e  ca n d id a te  track from  th e  T R ID E N T  v er tex  is  d eterm in ed  (see
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Run 1732 tven t 3440 Scale 1.0 2.0 2.0 Origin -1 .41  0.00 0.00

Figure 7.9 Event displayed after refit performed
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F ig u re  7.11 R aw  offset o f  candidate addition al tracks from  the TRIDENT vertex

F igu re 7 .11). T he presence o f a  c lear p eak  a t sm all o ffset in d ica tes  th a t rea l track s are 

b ein g  found. A  loose cu t o f ±  1 m m  is  m ade on th e  offset, to se lec t tracks th a t p o in t tow ard  

th e  vertex . T he cu t is  loose, s in ce  th e  T R ID E N T  vertex  is  n o t very  accurate, an d  it  is  

im portant th a t the vertex position does not bias the track fit.

T he p o in ts a t w hich a h it  is  predicted  are ca lcu lated  on th e  in term ed iate p lan es, and  

th e  n ea rest  h it  selected . O nly four-point tracks are used . A  least-sq u a res fit to a  stra igh t 

lin e  is  m ade u s in g  the four p o in ts, and  only th ose  tracks for w hich  th e  fit is  good are 

accepted. T h is  is  achieved by m ak in g  a cu t on th e  probab ility  o f  chi-square for th e  fit. The  

chi-square o f a  fit to N  m easu rem en ts is  defined as:

w here 8 is  th e  offset o f a m easu rem en t from its  predicted valu e, and a  is th e error on the  

m easu rem en t. I f  th e offsets are norm ally  d istributed  about th e ir  true va lu es, th is  quantity  

shou ld  fo llow  a  ch i-squ are  d istr ib u tion  [98] w ith  th e appropriate num ber o f  d egrees of  

freedom , N ^ Qp  g iven  by:

N (iof=  (no. o f  constraints) -  (no. o f free param eters) (7.11)

A s every  m ea su red  p o in t con tr ib u tes  a  co n stra in t eq u ation , th ere  are th erefo re  tw o  

degrees o f  freedom  for th e  four-point stra igh t-lin e  fit.
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F ig u re  7.12 Probability o f  chi-square for the add ition a l track fit

T h e probability  Prob  (%̂ ) th a t a  v a lu e  chosen  from a tru e ch i-square d istribution  (for 

a g iv e n  n u m b er o f  d eg rees  o f freed om ) w ou ld  exceed  th e  ch i-sq u a re  ca lcu la ted , is  

d eterm in ed  u s in g  a  rou tin e  from  th e  C E R N  program  library  [99]. I f  th e  h y p o th e s is  is  

correct, i.e . th e variab le  under in v estig a tio n  does follow  a ch i-sq u are d istr ib u tion , th en  

Prob (%̂ ) should  be a fla t d istribution , w ith  a ll v a lu es from 0 -1  eq u ally  populated .

I f  th e  fit for th e  ad d ition a l track  is  poor, th en  th e  ch i-square w ill be large , an d  th e
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F ig u re  7.13 Offset o f  Z-projection add ition a l tracks from the TRIDENT vertex

Prob  (x2) d istribution  w ill h ave a sp ike a t low  probability. A  cut is  m ade, to se lect only  

track s w ith  Prob (%•*) > 1 %. See F igure 7 .12, w here the probability d istribution  is  show n  

both  before th e cu t (a) and  after (b). T he o ffset o f th e  fitted  track s from  th e T R ID EN T  

vertex  m ay again  be ca lcu lated , and is show n in  F igure 7.13. A s can be seen , th e  peak  is  

n arrow  com pared w ith  th e  earlier  cut, in d ica tin g  th a t the cu t did n o t b ia s  th e  track  

f in d in g .

Figure 7.14 Multiplicity of Z-projection additional tracks



212 Vertex finding

T h e m u ltip lic ity  o f tracks found in  th is  m anner is  show n in  F igure 7.14; th e  m ean  is  

about 2-5 tracks per even t. T he num ber o f  ad d ition a l tracks is m ore s ign ifican t than  it  

m igh t a t first appear, since a lthough there are on average 7 refit tracks, i f  a  charm  decay  

is  u n d er  in v e s t ig a tio n  for w h ich  th ere  are th ree  charged  d ecay  p rod u cts, such  as  

D g -» K K n , th en  th ere  rem ain  on ly  4 tracks from  th e  prim ary vertex . T h e ad d ition a l 

tra ck s can therefore m ak e a sign ifican t contribution  to th is  ca lcu la tion . T he rem ain in g  

excess o f m icrostrip h its  in clu d es three-point tracks, w here a h it  h a s  been  dropped due to  

th e  m icrostrip  p er-p lan e effic iency  b e in g  le ss  th a n  100  %, or due to track s ou tsid e  th e  

accep tan ce o f the dow nstream  p lan es. T h ese  th ree-p o in t tracks could a lso  be found, b u t  

due to th e  in creasin g  u n certa in ty  in  th e  track fit, th e ir  u se fu ln ess  in  th e  vertex  find ing is  

q u estion ab le , and th e ir  reconstruction  w as n ot pursued.

T he angu lar d istrib u tion  o f th e  additional track s found is  com pared w ith  th a t  o f th e  

refit tracks in  Figure 7.15; a s  can be seen , th ey  do in d eed  h ave a  fla tter  d istribution , apart 

from  an enh an cem en t a t low  angle due to pairs— th ese  are rejected a t  th e  charm  a n a ly sis  

stage  (C hapter 8). T he accuracy o f th e  additional tracks in  th e x-coordinate o f th e  vertex  

w as checked  u sin g  th e M onte Carlo. N on-charm  ev en ts  w ere u sed , an d  th e  x -o ffset o f  th e  

tracks from  th e  M onte Carlo vertex  position  is  show n in  F igure 7 .16 . A lso  show n is  th e

Refit tracks

Additional tracks

Figure 7.15 Angular distributions of tracks
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Refit tracks 
rms = 1.5mm

Additional tracks 
rms = 1.0mm

F ig u re  7.16 x-offset o f  tracks from the Monte Carlo vertex

o ffse t ca lcu la ted  w ith  th e  refit track s. T he d istr ib u tio n  for th e  ad d itio n a l track s is  

n arrow er, in d ica tin g  th e ir  u se fu ln e ss  for vertex  ca lcu lation .

Y-projection

For th e  recogn ition  o f track s in  th e  Y -projection , th e  lack  o f in form ation  ab ou t th e  

m om en tu m  is  m ore seriou s, b ecau se  th e tracks are curved (sin ce  th e  Y -projection is  th e  

b end  p lan e o f  th e  m agn etic  field), b u t th e curvature o f  th e  tracks is unknow n. Four-point 

tra ck s are a g a in  u sed , b u t a  parabolic ra th er  th a n  lin ea r  fit is  em ployed. A  cand idate  

track  is  m ade u s in g  h its  on th e  first p lane and th e  la s t  p lane in  th e  projection (p lanes 2 

and  8), and  th en  a h it  on th e  second p lane of th e  projection is  u sed  to define a parabola. A  

cu t is  m ad e on th e  sa g itta  o f th is  parabola, a t 500 |im  (see  F igure 7.17), w hich  corresponds 

to  rejectin g  track s w ith  m om entum  le ss  th an  0-5 GeV/c (th a t w ould be h ig h ly  inaccurate  

d u e to m u ltip le  sca tter in g ). T h e ca n d id a te  track  is  req u ired  to p o in t to w a rd s th e  

T R ID E N T  vertex , w ith  a 1 m m  cut as for the Z-projection.

T he parabola  is  u sed  to p red ict a  poin t on th e rem ain in g  p lane o f th e projection, and  

th e  n e a r e s t  h i t  is  ta k en  for u se  in  a parabolic le a st-sq u a r e s  fit. T he p rob ab ility  o f  

ch i-sq u are is  ca lcu lated  for th e  fit, th is  tim e w ith  one degree o f freedom ; th e  sa m e cut of
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F ig u re  7 .17  S ag itta  o f Y-projection additional tracks

Prob  (%̂ ) > 1 % is  applied , a s  for th e Z -tracks. T he offset o f th e  track s from  th e  T R ID E N T  

vertex  after th is  cu t i s  show n in  F igure 7.18. T he m ean  m u ltip lic ity  o f ad d ition al tracks  

found  in  th e  Y -projection  is  about 2-3 , w h ich  is  r e a ssu r in g ly  s im ila r  to th a t  o f th e  

Z -p rojection  tra ck s. In  F igu re 7 .1 9 , th e  sa m e e v e n t a s  w a s sh ow n  in  F igu re  7 .9  is  

d isp layed , a fter  th e  ad d ition a l track  search  h a s  b een  perform ed, w ith  th e  ad d itio n a l  

tracks found m arked  dot-dashed.

Figure 7.18 Offset of Y-projection additional tracks from TRIDENT vertex
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Figure 7.19 Event displayed after additional track search
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II Vertex finding schemes

7.5 Intersection vertex

T he In tersection  v ertex  is  form ed u s in g  th e pairw ise in tersection s o f tracks. It rep resen ts  

a sta g e  in  th e  d evelopm ent o f vertex  find ing from th e  sim ple approach such as is  u se d  in  

th e  m icrostrip  filter (Section  6.7), w here no error a n a ly sis  is  done, to the fu lly  c o n sisten t  

error a n a ly s is  u sed  in  th e  ‘C onstra in t’ v ertex  (described in  th e n ex t section). T h is  v ertex  

schem e is  o f in terest, as it  w a s found to g ive good charm  sig n a ls  in  th e a n a ly sis  o f som e  

c h a n n e ls . I t  i s  p a r tic u la r ly  su ite d  to  u se  in  co n ju n ctio n  w ith  th e  a c tiv e  ta r g e t  

in form ation , as w ill be exp la ined .

Intersections

T he tracks from  th e refit are used , i.e . TR ID E N T  tracks w ith  flag  greater th a n  2 0  w hich  

h a v e  b een  refitted  in  th e  m icrostrips. T he tracks th a t are to be u sed  in  a  particu lar vertex  

search  are chosen , a s  w ill be described  in  th e  n ex t chapter. For each  pair o f track s, th e  

p oin t o f c lo sest approach in  th e  tran sverse  (y-z) p lan e is  found. T h e tran sverse  sep aration  

s  o f a  pair o f tracks is  g iven  by:

s  =
i

w here th e  subscrip t d istin g u ish es  th e  tracks. A s exp la in ed  in  Section  7.2, th e  refit tracks  

are param eterised  as parabolae in the target. S u bstitu ting:

y j  = a-̂  x2 + fcj x + Cj 

x +

an d  sim ila r ly  for track  2, gives:

s  =

r 11/2

I ( ( f l j  -  a2) x2 + (&x -b2)x + (cx -  c2) )  + ((d j - d2) x + (e1 -  e2))

T he poin t o f c lo sest approach is found by m in im isin g  th is  separation , w hich is  eq u iv a len t  

to m in im is in g  its  square:

2
d s
d *

= 0
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lea d in g  to a cubic equation  for x:

2 Ao '  * 3 + 3 Aa A6 x" + (A6^ + 2 Aa Ac + Ad^) x + AbAc + AdAe = 0 

w h ere Aa = (a-̂  — a 2) etc. T he roots o f th is  cubic equation are found u sin g  a routine from  

th e  C ER N  program  library [100]. T he root is  chosen th a t lies  w ith in  the target; i f  th ere are 

m ore th a n  one, th en  th e  root th a t g iv es  th e  sm a lle st  separation  is  tak en . T h is  g iv es  the  

^-coordinate o f  th e  in tersection . The y-  and ^-coordinates are ca lcu la ted  as th e  average of  

th e  two track coordinates a t th a t x.

T he error on th e  separation  of th e  track s m u st n ex t be found. T he track errors are 

p ropagated  to th e  p o in t o f in tersection , in  th e  (y, z , 1/p, X, <])) p a ra m eter isa tion , an d  th e  

e lem en ts  o f th e  covariance m atrices concern ing th e y-  and z-coord inates are com bined to  

form  a n ew  m atrix:

V l * 1*1 0 0

*1*1 * 1*1 0 0

0 0 * 2*2 * 2*2

0 0 *2*2 *2*2

U sin g  E quation 7.12, th e derivatives o f s  w ith  resp ect to th e four param eters (y^, z 1, y 2> Ze2) 

m ay be ca lcu la ted , to g ive  a (4 x 1) d er iv a tiv e  m atrix . F in a lly  th e  error propagation  is  

perform ed u sin g  th is  m atrix, to give th e  error crg on s. The ratio s/crg g iv es  a  m easu re o f the  

q u a lity  o f th e  in tersection . I f  th e  ratio is  large , th en  the tracks are probably n o t from  the  

sam e vertex  (or one of the tracks m ay be a ghost), and th e in tersection  should be excluded  

from  th e  vertex  ca lcu lation . A  cut on th e  sep aration  is  app lied , accep tin g  in tersec tio n s  

th a t  satisfy:

—  < 3 - 0
<7s

S ee  F igure 7.20. The u se fu ln ess  of th is  cut can be dem onstrated  u s in g  charm  ev en ts  from  

th e  M onte Carlo: th e separation  is  ca lcu lated  for tracks th a t b elon g  to the sam e vertex , or 

d ifferen t vertices. T he rejection  o f th e  cu t is  greater  for track s from  d ifferen t v er tices  

th an  for th ose  from  th e sam e vertex, a s  can be seen in Figure 7.21.

Vertex calculation

T he vertex  coord inates are tak en  as th e  w eig h ted  m ean s of th e  in tersection  coordinates. 

For th e  sake o f consistency , it  is  n ecessary  th a t all m utual in tersection s o f the tracks used
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F ig u re  7.20 Cut on track p a ir  separation

in  th e v ertex  calculation  should  be acceptable. I f  an  in tersection  is  unacceptable, th en  th is  

in d ic a te s  th a t  one o f  th e  tw o t r a c k s  u sed  to form  i t  is  u n a ccep ta b le , an d  th e  other  

in te r s e c t io n s  o f th a t  tra ck  sh o u ld  a lso  b e  r e jec ted . T h erefo re , i f  u n a c c e p ta b le  

in ter sec tio n s  ex ist b etw een  th e  track s b ein g  u sed , th e  track  w ith  th e  h ig h e s t  num ber o f  

u n accep tab le  in tersection s is  rejected , and th e  process rep eated  u n til a ll in tersec tio n s o f  

u sed  track s are acceptable.

Figure 7.21 Cut on track pair separation (Monte Carlo)
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T h e error on th e  in tersection  coord inates m u st be determ ined . D ue to th e  com plex  

n a tu re  o f th e  exp ression  for th e  ^-coordinate o f th e  in tersection , th e  ca lcu lation  o f  th e  

d er iv a tiv e  m atr ix  for error propagation  ca n n o t be sim p ly  perform ed. In stead , a  n ew  

p aram eterisa tion  is  introduced for th e  tracks a t th e  intersection: a  lin ear  approxim ation, 

calcu lated  for th e  Y-projection as th e  tan gen t to th e parabola. T h a t is:

w ith :

y  = ay ' x  + by  
z  = az 'x  + bz '

ay' = 2ay xl + by 

by ' = cy ~ ay xI2

w h ere Xj is  th e  x-coord inate of th e in tersectio n . T he track errors are propagated to th e  

in te r se c tio n  p o in t in  th e  T R ID E N T  p a ra m eter isa tio n , an d  th e n  tran sferred  to th e  

(ay \  b y ,  az ', 6Z') p aram eterisa tion , g iv in g  a  ( 4 x 4 )  covariance m atrix  C' for each track. 

T h ese  are com bined to g ive the (8 x 8) m atrix:

Figure 7.22 Intersection coordinate errors
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F ig u re  7.23 x-offset o f intersections from  the vertex (Monte Carlo)

w here 0  rep resen ts th e  (4 x  4) n u ll m atrix  (the track-track correlations are zero). W ith the  

lin ear  p aram eterisa tion  o f th e  tracks, Xj m ay be solved  for, and th e e lem en ts  of th e  (8 x 3) 

d erivative m atrix  th a t is  u sed  to transfer the errors to (xj j j j s j )  m ay be calcu lated . T hus a 

(3 x  3) error m atrix, e^, is  determ ined  for each in tersection .

T h e  erro rs  on th e  in te r s e c t io n  c o o r d in a te s  a re  sh o w n  in  F ig u r e  7 .2 2 . In  

Figure 7 .23  (a) th e  offset in  x o f th e  in tersection s from  th e true vertex  position  is  show n for
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n o n -ch a rm ed  M on te  C arlo  e v e n ts . T h e  d is tr ib u tio n s  are g iv e n  b oth  w h en  a ll 

in tersection s are used , and also w hen only th ose  in tersection s w ith  error < 200 pm  are 

included; as can be seen , for th ese  in tersectio n s th e  d istribution  is  narrow er, in d icatin g  

th a t  th e error calcu lation  is  sensib le. T he n orm alised  offset is  show n in  Ob).

T he ca lcu la tion  o f th e  w eigh ted  m ean  o f  th e  in tersection  coord inates w ill now  be 

described. T he w e ig h t o f an  in tersection  is  g iven  by:

W 1 =  ( e 1 )_1

T h en  th e  w eigh ted  sum  o f th e  in tersection  coordinates x? is:

J I l J

w h ere th e  ind ices (i,J) run over the 3 sp a tia l coordinates, (x , y , z).  T he sum  of th e  w eigh ts  

is :

S  =  E w '
I

and th e  error on th e  vertex  is:

E  = (S)'1

F in a lly , th e vertex  coordinates are g iven  by:

x . = T e ..m .
1 i lJ J

T he cand idate v er tex  found in th is  m an n er m ay not be good: th e  in tersectio n s w ith  

th e  other tracks o f a track th a t does not b elon g  to the vertex m ay be acceptable, b u t offset 

from  th e vertex  p osition , a s  illu strated  in  F igure 7.24. It is  therefore n ecessary  to check i f

Figure 7.24 Possibility of intersections not belonging to the vertex
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th e  in tersection s used  are com patible w ith  th e  vertex  th a t h a s been calculated . T he offset o f  

each  in tersection  in  space from  th e  candidate vertex  is  found using:

T he error on th is offset, gr , is  ca lcu lated  by tran sferrin g  th e errors from  th e  vertex  and  

th e  in te r se c tio n , in  a s im ila r  m an n er  to th e  ca lcu la tio n  o f th e  error on th e  track  

sep aration , a lthough  now  th e  v er tex  and in tersec tio n  h a v e  3 p aram eters each , so th e ir  

com b in ed  covariance m a tr ix  is  (6 x 6), and th e  tra n sfer  m atrix  h a s  6 e lem en ts . T he  

n orm alised  offset is  checked, and i f  all in tersectio n s satisfy:

—  <3 - 0

th en  th e  vertex  is  accepted. O therw ise, the m ost offset in tersection  is  found; once again , it  

is  a track  rather than  th e  in tersection  w hich m u st be rejected, so for th e  tw o tracks th a t  

form  th e  in tersection  th e  p artia l chi-square is  calculated:

T he track  w ith  th e larger  p artia l chi-square is  rejected , and th e  procedure iterated . T he  

n orm alised  offset o f in tersec tio n s (for real data) is  show n in  F igure 7 .25 , w here th e  offset 

is  m easu red  rela tive to th e  first calcu lated  vertex.

Figure 7.25 Normalised offset of intersections from the vertex



Vertex finding 223

F ig u re  7.26  N um ber o f  intersections used in the vertex

T he num ber o f in tersection s u sed  in th e  vertex  is  show n in  F igure 7.26. T he d iscrete  

n a tu re  of th e d istr ib u tion  is  forced by th e  con sisten cy  req u irem en t th a t a ll th e  m u tu al 

in te r se c tio n s  o f u sed  track s are accep tab le . T h is  en su res th a t  for n  track s th ere  are  

n(n  - l ) / 2  in ter sec tio n s  u sed . T he errors on th e  coordinate o f  th e  v er tex  are show n in  

F ig u re  7.27. T h e  m u ltip le  p eak ed  s tru ctu re  is  a  resu lt o f  th e  d ifferen t n u m b ers o f  

in tersectio n s u sed  in  th e  v ertex  calcu lation , a s  indicated . The M onte Carlo can be u sed  to

Total

> 2 intersections 
2 intersections 
1 intersection

Figure 7.27 Intersection vertex coordinate errors
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All vertices 

a, < lOOjxm

F ig u r e  7.28 Offset o f reconstructed Intersection vertex from true vertex (Monte Carlo)

check th e  perform ance of th e  vertex  find ing package: th e  offset o f th e  reconstructed  vertex  

from  th e  tru e vertex  is  show n in  F igure 7.28, for non-charm  even ts. T h e rm s  w id th  of th e  

2 -d ifferen ce  d istr ib u tion  g iv es  a  good m ea su re  o f  th e  perform ance o f th e  s in g le -v ertex  

fin d in g  cap ab ility  o f th e  package. For th is  schem e, th e  rm s  w id th  is  -  3 3 0  Jim.
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Use of the active target

T h e active  ta rg et is  d esig n ed  to provide in form ation  about th e  vertex . T h is can be 

an a ly sed  in a stand-alone m anner, as is th e case in  ACTANL, th e  active target an a lysis  

patch  o f N E P T U N . H ow ever, w e w ish  to u tilise  th e  inform ation from th e target to im prove  

th e  v er tex  find ing sch em es th a t are b ased  on th e  m icrostrip  track s, esp ec ia lly  for th e  

prim ary vertex  recognition . A  sim ple arrangem ent w ould be to check w h eth er th e vertex  

p osition  found w ith  th e m icrostrip  tracks w a s co n sisten t w ith  th e  active target data. In  

particu lar, i f  the candidate vertex  w as found to lie  in  an area o f th e target w ith  no activity, 

th en  th e  vertex  w ould be rejected. T his approach w as found to be too brutal, as any event 

th a t  fa ils  the target condition  is  sim ply rejected: it  w ould be m ore u sefu l if, in stead , the  

vertex  position w as im proved  through the u se  of th e target.

T h is  p h ilo so p h y  w a s  fo llo w ed  for th e  In te r se c tio n  v e r te x  b y  ch eck in g  each  

in tersection — rath er th a n  sim ply  th e final v ertex — w ith  the target. F urtherm ore, since  

n u clear  recoil often g iv es  a h igh  pu lse h e ig h t in  th e  strip  o f th e ta rg et th a t con ta in s th e  

prim ary  vertex , th is  fea tu re  w as in clu d ed  in  th e  target req u irem en t. T he cu ts  w ere  

ch osen  from  sca n n in g  charm  candidates; a  ta rg et strip  w ith  a  p u lse  h e ig h t o f a t  le a s t  

15 Imin w ith in  ± 1 m m  of th e  in tersection  w a s required. The rejection  o f  any in tersection s  

th a t  fa il th is  req u irem en t ta k es  place before th e  consistency  check described earlier, and  

o th erw ise  th e vertex  fin d in g  procedure is  unchanged .

T h is  u se  o f th e  ta rg et w as found to be particu larly  su ited  to ev en ts  th a t had  p assed  the  

m icrostrip  filter, since th e sim ple target a lgorithm  u sed  in the filter se lec ts  even ts w ith  the  

req u ired  ta rg et configuration .

7.6 Constraint vertex

T h e C onstra in t vertex  find ing procedure w as devised  as a fu lly  co n sisten t approach to the  

trea tm en t of th e errors on th e  track param eters. It w as used to in v estig a te  im provem ents 

in  th e m a ss reso lu tion  for reconstructed  charm ed particles. T he id ea  w as th a t by tak in g  

th e  tra ck s  th a t  h a d  b een  id en tified  a s  co m in g  from  a charm  d ecay  v er tex , and  

co n stra in in g  th em  to p a ss  through th a t vertex , th e  track p aram eters w ould  be closer to 

th e ir  true v a lu es, and so th e  m ass reso lu tion  w ould  be im proved. T h is is  indeed  found to 

be th e case, a lthough th e  effect is  sm all (see S ection  8.4). H ow ever, th e  technique w as th en  

ex ten d ed  to form  a gen era l vertex  finding procedure.
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F igu re 7.29 Effect o f constraining tracks to their vertices

T h e basic princip le is  th a t th e  tracks th a t h a v e  been  selected  a s  b e lon g in g  to a  vertex  

are constra ined  to p ass through a common point in  space. The coordinates o f th a t p oin t are  

k ep t a s  free param eters, and  provide th e coordinates o f th e  vertex. T he ex ten t to w hich the  

p aram eters o f a track are changed  to ensure th a t i t  p a sses  through th e  com m on p oin t is  

d eterm ined  b y  the errors on th e  track param eters, and the m ovem ent o f  th e  track relative  

to its  errors g ives a ch i-square variable.

T h e ad van tages o f th is  approach are th e  follow ing:

(i)  A  chi-square var iab le  is  ava ilab le , w hich m ay  be u sed  as a  m ea su re  o f  th e  vertex  

q u a lity .

( i i )  T h e  track  p a ra m eters  w ill be ad ju sted  by th e  co n stra in ts , an d  th e ir  p recision  

sh ou ld  be im proved.

( i i i )  C o n sisten t u se  m ay  be m ade o f track s from  d ifferen t sources; in  p articu lar , the  

ad d ition a l tracks described  in  Section  7 .4  m ay  be u sed  along w ith  th e  refit tracks.

( iv )  T he ev en t can be d isp layed  w ith  the tracks forced to th eir  a ssign ed  vertices. S ee  for 

exam p le  F igure 7 .29 . In (a) th e  vertex  region  o f an  even t is  d isp layed , sh ow in g  th e  

o r ig in a l (u n c o n str a in e d ) track s; in  (b) th e  c o n str a in e d  tr a c k s  a re  sh o w n , 

in d ica tin g  how  th e  vertices w ere found.
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A  fu ll trea tm en t w ould in clu d e all of the track  v ar iab les, in clu d in g  th e  m om entum . For 

sim p lic ity , how ever, th e  track param eterisation  close to the vertex  is  tak en  a s  a  startin g  

va lu e. A  stra ig h t lin e  p aram eterisation  is u sed , in a sim ilar m anner to th a t described in  

th e  previous section; for th e  refit tracks, th is  in vo lves tak in g  th e  ta n g en ts  to th e parabolae 

th a t w ere fitted  in  th e target. T he errors on th e track param eters are propagated from the  

fu ll track  reconstruction , and so for th e refit track s th ey  include th e  error due to th e  

m o m en tu m . To fu rth er  s im p lify  th e  ca lcu la tio n , i t  is  a ssu m ed  th a t  th e  errors are  

in d e p e n d e n t o f x. T h is is  ob v iou sly  in a ccu ra te  i f  th e  varia tion  in  x  is  large , so an  

itera tiv e  technique is  used: as a  startin g  va lu e , th e TRIDENT vertex  is  tak en . The vertex  

ca lcu la tio n  is  m ade, and i f  th e  n ew  v ertex  p ositio n  h a s m oved fu rth er  th a n  a g iven  

to lerance in  x, th en  th e  v a lu es o f the errors are recalcu lated  at th a t x-coordinate, the new  

ta n g en ts  to th e tracks are tak en , and the vertex  calcu lation  is repeated . T h is procedure is  

itera ted  u n til th e change in  x is  le ss  than  the g iven  tolerance.

Constraint method

T he lin ear  p aram eterisation  o f the tracks close to th e  vertex  m ay be exp ressed  as follows:

y  = ai x + bi 

z  = ci x + d i

w h ere (t = 1, n) for n tracks. T he track errors are propagated to th e  x-coordinate o f  th e  

cu rren t v ertex  approxim ation , and  are transferred  from  the T R ID E N T  p aram eterisation  

to th e  (a, b , c , d )  p aram eterisa tion , g iv in g  a  (4 x  4) covariance m atrix  for each track.

T he m easured  param eters o f the tracks m ay be w ritten  as a  (An x  1) vector:

m — (o^, 6^, c^, d j ,  a,<£, bfy ...»dn)

T he param eters th a t are found by th e constrained  fit are denoted as follow s:

m  = (a1, 6 1, . . . , d n)

and w e m ay  put:

m.  = m.  + Am.  (i = 1, An)i i  i *

T h e covariance m atrices o f th e  tracks are com bined to give a  covariance m atrix  V  o f m:
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C1 0 0

0 C2 • 0

V = .

° °  c

w h e r e  th e r e  are no tra ck -tra ck  co r r e la tio n s . T h e v e r te x  c o o r d in a te s  from  a n y  

approxim ation  are rep resen ted  as:

and th e  b est  fit values:

M  = ( X , Y , Z )

M .= M .+ A M i (i = 1 ,3 )

T h e con stra in t eq u ation s a rise  from  th e req u irem en t th a t th e fit v ertex  coordinates sa tisfy  

th e  fit  tracks:

Y  = £ X + hi i

Z -c .X + c Li i

w h ere  (i = 1 ,n), g iv in g  2 n con stra in ts . A  (2n x  1) vector f  o f  r e s id u a ls  m ay  th en  be  

d efin ed :

/•2 i = Z - c - X - i

Two m atr ices of d er iv a tiv es  are calculated:

-a l 1 0

*1 0 1

II ~a 2 1 0

- ° 2

’

0 1

is  a  (2n  x  3) m atrix, and:
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-X -1 0 0 0 0

0 0 -X -1 0 0

0 0 0 0 -X -1
d m

is  a  (2n x  4 n) m atrix.

To perform  the constra ined  fit, w e w ish  to m in im ise:

S^ = AniJ V 1 Am + 2 }J f

w h ere X is  a  (2n x  1) vector of L agrange m u ltip liers. T he solution  is  found u sin g  standard  

m a trix  m an ipu lation  [101]:

Am = -VBt Wb  (I-A W ^ -1 ATWb ) f

a m =-wab-1a t wb /

w h ere:

Ws  = ( B V B Tr 1 

W ^  = At Wb A

and I  is  th e (2n x  2n) u n it  m atrix. The chi-square variab le for th e vertex  is  g iven  by:

CO0)oc<D
c -
v_3OO

O

0 4 8 12 16

Number of iterations

F ig u re  7.30 N um ber o f iterations for Constraint vertex calculation
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%2 = A m T V '1 A m

T he num ber of degrees o f freedom  can be d eterm ined  u sin g  E quation  7 .11 . T here are 2 n 

co n stra in t eq u ation s, and  3 u n m easu red  v a r ia b les , so th e  prob ab ility  of ch i-square is  

ca lcu la ted  w ith  (2n -  3) d egrees o f freedom . For th e  calcu lation  o f th e  p u lls  o f th e  fit 

(E q u a tio n  5 .1 ), i t  is  n e c e ssa r y  to k n ow  th e  covarian ce m a tr ix  for th e  fit v e r te x  

coordinates; th is  is  g iven  by W ^ ' 1.

T h e  coord in ates o f  a  n ew  can d id ate  v e r te x  are found  in  th is  m an n er, and  as  

m en tio n ed  above, th e  procedure is  itera ted  u n til th e  change in  th e  ^-coordinate o f  th e  

v ertex  is  le s s  than  a to lerance, taken  as 1 m m . T he iteration  converges rapidly, as show n  

in  F igu re  7.30.

F ig u re  7.31 Probability ofch isquare for vertex fit
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F ig u re  7.32 Offset o f reconstructed Constraint vertex from true vertex (Monte Carlo)

T he probability  o f chi-square is  then  checked to see w hether th e  vertex  is  acceptable: 

th e probability  is  required to be greater than  a cut, o f typ ically  1 %. I f  th is  criterion is  not 

sa tisfied , th en  th e track w ith  th e  g rea test contribution to the ch i-square m ay  be rejected  

from  th e  fit, and the vertex  recalcu lated . T he ch i-square of th e  vertex  is  com posed o f th e  

p artia l ch i-sq u ares of th e  tracks:

x2 = Ex*2
i

and th e  p artia l ch i-squares are com pared to find th e  le a s t  acceptable track in  th e  fit. See  

Figure 7.31. T he vertex  finding m ethod w as tested  in  th e  sam e m anner as th e  Interaction  

vertex , by com paring th e  reconstructed  vertex  coordinates w ith  th o se  o f th e  tru e vertex, 

u s in g  n o n -ch a rm ed  M onte C arlo e v e n ts — see  F ig u re  7 .3 2 . T h e r m s  w id th  o f  th e  

d istr ib u tio n  is  now  ~ 300  |im , r e p r e se n tin g  an im p rovem en t over th e  ea r lier  vertex  

reconstruction  techn iques. T he errors on the vertex  coordinates are show n in  F igure 7.33, 

for th e prim ary vertex , and in  F igure 7.34, for th e secondary vertex . T h ese d istrib u tion s  

are ta k en  from  th e  D g a n a ly s is  (S ection  8 .4), so th e  secondary v ertex  in v o lv es  three  

p artic les. N o te  th a t th e prim ary v ertex  errors are sm aller  th an  th o se  o f th e  secondary  

vertex, due to th e  larger num ber o f tracks involved  on average.
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F ig u re  7.33 Errors on p rim a ry  vertex coordinates

F ig u re  7.34 Error on secondary vertex coordinates

T h e v ertex  fin d in g  a lgorith m s described  in th is  ch ap ter m u st now  be u sed  in  th e  

search  for charm ed particle decays. T h is is  th e  subject o f th e  n ex t chapter.
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C H A R M S I G N A L S

In  th is  chapter, th e  tech n iq u es used  for th e  iso la tion  o f charm  s ig n a ls  are described. The  

gen era l princip les o f  th e  a n a ly sis  chain  are d iscu ssed  first, th en  th e  iso la tion  o f a  charm  

s ig n a l in  specific ch a n n e ls . T he charm  a n a ly s is  d ep en d s on th e  v er tex  recon stru ction  

m eth od s th a t w ere described in  th e previous chapter; th e general princip les o f th e an a lysis  

are in d ependent o f th e  v ertex  schem e em ployed, so th e resu lts  obtained u sin g  th e  different 

sch em es w ill be d iscu ssed  w ith  the specific decay channels.

I Analysis Techniques

8.1 Overview

T h e procedure fo llow ed  for iso la tin g  charm  sig n a ls  m ay be su m m arised  as follow s:

( i)  R e a d  e v e n t.  A t th is  s ta g e , th e  ch a r g e d  tra ck  r e c o n s tr u c t io n  (u s in g  

TR ID E N T — S ection  6 .9) h a s  been  perform ed, and th e track  inform ation is  read in  

a long w ith  th e  raw  data . T he C erenkov a n a ly s is  (u s in g  IN D A N L — S ection  6.11) 

m ay or m ay n ot h ave been perform ed; i f  not, th en  th is  is  now  done.

( i i )  F in d  tracks. T h e track  refit in  th e  m icrostrip s is  perform ed (Section  7.2). I f  the  

ad d itio n a l tra ck s  (S ection  7 .4) are to be u sed , th en  th a t  search  is  m ad e. T he  

p a ram eters o f track s th a t h ave b een  found are stored  in  arrays, for u se  in  the  

su b seq u en t a n a ly s is .
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( i i i )  Select com bination. A  com bination  o f tracks from  th e refit is  se lected  th a t h a s  one 

o f each  o f th e  p a rtic le  ty p e s  (d eterm in ed  by th e  C erenkov a n a ly s is )  th a t  are  

req u ired  in  th e  charm  d ecay  ch an n el u n d er in v estig a tio n . O nly  com b in ation s  

w ith  th e  correct charges are retained . For exam ple, for th e channel D 8+ -> K*K~tu+, 

a  p air  o f oppositely sign ed  k aon s, and a pion are selected . N ote th a t i f  th e  extended  

k a o n  d e fin itio n  is  u se d  (S ec tio n  6 .1 1 ), th e  p a r tic le  id e n tif ic a t io n  m a y  be  

am b igu ou s. T h ere  are  g e n e r a lly  a  n u m b er o f  d ifferen t su ita b le  com b in ation s  

w ith in  each  even t, and it  is  th e purpose o f th e  fo llow ing req u irem en ts to  se lec t th e  

on es o f in terest— i.e . th ose  th a t come from charm .

(iv )  C alculate effective m ass. T he effective m ass  o f  th e  com bination is  th e  m a ss th a t the  

p aren t particle w ould  p o ssess , i f  the com bination particles w ere in d eed  th e  products 

of a  decay. C om binations w ith  effective m a ss  o u tsid e  a  se lected  ran ge (centred on 

th e expected  charm  m a ss) are rejected, to econom ise on com puter p rocessin g  tim e. 

T he se lection  is  n ot m ade too tig h t, h ow ever, a s  th e  m ass p lo t  (th e  h istogram  of 

effective m asses) is  th e  ch ie f tool for d em on stra tin g  th e  ex isten ce  o f a  signal.

(v ) S eco n d a ry  vertex . T h e  tra ck s o f th e  com b in ation  are u sed  in  th e  search  for a  

secondary vertex , u s in g  one o f th e  vertex  fin d in g  algorithm s. I f  th e  q u a lity  o f th e  

v ertex  fit is  in su ffic ien t, th e  com bination is  rejected .

(v i)  Charm  track reconstruction. T he tracks o f th e  com bination are u sed  to reconstruct  

th e  trajectory o f th e  can d id ate  charm ed p artic le . T h is in vo lves th e  su m m ation  of 

th e  m om entum  com ponents o f th e decay products, and  som e error propagation  to 

ca lcu la te  th e errors on th e  ‘charm ’ track.

(v ii)  P rim ary vertex. A ll th e  tracks of th e  even t ap art from  those o f th e  com bination  are 

u sed  to search for a prim ary vertex; th e  recon stru cted  charm  track  is  a lso  used . 

T here m u st therefore be a t le a st  one other track (as w ell as th e charm  track), so th a t  

a  v er tex  m ay be form ed. T he vertex  a lgorithm  rejects tracks one by one from  the  

calcu lation  u n til a  vertex  o f sufficient q u a lity  is  found (or no track s rem ain).

( v i i i )  O ther cuts. F urther req u irem en ts m ay be m ade; for exam ple, th a t  th e  charm  track  

m u st be included  in  th e fin a l prim ary v ertex  calcu lation .

( ix )  Vertex separation. T he separation  of th e secondary vertex  from th e  prim ary vertex  

is  calculated . C uts are m ade on th is separation  to enrich th e charm  signal.

Som e o f th e  fea tu res o f th is  schem e h ave already b een  discussed; further d eta ils  w ill now

be given  about the others.
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8.2 Further details

Mass combinations

T h e  e ffec tiv e  m a ss  o f a  com b in ation  is  s im p ly  ca lcu la ted  u s in g  th e  re la tio n sh ip  

connecting  th e  m a ss  m , m om entum  p , and energy  E  o f a  particle:

JS2 = p 2 + m 2 (8.1)

T h e  m om en tu m  com p on en ts o f th e  c a n d id a te  p a ren t p a r tic le  are found from  th e  

com p on en ts o f th e  com bination p articles (by m om entum  conservation):

(pc) . = £ ( ps). (8.2)
l s l

w h ere th e  su b scrip ts c and s  refer to th e  charm  and secondary  tracks respectively , and i 

ru n s over th e  sp atia l coordinates (*, y , z). H ence th e square o f th e  charm  m om entum  m ay  

be calculated:

pc2 = I ( p c) 2
i 1

From  th e conservation  o f energy, and u s in g  E quation  8.1:

Ec
2+ m

s

so finally:

w h ere  m c, th e  m a ss  o f th e  can d id ate  charm ed  p artic le , is  th e  effective  m a ss o f the  

c o m b in a tio n .

T h e  m o m e n ta  p s o f  th e  co m b in a tio n  tra ck s  are ta k en  from  T R ID E N T . T he  

com ponents o f th e  m om entum  for each track are calcu lated  u s in g  E quations 7.2—4. T h ese  

eq u a tio n s  req u ire  th e  specification  o f th e  track  a n g les  X and  <{>, w h ich  depend on th e  

^-coordinate a t w hich  th e  com ponents are calcu lated . U n til th e  secondary vertex  h a s  been  

fou n d , th e  correct ^-coordinate is  n o t k now n, so as a  first approxim ation  th e  T R ID EN T  

v ertex  position  is  tak en . T h en  w hen th e  secondary vertex  is  ca lcu lated , the effective m ass  

is  corrected. T h e change in  m a ss ca lcu la ted  is  g en era lly  n ot large; see  F igure 8.1. T he  

v a lu es  o f X and <{> are determ ined  u sin g  E quations 7 .5 -6 .
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F ig u re  8.1 Change in m ass using correct vertex coordinates

Secondary vertex finding

T he tra ck s from  th e  com bination  are u sed  by th e  v er tex  fin d in g  a lgorith m  (e ith er  th e  

In tersectio n  or C on stra in t sch em e). In both ca ses  a ll  o f  th e  tracks m u st  be accepted  a s  

b e lo n g in g  to th e  secon d ary  v e r te x — c o n tra stin g  w ith  th e  prim ary v e r te x  ca lcu la tio n  

w h ere  tr a c k s  m ay  be dropped . F u rth er , m ore sp ec ific  (an d  c h a n n e l d ep en d en t)  

req u irem en ts m ay be m ade. T h ese  w ill be d iscu ssed  below .

T h e  vertex  find ing  rou tin e retu rn s th e  secondary vertex  coord in ates (xs,ys,zs) and  

an a sso c ia te d  error m atr ix  C s . T he p osition  o f th e  secondary v ertex  is  req u ired  to be  

sen sib le— it  m u st lie  w ith in  th e  tran sverse  ex trem es o f th e  active target. In x, th e  lim its  

are ta k en  a s  th e  u p strea m  su rface  o f th e  first s ilicon  p la n e  of th e  ta r g e t, and th e  

^-coordinate o f th e  th ird  p lan e o f th e  m icrostrip detector. T he la tter , d ow n stream , lim it is  

determ in ed  by th e  requ irem ent o f a t le a st  three h its  in  each projection o f  th e  m icrostrips  

for th e  refit track s (w hich  are u sed  for the com bination). It is  therefore p ossib le  for th e  

secondary v ertex  to lie  d ow nstream  o f th e  first m icrostrip  p lan e in  each  projection , and  

the a sso c ia ted  track still to be found. I f  th is  is  th e  case, th en  a check is  m ad e th a t  th ere  is  

not a h it  th a t h a s been  associa ted  w ith  th e track on th e  first p lane. For both th e  u pstream  

and dow nstream  lim its, th e  vertex  coordinate is  a llow ed to lie  up to 3 gx o u tsid e  th e  lim it, 

w here a  is  th e  error on th e  2 -coordinate m easu rem en t, ca lcu la ted  from:
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Charmed particle trajectory reconstruction

T h e m om entum  com ponents o f the charm ed particle  are ca lcu lated  as described in  the  

d iscu ssion  o f m ass com binations above (E quation 8.2). T hese m ay be u sed  to calcu late the  

track  an g les X and <|>, by m ak in g  a lin ear  param eterisation:

y =ay X + by

z  = a ' x  + b j  z  z

w here:

V = p / p*
&Z — P z /px

T h e an g les are g iven  by:

T h e  v a lu e s  c a lcu la ted  are v a lid  a t  th e  * -coord in ate  o f th e  seco n d a ry  v e r te x , x g. 

E quations 7 .7 -8  are th en  u sed  to determ ine th e  coordinates o f th e  trajectory a t th e  front, 

m iddle and back o f th e  active target, and a parabola is calcu lated  th a t p a sses  through all 

th ree  p o in ts. T h is  g iv e s  th e  p a ra m eter isa tio n  u sed  for th e  charm  track (in  a sim ilar  

fash ion  to th e  refit tracks— Section 7.2).

T h e error on th e charm  track param eters m u st also be calculated . T h is is achieved by 

p r o p a g a t in g  th e  erro rs  on each  o f  th e  seco n d a ry  tr a c k s  (in  th e  T R ID E N T  

p a r a m e te r isa tio n ), to  th e  rc-coordinate o f th e  secon d ary  v er tex , x g. T he error from  

m u ltip le  sc a tte r in g  is  added  (S ectio n  7 .3 ), an d  th en  th e  errors are tran sferred  to  

(p x , p y , p z) a t xg, to g ive a (3 x  3) covariance m atrix  Vs for each track. T h ese  are added:

v..=]>7v
V s ' lJ

T he errors are th en  transferred  to (1 Ip, X, <{)) u s in g  the relation sh ip s in  E quations 7 .2 -4 , to 

g iv e  a (3 x 3) m atrix  C2. The errors on th e tra n sv erse  coordinates o f th e  charm ed track  

are ta k en  from  th e  errors o f th e  secon d ary  v er tex  (retu rn ed  by th e  v er tex  fin d in g  

a lg o r ith m ):
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a, [/iml l/^m]

F ig u re  8 .2  Error on transverse coordinates o f the charm track a t the vertex

ct CT
yy yz

CT CT
?y 2Z

F in a lly , th e  co v a r ia n ce  m a tr ix  for th e  ch a rm ed  tra ck , in  th e  (y , z ,  1 / p ,  X,  <j>) 

p aram eter isa tion , is  tak en  as:

T h is is  th en  u sed  to propagate th e errors to the parabolic p aram eterisation , in th e  sam e  

m an n er a s  for the refit tracks.

T h e u se  o f th e reconstructed  charm  track is im portant, because:

(i) i t  is  ca lcu lated  u sin g  a num ber of other track s from  th e com bination (typ ica lly  tw o  

or th ree), and th erefore  is  gen era lly  m ore accu rate ly  m easu red  th a n  stan d ard  

tracks, as its  tran sverse  errors tend  to be low er. T he transverse errors of th e  charm  

track from th e Dg a n a ly sis  are show n in F igure 8 .2— th ey  should be com pared w ith  

th o se  o f standard tracks in  F igure 7.7;

( i i)  i f  th e  com bination  is  v a lid , th en  the charm  track recon stru cted  sh ou ld  orig in a te  

from  th e  p r im a ry  v e r te x . T h is  is  a p o w e r fu l r e q u ir e m e n t for  r e je c t in g  

b a ck g ro u n d ;
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( i i i )  i t  en a b les  a  prim ary vertex  to be recon stru cted  for ev en ts  w h ere th ere  is  only a 

sin g le  track rem ain in g  once th e  com bination  tracks h ave been  e lim in ated .

Primary vertex finding

T he prim ary vertex  is reconstructed  by th e vertex  find ing algorithm , u s in g  all th e  tracks  

in  th e  ev en t apart from  th o se  u sed  in th e  secondary vertex , and in c lu d in g  th e charm  

track. A s m entioned  above, i f  the vertex qu ality  is  insufficient, then  the track th a t is lea st  

w ell associated  to th e vertex  is  dropped, and th e  vertex  position recalcu lated . T his process 

is  rep eated  u n til th e vertex  is  acceptable, or th ere  are le ss  than tw o tracks le ft (in w hich  

case  th e  com bination  is  rejected). D ue to th is  fea tu re , th e condition  for an  acceptable  

prim ary vertex  m ay be m ade m ore strict th a n  th a t for th e secondary vertex , since if  any  

track  fa ils  to be accep ted  for th e secon d ary  v er te x  th e  com b in ation  is  im m ed ia te ly  

rejected; for th e  prim ary vertex , th e stricter condition  en su res th a t  track s th a t  do not 

b elon g  to th e  vertex  (com ing from  the second charm  decay, or due to track find ing errors) 

are n o t used .

T he position  of th e prim ary vertex  is  required  to be sensib le , in  a  sim ilar  m anner to 

th e  secondary vertex . In th is  case, how ever, th e  vertex  m u st lie  w ith in  th e  ta rg et in  x,  as  

w ell as in  th e  tran sverse  coordinates.

Separation of vertices

T h e  se p a r a tio n  o f  th e  p r im a ry  an d  seco n d a ry  v e r t ic e s  is  th e  m o st  im p o rta n t  

ch aracter istic  u sed  for th e  en rich m en t o f th e charm  signal. A  cut can be m ade on th eir  

sep aration  in  x  (see F igure 8.3):

Ax —x —xs p

In particu lar, w e exp ect a t  le a s t  th a t th e  secondary vertex  should  be dow nstream  o f the  

p rim ary  vertex:

Ax >  0

A ltern a tiv e ly , th e  ‘norm alised ’ separation  N c  m ay be used:

N
a

Ax

Gx

w here gx is  th e error on Ax. T h is is  given by:
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F ig u re  8 .3  Vertex separation param eters

g  = / a 2 + cr2x \  p  s

w h ere  Gp  and g s are th e  errors on xp  and xs resp ectiv e ly . T he N a  p aram eter  h a s  th e  

property th a t it  is  in d ep en d en t o f th e Lorentz boost y  o f th e decaying  p article, since:

Ac = y P  c t

w h ere  t is  th e proper t im e  o f th e  decay. R eferr in g  to F igu re 8 .3 , th e  error on th e  

^-coordinate of the secondary vertex  is g iven  approxim ately  by:

crs

w here is  the tran sverse  error on the m easu rem en t o f th e secondary vertex  position . B ut 

i f  th e  decaying  particle h a s  m a ss m  and energy E, then:

e~2L=I
E  y

S in ce  th e  error on th e  secondary vertex  p osition  g en era lly  d om in ates th e  error on th e  

v ertex  separation , w e have:

N
G

Ax p c f  

% ° T

an d  sin ce  Gj> is  in d ep en d en t o f y, so too is  N a. (N ote  a lso  th a t th e  im p act p aram eter  o f  

track s from th e charm  decay: 8 ~ Ax 0, is  in d ep en d en t o f y, a s sta ted  in  C hapter 1). For our 

exp erim en t, Gp ~  20  Jim, and P ~ 1, so:

Na ~ 1 5 t

w here t  is  m easured  in  ps.
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II  C h a r m e d  C h a n n e ls  I n v e s t ig a t e d

T he charm ed ch an n els in v estig a ted  in  th is  th e s is  are th e  follow ing:

(i) D ° ^ J T n +

(ii) D +, D  + -+ <{> te+  -► K*KT7i+

T he first o f  th e se  w as u sed  in  th e  developm ent o f  th e  a n a ly sis  tech n iq u es. I t  w a s su itab le  

for th is  purpose a s  th e  sign a l w a s expected  to be com paratively  sim ple to iso la te , for the  

fo llo w in g  rea so n s:

(i)  th e  b ran ch in g  ratio is  re la tiv e ly  h igh  (~ 5 %);

( i i )  th e  com binatorial background is  sm all (sin ce  th ere  are only tw o decay products);

( i i i )  th e  decay  products are charged, and so should  be seen  in  th e  m icrostrip detector.

Som e early  r e su lts  from  th e  a n a ly s is  o f th is  ch an n el h a v e  a lready b een  p resen ted  [84], 

and th e  a n a ly s is  w ill therefore only be outlined  here. T he tech n iq u es th a t w ere developed  

u sin g  th is  ch an n el w ere th en  applied  to the a n a ly s is  o f th e  <J>7t channel, w here s ig n a ls  are 

found for both  th e D s and the D + decays. The n ex t chapter is  concerned w ith  th e  extraction  

of p h ysics r e su lts  from  th ese  s ig n a ls.

8.3 D °-> K +tt

Event selection

T he d ata  u sed  for th e  study o f th is  channel cam e from th e  m icrostrip filter run a t  Im perial 

C ollege. T h is  filter  w as run on th e  data  taken  in  1985, am ounting  to 5-2 m illion  triggers. 

A s exp la in ed  in  Section  6.7, one criterion of the filter w as an active target algorithm , th a t  

se lected  ev en ts  w ith o u t com plicated  target activ ity  n ear th e  production vertex . T h is  w as  

included  to sim plify  th e vertex  find ing o f th e  filter, and as it  only p assed  about 23  % o f the  

data, it  served  to reduce th e  num ber o f even ts p assed  by th e  full filter to a  level a t  w hich the  

production  could be rapidly com pleted . The ta rg et a lgorithm  w a s n ot exp ected  to m odify  

th e  ch arm  c o n te n t  o f  th e  d a ta , an d  th is  w a s  con firm ed  u s in g  a  M o n te  C arlo  

sim u la tio n  [84]. T h u s th e  e ffective  raw  data  sam p le p a ssed  through th e  m icrostrip  filter
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w a s about 1*2 m illion  even ts. T he data  th a t p assed  th e  m icrostrip filter  w ere th en  further  

red u ced  u s in g  an a d d itio n a l k a o n -se le c t in g  filter  (d escrib ed  in  S ec tio n  6 .7 ), w h ich  

en su red  th a t there w as a t le a s t  one kaon  identified  in  each event.

Charm analysis

For partic le  id en tifica tion  in  th e  a n a ly sis  o f th e  filtered data , th e  IN D R A  C erenkov w as  

u s e d , w ith  th e  e x te n d e d  k aon  id e n tif ic a t io n  sch em e d escr ib ed  in  S e c tio n  6 .1 1 . 

C om b in a tio n s w ere th e n  found  o f a k aon  and a pion w ith  op p o site  charge. E v e n ts  

co n ta in in g  an e ffective  m a ss  com bination  grea ter  th an  1*5 G eV/c2 w ere filtered  o ff for 

fu rth er  study.

T h e In tersection  ver tex  find ing tech n iq u e (described in  S ection  7 .5) w a s u sed  to find  

th e  K k secondary v er tex  and, i f  th is  w a s  su ccessfu l, th e  ca n d id a te  D Q trajectory  w a s  

calcu la ted , for u se  in  th e  prim ary vertex  search (again  u s in g  th e  In tersection  tech n iq u e). 

T h e m a ss  p lot th a t is  produced w hen  both  o f  th e  ver tices  h a v e  b een  found is  sh ow n  in  

F igu re 8 .4 , for m a sses  ly in g  b etw een  1*6 and  2*1 GeV/c2. T h e f it  is  exp on en tia l, and  th e  

p lot is  d isp layed  both  (a) u s in g  th e  errors ca lcu la ted  from  th e  b in  con ten ts, and  (b) a s  a
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Figure 8.4 Kn mass plot, after vertices found
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F ig u re  8 .5  K n  m ass plot, N a > 3, Intersection vertex

h isto g ra m . N o s ig n a l is  ev id en t a t  th is  sta g e . A  sep aration  o f  th e  v er tices  w a s  th en  

required, an d  a t N a  > 3 a  clear en h an cem en t is  seen  a t a  m a ss o f  ~  1-86 GeV/c2 , above a  

decreasin g  background (see F igure 8.5). T h is is a t th e  m ass expected  for th e  D®.

T he in form ation  o f th e  active  ta rg et w as n ex t incorporated in to  th e  prim ary vertex  

fin d in g , u s in g  th e  a ctive  ta r g e t con d ition  described  in  S ectio n  7.5. T he req u irem en t  

im posed w a s th a t there m u st be a target strip w ith  a p u lse  h e ig h t o f a t lea st 15 7mi-n w ith in  

1 m m  o f  each p airw ise in tersection  o f tracks used  in th e  vertex  calculation . T he resu ltin g  

m ass p lot is  show n in  F igure 8.6; as can be seen , the im position  of th is  condition lead s to a  

reduction  in  th e  background w ith o u t su b sta n tia l lo ss o f sign a l. T he condition w a s found  

to be p articu larly  effective for data  from  th e  m icrostrip filter, since the target a lgorithm  

u sed  w ith  th is  filter selected  even ts w hich had a large pu lse h e ig h t a t the start of th e  ‘m ain  

road’ in  th e  target. T h ese  ev en ts  are therefore w ell m atch ed  to th e In tersection  target  

condition , im proving  th e  chance th a t  th e prim ary vertex  is  correctly found.

T h e  f it  to  th e  h isto g ra m  in  F igu re  8 .6  is  th e  su m  o f  a n  ex p o n en tia l fit to  th e  

background an d  a G au ssian  fit to th e  s ign a l. T he fittin g  tech n iq u e  w ill be described  in  

d eta il in  S ection  9.1 . From  th e  fit, th e  num ber o f en tr ies  in  th e  sign a l is  62 ±  9, and  the
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F ig u re  8 .6  K n  m ass plot, im posing target condition

sign a l-to -b ack grou n d  ratio is  ~ 1-0. T he ev en ts  co n ta in in g  an  en try  in  th is  m a ss  p lot 

w ere filtered  off for further a n a lysis .

Analysis development

U n fortu n ately  it w as found th a t as th e  vertex  separation  cut w as increased  in  severity , the  

sign a l-to -b ack grou n d  ratio  did  n o t su b sta n tia lly  im prove, w ith  background p e r s is t in g  

even  to large  N a  cu ts. S ee  for exam ple th e  m a ss  p lo t a t N c  > 10, show n in  F igu re 8.7. To 

im prove th is  s itu a tion , th e  C on stra in t vertex  find ing tech n iq u e (described in  S ection  7.6) 

w as u sed  on th e ev en ts  selected  a t N 0  > 3. T he sam e a n a ly sis  schem e w as u sed , b u t now  

th e  search for the prim ary and secondary vertices u sed  th e  C onstra in t m ethod. T h is  led  to  

a con sid era b le  c le a n in g  up  o f  th e  s ig n a l a t  large  N c  cu ts , a s  seen  for ex a m p le  in  

Figure 8.8, a tiV a > 1 0 .

W hen th e  C on stra in t vertex  m eth od  w a s u sed  on th e  fu ll d a ta  se t  (rather th a n  th e  

N G > 3 se lected  ev en ts  from th e previous an a lysis), how ever, a sign a l as strong a s  th a t in  

F igure 8 .6  w a s n o t ach ieved . The s ign a l a t N a > 3 for th e  C on stra in t vertex  a n a ly s is  is
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F ig u re  8 .7  K n  m ass plot, N a  >10, Intersection vertex

Figure 8.8 Knmass plot, N G > 10, both Intersection and Constraint vertex
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show n in  F igure 8.9. N ote th a t due to th e d ifferent calcu lation  o f errors, th is  cu t is  rather  

m ore sev ere  th an  th e  corresponding cu t in  th e  In tersection  v er tex  schem e: th e  v er tex  

errors from  th e  C on stra in t v er tex  are slig h tly  sm aller  th a n  th o se  from  th e  In tersection  

vertex , a s  w as seen  in  Section  7.6. T he strong sign a l o f  F igure 8.6 w as due in  p art to  th e  

active  ta rg e t condition  used . S in ce  it  relied  on th e  p a irw ise  in tersection s, th is  condition  

could n o t be d irectly  im posed  in  th e  C onstraint vertex  schem e. For th e  C onstra in t m ethod, 

th e  a c tiv e  ta r g e t in form ation  w a s incorporated  in  o th er w ays, a s  w ill be seen  in  th e  

a n a ly s is  o f th e  <j>7t channel.

F ig u re  8 .9  K jt m ass plot, N a  > 3, C onstraint vertex

W hen th e  N c  > 3 se lected  ev en ts  from  th e  In tersection  vertex  a n a ly s is  are p assed  

through  th e  C on stra in t schem e, th ey  give th e  m a ss  p lot a t N a > 3 (u sin g  th e  C on stra in t  

schem e errors) show n in F igure 8 .10 . T he u se fu ln ess  o f th e  ad d itional tracks d iscu ssed  

in  S ection  7 .4  w as tested  by ru n n in g  th e  sam e a n a ly s is , b u t in clu d in g  ad d ition a l tracks  

found in  th e  Z-projection. T he ad d ition a l tracks are found by pattern  recogn ition  in  th e  

m icro str ip s, u s in g  an y  h its  th a t  are n o t a sso c ia te d  to  a T R ID E N T  track  (a n d  a lso  

exclu d in g  th e  O R -im ages of a sso c ia ted  h its). S ee F igu re 8 .1 1 — th e  in crea se  in  s ig n a l is
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F ig u re  8 .10  K k  m ass plot, N a  > 3, both Intersection an d  Constraint vertex

Figure 8.11 Kn mass plot, incorporating additional tracks
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Figure 8.12 Vertex region of event using Z-projection additional tracks
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clear. T he Z -projection ad d ition a l track s im prove th e  charm  sign a l by h e lp in g  to  ensure  

th a t th e  prim ary vertex  position  is  correctly found. T h ey  can also help  in  th e rejection of  

background ev en ts  caused  by secondary in teraction s in  th e target. T he v ertex  region of 

an ev en t in  w hich  Z-projection additional tracks h a v e  b een  u sed  for th e  prim ary vertex  

calcu lation  is  d isp layed  in  F igure 8 .12 , w ith  th e  add itional tracks show n dot-dashed. T he  

F -p ro jec tio n  a d d itio n a l tr a c k s , on th e  o th er  h a n d , d id  n o t g iv e  a n y  s ig n ifica n t  

im provem ent to th e  charm  signal. T h is w as th ou gh t to be due to th e  increased  uncerta in ty  

in  th e  track  find ing  for th e  F-projection ad d ition a l tracks, resu ltin g  from  th e ir  unknow n  

curvature (sin ce  th eir  m om entum  is  unknow n).

T he p reced in g  a n a ly s is  w as a ll perform ed on d a ta  th a t h ad  been  p a ssed  through a  

k a o n -se lec tin g  filter  (in add ition  to th e  m icrostrip filter). A s m entioned  above, th is  filter  

w as u sed  to reduce th e  com puting tim e tak en  by th e  production, as i t  w as a ssu m ed  th a t an  

id en tified  k a o n  w ou ld  be req u ired  in  th e  charm  ch a n n e ls  th a t  w ere  fir s t  a n a ly sed . 

H ow ever, a s  exp la in ed  in  Section  6.11, an exten d ed  kaon definition w as la ter  introduced  

to in crease  th e  efficiency o f kaon  identification , by accepting  h igh  m om entum  k aon s th a t  

gave lig h t  in  IN D R A  (sin ce  th ey  are above th e  appropriate C erenkov th resh o ld ). The 

k a o n -s e le c t in g  f ilte r  h a d  b een  run  w ith  th e  s ta n d a r d , u n a m b ig u o u s , p a r tic le

Figure 8.13 Kn mass plot, using only events that failed the kaon filter
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Mass [G eV /c2]

F ig u re  8 .14  K n  m ass p lot, including events th a t fa iled  the kaon filter

a ss ig n m e n ts , and  so w ou ld  h a v e  exclu d ed  e v e n ts  th a t  con ta in ed  one o f  th e se  h ig h er  

m om en tu m  k a o n s ( if  th e y  did  n ot conta in  an  u n am b igu ou sly  id en tified  kaon  a s  w ell). 

A s m ore p rocessin g  tim e w as availab le , it  w a s therefore decided to run th e  production  on  

th ose  ev en ts  w hich h a d  fa iled  th e  orig inal k aon -se lectin g  filter, so th a t th ey  could a lso  be  

p a ssed  through th e  charm  an a lysis . T he m a ss p lot obtained w ith  th ese  ev en ts  (u s in g  th e  

sam e a n a ly s is  a s  th a t  w hich  produced F igure 8.11 for th e  orig in a l sam ple), is  sh ow n  in  

F igu re 8 .13 . A  charm  sig n a l is  ev id en t, a lth ou gh  a t  a  reduced signal-to-background ratio  

com pared w ith  th a t o f  th e  original events. T he total m ass p lot (the sum  o f F igures 8 .11 and  

8 .1 3 ) is  show n in  F igu re 8 .14 . T he fit g iv e s  a  s ig n a l o f  52  ±  7 ev e n ts , w ith  a s ig n a l-  

to-background ratio o f about 1-5.

T h is  charm  sig n a l w a s u sed  to check variou s a n a ly s is  s tra teg ies . O ne exam p le  w as  

an a ttem p t to reject secondary in teractions, and ev en ts  for w hich th e  decay in vo lves extra  

(charged) p a rtic les  th a t  h a v e  not been  in clu d ed  in  th e  com bination . S ee  F igu re 8 .1 5 . 

T rack s w ere u sed  th a t  h a d  been  dropped from  th e  prim ary ver tex  fit— th e  d ista n ce  o f  

c lo sest approach o f th ese  tracks to the secondary vertex  ('d in  th e  figure) w as in v estiga ted , 

for s ig n a l ev en ts , and for background ev en ts  tak en  from th e w in gs  o f th e  m a ss p lo t (i.e.
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F ig u re  8 .15  Association o f tracks w ith  secondary vertex

ev en ts  for w hich th e  m ass lie s  ou tsid e  th e  s ign a l region). N o sign ifican t d ifference w as  

found b etw een  th e  sign a l and  background d istr ib u tion s, how ever, so th is  approach w as  

n ot pursued.

A n oth er fea tu re  in v estig a ted  w as th e u se  o f th e reconstructed  charm  track. V arious 

stra teg ies w ere possib le for th e u se  o f th is  track:

(i)  Force it s  in c lu sio n  in  th e  p rim ary v er tex — i.e . i f  th e  v er tex  a lgorith m  in d ica tes  

th a t th e  charm  track should  be dropped, th en  drop th e track  w ith  th e  n ex t grea test  

p artia l ch i-square in stead ;

( i i )  U se  it  in  th e  sam e m anner as other tracks in  th e prim ary vertex  search, and reject 

even ts in  w hich it  h as not been accepted;

( i i i )  U se  it  in  th e sam e m anner as other tracks in th e  prim ary vertex  search , and allow  

it to be dropped;

( iv )  Do not u se  it  in the search for th e prim ary vertex, and th en  cut on th e offset o f the  

charm  track from th e found vertex.

The first stra tegy  w as found to give th e b est resu lts, and so w as adopted for la ter  work.

Signals from the full data-set

T he decision  w a s m ade in  1986  to run th e  preproduction (TYPHON) on a ll o f th e  events  

recorded by th e experim ent, rather than ju st  a subset as had been the case for the 1985 data. 

W ith in form ation  availab le  from  th e  spectrom eter, a m ore com prehensive a n a ly sis  o f the  

m icrostrip  d a ta  th a n  th a t u sed  in  th e  Im perial C ollege m icrostrip filter w a s now  possib le. 

A  n ew  m icrostrip  filter w as therefore developed  by our O rsay collaborators, u tilis in g  the  

preproduction  in form ation  (as described  in  S ection  6.8). T h is  w a s run on th e d ata  from
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(a) D q -> Kn, 4c cut

-> Kmi, 4c  cut

Figure 8.16 Signals from the full data-set
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1986, and (later) on the 1985 data  too. T he fu ll data-set h as therefore been p assed  through  

th is  filter, and  charm  sig n a ls  can be extracted  in  a s im ilar  m an n er to th a t  described  

above. E xam ples of sign a ls obtained [102] are show n in  F igure 8 .16 (a) for th e  Z>° -> K*n~ 

channel, and  (b) for th e D + -> K~k + k +  channel, both a t a  4 a  vertex  sep aration  cut. T he  

s ig n a ls  seen  are ~ 400  D °  -> Kk and ~ 300  D + -> K kk, w ith  a signal-to-background ratio  

of ~ 3. R educing th e  severity  o f the vertex  separation  cu ts to g ive  a  signal-to-background  

ratio of ~  1, lead s to sign a ls o f ~  550  Z)° -► K k and ~ 4 0 0  D + -> K kk. T he a n a ly sis  o f  th ese  

sign a ls is  p resen ted  elsew here [103]. D ue to th e  large sta tistic s , th e  errors on life tim es and  

other properties are dom inated by system atic  errors. The em ulator work (Section  6.2) w ill 

be im portant in  th e  precise determ ination  of th ese  system atic  errors.

O ne stu d y  th a t  h a s  b een  u n d erta k en  is  th e  search  for a sso c ia ted  p rod u ction —  

attem p tin g  to reconstruct th e second charm ed particle in  each event. T he vertex  region of 

an ev en t for w hich th is  h a s  been su ccessfu l is  d isp layed  in  F igure 8.17 [104], w ith  th e  two  

secondary v ertices  show n, corresponding to th e  decays D + -> K~k+k+ andZ)-  

N ote th a t  th e  a ctive  ta rg et in form ation  o f  th is  ev en t show s ev id en ce for th e  expected  

m ultip lic ity  step  a t th e  decay vertex th a t lie s  w ith in  th e  target.

8.4 D +, D8+ -> <j)7C+

Event selection

T h e m e a su r e m e n t o f a b so lu te  b ra n ch in g  ra tio s for th e  D s -m eson  is  d ifficu lt. T he  

branch ing  ratio in  the channel D g -> ((wt h as been  estim ated  by e+e~ experim ents [16] as:

B(Dg -> (Jot) = 4 ± 1 % (8.3)

T h is , how ever, in v o lv es  som e q u estion ab le  assum ptions:

( i)  T h e charm  cross-section  in  h ig h  en ergy  e+e~ a n n ih ila tio n s  is  4 /10  o f  th e  to ta l 

hadronic cross-section  (or 4/11 i f  above th e  b eau ty  threshold ), since th e  stren gth  o f  

coupling is  proportional to th e  square o f  th e  quark charge;

( i i )  T he fraction  o f the charm  cross-section  involved  in  the production o f Dg-m esons is  

15 % (as d iscu ssed  in Section  2.9);

( i i i )  T he cro ss-sec tio n  m e a su r e m e n ts  m u st  be ex tra p o la ted  to in c lu d e  k in em a tic  

regions for w hich the experim ents h ave low acceptance— in particular to low  x.
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Figure 8.17 An event with both charmed particles reconstructed
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C h a n n e l A RG US M a r k ll l ^691

K*°K+ 1-44 ± 0 -3 7 * 0 8 5  ± 0 2 3 0 7 4  ±0-13

K°K*- 0-90 ±0-25

K*K~n~ (NR^) 0 2 3  ± 0 1 0

§K+n*n~ 1-11 ± 0-46 0 7 7  ± 0 3 4
rt0_+ P 7t < 0 2 2  [90 % CL] < 0 0 8  [90%  CL]

7t+7t+7t- (.NR) 0 2 9  ± 00 9

* Branching ratios given as the ratio to B(D S -*■ <jm) ~ (4 ± 1) % from e+e 

t  Non Resonant

T a b le  8.1 Ds branching ratios

O ther b ran ch in g  ratios h ave been m easu red  relative to th is , a s show n in Table 8.1 [105]. 

T h ese  in d icate  th a t  th e  decay to <J>tc is  a  su itab le  channel in w hich  to search for th e  D g . 

T h is is a  spectator decay (Section  2 .11), a s  show n in  F igure 8 .18  (a). T he Z)+-m eson  m ay  

also  decay to <)>7i, a s  show n in  F igure 8 .18 (b). S ince th is  involves th e  coupling of a  u- to an  

s-quark, it  w ill be Cabibbo suppressed. The <j)-meson decays to kaons:

$ -+ K * I T

w ith  a h igh  b ran ch in g  ratio of ~ 50 %.

Figure 8.18 Charm decays in the (pn channel
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The data for the analysis of the <J>7t channel are taken from the kaon filter. This filter 

selected events in which one of the tracks found by the preproduction analysis was 

identified as a kaon, as was noted in Section 6.6. The criteria for identification were that 

the track passed through the INDRA Cerenkov, with momentum in the range 6-50 GeV/c, 

and no light was seen in the corresponding Cerenkov mirror. The filter was run on the 

full data-set (~ 17 million events) and the events that passed it were run through the 

TRIDENT reconstruction program.

A post-TRIDENT filter was then used, to select events with a pair of oppositely 

charged kaons. As the momentum measurement from TRIDENT is more precise than 

that of the preproduction, the momentum range for the kaon identification could be 

tightened, to 6-5—20 GeV/c. It was also required that the kaon tracks should be matched 

with the microstrips (i.e. TRIDENT track flag greater than 20, see Section 6.9). This 

reduced the data-set to - 250 thousand events. The effective mass of the K^IC" pair was 

calculated and a clear peak was found at the <{>-meson mass (see Figure 8.19). The fit 

shown in the figure is the sum of a polynomial for the background, and a Breit-Wigner 

for the phi peak [93]:

n ((m — p.)̂  +

where m is the mass, and p and a  are the mean and width of the distribution. The fit gives:

Figure 8.19 K*K~ mass plot
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p = 1019-7 ±0-1 MeV/c2 

<7 = 3-28 ± 0-13 MeV/c2

The mean agrees well with the accepted value of 1019-6 MeV/c2 [1] for the mass of the phi. 

A selection of events containing the phi was made at ± 10 MeV/c2 of this value, giving 

~ 11600 events, with a signal-to-background ratio of about 1-2. These events were written 

to tape for further analysis.

C h a r m  a n a l y s i s

The charm analysis of the phi-selected events proceeded as follows. First, the track 

finding discussed in Chapter 7 is performed. Tracks that have been refitted in the 

microstrips are required for the secondary vertex. On the basis of the D0 work, additional 

tracks in the Z-projection are permitted for the primary vertex calculation.

The K +K~ pair that was selected as originating from a phi is found again, by 

calculating the effective mass of all oppositely signed kaon pairs in each event, and 

selecting those with mass within 10 MeV/c2 of the <f>-meson mass. Each pion in the event is 

then taken in turn with the kaon pair, to form a K K n  combination. The pion 

‘identification’ involves taking as a candidate pion any particle not identified as a kaon 

or a proton using the standard INDANL criteria, including tracks outside the INDRA 

Cerenkov acceptance. The justification for this is that pions are the most copiously 

produced particles, so that any unidentified particle is most likely to be a pion.

The mass of the combination is next calculated, imposing the $-meson mass on the 

K +K~ pair. The raw mass plot achieved in this manner is shown in Figure 8.20—no 

signal is evident at this stage. The vertex analysis is then performed. The Intersection 

vertex scheme was found to give inferior results to the Constraint scheme, due (it is 

thought) to the fact that the data for this channel has not passed through the microstrip 

filter, so that the benefits of the active target requirement of the Intersection vertex are not 

present. The Constraint vertex was therefore used.

For the secondary vertex, Probfy?) is required to exceed 0-001. If this is satisfied, then 

the charm meson trajectory is reconstructed from the parameters of the decay tracks, and 

is used in the primary vertex calculation, along with all remaining tracks in the event. 

If Prob(%2) of the candidate primary vertex is less than 0-01, then the track with the largest 

contribution to the chi-square is rejected, and the vertex recalculated (as discussed in
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F igure 8 2 0  Raw KKn mass plot

Section 8.1). The mass plot achieved when both vertices have been found is shown in 

Figure 8.21, and still shows no signal.

A cut is now made on the separation of the primary and secondary vertices, and the 

resulting mass plots are shown in Figure 8.22, for various values of the Ax cut (marked 

in mm). The mass calculation here uses the constrained parameters of the tracks. 

Signals are now evident at the mass of the D + (~ 1-86 GeV/ĉ ), and at the mass of the Dg

Figure 8.21 KKn mass plot, vertices found
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KKtt mass Ax > 3 IGeV/c3]

Figure 8.22 KKk mass plot, cutting on vertex separation
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(~ 1-97 GeV/c )̂. Note that the significance of the signals increases as the vertex 

separation cut is increased. The mass plot fits are (as for the D°) the sum of an 

exponential fit to the background and a Gaussian fit to each of the signals.

Further cuts

To increase the signal-to-background ratio, further cuts are imposed.

(i) A significant background to the hadronic interaction of the photon beam is e+e~ 

pairs, produced by photon electromagnetic conversions, as explained in 

Section 3.5. The pairs are produced collinear with the beam (i.e. with dip and 

azimuthal angles X = <j) = 0), and with a small opening angle. The opening angle is 

then increased by their deflection in the magnetic field, and since the field is 

vertical they retain a small dip angle, X. As these pairs can mimic a secondary 

vertex, a cut was introduced to exclude them, requiring that:

| X | > 2 mrad

for tracks from the secondary vertex.

(ii) Tracks with very low momentum have large associated errors due to multiple 

scattering (Section 7.3). For tracks with very large momentum, on the other hand, 

the momentum measurement tends to be inaccurate, as the track does not deviate 

much under the influence of the magnetic field. Limits were therefore placed on the 

momentum of the pion from the secondary vertex:

1-0 < p K < 50 GeV/c

(The kaons from the secondary vertex necessarily satisfy these limits due to their 

identification criteria.)

Target strip

Main road

.1_______ :

(a) Secondary vertex found 

(b, c) Hit 

(d, e) No hit

Figure 8.23 Secondary interaction recognition in the active target
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(iii) At least one of the secondary tracks was required to have a transverse offset from 

the primary vertex greater than 30 Jim.

(iv) The partial chi-square of the reconstructed charm track in the calculation of the 

primary vertex was required to satisfy:

^ 2 <8-0

(v) The active target information was checked. The vertex information from the target 

may be used to recognise events in which the secondary vertex is in reality a 

secondary interaction. The algorithm used [93] was one which rejects secondary 

vertices that are surrounded by target activity of the form shown in Figure 8.23. An 

example of an event that was rejected by this algorithm is shown in Figure 8.24. 

The active target information was also used to check whether the primary vertex 

position was sensible. If it lay in a strip of the target with less than 2-0 Imin (see for 

example Figure 8.25) then the most upstream track used in the calculation of the 

vertex was rejected, and the position recalculated (as shown in Figure 8.26).

Figure 8.24 Event rejected by secondary interaction recognising algorithm
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Figure 8.25 Event with primary vertex in an empty target strip
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Figure 8.26 Event after most upstream track rejected
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(h)

KKn m o s s  Ax >  7 IGeV/c*]

Figure 8.27 KKn mass plots after cuts, evolution with Ax
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KKnm ass plots after cuts, evolution with N a

When these cuts are imposed the resulting mass plots are shown in Figure 8.27, for 

various cuts on the vertex separation distance, and in Figure 8.28 for cuts on N a. As can 

be seen, the signals found using a cut on the vertex separation distance tend to be slightly

Figure 8.29 Vertex separation variable distributions



266 Charm signals
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Figure 8.30 Variation of vertex separation variables with mass
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cleaner than those found using a cut on N a. This is rather surprising, as the N c  cut is 

expected to involve the optimal use of available information. As a result, the signals used 

for the physics analysis were often defined with a cut on Ac rather than N c> although the 

differences measured were not statistically significant. The distributions of the 

separation variables are given in Figure 8.29, for both logarithmic and linear scales; 

they show a roughly Gaussian distribution of background events about zero separation, 

and charm events should be seen as an enhancement of positive values. The behaviour of 

the separation variables with mass is shown in Figure 8.30.

The effect of using the constrained track parameters on the mass calculation was 

tested by running the same analysis as above, but without using the constrained 

parameters in the mass calculation. The resulting mass plots at Ax > 2 mm are 

compared in Figure 8.31. The width measured for the signal in the unconstrained case, of 

12 ± 2 MeV/c2, is slightly greater than the value measured in the constrained case, 

10 ± 2 MeV/c2, indicating the the track constraint does improve the mass resolution.

The events that passed a 1 mm cut on the vertex separation were individually 

scanned. From the target information, it was found that there remained some events for

Figure 8.31 Effect of track constraint on mass calculation
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( b )
X - Y
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- 1 . 7 5  - 1 . 5 0  - 1 .2 5  - 1 .0 0  - 0 .7 5  - 0 .5 0  -0 .2 5

Run 6317 Event 5660 Scole 10.4 2.4 2.4 Origin -1 .4 0  —0.20 0.00

Figure 8.32 Events rejected by scanning
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(a)

(d)

(g) (h)

Figure 8.33 KKk mass plots after scanning, evolution with Ax
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(g) (h)
5 

4

3 

2

1

0

KKn m a s s  N, > 10 (G eV /c1)

Figure 8.34 KKn mass plots after scanning, evolution with N a
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F igure 8.35 Demonstration that t (D+) > r (DJ

which the candidate secondary vertex was in fact a secondary interaction (for example 

see Figure 8.32 (a)), and others where the primary vertex was misplaced (see 

Figure 8.32 (b)). An algorithm capable of rejecting events of these sorts would require 

extensive pattern recognition using the target information. It has been found that due to 

the great complexity of the target activity in some events, an algorithm that is sufficiently 

specific for the rejection of background events will also reject an unacceptable fraction of 

the signal. Visual scanning was therefore used to reject events of the sorts shown in 

Figure 8.32.

The vertex region of a typical signal event that was accepted by this analysis was 

displayed in Figure 6.2. The final mass plots are shown in Figures 8.33 and 8.34, again 

for a selection of cuts on the vertex separation. It is clear from these plots that as the cut on 

the vertex separation is increased, the D+ signal persists more strongly than that of the 

D g. See for example the mass plots redisplayed in Figure 8.35, at (a) Ax > 2 mm, and 

(b) Ax > 4 mm. This is a result of the longer lifetime of the Z)+, as will be seen in the next 

chapter.



Chapter 9

P H Y S I C S  R E S U L T S

In this chapter, the physics results that have been obtained using the charm signals from 

the <jwc channel analysis are presented.

9.1 Masses and widths

M a s s  p l o t  f i t t i n g

The procedure used to fit the histograms of effective mass for the charm channels is as 

follows. A ‘window’ in effective mass is opened around each signal peak, of width 

± 25 MeV/ĉ . The histogram entries within these windows are ignored, and the ‘wings’ 

that remain are used for the background fit. The procedure used is illustrated in 

Figure 9.1 for the <J>tc channel mass plot shown in (a). The error on the contents of each 

histogram bin (b) is taken as the square root of the contents (assuming Poisson statistics). 

If the population of the bins is low, however, the contents of each bin becomes a less good 

estimate of the distribution mean—for bins that are empty, an error of ± 1 is used. An 

exponential fit is then made to the background (c).

Within each signal window, the calculated background at each bin is subtracted 

from the bin contents (d), and a Gaussian fit is made to the signal (e, f):

where ji  is the mean and a is the width of the distribution. The natural widths of the
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Figure 9.1 Mass plot fitting procedure
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j  + 2 5 / - 2 5  MeV/c2

o + 2 5 / - 2 5  MeV/c2 

(before scanning)

A + 4 5 / - 2 5  MeV/c2

» + 2 5 / - 4 5  MeV/c2

B World average

|  + 2 5 / - 2 5  MeV/c2

o + 2 5 / - 2 5  MeV/c2 

(before scanning)

A + 4 5 / - 2 5  MeV/c2

* + 2 5 / - 4 5  MeV/c2

b World average

Figure 9.2 Charm signal mass measurements
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signals are much less than the mass resolution of the apparatus, hence the use of a 

Gaussian rather than a Breit-Wigner fit. The separate contributions are summed to give 

the final fit (g, h).

For the fit to the background, the form:

N  = ê am + ^

was initially used (as in (c) above), where a and b are free parameters. It was noticed that 

for the <t>rc channel, this parameterisation appeared to overestimate the background in the 

centre of the plot, under the peaks. A second exponential term was introduced to improve 

the fit:

N  = ê am + &) + ê a m  + &')

The influence of this extra term may be seen in (i), where it has been used in the 

background fit.

M e a s u r e m e n t  o f  m a s s e s  a n d  w i d t h s

The fitting procedure described above was used to measure the masses and widths of the 

charm signals. The values of the masses measured for the D + and the Ds are shown in 

Figure 9.2, where the evolution of the measurement with the cut on the vertex separation is 

shown.

Figure 9.3 Use of different windows in mass for the signal definition
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There is a danger that the use of a window around the signal for its fit might bias the 

values measured. To test whether this is the case, windows of different sizes and centred 

on different masses were used, as illustrated in Figure 9.3, and the results compared. 

Some of the values measured are plotted in Figure 9.2—no significant changes were 

found, giving confidence in the procedure. The evolution of the measured widths with the 

vertex separation cut is shown in Figure 9.4. These plots show the general features of such 

measurements: at low cut, the results may be systematically shifted due to the

0 1 2 3 4 5
Decay length cut [mm]
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F ig u r e  9 .4  C h arm  s ig n a l w id th  m easu rem en t
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considerable background, whilst at large cuts the signal remaining is small, and the 

statistical errors are therefore large. The most precise measurements are found in the 

region of most significant signal, at about 1—2 mm cut on the vertex separation.

Taking the values with the lowest errors, it can be seen that for the D +, the best 

measurement is at Ax > 2-5 mm. The fit gives a mass of 1864-1 ± 2-3 MeV/c2 and a width 

of 8-7 ± 1-9 MeV/c2. There are 12 ± 3 entries in the signal peak, with a signal-to- 

background ratio of 3-7. For the Dgt the best measurement is at Ax > 1 mm; the fit gives a 

mass of 1964-1 ± 1-9 MeV/c2 and a width of 11-4 ± 2-0 MeV/c2. There are 31 ± 5 entries in 

the signal peak, with a signal-to-background ratio of 4-6.

The mass of the D+-meson is relatively well known. The current world average for 

its value [1] is 1869-3 ± 0-6 MeV/c2. This differs significantly from the value measured 

above, by 5-2 MeV/c2. One potential source of error in the measurement of the mass is the 

use of a slightly incorrect value for the magnetic field of the spectrometer, as the mass is 

calculated using the particle momenta, which are measured using the magnetic field. An 

error 6B in the field measurement will cause an error 8m in the mass, given 

approximately by:

8m  8B 
m B

The magnetic field was measured using a Hall probe, and the error was estimated as 

0-1 %, checked by a later remeasurement of the field. Another effect leading to 

uncertainty in the field was the accuracy of positioning the vertex detector within the AEG 

magnet, of about ± 1 mm; the change in magnetic bending power over this distance is 

about 0-1%. The mass shift found (~ 0-2 %) is therefore compatible with the known 

sources of error.

The mass shift that has been determined with the D + can now be used to correct the 

mass scale, and obtain a corrected measurement for the mass of the Dg. To calculate the 

correction, it must be noted that the mass of the charmed particle does not all appear as 

momentum of the decay products, but also in their mass. The mass of a particle M  is 

given (in terms of the kinematics of its decay products) by:

M2 = m-̂ 2 + ra22 + 2 (E^ JS2 - p1 p2 cos 0)

where 0 is the angle between the decay products. At the energies we are concerned with, the 

last term is approximately proportional to the momentum scale, i.e:
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F igure 9 .5 K K nm assplot, Monte Carlo

mD2 = m 2 + m 2 + f(p)

The mass correction is then determined by calculating the fractional change in f (p)  

required to give the correct D + mass. The fractional correction is applied to the Ds mass 

measurement, giving:

m(Ds) = 1969-8 ± 1-9 ± 2-4 MeV/c2

The statistical error comes from the fit, and the systematic error is a combination of the 

error on the world average value for the mass of the D+, and the statistical error on its 

measurement here. The value found compares well with the world average [1], 

1970-5 ± 2-5 MeV/c2, and a more recent result [106], 1968-3 ± 0-7 ± 0-7 MeV/c2.

As a check, the analysis was run on Monte Carlo events generated to give Ds -> <J>tc. 

See Figure 9.5. The reconstructed mass of 1969-7 ± 0-9 MeV/c2 was consistent with the 

generated mass, 1970-5 MeV/c2. The reconstructed width was 10-0 ± 0-6 MeV/c2, 

compatible with the values measured for the data. Note that (as pointed out above) this 

width is purely instrumental.
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9.2 Lifetimes

L i f e t i m e  r e s o l u t io n

The ability of the detector to measure proper time is determined by the spatial precision

along the beam direction, cx:

For a typical charmed particle with momentum - 40 GeV/c, y  ~ 20; ax ~ 300 pm, so:

~ 0-05 ps

To estimate the lifetime resolution of the experiment, we may use the property of the 

exponential lifetime distribution, that a single measurement from the distribution gives 

an estimate of the mean lifetime x with error x. Thus:

where N  is the total number of signal events (assumed background free). Since for the 

lifetimes we are measuring (~ 0-5 ps) x » ot, we have:

and for a signal of 20 events we may expect a statistical error of about 20 % on the lifetime 

measurement.

L i f e t i m e  m e a s u r e m e n t

a ~
X

For a collection of particles with mean lifetime x, the number of decays per unit time is 

given by:

d N  N (t)

where N it) is the number of particles remaining at time t. Hence if there are initially N q 

particles:

N ( t ) = N 0 e
- th

(9.1)

The associated probability density function is therefore given by:
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m = U - t k
x

where the factor (1/x) has been introduced to ensure that the function is normalised:
oo

J7 « )d
0

t ~ l

When the measurement of the particle proper lifetimes t by the experimental apparatus is 

considered, this exponential distribution must be convoluted with a Gaussian, 

representing the error on the measurement of t:

f ( t )  =i
0

1
X

(t .^2

d*'

where a  is the error on the measurement of t. Hence:

/«)=— e
2x

where the ‘error function’ is given by:

erf Ge) =
X 2

diz

(9.2)

If there is background under the signal, then the different lifetime behaviour of the 

background events must be allowed for. A corrected probability density function, F(t), is 

introduced:

F(t) = EfB (t) + ( l - e ) f s (t)

where e is the background fraction, and fB and/g are the probability density functions for 

the background and signal events respectively.

Finally, an acceptance correction A {t) must be introduced, to allow for the acceptance 

of the apparatus, the trigger, and the analysis chain. A maximum likelihood method [98] 

is then used to determine the best estimate of the lifetime for a collection of N  events. The 

likelihood function L is defined as the joint probability density for the N  measurements tf.

N

1 = 1
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F igure 9.6 Variables for lifetime measurement

and the estimate of x is made by maximising L . This is equivalent to minimising the 

negative log-likelihood function:

N
- \ ogL  = - '£ ) o g ( A ( t i)F(ti))

T h e  p r o c e d u r e  u s e d

For each channel that is studied, a cut on the separation of production and decay vertices 

is chosen, to give the most significant signal possible. The cut may be on the vertex 

separation distance Ax, or N Q, as discussed in Section 8.1. In each case, the cut 

corresponds to a minimum flight distance for each event, d m -n (see Figure 9.6). The 

distance d  from this cut to the decay vertex is determined, and the corresponding proper 

time t calculated:

y(3c

This time is then used in the calculation of the likelihood function, utilising the property 

of the exponential distribution that the mean of the distribution is unaffected by the lower 

limit of its argument. The error on each measurement t- (for use in Equation 9.2) is 

determined by propagating the errors from the coordinates of the primary and secondary 

vertices.

The signal is defined using the relevant mass plot. For the <Jm channel, we take:
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D +: 1840 < m < 1890 MeV/c2 

Ds: 1940 < m < 1990 MeV/c2
(9.3)

The low statistics in this channel make a global fit for all the parameters of the likelihood 

function impracticable. Instead, the lifetime distribution of the background is assumed to

have the same form as that of the signal, but with an effective lifetime which is 

determined from the wings of the mass plot. For the <j>rc analysis, both the low wing* and 

the ‘high wing’ were used, defined as:

The background fraction e is measured using the fit to the mass plot. Since the 

background is found to have a shorter effective lifetime than the signals, the background 

correction leads to a small increase in the measured lifetimes.

The acceptance correction was determined using Monte Carlo data, as described 

below. The contribution of each event to the likelihood function could then be calculated. 

The negative log-likelihood was minimised using the MINUIT minimisation library 

programs [107]. The statistical errors (1 <j) on the fit parameters returned by the 

minimisation routines correspond to a change in the negative log-likelihood function 

of 0-5.

A c c e p t a n c e  c a l c u l a t i o n

The acceptance for proper lifetimes was measured using Monte Carlo data. Data were 

generated for the channel D +, D g -> <J>7i, with a selection of lifetimes for the charmed 

mesons. The charmed particles were generated using a simulation of the process of 

y -̂fusion, as described in Section 6.3. Only events in which the required particle was 

produced were kept, and their decay was forced into the channel required (here 

D +, D s -* <)m -> K K k ). Hadronisation was achieved using the Lund scheme, and the 

detector simulation carried out using GEANT. The trigger condition was simulated, and 

the events accepted by it were passed through the production analysis (in the same 

manner as real data). Finally, the full analysis chain was run on the events, including 

the vertex separation cut.

The proper lifetimes measured for the events that passed the analysis chain were then 

compared with the exponential distribution with which the events were generated. The

(9.4)
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D, 0.19 ps 

D, 0.4 ps 

D, 0.8 ps 

D, 1.6 ps 

D* 0.92 ps 

D* 1.1 ps 

Parameter"

F igure 9.7 Proper lifetime acceptance (Monte Carlo)

ratio of the measured distribution to the input distribution (normalised to contain the 

same number of events) is shown in Figure 9.7, for the various data-sets.

The acceptance was parameterised as shown in Figure 9.8. The lifetime results were 

found to be insensitive to the exact parameterisation; the parameters chosen were 

adjusted to ensure that the lifetimes measured for the Monte Carlo data-sets were all 

consistent with the input lifetimes.

Figure 9.8 Acceptance parameterisation
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Two features are evident in the acceptance correction:

(i) A small depletion at short times. This is caused by the offset track requirement of 

the analysis (Section 8.4), and by occasional primary vertex misidentification 

causing the value of d min to be upstream of the true position. Also the vertex 

resolution terms in the likelihood function cause a smearing of the exponential.

(ii) A depletion at long times (greater than about 3 ps). This is a result of the fiducial cut 

imposed at the third plane of the microstrip detector. Its effect is insignificant for 

the Dg lifetime.

o n n o n f  o n n / s  i . ... . _ iiiu o t be normalised, and the normalisation factor depends on the lifetime

measured. The parameters of the acceptance correction are defined in Figure 9.8:

A(f) =

it < tx) 

(tl < t <  t2) 

it2 < t <  *3) 

(f3 < t)

The normalisation condition is:
oo

J A(t)f(t)dt = l
0

from which the overall normalisation factor a may be calculated. The values of the 

parameters used in the acceptance parameterisation are shown in Table 9.1, and the 

resulting curve superimposed on Figure 9.7.

P a ra m e te r V a lu e

a 0 1 5

h 0-5 ps

h 2 0  ps

h 5-5 ps

Table 9.1 Lifetime acceptance parameterisation



Physics results 285

P a rt ic le Inpu t No. o f ev e n ts No. of even ts R econstruc ted

life tim e g e n e ra te d Ax > 2 mm life tim e

[ps] [ps]

D + 0-92 3954 277
+0-09 

O’ 85 _048

D + 1 1 4332 285 „ , „ +0-13 
l-W  -M I

Ds 0 1 9 3322 48
„ +0-05
O 2 0 .o ^

D8 0-3 2265 79
+0-05

0-30

D8 0-4 10470 298 O'43 _ô )3

D8 0-8 3679 212
+0-09

o- 78 _04g

D8 1-6 2609 165 1.451 -0-17

T able 9.2 Monte Carlo lifetime measurement

Using this acceptance parameterisation, the lifetimes of the Monte Carlo data-sets 

were determined, measured after passing through the full analysis chain. A comparison 

of the reconstructed lifetimes with the input lifetimes is given in Table 9.2. As can be 

seen, the reconstructed values are all consistent with those input.

Ds lifetime

The effective lifetime of the background was measured using the wings of the mass plots, 

as defined in Equation 9.4. The high and low wings were used separately, and together, 

and the values measured (with acceptance correction) are given in Table 9.3 for a 

selection of vertex separation cuts. The measurements all give consistent values. 

Taking the value measured at Ax > 1 mm with both wings, for least fractional error, the 

effective lifetime of the background is thus:

Xg = 0-18 ±0-03 ps

(where the error is statistical), measured over 72 events. The proper lifetime distribution 

for these events is shown in Figure 9.9, with the curve corresponding to the measured 

effective lifetime superimposed. If the measurement is made without acceptance 

correction, it gives:

Tg (uncorrected) = 0-19 ps



286 Physics results

W i n g V ertex  separa tion No. of even ts L ife tim e

cu t [ps]

Both 1 m m 72  ̂ +0-03
0- 18 _043

Both 2 mm 23
+0-08

O'23

Both 3 m m 12 „ +0-10 
O' 19 -0-06

Both 2 a 60
+0-05

0-23 _o_o4

Low 1 mm 40 „ ™ *005 
0-20 _(WU

Low 2 m m 16
+009

0-21

H ig h 1 mm 32
* „„ +0-05 
O’ 10 -0-03

H igh 2 m m 7
+0-17

O- 28 -0-09

T able 9.3 Background lifetime measurement

10

CO
Q. 10

o
(0
c
CD>LU 1

10

2

Figure 9.9 Background proper lifetime distribution
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The measured lifetimes of the Ds signal, with background and acceptance correction, 

are given in Table 9.4 for a selection of vertex separation cuts. They are all consistent 

within errors, indicating that the systematic errors in the lifetime measurement are not 

large compared to the statistical errors. Taking the measurement at Ax > 1-5 mm for 

least fractional errors:
~  +0-12 — 0-33 _q.q8 ps

(where the error is statistical), measured over 25 events, with a background fraction 

determined from the mass plot fit:

e = 0*15 ± 0-07

The proper lifetime distribution for these events is shown in Figure 9.10, with the curve 

corresponding to the measured lifetime superimposed. If the measurement is made 

without acceptance or background corrections, the value achieved is:

xD (uncorrected) = 0-31 to.07 Ps 

demonstrating that the corrections are small (~ 6 %).

S y s t e m a t i c  e r r o r s

One potential source of systematic errors is reflections from other channels, i.e. the 

contamination of the signal with particles of a different type, which have been 

reconstructed with the Ds mass due to misidentification of their decay products. The two 

most likely candidates are:

(i) Ac+-> pIT n+

The proton of the decay is misidentified as a kaon. This is possible since the 

c, .,eria for kaon identification (no light in the INDRA Cerenkov, momentum

6-20 GeV/c) are satisfied by protons too.

(ii) D + -* K~n+n+

One of the pions must be misidentified as a kaon. This can only occur through an 

inefficiency of the Cerenkov, i.e. the Cerenkov must fail to give light, even though 

the pion is expected to produce light in the required momentum range; this may 

occur if the pion passes through an inefficient region of the Cerenkov, such as at the 

mirror edges.
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Vertex separation No. of events Background Lifetime
cut fraction [ps]

1 mm 37 0-18 „ +0-12 
O’ 30 _0-07

1-5 mm 25 0-15
+012

O’33

2 mm 20 0-14 . +014
O’30 _ô e

2-5 mm 15 0-17
+0-17

0-30 _o_io
3 mm 12 018 . __ +0-20 

0-29 - mi

2a 36 0-18 . +012 032

3 a 29 017 +0-12
030

4 a 17 0-26 „  +0-23
0^1 _o.13

5 a 14 0-27 +026 
040 _o.14

6 a 14 012 .  «« +017
O 30 _o.lo

T a b le  9 .4  Ds lifetim e m easurem ent

10

CO
Cl

O 1
CO
-t—'
c
>

10

Proper life [psl

Figure 9.10 Ds proper lifetime distribution
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T he m a sses  o f th e even ts in the Ax > 1-5 m m  m ass p lot w ere recalculated  a ssu m in g  both of 

th e above reflection hypotheses in turn. Those even ts th a t were then  found to lie  in  the Ac or 

D + m a ss  ra n g es  resp ective ly  (tak en  as 2255—2305  MeV/c^ and 1 8 4 0 -1 8 9 0  MeV/c^) are 

show n in  F igure 9.11. To te s t  w hether th ese  reflections could be the source o f a  significant 

sy stem a tic  error on th e lifetim e m easu rem en t, th e  life tim e w a s reca lcu la ted  exclu d in g  

th e cand idate reflection even ts for each channel in  turn . The re su ltin g  v a lu es  were:

xn  6excluding candidate A reflections) = 0-33 ps
U s c

{excluding candidate D + reflections) = 0-32 ps

in d ica tin g  th a t th e  effect is  n o t sign ificant. N ote also th a t since th e  k aon s o f th e  Dg signal 

ev en ts  h a v e  com e through th e  <j>, th e probability  th a t th e  reflections are rea l is  further  

red u ced .

U n cer ta in ly  in  th e  acceptance correction g iv es  a  contribution to th e  system atic  error. 

T he accep tan ce p aram eter isa tion  w a s d eterm in ed  u s in g  M onte Carlo d a ta  a s  described  

above, and  w a s adjusted  so th a t th e  reconstructed  life tim e of th e  M onte Carlo d ata  (after  

p a ss in g  th e  fu ll a n a ly sis  chain) w as co n sisten t w ith  th e  in p u t va lu e. T h e accuracy o f the  

accep tan ce correction  is  th u s  on ly  te s te d  to th e  le v e l o f  th e s ta t is t ic a l errors on the

n r

\
( b )

8

7

6

5

D+

I
1 1 1 0 L__ i__

4

3

2

1

0 l J M L .
1.8 1.9 2. 2.1 2.2 1.8 1.9 2. 2.1 2.2

K K tt mass Ax > 1.5 IGeV/c1] K K tt mass Ax > 1.5 IGeV/cJ]

Figure 9.11 Candidate reflections
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recon stru cted  lifetim e o f  th e  M onte Carlo data. A  large sam p le o f ev en ts  w a s therefore  

g en era ted  g iv in g  Dg -> <J>7t, w ith  an in p u t lifetim e o f  0*4 ps. T hey w ere run through th e  

a n a ly s is :  o u t of th e  to ta l 1 0 4 7 0  e v e n ts , 298  su rv iv ed  th e  a n a ly s is  cu ts , an d  th e  

recon stru cted  lifetim e (after acceptance correction, see  Table 9.2) w as:

~ +0-037
%D (MO = 0-430 _q.033 ps

T h e fraction a l s ta tis t ica l error is  tak en  as a  contribution to th e  sy stem a tic  error on the

m easu rem en t o f  th e Ds life tim e w ith  real data, g iv in g  a  contribution:
, . +0-028 

asys (acceptance) = _o.025 ps

A n oth er  source o f sy stem a tic  error is  th e  u n certa in ty  on th e  background correction . 

T h e background fraction  and effective life tim e both h a v e  asso c ia ted  errors; to  d eterm ine  

th e  r e su ltin g  system atic  error, th e  Ds life tim e w a s recalcu lated  u s in g  each o f  th e  v a lu es

ad ju sted  by ±  1 a  error. T he contribution to th e  system atic  error from each effect was:
, ,  , , „ . +0-010 

a  (background fraction) = ^ .oqq ps sys
+0*004

a  (background lifetim e) = _o.0o5 Pssys

T he var iou s contributions to th e  system atic  error are a ssu m ed  to be ind ep en d en t, an d  are  

added in  quadrature to give:
, +0-030

Gsys (total) = _o.027 ps

and th u s  th e final va lu e  for th e  lifetim e is:

Tr\ — 0-33 _o_o8 — 0*03 ps
s

T h is m ea su rem en t is  com pared w ith  th ose  o f other exp erim en ts in  T able 9.5. A s can be  

seen , i t  is  co n sisten t w ith  th e  world average, a lth ou gh  it  is  ra th er  low er th a n  (but s t ill  

com patib le  w ith) recen t m ea su rem en ts.

D + l i f e t i m e

T h e procedure described  above w a s u sed  to  m ea su re  th e  life tim e  o f th e  D + in  th e <jm 

ch an n el. T h is Cabibbo su p p ressed  ch an n el is  not, o f  course, th e  m ost favourable ch an n el 

for th e  m ea su rem en t o f  th e  D + life tim e , a s  th e  s ta t is t ic s  are low  an d  th e  errors are  

th ere fo re  con sid erab le . A s n o ted  ea r lier , th ere  is  a m uch h ig h e r  s ta t is t ic s  sa m p le  

a va ilab le  to th e experim ent, from  the channel D + -*■ Kim  (as show n in  F igure 8 .16 (b)). It 

is , h ow ever, in te r e stin g  a s  a  check o f co n sisten cy  to d eterm in e th e  life tim e  in  th e  <J>7r 

c h a n n e l.
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E x p e rim e n t t O y  [ps] 0-2 0-4 0-6 0-8 [ps]
i ■ i i

W orld average  (1986) [1]
+016 

O' 28 _0.07 h - i-------- 1
l

HRS [108] 0  35 *048 - 0 0 9
I

b -------------H

E531 [109] ♦0-16 
0-26 _q.q9

l
1— »j------- 1

ACCMOR, NA11+32 [110]
.  +010 
0  33 .0.06

i
ij—•---- 1

TASSO [111] 0-57 ! o.32® ±0-09
1
|H---------------------------------- H

E691 [112] ■♦•006 _
0 4 8 _ &06 ±0-02 1 H—*—H

1

CLEO [113] 0-47 ±0-22 ±0-05
i

H-j---------------------- 1

ARGUS [105] 0  56 *o.i2 ±0-08
1
1 H------------- H
1

ACCMOR, NA32 [114]
+0-19

0 4 5 -o .i l
1
1 1— -----------1
1

T h is  m e a s u re m e n t 0  33 :°oo28 ±0-03 H-j—•------H
1

T a b le  9 .5  Ds lifetime comparison

M easu rem en ts m ade u sin g  d ifferent vertex  separation  cu ts are show n in Table 9.6, 

w ith  background and acceptance correction. Once aga in , th e  v a lu es  are a ll con sisten t,

w ith in  errors. T ak in g  th e v a lu e  a t Ax > 2 m m  for le a s t  fractional error:

^ +0-51
* + = 0-98 _o.32 ps

m ea su red  over 16 ev en ts , w ith  a background fraction  0-28. T h is  agrees w ell w ith  the  

w orld average va lu e  [1]:

x
D+

+043
{world average) -  0-92 _q.10 ps

T he d istrib u tion  o f proper life tim es o f th ese  even ts is  show n in  F igure 9.12, w ith  th e  curve 

corresponding to th e m easured  lifetim e superim posed. I f  th e background and acceptance  

corrections are n ot m ade, the va lu e  becom es:
+0-39

x + (uncorrected) = 0-87 _q.25 ps



292 Physics results

V ertex  sep a ra tio n No. of even ts B a c k g ro u n d L ife tim e

cu t f ra c tio n [ps]

1 m m 27 0-35
+043 

0  90 _Q25

1-5 m m 17 0-35
„ +0-55 
I 'O l _o_32

2 m m 16 0-28
+0-51 

0" 98 _o_3o

2-5 m m 16 0-21 0 8 9  i t S
3 m m 14 0 1 8 0 8 8

2 CT 24 0-40
+0-52

1-01 .....“WOi

3 o 22 0-33 ~ +0-48
0 9 4  _o_29

4 0 18 0-32
+0-52

0 9 7  _0j Q

5 c 15 0-30
+0-54

0 9 8

6 a 15 0-20 0 8 8  i t S

T a b le  9 .6  D + lifetim e m easurement

Proper life [ps]

Figure 9.12 D+ proper lifetime distribution
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9.3 Angular distributions

T here are two independent an g les o f in terest for th e decay in  th e <J)7r channel (th ey  w ill be 

d iscu ssed  h ere for th e Dg -► <jwc decay, a lthough th e  situ ation  is  th e sam e for th e  £)+-> <j)7U 

d ecay):

(i)  0^ : th e angle o f the 4> (or n) relative to the direction of th e Dg, in the rest-fram e o f the

Dg. S ee F igure 9.13. The decay Dg -> <Jwt involves th e  sp in-parity a ssig n m en ts  (J^):

0 " - » l ~ ( r

i.e. th e decay of a pseudoscalar particle to a vector and a pseudoscalar. S ince th e  Dg
h a s sp in  0, how ever, there is  no preferred direction for th is  system , and th e  decay

$
m u st be isotropic— the distribution  of decays should be fla t w ith  respect to cos(0x ).

A  further consequence of th e Dg h avin g  spin 0 is th a t in the rest-fram e o f th e  Dg, 

th e  orbital angu lar m om entum  l  o f the (jm system  m u st be norm al to th e direction  

defined b y  th e  $ (or n) m om entum :

i.e. th e  <j> h a s helic ity  0.
jj(

( i i )  0£- : th e  an g le  o f e ither kaon from th e <j) decay rela tive to th e  direction o f th e  k  in  the  

rest-fram e o f th e  <(>. S ee  F igure 9 .14. T he decay <{) -> K K  in vo lves th e  sp in -p arity  

a ss ig n m e n ts  (J^):

1“  -> 0“ 0“

i.e. th e  decay of a vector particle to two pseudoscalars. T he decay therefore involves
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one u n it  o f orbital angu lar m om entum : 1 = 1. C hoosing th e  quantization  a x is  a lon g  

th e  p ion  d irection , th e com ponent o f an gu lar m om en tu m  m  = 0, since th e  <J>-meson 

h a s  h e lic ity  0. From  an gu lar  m om entum  theory, th e  decay am p litu d e w ill beh ave  

u n d er  sp a t ia l r o ta t io n s  lik e  th e  L eg en d re  p o ly n o m ia l P jm (co s 0 ), from  th e  

corresponding spherica l harm onic In th is  case w e have:

oe COS

and therefore th e  d istribution  o f decays should  vary as cosz(0 ^  ).

T h e M onte C arlo w a s  u sed  to ch eck  th e  a n g u la r  a ccep ta n ce  for both  a n g le s . S ee  

F ig u re  9 .15; th e  a ccep ta n ce  w a s  ta k e n  as u n iform  in  b o th  c a se s . T h e  a n g u la r

( b )

0)CJc
□

Q.<DUO<

-0 .75  0. 0.75
cos iL

Figure 9.15 Angular acceptance (Monte Carlo)
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F ig u re  9 .16  Background angular distributions

d is tr ib u tio n s  w ere  th en  in v e s t ig a te d  for b oth  th e  D g and  th e  D + d ecays, and  for 

background ev en ts . M ass p lots a t d ifferen t cu ts on th e vertex  separation  d istan ce  w ere  

u sed  to define th e signals: for th e Dg, the Ax > 1 m m  plot w as u sed , and for th e  D +, the  

Ax > 2 m m  plot. T he background even ts w ere taken  from  the w ings of th e Ax > 1 m m  plot.

T he tw o an gu lar  d istrib u tion s for th e  background ev en ts  are show n in  F igure 9.16. 

A s can be seen , th ey  are both con sisten t w ith  a fla t distribution . T he d istributions for the

(a)

%>
V)
oo•a
z■o
z

Figure 9.17 Dg angular distributions
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(a) 0.5

0.4

0.3

0.2

0.1

- 1 .
j -------- 1. T i

-0 .5 0.
cos

_J______ I______ L
0.5

COS

F ig u re  9 .18 D + angular distributions

D s are g iv en  in  F igu re 9 .17 , and  for th e  D + in  F igu re 9 .1 8 . For both  p a r tic le s , th e  

d istr ib u tio n s  w ith  resp ect to cosO^*) are c o n sisten t w ith  b e in g  flat, a s  ex p ected . T he  

d istr ib u tio n s  w ith  resp ect to cos(0j^*), on th e  o th er h an d , show  clear ev id en ce  o f  th e  

exp ected  cos^(0£- ) dependence. T he superim posed  curves for th ese  p lo ts are ca lcu la ted  

u s in g  a c o n sta n t term  for th e  b ack grou n d , an d  a co sz (0^- ) term  for th e  s ig n a l, 

n o rm a lised  to th e  n u m b er of e v e n ts  in  th e  d istr ib u tio n . T h e background  fra ctio n  is  

d eterm ined  from the appropriate m a ss plot.

9.4 Target activity

T he a ctive  ta rg et a ctiv ity  w as c la ssified  in to  th ree  ca tegor ies, for th e  ev en ts  from  th e  

&x > 2 m m  m ass p lot. T he c la ssifica tion s were:

(i)  E v e n ts  in  w h ich  th ere  w a s clear  ev id en ce o f  n u c lea r  breakup. A n ex a m p le  is  

show n in  F igure 9 .19  (a);

( i i )  E v en ts  for w h ich  th e  ta rg e t w a s ‘clean ’, i.e . co n s is ten t w ith  coherent production . 

S ee  F igure 9 .19  (b);

( i i i )  E v e n ts  th a t  did  n o t c lea r ly  fa ll in to  e ith e r  o f  th e  p reced in g  c a teg o r ie s . S ee  

F ig u r e  9 .1 9  (c).
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(a)

(b)

(c)

Figure 9.19 Target activity categories
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D + D, B ack g ro u n d

B reak u p 10 (62 %) 7 (39 %) 17 (55 %)

C le a n 3 (19% ) 3 (17 %) 0 (0% )

A m b ig u o u s 3 (19% ) 8 (44% ) 14 (45 %)

T a b le  9 .7  Target activity

T he n u m b er o f ev en ts  fa llin g  in to  each  category is  g iven  in  T able 9.7, for th e  D+ and  Ds 

s ig n a ls , an d  for th e  background ev e n ts  from  th e w in gs. A lth ou gh  th e  s ta t is t ic s  are low, 

th e  charm  sig n a ls  appear to h a v e  a larger fraction o f c lean  even ts. T he m ean  ion isa tion  

in  th e  la s t  tw o  s tr ip s  o f th e  ‘m a in  road’ in  th e  ta r g e t  w a s com pared w ith  th e  track  

m u ltip lic ity  in  th e  m icrostrips, to obtain  an  estim a te  o f  th e  charged m u ltip lic ity  o f  th ese  

c lean  e v e n ts . S ee  T ab le  9 .8 . T h e  ch arged  m u ltip lic ity  w a s found  to be ty p ica lly  -  8 , 

in d ic a tin g  th a t  th e  charm  prod u ction  rare ly  occurs v ia  th e  production  o f  a  charm ed  

m eson and a n tim eson  pair a lon e.

S ig n a l T a rg e t pu lse  h e ig h t M ic ro s trip

m u ltip lic ity

p lan e  29 p lane  30

Ds 6 9 8

16 13 11

4 7 7 8

D + 12 9 8

D + 11 12 9

D + 12 11 8

T a b le  9 .8  Clean event m ultip lic ity
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9.5 Energy spectra

T he energy  spectrum  of th e candidate charm ed particles w as studied , for ev en ts  from the  

D+ and Dg sign a l peaks, and  for background, taken  from  the w in gs o f th e m ass plot. The 

s ig n a ls  w ere  ta k en  from  th e  Ax > 2 m m  m a ss  p lo t, w ith  th e  u su a l m a ss  ran ges  

(E q uation  9.3). T he energy sp ectra  found are show n in  F igure 9 .20  (a) and  (b). For the  

b ack grou n d  stu d y , th e  v er tex  sep a ra tio n  cu t w a s reduced  to Ax > 0, to in crea se  th e  

s ta t is t ic s . T h e  en erg y  sp ectru m  ob ta in ed  is  sh ow n  in  F igu re  9 .2 0  (c). F in a lly  th e  

d istr ib u tion  for M onte Carlo Dg ev en ts  (obtained after the sam e a n a ly sis) is  show n in

(a)

O
O

V)
c
4)>

UJ

Energy [GeVJ

Energy (GeVl

Figure 9.20 Energy spectra
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D ata -se t M e a n £ M e a n S M ean p y 2 M ean  p y 2

(ra w ) (co rrec ted ) (ra w ) (co rrec ted )

[GeV] [GeV] [GeV2/c2] [G eV ^c2]

B a c k g ro u n d 31-7 27-7 ±  1-2 0-76 0-65 ± 0 03

Ds 41-4 37-6 ± 8-4 1-55 1-43 ±0-32

D S(M C) 43-8 34-5 ±1-0 1-23 1 1 6  ± 0  04

D + 40-8 37-8 ± 9-5 1-58 1-53 ±0-38
r*+/ w /t\  U  UU ̂  ) 39-8 OK A X 1 n 1 QOX 'W 1 26 + 0 0 4

T a b le  9 .9  Signal properties

F igure 9 .20  (d). T he background and acceptance corrected m ean  v a lu es  are com pared in  

T able 9.9, w here th e  errors are sta tistica l.

9.6 p T2 distribution

T he acceptance in  pq, w as determ ined  u s in g  th e  M onte Carlo and  is  show n in F igure 9 .21 . 

T he p q ?  d istr ib u tion  o f th e background ev en ts  w as in v estig a ted , u s in g  th e  w in g s o f th e

Figure 9.21 p T2 acceptance (Monte Carlo)
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10

CMI
o

CM

>
CD

10
O

CM

o

cn■*->
c
a)
>

UJ
1

10

2

pT2 [GeV2/ c 2]

F ig u re  9.22 p d i s t r i b u t i o n  o f background

Ax > 0 m a ss  p lot. S ee F igure 9.22. T he superim posed  curve is  the stan d ard  param eter- 

isa tio n  [39]:

d o  '6mr

dPji

w here th e  tran sverse  m ass, m ^, is  g iven  by:

/  2 2*
mT ~ \ J  mD +PT

w h ere m-Q is  th e  cand idate charm ed m eson  m ass. A s can be seen , th e  background p^P 

d istribution  is  w ell fitted  by th is  param eterisation .

T h e prj? d istributions o f th e  Dg and D+ sign a ls w ere ca lcu lated  u sin g  th e even ts from  

th e  Ax > 2  m m  m a ss  plot. S ee  F igu re 9 .23 . T he s ig n a ls  sh ow  a clear ex cess  over the  

background a t h ig h  v a lu es o f p r 2» a s  expected i f  y^ -fu sion  (Section  2 .7) contributes to  the  

prod u ction  m ech an ism . T he d istr ib u tio n  from  th e  M onte C arlo s im u la tion  o f  th e  Ds 
sign a l is  a lso  show n on th e  p lots, and agrees w ell w ith  th e  rea l data. T he com parison of 

th e  b ack grou n d  and accep tan ce corrected  m ean  v a lu e s  for p ^  from th e  d ata  and  the  

M onte Carlo is  m ade in  Table 9.9.
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CM
t
O

CM

>
O

CNI
o

U)-t—'
C
Q)

UJ

.  D.

o D*

_ D, Monte Carlo

F ig u re  9.23 p j ?  distribution o f  signals

9.7 xF distributions

T he F eyn m an -*  variab le  provides u se fu l inform ation about th e  production dynam ics. It 

is  defined  as:

x Pl(D)
F Pqjjnax)

w h ere PjJLD) is  th e  lo n g itu d in a l m om en tu m  o f th e  can d id ate  charm ed m eson  (in  the  

c e n tr e -o f-m a ss  fr a m e ), an d  p p ( m a x )  is  th e  m a x im u m  a v a ila b le  lo n g itu d in a l  

m om en tu m , g iv en  by:

Ppim ax) = v ?
T he beam  photon en ergy  E  is  d eterm in ed  u sin g  th e ta g g in g  described  in S ection  3.3. 

T h is is  problem atic because:

(i)  T he ta g g in g  efficiency is  qu ite low , ~ 45  %, and therefore th e  s ta t is t ic s  (w hich  are 

already low  for th e  <Jnr channel) are reduced  still further.
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( i i )  T he ta g g in g  does not correct for double b rem sstrah lu n g  (see Section  3.3), and as a 

resu lt  th e  photon energy is  overestim ated  for the fraction o f even ts (about 17 %) in 

w h ich  i t  is  sign ificant. The correction can only be m ade for d istr ib u tion s, rath er  

th an  in d iv id u a l even ts, and— due to th e  low  sta tis t ic s  observed in  th is  ch an n el—  

w as n ot pursued further.

T he accep tan ce in  Xp w as d eterm in ed  u s in g  th e  M onte C arlo, for th e  a n a ly s is  w ith

Ax > 1 m m . S ee  F igure 9.24. T he fo llow in g fea tu res are apparent:

( i)  T he accep tan ce d ecreases for Xp g rea ter  th an  about 0-7. T h is is  cau sed  b y  the  

condition  th a t th e k aons are identified , w hich  lim its  th eir  m om entum  to le s s  than  

20 GeV/c. T he reconstructed  charm  m eson is  therefore prevented  from h a v in g  very  

h ig h  m om entum , and th e  acceptance in  Xp is  reduced.

( i i )  T he acceptance a lso  d ecreases for v a lu es  o f Xp le s s  than  about 0*3, and is  zero for 

Xp < 0. T h is is  a  resu lt both  o f th e  geom etrical acceptance o f th e spectrom eter, and  

th e  low er lim it to the kaon m om entum .

T he Xp d istr ib u tio n s for th e  D g and D + s ig n a ls  (from th e Ax > 1 m m  m a ss p lot) w ere  

corrected for th e  acceptance, and  are show n in  F igure 9.30. T he superim posed fits  are of  

th e  standard  form  [44]:

d a
d x p

= (1 -  xFf

Figure 9.24 Xp acceptance (Monte Carlo)
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F ig u re  9 .25  Xp< distribution o f signals

The exponent n is  k ep t as a  free param eter in  th e  fits, w hich  give th e  values:

n(Ds) = 2-7 ± 0-6 

n(D+) = 3-3 ±  0*9

T h ese  v a lu e s  are com patib le w ith  a corresponding recen t m easu rem en t by E 691 [115], 

u s in g  D ° s ,  o f 2-7 ± 0-1 ± 0-6. T he M onte Carlo s im u la tio n  o f th e  D s s ig n a l g iv e s  th e  

distrib u tion  show n in  F igure 9.26. T h is  g ives a value:

n(MC) = 2-37 ± 0-08

con sisten t w ith  the data.

9.8 Particle-antiparticle asymmetry

T he p a rtic le -a n tip a rtic le  a sym m etry  w a s m easu red  for th e  D + and D g s ig n a ls . It w as  

calcu lated  by counting th e  num ber o f en tries into th e  sign a l p eak  w ith  p ositive or n eg a tiv e  

charge, n+ and  n_ resp ectively , and th en  calcu lating:
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F ig u re  9 2 6  Xp distribution, Monte Carlo

a - -
n + - n

n + n

T h e n u m b er o f  p ositiv e  or n eg a tiv e  en tr ies  is  subject to B in om ia l errors, s in ce  an  

entry  m u st be one or th e  other. Putting:

n+ = N p

w h ere:

N  = n + + n_

an d  p  is  th e  probability  o f finding a positive  entry, then  th e error on n+ is  g iven by:

c + = i /N p  (1 - p )

T ak in g  as our b e st  estim ate:

P = N

w e have:

and fin ally  th e  error on the asym m etry  m easu red  is:
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•  D.

■ D, (before scon)

o D*

□ D* (before scan)

F ig u re  9 .2 7  P article-antiparticle asym m etries

aa

2 a .

N

T he asym m etry  v a lu es  found for th e D + and D g are show n in  F igu re 9 .27 , w h ich  show s  

th e ir  evolu tion  w ith  th e  cut on vertex  separation . T he asym m etry  o f the background w as  

m easured  u s in g  even ts from th e w in gs o f th e m ass p lot at Ax > 0 as:

aihackground) = 0-03 ± 0-04

T ak in g  th e  v a lu es  m easu red  for th e  s ign a ls a t a  vertex  sep aration  cu t th a t g iv es  th e  m ost  

s ig n ifica n t s ig n a l, and  correctin g  for background , g ives:

a(D +) = -0-31 ± 0 -3 0  

a(Ds ) = 0-29 ±  0-19

T he va lu e  for th e  D g m ay be com pared w ith  a recent resu lt from  E 400 [116] o f 0-31 ± 0-36. 

T he m easu rem en ts h a v e  th e  sen ses  predicted  by th e  M onte Carlo sim u lation  (Section  2.9), 

w ith  D~  b e in g  m ore copiously produced th an  D +, and Ds+ b e in g  m ore copiously  produced  

th an  D g~; th e  a sym m etries are, how ever, rath er greater in  m agn itu d e than  th ose  expected  

(~ -0 09 and ~ 0 05, show n in  F igure 2 .21).
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9.9 Production ratio o fD 8 an dD *

M e a s u r e m e n t  o f  c r o s s - s e c t io n s

T h e m ea su rem en t o f  production cro ss-sectio n s p rovid es u se fu l in form ation  ab ou t th e  

m ech a n ism s in v o lv ed  in  p artic le  production . T he accu rate  m ea su rem en t o f  a b so lu te  

cro ss-sectio n s is  com plex, how ever, w h ils t  th e  d eterm in ation  o f  cross-section  ra tio s  is  

re la tiv e ly  stra igh tforw ard .

T he calcu lation  o f a  cross-section  a  for th e  production o f a  particle, g iven a num ber of 

sign a l ev en ts  N , requires know ledge o f th e acceptance A  o f th e  an a ly sis  procedures, th e  

b ran ch in g  ra tio  B  o f  th e  partic le  to th e  ch an n el d etected , and  th e  se n s it iv ity  s o f  th e  

ex p er im en t. T hen:

a=- N
A B s

(9.5)

T he acceptance g ives th e fraction  o f e v en ts  w hich sa tisfy  th e  trigger and are detected  

a s sign a l. T h is  is  m easu red  u s in g  th e  M onte Carlo sim u la tio n . T he s e n s i tiv ity  is  th e  

to ta l num ber o f ev en ts  th a t are acquired by th e  exp erim en t in  a  g iven  process, p er  u n it  

cross-section  for th a t process. T he se n s it iv ity  for th is  ex p erim en t m ay be ca lcu la ted  a s  

fo llo w s:

s
J V . h tng

aTOT Atrig
(9.6)

w here N trig  is  th e num ber of triggers taken , h is  the hadronic fraction of the events, Grpgrp 

is  th e  to ta l hadron ic photoproduction  cross-section  (on th e particu lar  ta rg et m a ter ia l  

u sed ), and  A trig  is  th e  accep tan ce o f th e  tr igger  to h ad ron ic  ev en ts . A n accu rate  

m ea su rem en t o f th e se  q u an tities (apart from the num ber of triggers) is  difficult, and th e  

va lu e  found for th e  sen sitiv ity  is correspondingly uncertain .

In th e <j)7t: channel, how ever, we h ave sign a ls for both the D + and the D s. It is  therefore  

possib le to m ake a m easu rem en t of the production ratio of th ese  two particles, avoid ing the  

n eed  for a m ea su rem en t of the sensitiv ity:

g(Ds) N(Dg) A (D +) B(Z>+ -> (J)7i)

a (D +) N (D +) A(Ds) B(Ds -> 0tt)
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V ertex  sep ara tio n  cu t 

[m m ]

No. of Ds No. of D + S ignal ra tio  (DJD+)

1 30-9 ±4-6 17-6 ± 3-8 1-76 ±  0-46

1-5 21-6 ± 3-8 10-9 ± 2-9 1*98 ±  0-63

2 16-7 ± 3 1 11-6 ± 2-8 1-44 ± 0-44

2 5 12-6 ±2-8 12-4 ± 2-9 1 0 2  ± 0  33

3 9-7 ±2-4 11-5 ± 2-7 0 8 4  ± 0 29

3-5 6-9 ± 2 2 1 2 0  ± 2 7 0 58 ± 0-23

4 4-7 ± 1-8 11-1 ±2-7 0-42 ± 0 1 9

T a b le  9.10 Signal ratio (Ds ID+)

In stea d  o f  th e  a b so lu te  accep tan ce, i t  is  a lso  now  only  th e  re la tiv e  accep tan ce th a t  is  

required, red u cin g  th e associa ted  system a tic  errors.

P r o d u c t i o n  r a t i o  m e a s u r e m e n t

T he num ber o f  en tr ies  in  th e s ign a l p eak s for th e  D + and D g w as d eterm in ed  u s in g  th e  

f it t in g  procedure described  in  S ection  9 .1 , a t d ifferen t cu ts  on th e  v er tex  sep aration  

distance. S ee T able 9.10. T he double exponentia l fit w as u sed  for the background, and the

1. 2 . 3. 4.

Decay length cut tmm]

Figure 9.28 Raw signal ratio (D ID+)
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error on th e  signal is taken  from the fit. The evolution  o f the raw  ratio of th e  sig n a ls  w ith  

th e  v er tex  sep aration  cu t is  show n in  F igure 9 .28 . A  clear exp on en tia l dependence is  

ev id en t, r e su lt in g  from  th e life tim e beh av iou r o f th e  tw o sig n a ls . N ote  th a t  th e  vertex  

sep aration  req u irem en t accep ts a ll ev en ts  g rea ter  th a n  th e  cut, so th e  ev e n ts  a t any  

p articu lar  cu t include th o se  a t grea ter  cuts, and h en ce  th e en tr ies  in F igure 9 .28  are 

strongly  correlated , m aking a fit to th e points as show n inappropriate.

To u nderstand  the behaviour of th e  sign a l ratio, M onte Carlo data  w as used . T he data  

w ere p a sse d  through  a s im u la tion  o f th e  trigger, recon stru cted  u s in g  T R ID E N T , and  

w ere th en  p assed  through th e  sam e an a ly sis  as th e  rea l data. M onte Carlo d a ta -sets w ith  

different in p u t life tim es for th e  D + and Dg w ere used . T he num ber o f ev en ts  in  th e signal 

p ea k  w a s counted  a t d ifferent cu ts on th e  vertex  sep aration , for th e  variou s d a ta -sets. 

T h ese  n u m b ers w ere th en  d iv id ed  by th e num ber o f  ev en ts  in  th e d a ta -set, to g ive  the  

acceptances show n in  F igure 9.29. T he va lu es for tw o o f th e data-sets, the 0-3 ps Ds and the  

1-1 ps D +, are g iven  in  T able 9 .11 . N o te  th a t  th e  fraction  o f th ese  charm  M onte Carlo 

d a ta -se ts  p a ss in g  th e  trigger are 54  % and 51 % respectively . T h is m ay be com pared w ith  

th e  fraction  m easu red  w ith  non-charm  M onte Carlo ev en ts , 23  %, in d ica tin g  th a t  the  

tr igger lea d s to a charm  en rich m en t o f ~  2.

•  D* 1.1 ps

• 0* 0.9 ps

a 0, 1.6 ps

a D. 0.8 ps 

o D, 0.4 ps 

■ 0, 0.3 ps

a D. 0.2 ps

Figure 9.29 Acceptance (Monte Carlo)



310 Physics results

S ig n a l D + (1-1 ps) D s (0-3 ps)

G en e ra ted 4332 2265

P a s s  tr ig . 2214 1215

V ertex S ig n a l A ccept. S ig n a l A ccept. S ig n a l A ccept. S ig n a l A ccept.

sep. cu t (ra w ) (raw ) (c o r r .) (c o r r .) (ra w ) (raw ) (c o r r .) (c o r r .)

[m m ] [%] [%] [%] [%]

0 317 7-3 ±0-4 330 7-6 ± 0 4 107 4-7 ±0-5 I l l 4 9  ± 0 5

1 311 7-2 ± 0-4 377 8-7 ± 0-5 98 4-3 ± 0 4 174 7-7 ±0-8
n 285 6-6 i  0-4 406 9 4 ± 0-6 63 2-8 ± 0 4 183 8-1 ±1-0

3 253 5-8 ±0-4 424 9-8 ± 0-6 37 1-6 ± 0-3 171 7-5 ±1-2

4 208 4 8 ±0-3 407 9 4 ± 0-7 27 1*2 ± 0-2 211 9-3 ± 1 8

5 170 3-9 ±0-3 389 9-0 ± 0-7 17 0-8 ± 0-2 124 5-5 ±1-3

6 148 3-4 ± 0-3 399 9-2 ± 0-8 14 0-6 ±0-2 157 7-0 ±1-9

7 129 3 0 ± 0-3 417 9-6 ± 0-9 11 0-5 ± 0 2 146 6 4  ±1-9

T a b le  9.11 Acceptance m easurem ent (Monte Carlo)

A s can  be seen , th e  ex p o n en tia l b eh av iou r  is  reproduced  for v ertex  sep a ra tio n s  

grea ter  th an  about 2 m m . For a  collection  o f partic les w ith  m ean  life tim e t, th e  num ber  

rem ain in g  a t tim e t is  g iven  by (E quation  9.1):

-t /%
m t)  = N 0 e

T he decay d istan ce  d  is  g iven  approxim ately  by:

d ~ y c t

and so th e  exp on en tia l behaviour o f th e  acceptance is  n ot surprising.

For sm all v a lu es o f  th e  vertex separation  cut (less  th an  about 2 m m ), th e acceptance  

curves fla tten  o ff to  a  con stan t va lue. T h is can be caused  by th e  criterion in  th e a n a ly s is  

th a t  th ere  is  a  secondary track offset by at le a s t  30  pm  from  th e  prim ary vertex . A lso, as  

w a s se e n  ea r lier , th e  ex p o n en tia l life t im e  d istr ib u tio n  is  sm ea red  by th e  d etec to r  

reso lu tio n . T he e ffect o f  th e  detector  reso lu tio n  is  to cau se  a lo s s  o f  e v e n ts  th a t  are  

recon stru cted  w ith  a  n eg a tiv e  vertex  sep aration . T h is effect w ill be m ore im p ortan t for  

decays w ith  a  shorter lifetim e, and  is  th e  source o f th e decrease in  acceptance a t  Ax > 0 as
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th e  in p u t D& life tim e is  reduced. In th e lim it o f v a n ish in g  lifetim e, the fraction  o f ev en ts  

reconstructed  w ith  positive vertex  separation  would be 0-5.

T he effect o f th e  detector reso lu tion  is  incorporated by con volu ting  th e  exp on en tia l 

life t im e  d istr ib u tio n  w ith  a G a u ssia n  d istr ib u tion , a s  d iscu ssed  in  S ection  9 .2 . T he  

resu ltin g  probability  d en sity  is  p lotted  in  F igure 9 .30 , ta k in g  a typical va lu e o f  0-05 ps for

( a )  2 ------- r  ■  1.2 pj, a ■  0.05 ps
i \

1.75 - ! i ------- r  «  0.4 ps. a -  0.05 ps
CL 1 1

^  1.5 - i *
i \

V ) \
£  1-25 -

-O \

1 ■

'.5 \
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Proper life [psl

F ig u re  9.31 Effect o f  lifetim e m easurem ent error

th e reso lu tion  a , u s in g  approxim ately  th e  D g and D + life tim es, and w ith  a  lin ear  sca le  (a) 

or logarithm ic sca le  (b). T he effect o f th e  detector reso lu tion  is  illu stra ted  in  F igu re 9 .31 , 

w here th e  probability  d en sity  function  is  show n for a lifetim e o f 0*4 ps, w ith  v a lu es  o f th e  

resolution  o f both a  = 0, and an exaggerated  va lu e o f a  = 0-2 ps. In th e  la tter  case, th e  lo ss  

of ev en ts  for low  cu ts on th e proper life  (or on th e decay d istance) is  clear. N ote, how ever, 

th a t for h igh er  cu ts, th is  effect does n ot cause any su b sta n tia l change in  th e  probability  

density , and in  fact th e probability d en sity  is s ligh tly  grea ter  for the curve w ith  larger a .

T he effect o f th e  lifetim e behaviour o f th e  sig n a ls  on th e  acceptance w as corrected for 

by w e ig h tin g  each ev en t in the sign a l w ith  a su itab le  norm alisa tion  from th e  probability  

d en sity  function . For each event th ere  is  a  m in im um  tim e f • d eterm ined  by th e  vertex  

sep a ra tio n  cu t, an d  a m ax im u m  tim e  t m ax  r e su lt in g  from  th e  fid u cia l cu t (a t  th e  

m icrostrip  p lan es). T he w eigh t is therefore tak en  as:

w  =

t maxJ f i t )  i t
^min

1-1

From  E quation  9.2 w e have:
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P u ttin g :

and w ith  erfc(x) = 1 -  erffc), th is  becom es:

Xfnax T o  i Xmax

f  (2 a x - a 2) l |  (2 a * -  a2) I
-a e  erfc(x) a x  = ^e  erfcOe) -  erfcGr -  a) J

x min
min

from  w hich  th e  w e ig h t m ay be ca lcu lated . N ote  th a t i f  th e  detector reso lu tion  effect is  

ignored, th e  w e ig h t becom es sim ply:

-t . /t -t lx mm max
e - e

T he sum  o f th e  w eig h ted  ev en ts  are g iven  for th e  M onte Carlo sam p les in  T able 9.11. 

T hey are used  to calcu late a corrected acceptance, show n in F igure 9.32, w ith  (a) th e  sam e  

sca le  a s  F ig u re  9 .2 9 , and  (b) a  lin e a r  sca le . T h e  a ccep ta n ces are c lea r ly  n ow  le ss  

d ep en d en t e ith er  on decay len g th  cu t or on th e  d a ta -se t u sed . I t  appears, h ow ever, in  

F igu re 9 .3 2  (b) th a t  th e  spread  in  th e  corrected accep tan ce v a lu e s  is  grea ter  th a n  the  

m ark ed  s ta t is t ic a l errors, b u t sin ce  th ere  is  no system atic  varia tion  o f acceptance w ith  

lifetim e or w ith  particle type th e  acceptances w ere taken  as equal.

T h is correction procedure w as n ex t applied  to the data, u s in g  the life tim es m easured  

in  S ection  9 .2 . T he corrected s ig n a ls  w ere adjusted  for background, m easu red  from  the  

re lev a n t m a ss  p lo ts, and gave th e  v a lu es  show n in  T able 9 .12  for a se lection  o f  vertex  

sep aration  cuts. T he m easu rem en ts are a ll con sisten t, and ta k in g  th e  va lu e a t N G > 2 , for 

le a s t  fraction a l errors, w e have:

<j(D ) B(D  -> b n)
------ --------- -̂--------- = 3-18 ± 1-02
o(D+)B(D+^4>k)
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Decay length cut [mm]

•  D4 1.1 ps

♦ D4 0.9 ps

a D, 1.6 ps 

a  D. 0.8 ps 

° D, 0.4 ps 

■ D, 0.3 ps 

a 0, 0.2 ps

(b)

Decay length cut [mm]

•  0* 1.1 ps

♦ D4 0.9 ps

a  D, 1.6 ps 

a  0, 0.8 ps

o D, 0.4 ps 

■ D, 0.3 ps 

a D, 0 .2  ps

Figure 9.32 Lifetime corrected acceptance (Monte Carlo)
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V ertex

se p a ra tio n

cu t

D + o-B(Ds -* <fa) 

a-B(D+ -* <p7r)

No. of even ts B a c k g ro u n d

fra c tio n

No. o f ev en ts B ack g ro u n d

fra c tio n(raw ) (c o r r .) (raw ) (c o r r .)

1 m m 37 66-4 0 1 8 27 33-2 0-35 2-52 ±0-83

1-5 m m 25 57-6 0 1 5 17 22-3 0-35 3-38 ±1-25

2 m m 20 63-6 0 1 4 16 22-9 0-28 3-32 ±1-26

2-5 m m 15 66-6 0 1 5 16 24-9 0-21 2-87 ± 1 1 4

3 m m 12 67-4 0 1 7 14 24-2 0 1 8 2-82 ±1-22

2cr 36 66-7 0 1 8 24 28-7 0-40 3 1 8  ± 1 0 2

3 a 29 61-4 0 1 7 22 28-2 0-33 2-70 ± 0-87

4 a 17 42-5 0-26 18 25-2 0-32 1-84 ±0-74

5 a 14 43-4 0-27 15 22-9 0-39 1-98 ±0-87

6 a 14 54-8 0 1 2 15 24-9 0-20 2-42 ±0-98

T a b le  9 .12 Production ratio m easurem ent

S y s t e m a t i c  e r r o r s

O ne source o f sy stem a tic  error on th is  m ea su rem en t is  th e  error on th e  accep tan ce  

correction, w hich  is  determ ined  by th e  sta tistica l error on th e  M onte Carlo ca lcu lation s. 

For N „ > 2 th e corrected acceptance ratio m easured w ith  th e 0*3 ps D„ and 1-1 p s D + M onte 

Carlo d a ta -se ts  w as:

M D )
-------—  = 0-89 ± 0 1 1
A (D +)

(taken  as 1-0). T ak in g  the fractional error on th is va lu e  lead s to:

a  (iacceptance) = ± 0-40

A n oth er source o f sy stem a tic  error com es from  th e  error on th e  m easu rem en t o f th e  

particle life tim es. A djusting  th e va lu es used  by ± 1 a  lead s to a contribution:

Gsys (lifetime'> = -0-54

F in a lly  th e  background fractions used  in  th e  m easu rem en t h a v e  associated  errors:

e(Ds) = 18 ± 2 %  

e(D +) = 40 ± 5 %
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at N a > 2 , g iv ing:

a  (background) = ± 0-25sy s

T hese contributions to th e system atic  error are assum ed  to be independent, and are added  

in quadrature to give:
, .. +0-94

a sy s  (t0 ta l )  =  -0-72

T he final v a lu e  for th is  m easu rem en t is  therefore:

g(D ) B(D -> <|> tc)
------ --------- ----------- --  3-2 ± 1-0
a(D+) B(D+->$n)

+0-9
-0-7

T ak in g  th e m ost accurate v a lu es  availab le  for the branch ing  ratios:

B(D§ -> (J)tc) = 4 ± 1 %

from E quation  8.3, and [106]:

B(Z>+ -»• = 0-68 ±  0-07 ± 0-12 %

w e obtain:

a (D )
------—  = 0-54 ± 0 1 7  ± 0 -23
a«> +)

T he m a in  co n tr ib u tio n  to th e  sy ste m a tic  error n ow  com es from  th e  errors on th e  

b ran ch in g  ratios. T h is  m easu rem en t is  in good agreem en t w ith  th e prediction  from  th e  

M onte Carlo sim u la tion  (Section  2 .9) o f ~ 0-5.

Comparison of result

T he resu lt h a s  b een  g iven  above in  th e  form of a ratio  o f a-B as w ell as a  ratio o f a , since  

th e b ran ch in g  ratios are n ot very  accurately  know n, esp ecia lly  for th e  decay D g -* (Jot (as 

d isc u sse d  in  S ec tio n  8 .4). T h is  u n c e r ta in ty  is  com m on to a ll m ea su r e m e n ts  o f th e  

production ratio, so th e va lue in the form  o f a ratio o f a-B can therefore be com pared m ore 

d irectly  w ith  th e  m e a su rem en ts  o f  o th er  ex p er im en ts . T he com parison  is  d ifficu lt, 

how ever, due to th e  lack o f pub lished  resu lts . See Table 9.13. T he E 400 resu lt w a s quoted  

[116] in  a d irectly  com parable form  to th is  m ea su rem en t. E 691 h a v e  n o t p u b lish ed  

cross-section  in form ation  for th e ir  <f)7r a n a lysis , a lthough  a t a 6 a  cut (~  2 m m ) th ey  find  

[106] 122 ±  12 Ds and 84  ± 10 D +— a raw  ratio of 1-45 ±  0-22, w hich m ay be com pared w ith  

th e  va lu e  from  th is  a n a ly sis  a t 2 m m  o f 1-44 ± 0-44. A  p relim inary  resu lt on 15 % of th eir  

data  sam ple [117] is  g iven  in the table.
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E x p e r im e n t
a  B(Dg -* $7i) 

a-flCD+ -♦ <(rrc)

E400 1*6 ±1*2

E691 (15 %)* 2 2 ± 1*2

CLEOt 4 0  ± 1 1

CLEO* 4*2 ± 1*5

H R S * 4*9 ± 1*7

T h is  m e a s u re m e n t
+0-9

3*2 ± 1*0 _o.7

* See text.

t  Based on [16], see text.

T a b le  9 .13 Production ratio comparison

For th e  com parison w ith  e+e r e su lts , th e  original CLEO observation  o f  th e  D s [16] 

included  an estim a tio n  o f B(DS -> <(mt) ou tlined  in  Section  8.4, th a t a ssu m ed :

a ( D )

<r(D° + D + + D  )s

= 0-15

R eversin g  th is  argum ent, u s in g  th e  branch ing  ratios g iven  above, and ta k in g  [118]:

CT(Q°)
<t (D +)

= 2-4 ± 0 -4

lead s to th e v a lu e  quoted in  th e  table. M ore recent CLEO resu lts  [118], tak en  a t 10*55 GeV  

(in  th e  con tin u u m ), give:

a*B (Ds -> <|)7c) = 14*7 ± 3*9 ±  2*0 pb 

a  CD+) = 0*52 ± 0*08 ± 0*08 nb

C om bin ing  th e se  v a lu e s  w ith  th e  D + b ran ch in g  ratio  above lea d s to th e  second CLEO  

r e su lt  in  th e  tab le . F in a lly  a  sim ilar  procedure is  fo llow ed u s in g  re su lts  from  H RS [119], 

tak en  a t  29 GeV.

To ob ta in  a n  e stim a te  o f  th e  ab so lu te  cross-section  for D g production , an earlier  

m ea su rem en t o f  th e  exp erim en ta l sen s it iv ity  m ay be adapted  [78]. In th is  referen ce the
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tr ig g er  accep tan ce w a s d eterm in ed  u s in g  a  M onte Carlo s im u la tio n , and fou n d  to be  

~ 0-4. T h e  h a d r o n ic ity  o f  th e  tr ig g e r e d  e v e n ts  is  ~  0*9, an d  th e  to ta l in e la s t ic  

photoproduction  cross-section  (on silicon) c e^ (S i)  ~  80  jib (corrected for shadow ing). T he  

cu rren t a n a ly s is  u s e s  a  to ta l o f  ~  17*2 m illio n  tr ig g e r s , so th e  s e n s it iv ity  (from  

E q u ation  9.6) is:

s  ~ 400 events/nb

T a k in g  th e  D g s ign a l found  a t Ax > 1 m m , th ere  are ~ 31 ev en ts . T he accep tan ce is  

m ea su red  u s in g  M onte Carlo to be ~ 0-04 (see F igure 9 .29), and th e  bran ch in g  ratio  is  

g iv en  by:

B  = B(Ds -> <jwr) B(<j> -> KK) ~ 0-02 

T herefore, u s in g  E quation  9.5 , w e obtain:

<y(Ds) ~ 100 nb

To obtain  a m ore accurate determ ination  of th is  cross-section , further study w ould n eed  to  

be m ade of th e  associa ted  system atic  errors.
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T he photoproduction exp erim en t N A 14 ran su ccessfu lly  over th e  period 1 9 8 5 -8 6 , tak in g  a  

to ta l o f ju s t  over 17  m illion  tr iggers, a t a  m ean  photon en ergy  o f about 100  GeV. T h ese  

d a ta  h a v e  b een  p rocessed  th rou gh  a v a r ie ty  o f  filters, se le c tin g  d ifferen t fea tu res  o f .  

ch arm ed  ev en ts .

C entral to th e  en rich m en t o f charm  in  th e  d ata  w as th e u se  o f a  silicon vertex detector, 

co m p risin g  an active  ta rg e t and  a m icrostrip  track in g  detector, w h ich  w orked reliab ly  

th rou gh ou t th e  data  tak in g . T he m icrostrip  detector, w ith  10 p la n es con ta in in g  a tota l o f 

1 0 ,0 0 0  strips a t a 50 |im  pitch , ach ieved  a sp a tia l resolution  o f 16 fim, and 97  % per-plane  

e f f ic ie n c y .

A  strong Z)° sign a l w as found in the K k channel, u sin g  data from a filter based  on the  

m icrostr ip  d etector in form ation  w hich se lec ted  ev en ts  w ith  a com plex vertex  topology. 

From  an  eq u iv a len t o f ~ 1*2 m illion  raw -d ata  ev en ts , a sign a l o f 52 ±  7 ev en ts  w ith  a 

sign a l-to -b ack grou n d  ratio o f ~ 1-5 w as a ch ieved , a t a 3 a  cu t on th e  separation  o f the  

recon stru cted  production and decay vertices. T h is  signal w as u sed  in  the developm ent of  

th e  charm  a n a ly s is  tech n iq u es.

A  kaon se lectin g  filter w as run on the fu ll d ata-set, and a <j) s ign a l w as iso lated  in the  

K K  ch a n n el, w ith  a s ig n a l of ~ 6330  ev en ts  an d  a sign a l-to-background  ratio of ~ 1-2. 

T he <f> ev en ts  w ere u sed  to in v estig a te  th e <|)7t channel, and sign a ls w ere found for the D g 

an d  th e  C abibbo-sup pressed  D +. For th e D g, a  sign a l o f 31 ± 5 ev e n ts  w ith  a signal-to- 

b ack grou n d  ratio  o f ~ 4-6 w a s a ch ieved , a t  a  1 m m  cut on th e  sep a ra tio n  o f th e  

recon stru cted  production  and  decay vertices. T h is  num ber of ev en ts  is  com parable to th e  

1 9 8 6  to ta l world sta tis t ic s . A  sign a l o f  12  ± 3  ev en ts  w as found for th e  D + a t a 2-5 m m
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vertex cut, with a signal-to-background ratio of ~ 3-7.

The mass measured for the D + was used to adjust the mass scale, and a value of 

1969*8 ± 1*9 ± 2*4 MeV/c2 was calculated for the D g. This value is consistent with the 

world average value, with comparable errors, and is also consistent with more recent 

measurements. The measured width of 10 ± 2 MeV/c2 is compatible with the expected 

instrumental width determined by Monte Carlo simulation.

The lifetimes of the Dg and D+ signals were measured using a maximum likelihood 

method. The acceptance and background corrections were found to be small, 

approximately 6 %. The lifetime measured for the Ds was:

x (Ds) = 0*33±0*03 ps

and with that of the D + gave a ratio:

t  U>+)
0-34

+0-22
-016

These measurements are consistent with those of other experiments. The ratio 

demonstrates the importance of non-spectator processes in the weak decays of charmed 

mesons.

The angular distributions of the Dg and D + decays were checked, and found to be 

consistent with the expected pseudoscalar spin-parity assignment of the particles.

The distributions of production variables, including energy, xp , and p*p, were 

measured, and found to be consistent with the predictions of the Monte Carlo simulation, 

which is based on the first order QCD y -̂fusion process. The mean energy was measured 

as 38 ± 8 GeV for the Ds, and 38 ± 10 GeV for the D +. The p j?  distribution of background 

events was found to be described well by an e'^m T parameterisation, and a significant 

excess of events was discovered at large pj> for the Ds and D + signals, in accordance with 

the QCD expectations, with a mean pj>2 value of 1*4 ± 0-3 GeV 2/c2 for the D s and 

1*5 ± 0*4 GeV2/c2 for the D +. The Xp distributions of the signals were found to be well 

described by a (1 —x)n parameterisation, with n = 2*7 ± 0-6 for the Ds and n = 3*3 ± 0-9 for 

the D +.

The particle-antiparticle asymmetries were measured as -0*31 ± 0*30 for the D +, and 

0*29 ± 0*19 for the Ds, which have the same sense as the Monte Carlo expectations, but with 

rather larger magnitude. The D s and D + signals were used to measure the D s/D +
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production ratio. The acceptance correction was found to be important, due to the different

lifetimes of the signals. An acceptance and background corrected value of:

a(D ) B(D -> <j> n) ^
----- -------- -----------=3-2 ±1-0 _o.7
a(D+)B(D + ^<t>K)

was measured. If the best available values are used for the relevant branching ratios this 

gives:

a ( D )

----— = 0-54 ± 0-17 ±0 23
o (D +)

This is in good agreement with the prediction of ~ 0*5 from the Monte Carlo simulation, 

which uses the Lund scheme for hadronisation. These results suggest that the parameters 

of the Lund scheme, taken largely from e+e~ results, are suitable for the description of 

charm photoproduction.

The NA14 experiment has provided high statistics samples of charmed particles, 

suitable for precise measurement of the physics of photoproduction and weak 

decay—fruitful areas for tests of QCD and the electroweak theory. The results are to some 

extent complementary to those of the other experiment with comparable statistics, as they 

lie in a different energy range. There remains a great deal of physics to be extracted 

from the data [120]—including the properties of charmed baryons, and cross-section 

studies—and the techniques of vertex detection and analysis used will remain central to 

much of the high energy physics of the foreseeable future.
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