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A bstract

A search has been made for magnetically charged particles produced in e+e“ an­
nihilations [1]. Using the hit information in z  from the drift chamber of the TASSO 
detector, a search was made for tracks curving in the s — z plane in two prong events. 
The curvature of these tracks is a possible indication of particles being accelerated along 
the flux lines of the 0.5 Tesla solenoid magnetic field of TASSO. No events of a nature 
that would uniquely identify an e+e" -4 M M  event were found, but cross-section lim­
its were calculated for a mass range up to 17 GeV/c2 and a magnetic charge range of 
g =  lOe to g =  70e from the 110 pb-1 of data taken at a centre of mass energy of 35 GeV 
during 1986.

The multi-pulse performance of a test cell was also investigated, with regards to the 
spatial and dE/dx resolutions. The test cell was a representation of a single cell from 
the Central Track Detector of the future detector ZEUS on the e^p ring HERA. It was 
found that a two-pulse resolution of 2.15 mm was possible. It was also found that there 
was a negligible effect of the second pulse upon the first for pulse separations greater 
than 3.75 mm. Any effect of the first pulse upon the second was found to become 
negligible for pulse separations greater than 5.25 mm. The spatial resolutions were 60% 
worse than the single pulse resolutions for the wx>rst affected first pulses and only 15% 
worse for the worst affected second pulses. dE/dx resolutions could be kept below 7% 
for all separations after corrections to the pulse sizes.
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Chapter 1

Introduction

1.1 In the B eg in n in g ...

When James Clerk Maxwell unified the forces of electricity and magnetism in the middle 
of the 19th century to establish the theory of electromagnetism, there appeared to be an 
intrinsic yet incomplete symmetry between the electric and magnetic quantities. This 
is clearly shown in Maxwell’s equations:

dD  . ( i . i )*>IIQ> V x H = at +Je
dB (1.2)V • B =  0 -  V x E = dt

where D is the electric flux density, B the magnetic flux density, E the electric field and 
H is the magnetic field. je and pe are the electric current density and electric charge 
density respectively. The symmetry is incomplete due to the absence of jm and pm, the 
magnetic current density and magnetic charge density, from equations 1.2. This was 
because Maxwell’s theory reflected the experimental position of the day, a position which 
so far has unaltered; whilst there are countless observations of electric field emerging 
from a single point, or source, there has never been any substantial evidence of the 
magnetic counterpart. Whenever a magnet is broken up there is always a north and a 
south pole attributable to the remaining parts; the magnetic flux lines are continuous 
and never appear to emerge from a single source. When it came to Dirac “inventing” a 
magnetically charged particle, or monopole [2], instead of predicting their existence, he 
assumed that they do exist and looked at the consequences of this.
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4 C H A P T E R  1. I N T R O D U C T I O N

If we add jm and pm to equations 1.2 so that they become
V • B =  pm V x E = f  + j , (1.3)

the symmetry is made complete. If we then make the following transformation through 
the real angle £:

(1.4)

we find that equations 1.1 and 1.3 are invariant under such a transformation. By 
choosing the ratio

p'm/Pe =  (1-5)

E =  E'cos£ +  IT sin £ D =  D' cos £ -1- B' sin £
H =  —E' sin £ +  H' cos £ B =  — D' sin £ +  B' cos £
Pe =  p' cos£ +  p'msin£ je =  JeCOS£ +Jmsin£
Pm =  -p'e sin£ +  p'm COS( •Jm =  -jesin£ + jmcos£

we can make a transformation so that jm =  0 and pm =  0 . This way equations 1.3 have 
been transformed back to the familiar equations 1 .2 , showing that it is simply a matte?: 
of convention to speak of a particle possessing electric charge, but not magnetic charge. 
So in actual fact Dirac’s assumption was not so much that particles exist with magnetic 
charge, rather that there are particles that do not possess the universal ratio of electric 
to magnetic charge of equation 1.5.

To include monopoles within the framework of the recently formulated quantum me­
chanics, Dirac found that the magnetic field of a monopole was like that of an infinitely 
long thin solenoid that was, under certain circumstances, unobservable [3]. The argu­
ment went as follows. One way to observe the effect of a magnetic field of a solenoid is 
through the behaviour of electric charges passing through the field. Dirac was able to 
show that if the field of the solenoid was attributed to a magnetic charge at one end, 
the electric charge could not pass through the field and thereby render it observable for 
the following relationship between the electric charge e and magnetic charge g :

eg — \n h c n =  ±  l,d b 2 ,±3 ,. . .  (1.6)
In other words the unobservability of the monopole’s “Dirac string”, as it was later 
known, resulted in both electric and magnetic charges being quantized. Before this the­
ory there had never been any sort of explanation of one of the most profound mysteries 
of the universe, why electric charge should be of a discrete nature. This theory showed 
that the existence of a monopole of magnetic charge ^ e ,  known as a Dirac monopole, 
would require all electric charges to be quantized in the units with which are found in
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nature. As of yet there are still no other theories to explain the quantization of electric 
charge.

As well as simply possessing magnetic charge in the terms spoken of previously, there 
could also exist particles that possess both electric and magnetic charges (in different 
proportions to the universal ratio). These are known as dyons [4].
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1.2 Searches for M agnetically Charged P artic les

Owing to Dirac’s theory and the fact that, at present, there appears to be no other 
explanation to why electric charge is quantized, there have been many searches for 
monopoles. Interest in monopoles was renewed in 1974 when they appeared to be a 
natural by-product of Grand Unified Theories or GUTs [5]. In these theories the mass 
of the monopole would be in the region of 1015 GeV/c2. There is no theoretical reason, 
however, that there should not exist monopoles with much lower masses [6 ], accessible 
to particle accelerators.

As well as searches for GUT monopoles, there have been many searches at colliders 
for the existence of monopoles whose mass range is much lower and limited by the beam 
energy of the collider in question. For GUT monopoles the method of detection is to look 
for signals of particles passing through superconducting loops, known as SQUIDs, and 
which change the current in the loop by an amount expected for monopoles possessing 
the Dirac charge. If a normal magnetic dipole were the cause of the change in the 
current then when the opposite pole passes through the loop the current change would 
be reversed and the current level would revert to its original value. If a monopole were 
to pass through the loop there would be only one change in current. Such an experiment 
in Stanford in 1982 found what appeared to be a signal of a monopole [7], and in 1985, 
in a similar device at Imperial College, an unexplained event was recorded [8]. These 
have been the only two observations of what were, perhaps, GUT monopoles, despite 
the same team who found the signal in 1982 constructing a more sophisticated detector 
than the one originally used and obtaining no signals from the new detector [9]. Another 
way to search for monopoles and the method generally used at particle colliders, is to 
look for evidence of very heavily ionizing particles passing through sheets of plastic or 
kapton. Magnetically charged particles are expected to be very heavily ionizing [3 ], and 
so after the material is exposed to the interactions of many collisions, it is taken and 
etched. A scan is then made to see if there are any deep tracks passing straight through 
the material. Searches of this nature have been performed at the ISR [10], PEP [11], and 
PETRA [12]. In all cases the results have been negative. Searches of this sort have so 
far only been able to detect magnetically charged particles possessing magnetic charges 
greater than 30e —> 50e. This sort of technique has also been applied to materials that 
may have been exposed to monopoles over a long period of time such as mica crystals 
found deep in the Earth, which have lain there for some 100 million years [13]. As in 
the other experiments no candidates for monopoles have been found.
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1.3 The Search in TASSO

Another method with which to search for monopoles, which is an extension of the type 
III method of Amaldi et al. [14], is to look for tracks being curved by the magnetic 
field of a solenoid. This is the method employed in this analysis. It was first applied 
to an e+e“ annihilation experiment by CLEO [15]. In e+e“ annihilations, monopoles 
and dyons could possibly be produced via a single virtual photon as an M M  pair, since 
magnetic charge is expected to be a conserved quantity. The Feynman diagram of such 
a process is shown in figure 1 .1 .

Figure 1 .1 : Feynman diagram showing M M  production from e+e annihilation

In the plane perpendicular to the beam and magnetic flux lines the' M M  pair will 
appear to be like any other two-prong event, the tracks being back-to-back in the absence 
of initial and final state bremsstrahlung. In the plane containing the magnetic flux lines 
the two particles will be accelerated by the magnetic field in opposite directions due 
to their opposite magnetic charges. An M M  event will therefore be seen as a back- 
to-back two-prong event with tracks curving in opposite senses in this plane. In such 
an experiment a magnetically charged particle is simply defined as a particle that is 
accelerated along the flux lines of the magnetic field, a necessary requirement of such a 
particle. Such a technique for a search of magnetically charged particles is independent 
of the model of the interactions between the particles and the materials that make up 
the detector, provided the particles reach a triggering part of the experiment and leave 
an ionization trail.

In this, as well as any other search for magnetically charged particles, some assump­
tions have had to be made, as little is really known about the likely behaviour of such
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particles. The coupling between magnetically charged particles and the photon has 
never been calculated, owing to the large (>  1 ) coupling constant expected for Dirac 
monopoles. Therefore cross-section limits calculated in the event of no magnetically 
charged particles being found cannot be compared with a theoretical calculation of the 
process e+e“ —> 7 * —> M M . The energy required to separate particles of opposite mag­
netic charge is also unknown, although Dirac did make a tentative prediction of 0.5 GeV 
for monopoles of a single Dirac charge [3]. Such a prediction would only have an effect 
on this analysis for particles heavier than ~  15 GeV/c2 for the 35 GeV centre of mass 
energy of the data used in this analysis. Since there are no other predictions the effect 
of the separation energy has been ignored. We have assumed that magnetically charged 
particles are purely electromagnetic and do not produce jets. Also, as we expect that 
the search is for the lightest of such particles, we have presupposed that they will not 
decay. The possibility of a dominant two-photon mechanism in the production of mag­
netically charged particles [16] has been ignored as the efficiencies of detecting such a 
process in TASSO would be much reduced.

The microscopic behaviour of magnetically charged particles interacting with matter 
is believed to be analogous to that of electrically charged particles, with the electric 
charge q replaced by gfl [17]. The dependence is seen to be related to the v  x B in the 
Lorentz equation for the motion of an electrically charged particle in a magnetic field 
B.

For such a model of magnetically charged particles interacting with matter, our 
search is found to be sensitive to a range of magnetic charge lOe < g <  70e. For 
the CLEO experiment, the search was sensitive to g <  lOe and their mass limit was 
5 GeV/c2. They were restricted to such a low value of g because part of the trigger 
used was beyond the solenoid. This meant that magnetically charged particles with 
charges greater than ~  lOe could not penetrate the coil to trigger the experiment. As 
the magnetic charges to which CLEO were sensitive to were so low, they employed a 
method of identification in which they compared the quality of the fit found using the 
standard linear fit for a track in the side view with that found using a parabolic fit on 
the same hits. As TASSO could trigger on particles with much larger magnetic charge, 
having all the necessary trigger components within the coil, we can identify magnetically 
charged particles using the curvature coefficients of the parabolic fits to the two tracks.
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Since Dirac states that [3]
“The quantization of the equations of motion of charged 'particles and 

particles with [magnetic] poles is possible only provided the charges and poles 
are integral multiples of a unit charge eo a>nd a unit pole go satisfying eo<7o =
\hc.”

it may be asked why we are searching for monopoles possessing sub-Dirac charges. 
Clearly the discovery of a monopole possessing the Dirac charge is necessary to confirm 
this statement, and would answer the great mystery of why electric charge should be 
quantized. (The next question that would then need answering would be about what 
fixes the values e0 and gQ). On the other hand the quantization condition would be 
violated if a monopole •were found with a magnetic charge that did not conform to the 
relationship of equation 1 .6 . It is just as viable to search for such monopoles so that, 
in Popperian terms, the theory may be falsified. After all, the non-observation of a 
Dirac monopole does not prove either way whether Dirac was correct or not, whereas 
the observation of a sub-Dirac charged monopole would disprove the theory. Although 
this analysis cannot actually determine the magnetic charge of any monopoles it may 
find, the curvature of a Dirac monopole is found, from Monte Carlo studies, to be very 
distinct from that of a monopole possessing a much lower magnetic charge.

The observation of a monopole or dyon would clearly be of importance in its own 
right, regardless of whether it possessed the Dirac charge or not.



Chapter 2

T he E xperim ental E nvironm ent

The analysis was performed using data acquired by the TASSO (Twin Arm Spectro­
meter SOlenoid) detector which was situated in the south-east interaction region of the 
PETRA (Positron Electron Tandem Ring Accelerator) storage ring. It took data from 
e+e~ interactions for the period of September 1978 to November 1986 with centre of mass 
energies ranging from 14 GeV to 46 GeV. PETRA is located in the DESY (Deutsches 
Elektronen-SYnchrotron) laboratory on the western side of the city of Hamburg, West 
Germany.

2.1 PETR A

The layout of the DESY site showing PETRA is shown in figure 2.1. TASSO was to be 
found on the ring in the position marked “Halle SO”. In the interaction regions opposite 
and diagonal to TASSO were to be found the CELLO (Halle NO), JADE (Halle NW) 
and MARK J (Halle SW) detectors. In the eight curved sections of PETRA there were 
bending and focusing magnets, and in the four long straight sections there were radio 
frequency cavities used to accelerate the beams and compensate for the energy lost by 
synchrotron radiation.

Electron beams for the experiments were produced in LINAC I and accelerated to 
50 MeV. They were then injected into the synchrotron DESY and accelerated up to 
7 GeV before being injected into PETRA in the clockwise direction. Positrons were
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Figure 2.1: T h e  D E S Y  s i t e
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produced, via pair production, by bombarding a tungsten target with a low energy 
electron beam. They were then accelerated to 400 MeV using LINAC II after which they 
were stored in PIA (Positron Intensity Accumulator) until there were sufficient numbers 
to be injected into DESY to accelerate to 7 GeV before injection into PETRA in the 
anti-clockwise direction. PETRA operated with two bunches of electrons against two 
bunches of positrons with beam currents that were typically 10 mA for both electrons 
and positrons. Beam crossings occurred every 3.8 fis.

One key parameter in the performance of a colliding beam machine is expressed by 
the luminosity, L. The event rate of a process whose cross-section is a is given by

dN
dt =  La (2.1)

A cross-section for a process is therefore calculated as
N (2.2)S L it)  dt

where N  is the number of events of that process that are produced and f  L (t ) dt is the 
integrated luminosity. For an e+e~ colliding beam machine with head-on collisions

n + n ~  fL = 471-axcry (2.3)

where
/

<7r, & y

no. of e  ̂ per bunch 
beam collision frequency
r.m.s. beam widths in the horizontal and vertical

As some of the above parameters cannot be measured accurately, measurement of the 
luminosity was calculated by each of the experiments using the Bliabha (e+e~ —> e+e~) 
scattering rate at small angles to the beam axis, where the momentum transfer Q2 is 
low. This scattering in TASSO was picked up by luminosity monitors [18,19] close to 
the beampipe beyond the main detector, with a systematic error smaller than 4 %. The 
process has a very high cross-section which can be calculated very accurately using QED 
and a high event rate that can be measured with a small statistical error, so that the 
luminosity can be calculated very precisely using equation 2 .1 . The luminosity can be 
increased by narrowing the beams close to the interaction point, thereby reducing crx 
and cry in equation 2.3. For this purpose mini-/? quadrupoles were installed at each of 
the experiments in 1983, improving the luminosity by a factor ~  3 resulting in a peak 
luminosity of ~  1.7 x 1031 cm- 2s-1 for beam energies of 17.5 GeV.
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Figure 2.2  shows the monthly integrated luminosity collected by TASSO from start 
to finish of data-taking. Together with the distribution in the centre of mass energy, 
shown in figure 2.3 we get a picture of the performance of PETRA during its lifetime as 
an e+e~ colliding beam machine. It was the high total luminosity taken during 1986 
along with the attraction that it was all at one energy in clean running conditions that 
prompted this data-taking period to be employed in the search for magnetically charged 
particles.
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Figure 2 .2 : Monthly integrated luminosity collected by TASSO, 1979-1986.

Figure 2.3: Monthly account of PETRA e+e centre of mass energy, 1979-19S6.
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2 .2  TASSO

The TASSO detector was designed as a general purpose experiment, with particular 
emphasis upon the tracking of charged particles by the central detector, the indenti- 
fication of charged particles by the hadron arms and detection of neutral particles by 
liquid argon calorimeters. Views of TASSO are shown in figures 2.4 and 2.5. Only the 
central detector which comprises the vertex detector, cylindrical proportional chamber, 
drift chamber, inner time of flight counters and coil, were involved in this analysis and 
so no further consideration is made of the detectors outside of the coil, which are writ­
ten up elsewhere [20,21,22,23,24]. The co-ordinate system and definitions used by the 
experiment and this analysis are to be found in appendix A.

2.2.1 T he V ertex D etector (V X D )

The VXD [25], with its beryllium beampipe forming the inner casing at a radius of
6.5 cm from the interaction point, would have been the first component any particles 
produced in an e+e" annihilation would have encountered. It was designed and used as 
a small high precision drift chamber extending to an outer radius of 16.1 cm and with an 
active length of 57.2 cm. It consisted of 8 coaxial layers of drift cells with all wires laying 
parallel to the beam axis, and was inserted into TASSO in 1983. For measurements in 
z, charge division readings from layers 3,4,7 and 8 were originally envisaged, but owing 
to the poor spatial resolution achieved, they were not employed during the 1986 data- 
taking period. In this analysis, no hits from the VXD were used in track reconstruction, 
due to the enormous increase in computing required for negligible benefits. The only 
information required about the VXD for this analysis was its mechanical construction, 
so as to be included in the Monte Carlo when considering the matter interactions of the 
magnetically charged particles as they passed through each detector component (see 
section 3.5). The gas in the VXD was a mixture of 95% argon and 5% carbon dioxide. 
The chamber operated at a pressure of 3 atmospheres.
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2.2.2 The Cylindrical Proportional Chamber (C PC )

T h e C P C  [26,27] w as a  m ultiw ire p ro p o rtio n a l ch am ber s itu a te d  betw een  th e rad ii o f

16.8 cm  an d  29.8 cm  w ith  an  active le n g th  o f 144.0  cm . It con tain ed  4 a x ia l lay ers, 

each w ith  480 sen se w ires for m easu rem en t o f  r  — 4> h its  w hich were u sed  in  the track  

reco n stru ctio n  o f th is an a ly sis . T h ere  w ere a lso  120 inner an d  120 o u ter h elix  ca th o d e  

s tr ip s  w ith  p itch  an gles + 3 6 .5 °  an d  —36 .5 ° re sp ectiv e ly . T h ese  w ere in ten d ed  for 2 m e a­

su rem en ts b u t, like the V X D  charge d iv isio n  la y e r s , were not re ad  ou t d u rin g  th e 1986 

d a ta - ta k in g  p eriod . T h e  g a s  in  the ch am b er w as 75%  argo n , 25%  iso b u ta n e  p lu s a  sm a ll 

ad d itio n  o f freon, a t a tm o sp h eric  p re ssu re . A s w ell a s p ro v id in g  track in g  in fo rm atio n , 

it w as p rim arily  p a r t  o f T A S S O ’s charged  p a r t ic le  tr igger in  con ju n ction  w ith  the drift 

ch am ber an d  inner tim e o f flight coun ters.

2.2.3 The Drift Chamber (D C )

T h e  D C  [28] p rovided  m o st o f the r  — <j> tr a c k in g  in fo rm atio n  an d  all o f  the z track in g  

in fo rm atio n  for th is an a ly sis . It occup ied  th e  reg io n  betw een th e rad ii o f  32.0 cm  an d  

128.0 cm , w ith an  ac tive  len gth  o f 323.0 cm . T h e  lay o u t o f th e  ch am ber is show n in  

figure  2 .6 . It con sisted  o f 15 coax ia l lay ers  o f  1 .2  cm  h igh  drift cells w ith  a  m ax im u m  

drift d istan ce  o f 1.6 cm  in  the arran gem en t show n in figure 2 .7 . N ine o f the layers w ere 

p ara lle l to  the b e am  a x is  an d  are re ferred  to  a s  the D C 0  lay ers w hilst the o th er s ix  

lay ers were at stereo  an gles to  the b e am  a x is  ra n g in g  fro m  3 .36° to  4 .5 1 °. T h ese  w'ere 

the D C a  layers. H its fro m  the D C 0 lay ers were u sed  in the reco n stru ctio n  o f track s in  

the r  — (j> p lan e, w hilst the D C a  layers w ere u se d  to  reco n stru ct each  track  in s  — z  w ith  

the a id  o f the r  — (f) track  ju s t  found (see a p p e n d ix  B ) . T h e  rad ii an d  stereo  an gles as 

well as the num ber o f drift cells for each  lay er are  show n in tab le  2 .1 . T h e  cham ber 

g a s  w as a  m ix tu re  o f 50%  argon  an d  50%  e th an e  a t a tm o sp h eric  p ressu re . U sin g  th is 

g a s  m ix tu re  the drift velocity  o f the ion ized  e lectro n s w as ~  50 f im /n s . T h e  reso lu tion s 

o f th e D C 0  layers were betw een 220 -  270  f im  d epen d in g u po n  the an gle  o f en try  of 

the track  into the cell. F or the D C a  lay e rs , th e  reso lu tion s were the ax ia l reso lu tion s 

d iv id ed  by t a n a .

P u lse s  picked up  on any sense w ires fro m  th e  ion ization  o f p artic le s traversin g  the 

drift cells were tra n sm itte d  to  T im e  to  D ig i t a l  C o n v erters (T D C s )  v ia  tw isted  p a ir
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F ig u re  2.7: D r if t  c e ll g e o m e tr y  in  th e  D C . D im e n s io n s  are  in  m m .
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Layer No. Drift Cells Radius (cm) Stereo Angle a
1 72 36.7 0°
2 84 42.8 +3.36°
3 96 48.9 0°
4 108 55.0 -3.37°
5 120 61.1 0°
6 132 67.2 0°
7 144 73.3 4-3.94°
8 156 79.5 0°
9 168 85.6 -4 .5 0 °’

10 180 91.7 0°
11 192 97.8 0°
12 204 103.9 +4.50°
13 216 1 10 .0 0°
14 228 116.1 -4.51°
15 240 1 22 .2 0°

Table 2 .1 : Sense wire geometry data for the DC

cables. The TDC started counting when the signal from the wire exceeded a pre­
determined level and ceased counting when stopped by a beam pickup signal delayed 
by 200  ns. The difference in the two counts, converted into a time, gave the drift 
time. The electronics used had only a single hit capability so that if more than one 
particle passed through a cell only a reading for the particle nearest the sense wire was 
registered. This reading, along with timing corrections for time of flight and signal 
propagation down the wire gave a drift time which was converted into a drift distance 
by using a corrected drift velocity for the cell [29]. The drift distance then gave us 
two hits, one either side of the wire, as the direction of drift was unknown before track 
reconstruction.

2.2.4 The Inner Tim e of Flight Counters (ITOFs)

The ITOFs [30] were situated just beyond the DC at a radius of 132.0 cm. They 
were used for triggering, particle indentification and cosmic ray event rejection. The 
ITOF system comprised 48 strips of plastic scintillator, each 390 x 17 x 2 cm3 arranged 
cylindrically around the DC. In conjunction with the CPC and DC they made up the 
charged particle trigger which limited the acceptance of triggering possible magnetic 
charged events to a maximum of 82% of 4tt with a 98% trigger efficiency. In this 
analysis it was found to be greatly advantageous that they were inside the coil so that
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events were triggered before the particles reached the coil. Particles with large magnetic
icharges would not have penetrated the coil due to their high rate of energy loss (see 

section 3.3).

2.2.5 The M agnet Coil

The solenoid magnet [20,31] within TASSO was used to bend the paths of charged 
particles so as to measure their momenta and in our case to accelerate magnetically 
charged particles in the direction of the beam axis. It was a warm water-cooled coil of 
length 440 cm with an inner radius of 135 cm. The coil was wound in 4 layers with a 
total of 336 windings. The maximum field strength during the 1986 data-taking period 
was 0.494 Tesla with a maximum field inhomogeneity along a track within the DC of
~  4%.
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2.3 D ata Acquisition and R eduction

For the detector to read out all its data and have it processed by the online computer 
took ~  50 ms. With beam crossings occurring every 3.84 fis it was clearly not possible to 
read out the results of every beam crossing. It was therefore necessary for the experiment 
to make quick decisions on which crossings had produced potentially interesting results. 
Many beam crossings resulted in low angle Bhablia scatters which were used to find 
the experiment’s luminosity, but which did not enter the main detector. Crossings that 
resulted in Bhabha scattering, scattering of photons ‘bremsstrahlunged’ from the beams 
or the annihilation and creation of new particles were referred to as events. An event 
was of interest if it fell within the acceptance of the detector. As well as these events 
there were background processes which were not of interest, such as cosmic ray events 
and beam gas interactions. It was therefore desirable for the experiment to trigger the 
reading out of the data only for events that were of real interest as once a trigger decision 
had been made any interesting events within the following ~  50 ms would be missed. In 
reality the best that could be achieved was to reduce the number of background events 
that triggered the experiment to an acceptable level. The.aim for the trigger -was to 
keep the “dead time”, caused when the detector was blind to events whilst reading out, 
as low as possible, whilst at the same time keeping the triggering efficiencies for various 
processes as high as possible. Raising this dead time resulted in lowering the integrated 
luminosity of the experiment.

2.3.1 The Trigger

TASSO was designed to investigate a large number of different events with different 
final states. Due to the high speed necessary in processing, the triggers relevant to this 
analysis dealt with events in the r — <j> plane where magnetically charged particles would 
be indistinguishable from magnetically neutral particles (see section 4.1). The triggers 
of interest to this analysis were the two-prong triggers [32] as our events were expected 
to consist of two high momentum back-to-back tracks that would reach the ITOFs, 
ionization losses permitting. The two-prong trigger consisted of two components. The 
first involved just the CPC and ITOFs, looking for correlations between CPC trigger 
bits and fired ITOFs that indicated straight tracks from the vertex to within ± 1  sector,
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there being a total of 48 azimuthal sectors, one per ITOF counter. If two such tracks 
were found then a trigger was set if there was a back-to-back correlation to within ± 2  
sectors. This trigger component also involved the endcap TOFs, but due to the likely 
reduced efficiencies in triggering by highly ionizing magnetically charged particles and 
the reduction in z information for such events, we limited the search to those events 
triggered with the ITOFs. The other component of the two-prong trigger relied upon 
the additional trigger information from the six trigger layers of the DC. This involved 
15 track masks corresponding to different values of p±. A track was found if at least 5 
out of the 6 wires, along a mask had been hit along with the CPC trigger bit nearest to 
the innermost wire on the mask and an ITOF to within ± 1  sector of the extrapolated 
track. A trigger was then set if two such tracks were found to be back-to-back to within 
±3 ITOF counters, or, depending on the run conditions, if the innermost wires on the 
track masks were back-to-back to within ± 2  wires, ignoring the ITOF information. The 
two-prong trigger worked with 98% efficiency.

2.3.2 D ata Acquisition

Each time there was a beam crossing a strobe was obtained from induced pulses on a 
beam pickup 7.1 m away from the collision point. This strobe set the gate timings and 
reset various electronic equipment. The data from most of the electronic channels were 
fed into fast “trigger processors” synchronized with the beam crossings.

The configuration of the TASSO data acquisition system for the 1986 data-taking 
period is shown in figure 2.8. When the main trigger supervisor, SIGH (Strobe Interrupt 
Gate Handler) received a trigger signal from one or more of the trigger processors, 
communication with the front-end processor was made. If the data flow were not busy, 
the front-end processor would interrupt the SIGH and disable strobes and resets to 
equipment for subsequent beam crossings until all the relevant detector channels had 
been read out.

After a software programmed rejection of a small proportion of events within the 
front-end processor, most of the events were transferred to the online computer, a VAX 
750. The events were then sent to one of a number of 370/E emulators to be partially 
processed before being sent to the DESY computer centre IBM for further processing.
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Interface
Figure 2.8: Configuration of 1986 TASSO data acquisition system.
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The events were finally stored onto what were known as dumptapes. Some of the events 
were also copied into a user buffer for online monitoring processes. There was also a 
spare disk available for temporary storage when data transfer was busy or for when the 
IBM or its link were down.

2.3.3 D ata R eduction

Whilst in the emulator and on the IBM, the data from each event had up to two track 
reconstruction programs applied to it. The first, FOREST [33] was a track finder based 
on a minimum spanning tree algorithm. Tracks in r — (j> were found using DCO hits 
with the assumption of a linear space-time drift relation. For each track successfully 
fitted in r — 0 , an attempt was made to reconstruct the track linearly in s — z  using the 
DCa hits. FOREST was applied to all events. From the tracks found by FOREST, a 
decision was made whether to then apply the MILL track finder. If an event passed the 
following criterion relevant to the process being searched for in this analysis then MILL 
was applied to it:

• There were > 2 tracks reconstructed in r — (j> and > 1 track reconstructed in three 
dimensions with |d0| < 2.5 cm and \z0\ < 8.0 cm.

MILL was basically the same track finder as FOREST except it was more exhaustive 
in its search and used non-linear drift time corrections, thereby being more efficient in 
its track finding and producing a better quality of track with lower x 2/n.d.f.

The reconstructed events, whether by FOREST or MILL, were stored on dumptapes 
which were copied onto PASS 1 tapes with no data reduction, so that PASS 1 tapes 
contained all the events that had been triggered.

As so many events got written to PASS 1 tapes, the majority of which were not of 
interest to physics analysis, there existed a data reduction chain to remove background 
processes and poorly reconstructed events and allow events of interest such as multi- 
hadronics, Bhabhas and muon pairs to pass through with high efficiency. Unfortunately 
the first selection criterion that would involve events of interest to us was identical to
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that used in deciding whether an event should have MILL applied to it or not. As will 
be explained in chapter 5 this resulted in many events of interest to us not passing onto 
the PASS 2 tapes and so the analysis was performed using the PASS 1 tapes. Any 
further passes down the data reduction chain to other PASS tapes are of no relevance 
to this analysis and so are not considered.



Chapter 3

Sim ulating M agnetically  Charged  
Particles

To determine with what efficiencies monopoles of various masses and magnetic charge 
can be detected, we must be able to simulate what happens when M M  pairs are pro­
duced and go through the TASSO central detector up to the ITOFs. At this point an 
event can be triggered. Included in the simulation must be interaction effects between 
the monopoles and magnetic field, and the monopoles and the materials that make up 
the detector components. Also the individual performance of important components 
must be tuned to recreate their performance during the period of data taking.

3.1 The M ONSTER M onte Carlo

To simulate the monopoles going through the detector we used the MONSTER [34] 
Monte Carlo that explicitly steps each particle through the detector allowing us to make 
changes to the trajectory due to energy losses, multiple scattering and the magnetic field 
at each step. Our events were generated using a generator adapted to produce
particles of a given mass isotropically without radiative corrections, the magnetic charge 
being relevant only when passing through the detector. We allowed the Monte Carlo to 
take the particles up to the ITOFs where the event, in reality, would be triggered. If 
a particle exited through the endcaps of either the VXD, CPC or DC we stopped the 
stepping and went on to the next particle or event. After an event was completed the 
Monte Carlo decided which wires would have signals on them and the drift distance to

29
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the wires. As there was no z information from either the VXD or CPC in the 1986 
data, the charge division layers and cathode strips were not read out in the simulation.
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3.2 Stepping the  Particles

In classical electrodynamics the Lorentz-invariant equation of motion of a particle pos­
sessing both electric and magnetic charge in a magnetic field is

=  tfB +  qp x  B / jm  (3.1)

where q is the electric charge, g is the magnetic charge and m the rest mass of the 
particle. For a uniform magnetic field 5  in z, the components of motion become

dpx
dt
dPy
dt

dpz
dt

q p yB /jm
qpxB / jm
g B

Clearly for a monopole, which possesses no electric charge, q =  0.

To calculate the position and momentum components at each step, the Euler method 
was employed to calculate the following equations:
For X =  x , y , z

' X"+1 =  X" +  ( ^ ' j  A t (3.3)
where n is the time step, and

P*+1 =  A  + dpx
dt A t - dpx

dX AX (3.4)

where is the motion component and is the momentum change from dE/dx
losses due to ionization and bremsstrahlung.
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3.3 M atte r Interactions of M onopoles

It is believed that particles such as monopoles and dyons interact with matter quite 
substantially [3]. So to get a reliable measurement of the efficiencies for detecting 
monopoles it is important to include the interactions of magnetically charged particles 
with the matter that they may traverse. Whilst interactions of electrically charged 
particles in matter are very well understood, this is not the case with magnetically 
charged particles. So, following the method in reference [17], we have assumed that the 
microscopic behaviour of monopole interactions can be calculated using the symmetrized 
Maxwell’s equations 1.1 and 1.3. Effectively, the electric charge q is replaced by g/3. 
Important in our studies are the effects of ionization, bremsstrahlung and multiple 
scattering.

3.3.1 Ionization

When a particle of electric charge q passes through a medium it will lose energy princi­
pally via Coulomb interactions with the medium’s electrons. The mean energy loss per 
unit length is given by the Bethe-Bloch equation [35,36]:

/ d E \  _  D Zp (  q
\ d x  ] b b  \ e/̂ >

2mej 2j32c2In C
Z {1  +  * } (3.5)

where D  =  47rJVjir2m e(P‘ =  0.3070 MeV cm2/g. Z and A are the charge and mass 
numbers of the medium; / ,  £, C, and u are phenomenological functions. Frequently the 
values of 8, C and v are negligibly small; I  characterizes the binding of the electrons of 
the medium and can be approximated as I  =  16Z0,9 eV for Z >  1 .

For monopoles and dyons this mean value for unit electric charge is modified by the 
factor g2P2/e 2 so that

/ d E \  ( n 2R2 4 - n 2 \  I d E \ (3.6)dE
dx ■\ e2 / \  dx /« , \  e \  /  BB

where q — 0 for monopoles. This scaling of the energy loss is due to an increase in the 
number of interactions per unit length, rather than an increase in the energy transfer 
per interaction which is constrained by two-body relativistic kinematics.
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Figure 3.1 shows the dE/dx losses we would expect in the DC gas for various masses 
of monopole with unit magnetic charge. As can be seen from equation 3.6 the losses 
scale as g2/32 so that they will be considerably greater for monopoles of charge g. The 
reason for the drop in dE/dx for low momentum monopoles where normally there is a 
rise for electrically charged particles is the effect of the additional (32 term. This can 
be seen in figure 3.2 where the fractional momentum loss due to ionization is plotted as 
a function of the momentum. This /?2 term also means that the fractional momentum 
loss decreases as the monopole mass increases for the whole momentum spectrum, as 
figure 3.2 clearly shows. Note also that for the complete mass range, (dP /dx) jP  drops 
as the momentum increases above about 10 GeV/c. This effect is important as the 
monopoles axe found to gain in total energy due to the magnetic field, so that our 
fractional momentum losses actually get less in the same medium the further we move 
through the detector.

Tuning the Equation used for Ionization Losses

As the ionization losses are crucial to this analysis it is important that the algorithm 
used is ‘tuned’ so that the losses match those expected for ordinary electrically charged 
particles in the range we are interested in (P >  1.0  GeV/c). To do this we used the 
measured dE/dx in the JADE jet chamber [37], and compared this to our simulation 
with the correct gas mixture and pressure. Figure 3.3 shows the dE/dx in the JADE jet 
chamber and figure 3.4 shows our tuned algorithm with the dE/dx losses for both the 
JADE jet chamber and the TASSO DC. The main reason for the TASSO curve being 
lower than JADE’s is that the DC was at 1 atmosphere whilst the jet chamber operated 
at 4 atmospheres.

3.3.2 M ultiple Scattering

When traversing matter, a charged particle will interact with nuclei from the medium as 
well as electrons, and be scattered with a distribution given by the Rutherford scattering 
formula. A large number of scatters will give rise, via a random walk, to a mean square 
deflection (</>2), which may be expressed as a function of the distance, dx, travelled
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momentum P (GeV/c)

Figure 3.2: Effect of (32 term upon (dP /dx) for monopoles of unit magnetic charge.
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Figure 3.3: (dE/dx) losses in JADE jet chamber.
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Figure 3.4: Tuned dE/dx algorithm showing losses for JADE jet chamber and
TASSO DC.
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through the medium [38]:
/  , 2 \  =  f W  1 E > A
\ / q = z e  X q \pe(3cJ (3.7)

where Ea =  21 MeV and X 0 is the radiation length of the medium. Again, for magnet­
ically charged particles, this is modified by a factor g2f32/e 2 [39] so that

<̂ ) = <72r  + 9: <*2Lq — l e
(3.8)

Multiple scattering was performed by rotating the track vector at the end of each step 
by an angle from a positive Gaussian distribution of width (<̂ 2), the direction of rotation 
being random.

3.3.3 Brem sstrahlung

As well as interactions with the media’s nuclei causing multiple scattering, the accelera­
tions due to the scattering are expected to cause the monopoles to emit bremsstrahlung. 
By once again following the semi-classical approach of substituting q by g/3 we expect 
that the energy radiated by a monopole of mass m is given by

f  * (m2(̂ y ( 3 .9)
d x  b r e m  X q \  e2 J  V 771 /

In comparison to ionization losses, the effect of bremsstrahlung is in most cases small, 
despite the g4 dependence. This is because for the monopoles we are simulating m ^  m e.
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3.4 Optimizing the S tepping R outine

As each new monopole position and momentum is calculated in discrete steps using 
equations 3.3 and 3.4 it is necessary that a single step should not have ( ^ )  AX too 
large otherwise this will destabilize the algorithm. Fortunately as this term is linear 
with AX all we need to do is alter the size of AX. However we would like to optimize 
the process to take as few iterations as possible whilst having AX as large as possible. 
Figure 3.5 shows a flowchart of how this is achieved. Each step is initialized to be 1cm //? 
in time and the total fractional momentum loss, (dP /dx ) / P , for both ionization losses 
and bremsstrahlung is integrated over all media which that step traverses. If (dP/dx) /P  
is found to be more than 0.25%, then if more than one medium was traversed AX is 
adjusted so just the first medium is traversed and (dP/dx) /P  is recalculated. If this is 
still greater than 0.25% or only one medium was traversed initially then

{dP/dx) x 0.0025
A X '+1 ~ ------------ p,------------

so that the fractional loss is next calculated to be 0.25%. This way it never takes more 
than two iterations of AX to calculate a AX small enough to keep the stepping 
algorithm stable. The fractional momentum loss is then subtracted from each of the 
old momentum components along with the change in momentum due to the magnetic 
field to calculate the new momentum components.

3.4.1 Smearing of d E /d x  losses

Although there are theories for the average value of the energy loss due to ionization 
and bremsstrahlung (sections 3.3.1 and 3.3.3), there are none for the shape of the energy 
loss distributions. To find out, assuming a Gaussian energy loss distribution, whether 
the width of that Gaussian affects our monopole detection efficiencies (see section 6.3.3) 
we allowed our average dE/dx losses to be smeared by Gaussians of widths that were 
arbitrary but appreciable fractions of the average loss. Figure 3.6 shows a graphical 
representation of the result of this on the dE/dx losses by ionization.

An initial problem encountered was how to make the step size alteration, without 
biasing the dE/dx distribution by allowing large energy losses only when the step size



38 C H A P T E R  3 . S I M U L A T I N G  M A G N E T I C A L L Y  C H A R G E D  P A R T I C L E S

Figure 3.5: Flowchart of stepping algorithm.



3 .4 . O P T I M I Z I N G  T H E  S T E P P I N G  R O U T I N E 39

10.0

5.0

1.0

0.5

0.1 0.1 0.5 1.0 5.0 10.0 50.0
momentum (GeV/c)

Figure 3.6: S m ea red  d E / d x  io n iz a t io n  lo s se s  in  D C .

was small enough, whilst allowing small energy losses for any step size. This was solved 
by making the cut dependent upon the a v e r a g e  fractional momentum loss rather than 
upon the a c tu a l  fractional momentum loss, with a new Gaussian width being generated 
after each completion of a step (see figure 3.5). By including the Gaussian in our dE/dx 
losses, the a c tu a l  fractional momentum loss will frequently be larger than the a v e ra g e  
fractional momentum loss upon which we are making the cut (section 3.4). To prevent 
the instabilities occurring now, we made our cut on the a v e ra g e  fractional momentum 
loss small enough to account for this.
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As the equations for the matter interactions of monopoles (equations 3.5, 3.7 and 3.9) are 
dependent on the atomic and nuclear properties of the materials the particle traverses, 
we need to know what materials make up the detectors the monopoles are likely to pass 
through before triggering.

Tables 3.1, 3.2 and 3.3 give a list of the materials to be found in the VXD [27], 
CPC [40] and DC [28] along with the inner radii at which they start and their radial 
lengths. In simulating TASSO’s inner detector we have treated everything as being 
radially symmetrical. Beyond the outer layer of air in table 3.3 are the ITOFs which 
trigger the event when the monopoles reach them, so to speed things up they have not 
been included amongst the materials in the central detector.

Material Inner Radius (cm) Radial Length (cm)
Vacuum 0 .0 6.6665
Copper 6.6665 0.0015
Beryllium 6.668 0.18
VXD Gas 6.848 0.648
Mylar 7.496 0.0125
Aluminium 7.5085 0.005
VXD Gas 7.5135 7.8865
Copper 15.4 0.003
Mylar 15.403 0.0125Air 15.4155 0.5345
Aluminium 15.95 0.15Air 16.1 0.69

Table 3.1: Materials in the VXD.
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Material Inner Radius (cm) Radial Length (cm)
Aluminium 16.79 0.015
Polystyrene 16.805 1.19
Epoxy Resin 17.995 0.0215
Mylar 18.0165 0.2835
Copper 18.3 0.003
CPC Gas 18.303 1.1
Copper 19.403 0.003
Mylar 19.406 0.0135
Epoxy Resin 19.4195 0.0185
Polystyrene 19.438 1.19
Epoxy Resin 20.628 0.0185
Mylar 20.6465 0.0135
Copper 20.66 0.003
CPC Gas 20.663 1.796
Copper 22.459 0.003
Mylar 22.462 0.0135
Epoxy Resin 22.4755 0.0185
Polystyrene 22.494 1.19
Epoxy Resin 23.684 0.0185
Mylar 23.7025 0.0135
Copper 23.716 0.003
CPC Gas 23.719 1.796
Copper 25.515 0.003
Mylar 25.518 0.0135
Epoxy Resin 25.5315 0.0185
Polystyrene 25.55 1.19
Epoxy Resin 26.74 0.0185
Mylar 26.7585 0.0135
Copper 26.772 0.003
CPC Gas 26.775 1.7953
Copper 28.5703 0.003
Mylar 28.5733 0.0137
Epoxy Resin 28.587 0.0185
Polystyrene 28.6055 1.19
Epoxy Resin 29.7955 0.0185
Mylar 29.814 0.0135
Air 29.8275 2.1725

Table 3.2: Materials in the CPC.
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Material Inner Radius (cm) Radial Length (cm)
Fibre Glass 32.0 0.5
DC Gas 32.5 13.149
Aluminium 45.649 0 .001
Rohacell 45.65 0.4
Aluminium 46.05 0 .001
DC Gas 46.051 17.898
Aluminium 63.949 0 .001
Rohacell 63.95 0.4
Aluminium 64.35 0.001
DC Gas 64.351 11.848
Aluminium 76.199 0.001
Rohacell 76.2 0.4
Aluminium 76.6 0.001
DC gas 76.601 17.6472
Aluminium 94.2482 0.0008
Mylar 94.249 0 .001
Rohacell 94.25 1.0
Mylar 95.25 0.001
Aluminium 95.251 0.0008
DC Gas 95.2518 11.1964
Aluminium 106.4482 0.0008
Mylar 106.449 0 .001
Rohacell 106.45 1.0
Mylar 107.45 0.001
Aluminium 107.451 0.0008
DC Gas 107.4518 19.9482
Aluminium 127.4 0.6
Air 128.0 4.0

Table 3.3: M a te r ia ls  in  th e  D C .

Table 3.4 gives the values for density, radiation length (X0), atomic number (Z) and 
atomic weight (A) taken from [36], for all materials to be found in the central detector. 
For composite media, average values for Z and A were calculated by:

n
A =  ^2 f r a c t io n  o f  sp e c ie s  i in  c o m p o u n d  x a to m ic  w e ig h t o f  sp e c ie s  i

;= i 

n
Z =  f r a c t io n  o f  sp e c ie s  i in  c o m p o u n d  x a to m ic  n u m b e r  o f  sp e c ie s  i

«'=i

To calculate the radiation length of composite media the following prescription was 
used [41]:

1 A  f r a c t io n  o f  sp e c ie s  i in  co m p o u n d  
X q X q o f  sp e c ie s  i 3.12)

(3.10)

(3.11)
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Here Xo is in g/cm 2 so that it is independent of the state of the material. For our 
purposes Xo is converted to cm by multiplying by the density of the material in the 
state that it is in the detector.

Material Density
(g/cm3)

Radiation 
Length (cm)

Atomic No.
(Z)

Atomic Wt.
(A)

Air 1.20 x 10-3 3.04 x 104 7.36 14.78
Aluminium 2.70 8.89 13.0 26.98
Beryllium 1.85 35.3 4.0 9.01
Copper 8.96 1.43 29.0 63.54
Epoxy Resin 1.20 33.33 3.5 6.51
Fibre Glass 1.70 19.4 7.4 14.62
VXD Gas 5.34 x 10"3 3.74 x 103 17.47 38.69
CPC Gas 2.00 x 10"3 1.14 x 104 14.12 31.0
DC Gas 1.57 x 10"3 1.84 x 104 10.12 21.86
Mylar 1.39 28.7 4.55 8.74
Polystyrene 1.88 x 10"2 2.33 x 103 3.5 6.5
Rohacell 3.00 x 10-2 2.00 x 103 2.67 4.67
Vacuum 0.0 0.0 0.0 0.0

Table 3.4: Atomic and nuclear ‘properties of materials found in central detector
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3.6 Tuning the  M onte Carlo to the  1986 D ata

As well as tracking the particles as they traverse the detector, the Monte Carlo must 
be able to simulate the performance of the components that are involved in the data 
taking for this analysis. It is therefore necessary to have these components ‘tuned’ in 
the Monte Carlo to the same level of performance as pertained during the data taking 
period of 1986. For our data we relied almost entirely on hits in the DC and so the 
tuning of the detector is confined to the performance of the DC sense wires. To get a 
picture of the general performance of the DC over the data-taking period of 1986, we 
took two-prong events from runs spread across the whole period and tuned the Monte 
Carlo to them.

3.6.1 DC Sense W ire Residual Tuning

When liberated electrons from an ionizing particle drift to a sense wire there will be a 
spread in the arrival time registered and therefore in the assigned hit position. This is 
a function of many things such as the drift time in the chamber gas, electronics, angle 
of track to cell and so on. It will manifest itself as a width to an approximate Gaussian 
distribution when plotting residuals. A residual is the difference between the assigned 
hit position and fitted track along the drift path. The Monte Carlo simulates this by 
multiplying the drift distance it calculates with a Gaussian distribution of a tuneable 
width so as to get the residuals to match those of the data. We tuned these widths to 
the 1986 data by simply plotting the residual distribution for each layer and altering 
the Gaussian widths until the distributions were found to match for each layer.

Table 3.5 shows the widths in cm that were used in the Monte Carlo. The resolutions 
for the DC axial layers are quoted as 0 .022  -  0.027 cm or 220  -  270 fim [28]. Actual 
resolutions for DCa layers are found by dividing the axial resolution by the tangent 
of the stereo angle. Figure 3.7 shows the residuals for 1986 Bhabha events and the 
tuned Monte Carlo for two DC0 layers and two DCo; layers. It is not possible to take 
the resolution directly from the distributions as the effects of the track finding are 
folded into these distributions. Although this is not a precise way to find the chamber’s 
resolutions, the method is accurate enough for our purposes.
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Figure 3.7: Residual distributions for two DCO layers and two DCa layers. From 
left-to-right and top-to-bottom the layers are: DCO DCO 1, DCa Jf, DCa 5.
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Layer DCO 1 DCO 2 DCO 3 DCO 4 DCO 5 DCO 6 DCO 7 DCO 8 DCO 9-
MC input 0 .022 0.023 0.027 0.028 0.026 0.026 0.023 0.024 0.023
Layer DCa 1 DCa 2 DCa 3 DCa 4 DCa 5 DCa 6
MC input 0 .022 0.026 0.025 0.028 0.029 0.028

Table 3.5: D C  s e n s e  w ire  r e so lu tio n s  tu n e d  to  1 9 8 6  d a ta

3.6.2 DC Sense W ire Efficiency Tuning

It is important that we can simulate the efficiencies of the DC sense wires during the 
data taking period as inefficiencies in any layers will affect the track finding and therefore 
our ability to detect monopoles.

Efficiencies for each DC layer were found by studying Bhabha tracks that exited 
through the barrel of the DC, so that we knew the particle passed through each DC 
layer, and seeing whether a hit on the track had been attributed to that layer. To unfold 
the track finding efficiency, we analysed Monte Carlo two-prong events with 1 0 0 % hit 
efficiency in exactly the same way and took the efficiency of the layer to be

f r a c t io n  o f  B h a b h a  tra c k s  w ith  h it  o n  tra c k  
f r a c t io n  o f  1 0 0 %  e f f ic ie n c y  M o n te  C a rlo  tra c k s  w ith  h i t  o n  tra c k

which was then included in the Monte Carlo. During the 1986 data taking runs DCa 
layer 4 was found to be particularly inefficient and upon investigation, it was found that 
a large region of this layer was dead for most of the year. This was simulated by killing 
off the corresponding wires in the Monte Carlo. This is shown in figure 3.8 which clearly 
shows the dead region when comparing DCa layers 3 and 4. Any discrepancy between 
the real data and Monte Carlo for this layer (such as the fact that there is some data to 
be found in the region we have simulated as dead, possibly from runs early in the year) 
is compensated by the value that is found for inclusion in the Monte Carlo.

Table 3.6 shows the values we found for the 1986 Bhabhas and 100% efficiency Monte 
Carlo, as well as the efficiency values included in the Monte Carlo. Looking at this table 
we see, for instance, that for DCO layer 9, the poor efficiency seen in the Bhabhas was 
due to track finding inefficiencies whilst for DCO layer 8 , the layer is seen to be truly 
inefficient. Also, we see that outside the dead region, DCa layer 4 is as efficient as any 
of the others. Figure 3.9 shows the efficiencies found from Monte Carlo events after 
putting in the values of table 3.6 and we see how well these match the 1986 Bhabha 
data.
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Figure 3.9: DC sense wire efficiencies found for 1986 data.
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Layer DCO 1 DCO 2 DCO 3 DCO 4 DCO 5 DCO 6 DCO 7 DCO 8 DCO 9
Bhabhas 0.970 0.981 0.980 0.975 0.970 0.975 0.980 0.954 0.949
MC 100% 0.997 0.997 0.998 0.998 0.998 0.998 0.998 0.998 0.975
MC input 0.973 0.984 0.982 0.977 0.972 0.977 0.982 0.956 0.974
Layer DCa 1 DCa 2 DCa 3 DCa 4 DCa 5 DCa 6
Bhabhas 0.975 0.975 0.970 0.807 0.970 0.965
MC 100% 0.999 0.998 0.998 0.822 0.997 0.997
MC input 0.976 0.977 0.972 0.982 0.973 0.968

Table 3.6: DC sense wire efficiencies tuned to 1986 data

3.6.3 Event V ertex Tuning

Although not a component of the detector, the spread and position of the event vertex 
are experimental parameters arising from the performance of PETRA itself during the 
1986 data taking period. The event vertex is important in calculating our detection 
efficiencies as we make vertex cuts in our data reduction and so it also needs to be tuned 
to monitor the effect of these cuts. The values used in the Monte Carlo generation stage 
are shown in table 3.7 and were in fact obtained from an analysis of the beamspot at 
TASSO for the 1986 data taking period [42]. Note that do =  yjd\ +  dy. It was found 
that varying the value of az had little effect on the zq distribution of the Monte Carlo 
tracks. This was mainly due to the size of the hit resolution in the s — z view, and 
the fact that there were no z hits between the DC and interaction point, which would 
swamp the effect of the width of the 2 vertex position in the track finding. As such we 
did not attempt to tune rigorously this parameter.

ax (cm) (jy (cm) cr2 (cm)
0.0325 0.0086 0.5

dx (cm) dy (cm)
0.6 0.12

Table 3.7: Vertex parameters tuned to 1986 data



Chapter 4

Track Finding o f P articles in  
M agnetic Fields

As magnetically charged particles are accelerated in the magnetic field of TASSO, their 
trajectories are going to be different to those of non-magnetic particles. This means 
that the standard track finders used in TASSO will be inadequate for finding the tracks 
left by magnetically charged particles. To be able to adapt a track finder to our purpose 
we need to know the trajectories that magnetically charged particles are likely to take.

4.1 M otion of Particles Influenced by a M agnetic 
Field

Let us begin by looking at the general motion, of a particle influenced by a magnetic 
field. As already explained in section 3.2 the general equation of motion for a particle 
possessing both electric and magnetic charge in a magnetic field is

-rr =  -f qp x B /7 m (4.1)
In the case of TASSO where we can assume a uniform magnetic field D in the 
components of motion become

dpx
dt

dPy
dt

dpz
dt

=  <W y B / i m

= qpxB / jm  
=  gB

(4.2)

49
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We see that for this case, regardless of any force on the particle in z, the magnitude of the 
tranverse momentum component p \  in the r — </> plane is constant, where p \  =■  p2x -\-p2y> 
as Mdt =  2  \ Px

dpx
dt +  Py dpy

dt =  0

The consequence of this for track finding is that a circle fit is used when searching in 
the r — <j> plane, irrespective of whether the particle possesses electric and/or magnetic 
charge.

4.1.1 M otion o f a Particle w ith  Electric Charge

For a particle possessing just electric charge the Lorentz equation of motion is simply 
(compare with equation 4.1)

^  =  3PX B /jm  (4.3)
As the magnetic field does not act on the particle in its axial plane, dpz/d t — 0, resulting 
in the distance travelled in z being directly proportional to time f, so that

z =  Z Q  +  vzot (4.4)

where 7  remains constant. Equations 4.2 are satisfied by a solution of the form
x =  R  sin Lot 
y =  R cos Lot (4.5)

This means that the trajectory of an electrically charged particle in a solenoidal magnetic 
field is a helix [36] with pitch angle A, radius R , and angular velocity to where

p(GeV/c) cos A =  0.299979gi?(Tesla)i?(m) (4.6)

and
w(rad sec x) = 8.98755 x 107^jB(Tesla) (4.7)^(GeV)

For the solution given by equations 4.5, c0 is related to the distance travelled in the r — (f>
plane, s =  /  %/dx2 +  dy2, by

By defining

ds _ — =  loR  dt

p± =  7 m ds
dt

(4.8)

(4.9)



4 .1 . M O T I O N  O F  P A R T I C L E S  I N F L U E N C E D  B Y  A  M A G N E T I C  F I E L D 51

and
Pz0 =  'Ymvz0 (4.10)

we calculate that the s — z parameterization of the trajectory from equation 4.4 is
z = ZQ + sta,n\ (4»H)

where
tan A PZQ

P± (4.12)
This is the standard linear relationship used in fitting tracks in s — z.

4.1.2 M otion of a N on-R elativistic Particle Possessing M ag­
netic Charge

For the non-relativistic limit, since 7  —> 1 , there is no coupling between the transverse 
and axial components of equations 4.2. This means that the transverse motion of the 
particle in the r — <j> plane has the same solutions (equations 4.5) as for the purely 
electrically charged particle. In the case of monopoles which possess no electric charge 
we can see from equation 4.6 that the trajectory is that of a circle with an infinite 
radius - a straight line. This is clearly correct when we consider that the magnetic field 
does not act transversely on a monopole, thereby exerting no force to accelerate the 
monopole in this plane. For a dyon, possessing both electric and magnetic charges, the 
consequence is that it is indistinguishable from an electrically charged particle when 
tracked in this plane.

In the z direction there is now an acceleration caused by the force of the magnetic 
field on the magnetic charge:

—̂=gBjm. (4.13)
With this additional force the analogous form of equation 4.4 becomes

Z =  z0 +  vzot +  \ — i2 (4.14)
Z m

Again using the definitions of equations 4.9 and 4.10 where 7  —► 1 , we now find that 
the s — z parameterization becomes

z =  zq -f- 3 tan A -{■  s2C (4.15)
where tan A is as before in equation 4.12 and

_  mgB
2 p \

The trajectory has now become that of a parabola.
(4.1G)
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4.1.3 M otion of a R elativistic Particle Possessing M agnetic  
Charge

In  th e c a se  o f w here we are  d ea lin g  w ith  re la tiv istic  p a rtic le s , the s  — z  p a ra m e te r iz a t io n  

b eco m es m ore co m p licated  a s  7  can  no lon ger b e  tre a te d  a s  be in g  c o n sta n t. D e sp ite  

th is , a s  a lre ad y  ex p la in e d , p ±  does rem ain  con stan t so  th a t  th e  r  — <j> t r a je c to ry  i s  still 

th a t o f a  circle.

T o fin d  th e s  — z  p a ram e te r iz a tio n  [43] we need  to  solve the eq u atio n s

d s  p_L 
d t  7  m
d z  p z
d t  7  m

w here 7  is  defined  as

^  =  v 1 +  2V m z

(4.17)

(4.18)

(4.19)
In te gra tin g  th e  z  com ponent o f eq u atio n s 4 .2 , su b stitu tin g  in to  eq u atio n  4 .18  a n d  in te ­

g ra tin g  th is, we get

z  =  a f 7 1 - a d  (4 .2 0 )

w here
—  _

Pz0a  = \J™ 2 + P±
9b

d  = 1 + P

an d

m 2 +  p \

P±

11 — t  +
gb

b =
g B

S u b stitu tin g  th e  o th er com pon en ts o f  eq u atio n s 4 .2  in  the form  o f p ±  in to  e q u a tio n  4 .18 

an d  in te g ra tin g  gives

1̂/ a + \A A  t 2/

x D

where in  ad d itio n

3  =  b l n (4 .2 1 )

D  =  d + ^ ( d 2 - l )

Eliminating t \  from equations 4.20 and 4.21 we get an s  — z  parameterization for rela­

tivistic monopoles and dyons:

j/6 y j ( z / a  +  d ) 2 — 1 +  z / a  +  d
D (4 .2 2 )



4 .1 . M O T I O N  O F  P A R T I C L E S  I N F L U E N C E D  B Y  A  M A G N E T I C  F I E L D 53

In practice this takes no account of the matter interactions described in section 3.3 
which result in deviations from the parameterization of equation 4.22 and in fact the 
non-relativistic parameterization of equation 4.15 is found to be adequate in finding 
s — z tracks from monopoles as will be shown in section 4.2.4
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4.2 Track Finding using FELIX

The track finder adapted to search for parabolic tracks in s — z was FELIX [27], which 
employs the backtracking method [44] to find tracks that pass through the VXD, CPC 
and DC. The backtracking method is briefly described below for finding tracks in the 
r — </> and s — z projections. For a more complete description see reference [27].

4.2.1 Track Finding in r  — (f>

A track is firstly searched for in the r — <j) plane by taking all hits in the outermost layers 
to be candidates for the first hit in the track. Appendix B explains how the co-ordinates 
for these hits axe calculated. Each hit is taken sequentially and placed in a partial track 
array. Hits from the next layer are then taken in turn and a circle fit is made from 
all the hits in the partial track array. If the fitted track passes various criteria then 
the track is extrapolated into the next sense wire plane and hits found within a certain 
distance of the extrapolated track are stored as possible next hit candidates. If no hits 
are found or none or these hits pass the criteria when fitted with a circle, then the last 
hit in the partial track array is removed, and another candidate from that layer is used 
instead to extrapolate the track into the next layer. If all the candidate hits from a 
particular layer have been exhausted then the partial track is shortened and the search 
proceeds from the previous layer. A track is found when the innermost layer is reached 
and the fitted track passes all the criteria for the track. These criteria are to be found in 
reference [27]. Once a track has been found in the r — (j> plane all the hits belonging to 
that track and their mirror hits are masked out, so that the search can carry on finding 
further tracks in r — cj) amongst the remaining hits.

Hits from the 9 axial layers of the DC and the 4 sense wire layers of the CPC were 
used in the reconstruction of r — (f) tracks. Hits from the 8 sense wire layers of the VXD 
were not used in this analysis as it was found from Monte Carlo studies that it gave no 
benefit to the analysis and was very time consuming.
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4.2.2 Track Finding in s — z

Once a track has been found in r — <f> the projection of this track in s — z is searched for. 
The s and z co-ordinates for all DCa hits that may belong to the track are calculated 
as outlined in appendix B and stored. The finding of the track is very much the same 
as for r — (j> except that instead of a circle fit being performed, a parabolic fit is made 
instead. As explained in section 4.1.1, a linear fit is normally made in s — z. This is 
done using a least squares method, to find the parameters of the fitted straight line from 
the input hit co-ordinates. The parabolic fit was done using a more complicated least 
squares method, which is shown in table 4.1.

z  =  zq fi- s  tan A +  s 2C

Zo =  
t a n  A =

=  VnEy +  V12Exy +  VlzEx2y
—  T /  V . .  1 T / i T/l _

C — VziEy +  V-J2Exy 4-
where

r11 = (Sx4Ex2 - S x 3Ex3)/D
v u  =  r21 = (Ex2Ex3 -  S x4Ex )/D
1̂3 =  V3j = (Ex3Ex — Ex2Sx2)/£>

r 22 = (Ex4S - S x 2Ex2)/£)IIIICO (Ex2Ex -  Ex3S ) /D
f33 = (Sx2E -  ExSx )/D

and
E = E?=i i/^ ,?Ex = E?_, » i M

2  y = E?., zi / ° lEx2 = ES.. A /°?'Sxy = E"=i W  a?Ex3 = E"=i A MS*2t/ = E ti A * i MEx4 = E2=i A MD  = Ex4(Ex2E -  ExEx) +  2S x3Ex2
as = resolution of hit i

S z 3Ez3S -  Ex2Ex2Ex2

Table 4.1: Parabolic fit using least squares method

As at least three points are required to define a parabola, the nominal event vertex was 
used in the fit when starting the search using hits from the two outermost layers. With 
the event vertex included at this point we can fit a parabola that can be extrapolated 
into the next DCa layer so as to search for the next candidate hit. As the search is for
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the s — z  projection of the r — <j> track already found, only one track is searched for, and 
once found the track finding returns to the r — <j> search to find the next track.

Inclusion of Nominal Event Vertex in Fit

Only the hits from the DCa layers were used when reconstructing tracks in s — z  as 
information from the CPC cathode strips and the VXD charge division layers was not 
available during the 1986 data-taking period. With no hit information in this projection 
from r =  0 —> r =  43 cm, about a third of the total track length in the inner detector, 
it was found to be desirable to include the nominal event vertex throughout the fit as 
it was found that without it the zq distribution was flat. With the vertex included the 
zq distribution became approximately a Gaussian centred at z =  0 .

4.2.3 Performance o f Parabolic s  — z  Track Finder on Particles  
w ithout M agnetic Charge

The track finder was run on Bhabhas and muons taken during 1986 to see how the 
parabolic fitting would perform on straight tracks taken with the detector as config­
ured for the analysis. Figures 4.1 show examples of the parabolic fit being applied to 
straight tracks in s — z , compared with a straight line fit on the same tracks. As well 
as the zq distribution being an approximate Gaussian, the distribution of the curvature 
coefficient C, (see equations 4.15 and 4.16) was also found to approximate a Gaussian 
centred at z =  0 (shown in figure 4.4). The tan A values were found to be equal and 
opposite in each two-prong event indicating that the tracks were back-to-back.

Effect of Event Vertex Weighting in Fit

A study of the effect of varying the vertex weighting was made upon the muon data. 
It was found that the width of the zq distribution decreased as the vertex weighting 
increased. The distribution in C was found to decrease to a minimum as the weighting 
increased, remaining at that value as the weighting was increased further. This indicated 
that by including the vertex we were not producing the undesirable effect of causing
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FtBSMU.PmBS.tVtMT3.IB53 BUN 11080 EVtNT 5905 EBEBN. tT.SO GEY TBIGGEB* 001000100000000 F 1B3HU.PB1B3.EVENTS.TR33 BUN 11080 EVENT 5905 E8EBM- 17.50 GEY TB1GGEB* 001000100000000

FlBSHU.PNIB1.EYtNTS.TBS3 W i 11080 EVENT 5903 ESESH* 17.50 GEV THIGGEH- 001000100000000 F1BSMU.PBIB3.EVENTS.TB33 IXH 11080 EVENT 5905 E8EBH. 17.50 CEV TB1GCEB. OO1000100000000

Figure 4.1: Example of parabolic and straight line fits on straight tracks. The upper 
examples are the straight line fits and the lower examples the parabolic fits to the same 
tracks. The bold points are hits that have been fitted to the tracks sho wn, whilst the other 
points are the mirror hits associated with the track hits.
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straight tracks to appear curved, for two-prong events produced in TASSO during the 
1986 runs. A weighting corresponding to a resolution of the vertex of 1.85 cm was 
chosen. The effect of varying the vertex constraint upon the efficiency with which we 
were able to detect monopole events is examined in section 6.3.4

4.2.4 Perform ance o f Parabolic s — z  Track Finder on P articles  
w ith  M agnetic Charge

The track finder was tested on simulated monopoles of various mass and magnetic 
charge combinations to see how effective the parabolic fit is. Figures 4.2 and 4.3 show 
examples of the track finding in both the r — <f> and s — z projections. In r — <f> we can 
clearly see that in both cases the tracks are straight, as expected. In s — z  where the 
parabolic fit is an approximation of the trajectory we see that for the lower charged 
monopoles the tracks have been well fitted as indicated by the %2/n.d.f. values of the 
fit, ‘CHI’. For the higher charged monopole, which is in fact a Dirac monopole, the 
performance of the fit is not so good, as indicated by the x 2/n.d.f. value. Although the 
track does not fit the hits too well, it has done well enough for the tracks to be clearly 
identified. The probable reason for the parabolic fit being so robust even in the cases 
where the particles axe deviating quite appreciably from a parabola is that the fit is 
only to a limited number of points, six plus the vertex. This allows the fit to pick up 
most curving trajectories of a quadratic nature, whether they are actually parabolic or 
not.

The Zq distributions were found to be approximate Gaussians, as expected. The 
tan A values were found to be equal and opposite in each event as was the case in the 
non-magnetic events indicating that the tracks were emitted from the vertex back-to- 
back, as tan A in the parabolic parameterization is the angle of emission at the event 
vertex. The C values were found to also be roughly equal and opposite indicating 
that the particles were being curved in opposite senses as their magnetic charges were 
opposite in sign. The C distributions for two sets of simulated monopoles are shown in 
figure 4.4 along with the C distribution for the 1986 Bhabhas for comparison. As can be 
seen from figure 4.4 the curvature coefficients of magnetically charged particles depend 
on their mass -  magnetic charge combinations, and so whilst some combinations will 
have high values of C relative to the magnetically neutral background others will have 
values that will merge into the C distribution of the background.
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TR P PT DO ZO COTR PZ PHIO CHI 1 CHI2
1 -31.93 30.30 0.0 -1.7 -10.08 30.9 0.7 1.14
2 26.21 214.60 -0.0 0.69.0>4 211.4 0.6 0.6

FlfiSHU.PAIRS.SIMULATE.SM RUN 11140 EVENT

MONSTER

13 EBERM- 17.50 GEV TRIGGER® 000000000000000 VERSION 9.9
DATE 08/03/87

M BSK J.rfltM .SIH m fE.su  l l l i o  EVENT IS EBEflh* 17.50 GEV TRICCER* 000000000000000 FlMHJ.FfllM.StMkJLRtE. SB NIK IIINO EVENT IS EBCBfl- If.SO CEV TNIGGEN. 000000000000000

MONSTER

S-E INK 2 BBSS 11.00 0 Wl.OC EO 0.S9 TL O.S6« CV 0.00591 CHI O.SflS

1 I i__I__l_J----1 f ' I I « I ! » ' I < I ! ! '

Figure 4.2: Simulated monopole event with mass 11 GeV/c2 and charge g =  40e. At 
the top we show the r — <f> view and below the s — z views of the two tracks as fitted with 
parabolcE where z is horizontal. In the r — (j) view, only the DCO° hits are shown.
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TR P PT DO ZOCCJTR PZ PH 10 CHI l CHI2
1-117.62 89.90 -0.0 -8.775.75 15.7 0.2 19.8
2 54.U6 40.98 -0.1 7.1-35.87 196.0 0.4 16.1

FlflSHU.PRIBS.91MULPTE.SM RUN 10768 EVENT

MONSTER

187 EBEflM= 17.50 GEV TRIGGER^ 000000000000000 VERSION 9.9
DATE 08/03/87

SUMS
P 172.1 
PT 131 .0  Q 0.0

TRK 11 6 HITS. CV— 0.01453 TRK 2: 6 HITS. CV=» 0.01454

y
r  ■■■} - n EZ-, ( \  1

flH3M J.WIM.SIWJTe.3M KM I07SS EVENT 1S7 EBEAM- 17.50 OtY TRIGGER. 000000000000000 F1H3MJ.PHIR3.3IHW.HTE.SM RIM 1073* EVENT 187 E8EHM- 17.50 GEV TRIGGER" OOOOOOOOOOOOOOO

Figure 4.3: Simulated monopole event with mass 7 GeV/c2 and charge g =  a Dirac 
monopole.
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C (cm-1)
Figure 4.4: C distributions from the parabolic fit in s — z for the 1986 Bhabhas and two 
sets of simulated monopoles.

In conclusion it can be seen that the parabolic track finder in s — z is adequate to 
find tracks produced by both magnetically charged and magnetically neutral particles, 
with the indication that these classes of events are distinguishable by the comparison 
of the magnitude and direction of the curvature coefficients C  of the tracks in an event.



Chapter 5

D ata R eduction

In 1986 TASSO obtained 110 pb-1  of data, amounting to 40 million triggers written 
to 1650 PASS 1 tapes, with tracks fitted linearly in the s — z view. As explained 
in section 2.3.3, for a two-prong event to get written to a PASS 2 tape in the data 
reduction chain it had to have at least one track fully reconstucted in r — <j) and s — z 
with \z0\ < 8 cm. From Monte Carlo studies it was clear that for a large fraction of 
mass -  magnetic charge combinations, most events of interest to us would not pass this 
minimum requirement and so we needed to begin our search at the PASS 1 stage. The 
reason for their failing this minimum requirement was that in many cases the curvature 
in s — z was too great for a linear track finder to find a parabolic track. Even if a track 
was found it usually resulted in \z0\ being far greater than 8 cm as usually only 3 or 4 
of the DCa were included in the found track and obviously the linear track finder could 
not take into account the bending away from the vertex of the real track.

Many of the events on PASS 1 could be regarded as being of no interest to us by 
considering their multiplicities alone. Furthermore in the two-prong events there was 
not much point refitting well reconstructed muons and Bhabhas where the linear fit in 
s — z had performed well, as refitting was time consuming and these events when refitted 
were likely to have low curvatures, that would class then as linear tracks anyway. So 
cuts were made to reduce the data to be fitted with the adapted track finder. After 
refitting, further cuts were made on our data sample to remove events poorly described 
by the parabolic fit in s — z since these were unlikely to be distinctive monopole or dyon 
candidates.

63
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5.1 Cuts on Events F itted  Linearly in s — z

The following cuts were made on the data before refitting was performed. Events were 
only accepted for refitting if:

1 . There were exactly 2 tracks with apparent momentum >  4.0 GeV/c and no other 
tracks greater than 0.3 GeV/c.

2 . The two high momentum tracks were back-to-back in r — <j> to within 10°.
3. The nearest point in r — <j> of each track to the interaction, do was less than 1 .0  cm.
4. The r — <f> fit was good (xjL^/n.d.f. < 3.0).
5. The difference in TOF between the two high momentum tracks was less than 5 ns 

and both the TOF values were between —3 and 25 ns.
6 . Both high momentum tracks either had < 4 DCa hits in s — z or ;^_z/n.d.f. >  1.0.

The first four cuts ensured that two-prong events were found with good track recon­
struction in the r — <j> plane, with the first cut removing nearly all of the 7 7  background. 
The first cut also extracted events containing any particles with high electric charge 
which might have imitated magnetically charged particles by having inhomogeneities in 
the magnetic field cause them to curve in the s — z plane. With an apparent momentum 
cut of 4 GeV/c, and using equation 4.6 the radius of curvature of an electric particle 
in s — z would have to be greater than 2 .6  x 103 cm, the curvature produced by the 
maximum value of the field of the TASSO solenoid. The angle of 10° in the second cut 
allowed for multiple scattering and most initial and final state bremsstrahlung. The 
fifth cut removed the great majority of cosmic ray events close to the event vertex that 
had not been removed by the third cut, as well as events out of time with the beam 
crossings. The sixth cut removed most of the two-prong events where the C values from 
a parabolic fit were likely to be too low to classify them as anything other than linear 
tracks. This was done by only accepting events where the linear fit in s — z had not 
described the tracks very well, by either missing some of the hits in the track, or having 
a relatively poor x 2 value.

These cuts reduced the initial 40 million triggers to 18,199 PASS 1 events which 
were then reconstructed from scratch using the adapted FELIX.
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5.2 Cuts on Events A fter R efitting in s — z

After having their tracks refitted, further cuts were made to ensure that we were only left 
with two-prong back-to-back events that had been well reconstructed in s — z. Events 
were therefore only accepted as possible monopole candidates if:

1 . Both high momentum tracks had at least five DCa hits (or four if the track passed 
through the dead region in the fourth DCa layer).

2 . The two high momentum tracks were back-to-back at the vertex in s — z to within
20°.

The second cut also reduced further any remaining 7 7  background. This left us with 
14,135 events which required the study of their curvatures in s — z.



Chapter 6

A nalysis and R esu lts

We now needed to see whether there were any candidates from the remaining 14,135 
events that we could unambiguously call monopoles or dyon events. To do this we 
required an analysis of the curvature coefficients from the parabolic fits to these events. 
In the case of no events being found we needed to know the efficiency with which we could 
have detected monopoles as functions of their mass and magnetic charge. These are the 
two major variables affecting the curvatures of the particles; the mass determining 
their initial velocity and acceleration by the magnetic field (see equation 4.14) and the 
magnetic charge determining the magnitude of the coupling to the magnetic field. From 
the efficiencies of detection we may calculate the cross-section limits of production for 
the process e+e“ —> 7 * —» M M  as functions of mass and magnetic charge.

6.1 Analysis of the C urvature  Coefficients

From the curvature coefficients Cx of the two high momentum tracks, we define the 
quantities Ci, C2, XIC and AC where

|Ci| < \C2\ (6 .1 )

SC =  Cj +  Cn (6 .2 )
A C =  ICjI - I C jI (6.3)

67
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It is informative to look at the distribution of C,- against EC, comparing what is 
obtained for the 1986 data which have passed all the cuts of chapter 5, with Monte Carlo 
data sets of monopoles with mass -  magnetic charge combinations of mass =  1 G eV /c2, 
g =  40e and mass =  7 GeV/c2, g — 6 8 .5e. This is shown in figure 6 .1 . Each high 
momentum track in an event contributes a point in this plot. For the monopole data sets 
chosen we see that distinct clusters have formed away the from C,- =  0 axis, but close 
to the EC  =  0 axis. Although this is a clear signal for these monopoles this will not be 
the case for all mass -  magnetic charge combinations. For example smaller curvatures 
of monopoles will cause them to overlap with the region occupied by the 1986 data.
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o
«

0.01

0.0

- 0.01

1986 data 
o m=l g=40e
0 m=7 g=68.5e

- 0.02
- 0.02

-J_______i »

- 0.01
-J______ I___

0.0
-t- - t I <

0.01 0.02

Cj (cm-1)
Figure 6 .1 : Distribution of C{ against EC for the 1986 data and two Monte Carlo 
monopole data sets.

To determine the cut to be made on curvatures to separate magnetic charge events 
from non-magnetic charge events for the 1986 configuration of TASSO we chose a
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combination of variables that would produce two distinct distributions: One in which 
monopole events could lay and the other in which no well-reconstructed monopole events 
will be found. It was mentioned in section 4.2.4 that monopole events are found to have 
tracks with opposite curvatures, or equivalently, CiC2 < 0 . If, instead of plotting C,- 
against EC, we plot |C,| against AC then we find that we can separate these into plots 
for CXC2 < 0 where identifiable monopoles may appear and CXC2 > 0 , events where 
the tracks possess the same direction of curvature and so should be free of identifiable 
monopoles. The plots are shown in figures 6.2 and 6.3. As in figure 6.1, each high 
momentum track in an event contributes a point to a plot. For these distributions we 
would expect monopoles to have high values of |C,| and low values of AC for CiC2 < 0 
as they will be required to have curvatures of similar magnitudes, which also need to be 
large to distinguish them from the non-magnetic background. At first glance it would 
appear that we determine whether there are any monopoles by comparing figures 6.2  
and 6.3. Unfortunately we found that there was an asymmetry between the number of 
events with CiC2 < 0 and CiC2 > 0, there being 6043 of the former and 8092 of the 
latter. The reason for this is unknown. Fortunately the shapes of the distributions are 
similar so that we may still use the CXC2 > 0  distribution to guide us.

A distinct feature of these plots is the arm along |C,| =  AC where one track was 
found to have a large curvature whilst the other was found to be straight. By projecting 
these plots onto the axis perpendicular to this arm and plotting just Cx we obtained 
the distributions of |CX| — AC shown in figure 6.4. For CXC2 <  0 we see no evidence 
in the distribution that suggests the presence of M M  events. This distribution has a 
very similar shape to that of the distribution of events with CXC2 > 0.

6.1.1 Defining the M agnetic and N on-M agnetic Regions

As no M M  events have been found we use the distribution of figure 6.4 to define the 
cut that separates the region of non-magnetic events from that of magnetic events for 
the 1986 data, and the configuration of TASSO during this period. The cut made was

|CX| -  AC > 0.0011  for CXC2 < 0 (6 .4 )
defining the region that would be unambiguously populated by MAI events. In figure 6.5  
is shown the CXC2 < 0 distribution for the 1986 data once again, but this time with the
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Figure 6 .2 : Distribution in |C,| against A C  where C\C<i < 0 for the 1986 data after 
data reduction.
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0.0 0.002 0.004 0.006 0.008 0.010
IC|I (cm-1)

Figure 6.3: Distribution in |C,| against A C  where C1C2 > 0 for the 1986 data after 
data reduction.



72 C H A P T E R  6. A N A L Y S I S  A N D  R E S U L T S

ICil-AC (cm'1)
Figure 6.4: Distributions of |Ci| — A C  for the 1986 data after data reduction.

- — Pi.Pi--- TCKfl— nM ---
-0.005 0.0 ! 0.005 0.010

0 -0 0 11  ICjl-AC ( c m ' 1)

Figure 6.5: Distributions of |C i |-  AC with CXC2 < 0 for the 1986 data and two 
simulated monopole data sets after data reduction.
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simulated monopole data sets shown in the C distribution of figure 4.4, after the cuts 
of chapter 5 have been applied. The applied cut of the inequality 6.4 is also shown and 
we see that for one of the monopole data sets a large fraction of events are lost as their 
curvatures are too low to distinguish them from the non-magnetic 1986 data. For the 
other data set though we see that the distinction between them and the 1986 data is 
a good one indicating that this analysis performs very well in detecting monopoles of 
certain mass and magnetic charge combinations.
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6.2 Calculating the M onopole D etection Efficiencies

As no events with magnetic charge were discovered we had to find which combinations 
of mass and magnetic charge the experiment and analysis were sensitive to and the 
efficiencies with which we could detect these monopoles. To do this we went through 
the following procedure for each combination of mass and magnetic charge chosen:

1. Generate isotropically distributed data sets of monopoles of given mass and mag­
netic charge.

2. Fit all the events with the FOREST track finder.
3. Apply the MILL track finder to all the events that pass the requirements.
4. Fit all the events with the FELIX track finder using the parabolic track finder in 

s — z and a z  vertex constraint of 1.85 cm.
5. Apply the cuts of chapter 5 and a geometric trigger cut.
6. Apply the cut of the inequality 6.4.

The efficiency of detection is then defined as
number of events surviving after final cut 

number of events generated
The maximum possible efficiency is constrained by the solid angle covered by the trig­
gering components of the two-prong trigger outlined in section 2.3.1 and so is 82%.

6.2.1 Effect o f x 2 Cuts on Efficiencies

The maximum efficiency wre obtained was lower due to problems with the x 2 cuts made in 
both r — (j> and s —z. It was found that the distributions in x 2 were very different between 
the Bhabhas from the 1986 data and Monte Carlo Bhabhas, and very much more so 
for tracks fitted with FOREST than for those fitted with MILL. These differences can 
be seen in figures 6.6 and 6.7. This problem was only discovered after all the 1986 
data had been reduced. As our simulated monopoles were fitted with either track finder
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depending upon whether the event passed the MILLing criteria, it was decided the best 
way to determine how the cuts affected our efficiencies was to use \ 2 cuts corresponding 
to the ones used on the data, calculated on a “fraction of events lost” basis. This 
was done by fitting the 1986 Bhabhas with both FOREST and MILL tracks and then 
studying the x2 distributions to see what fraction of events were lost by each of the cuts, 
X ^ /n .d .f . > 3.0 and * 2_z/n.d.f. < 1 .0 . The cuts chosen to be used on the Monte Carlo 
data were then those that resulted in the same fraction of events being lost. The cuts 
obtained by this method are given in table 6.1 with the distributions that determined 
these cuts shown in figures 6.6 and 6.7. The cuts applied to the data had been chosen 
after studies of two-prong events fitted with MILL.

Track Finder View X2 Cut on Data Fraction of Events Lost x 2 Cut on MC
FOREST r — (j> 3.0 0.1240 0.65

s — z 1.0 0.4996 0.45
MILL r — <f> 3.0 0.0009 2.10

s — z 1.0 0.3107 0.65
Table 6.1: x 1 /n.d.f. cut3 applied to data and Monte Carlo

6.2.2 M onopole D etection  Efficiencies for 1986

Once efficiencies had been obtained for sufficient mass and magnetic charge combina­
tions, it was possible to plot a contour map of the efficiencies in the mass -  magnetic 
charge plane. The resulting plot is shown in figure 6.8. The peak efficiency obtained 
was just over 60%. It was found that the problem of the x2 cut affected us mostly for 
monopoles of high charge or mass as these curved sufficiently to fail the criterion to 
apply MILL. This in a sense evened out the efficiencies as the events that had MILL 
applied to them and therefore were not so badly affected by the y 2 cut were also the 
events with straighter s — z tracks. These were consequently lost by the final curvature 
cut of the inequality 6.4. The loss of low mass monopoles was due to their high momenta 
leading to low curvatures. For the low charge monopoles the coupling to the field was 
too weak to cause a significant curvature. In both cases the straightness of the tracks 
caused them to merge into the non-magnetic background. On the other end of the scale 
the highly charged and heavy monopoles were lost because they were either pulled out 
of the central chamber before the event could be triggered, or the ionization loss was 
too great for them to escape from the 6 mm of aluminium surrounding the DC, so that 
once again the event would not be triggered.
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i.O 0.8 1.6 2.4 3.2 4.0 4.8
X/n.d.f.

Figure 6.6: Distributions in x 2/n.d.f. for FOREST.

0.0 0.8 1.6 2.4 3.2 4.0 4.8
n̂.d.f.

Figure 6.7: Distributions in x 2/n.d.f. for MILL.
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0 10 20 30 40 50 60 70
Magnetic Charge g (e)

Figure 6.8: Efficiency plot for monopole detection in TASSO as configured in 1986.
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6.3 Effects upon D etection Efficiencies

Studies were made on the effect various experimental and physical parameters had upon 
our detection efficiencies. Using representative monopole data sets from various points 
in the mass — magnetic charge plane, effects on efficiencies due to variations in intrinsic 
electric charge, incoherent noise, smearing of (dE/dx) and the vertex constraint in the 
s — z fit were examined.

6.3.1 Intrinsic Electric Charge

To study the efficiencies of dyon detection we added electric charge to the particles when 
generating them, the sign of the electric charge being uncorrelated with that of the 
magnetic charge. It would be expected that the efficiencies would drop relative to their 
monopole conterparts, due to increases in energy loss and path length. The results are 
shown in figure 6.9. As can be seen, efficiencies for dyons of unit electric charge appear to 
be no lower than those of monopoles, but as the electric charge increases the efficiencies 
drop off rapidly. This is due almost entirely to the effect of the cut made on apparent 
momentum, as the apparent momentum decreases as the electric charge increases. Being 
indistinguishable from monopoles, due to the accuracy of the momentum measurements 
from the curvature in r — <j>, dyons with the fractional electric charges of quarks would 
have efficiencies that were the same as monopoles or unit charged dyons.

6.3.2 Incoherent N oise

The effect of incoherent noise was studied by adding random noise hits to the DC. The 
results are shown in figure 6.10. This mainly affects the reconstruction and as may be 
expected, in a high noise environment the efficiencies drop as noise hits are misidentified 
in the track reconstruction. For the 1986 data-taking period there were on average of 
about 10 hits in the DC not attributed to tracks in Bhabha events with an average of 
one of these occurring in an s — z projection of one of the tracks. The effect of coherent 
noise in the form of 5-rays is examined in section 6.4.



Figure 6.9: Effect of intrinsic electric charge 
on detection efficiencies.

§ Noise hits in DC
Figure 6.10: Effect of incoherent noise in the DC 

on detection efficiencies. -< ito

6.3. EFFECTS UPON DETECTION EFFICIENCIES
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6.3.3 Smearing of (dE /dx)

Although there are theoretical predictions for the average energy lost by a magnetically 
charged particle, there are no such predictions for the shape or width of the distribution. 
It is not even certain that monopoles would produce the Landau distribution that is 
characteristic of magnetically neutral particles, as the tail of such a distribution is due 
to high energy 5-rays (described in more detail in section 6.4) produced by magnetically 
neutral particles via ‘head-on’ collisions with the electrons in the matter traversed. For 
monopoles the forces are transverse rather than longitudinal [17] giving a cross-section 
for head on collisions that tends to zero and so it is not unreasonable to assume that high 
energy 5-rays might not even be produced, thereby resulting in a Gaussian distribution 
for the energy loss. Consequently, in the Monte Carlo we smeared the average dE/dx  
losses, calculated for each step, by Gaussians of widths which were appreciable fractions 
of the average dE/dx loss.

Figure 6.11 shows the result of smearing the average value of dE/dx by up to 25% 
in each detector medium. We see that this had no measurable impact on our efficiencies 
and so we can conclude that for widths up to 25% the distribution of energy loss is 
unimportant in this analysis.

6.3.4 V ertex Constraint in s — z Fit

To assess the effect of the vertex constraint upon our detection efficiencies we refitted 
our representative monopole data sets with various vertex constraints and calculated 
their efficiencies with the assumption that the cut of the inequality 6.4 had not altered. 
Refitting all the data for each constraint and calculating a new curvature cut each time 
would have been impractical. Although the method is not exact we see from figure 6.12 
that the efficiencies calculated this way do not vary too much and overall we appeared 
to pick a constraint that retained good efficiencies over most of the mass — magnetic 
charge plane in comparison to the other constraints.



Figure G.ll: Effect of smearing of (dE/dx) 
on detection efficiencies.

Figure 6.12: Effect of vertex constraint in s — z fit 
on detection efficiencies.

6.3. EFFECTS UPON DETECTION EFFICIENCIES
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6.4 The Effects of High Energy 5-rays

As already mentioned in section 6.3.3 it is not entirely clear that monopoles would even 
produce high energy 5-rays. Even so, a study was made of the effect they would have 
on our detection efficiencies if they were produced.

6.4.1 W hat are 5-rays?

The ionization loss of a particle traversing a medium is due to Coulomb interactions 
between that particle and the electrons in the medium. In these collisions the energy 
transfer can be anything up to the maximum allowed value Em constrained by two-body 
relativistic kinematics:

2 mc2(32Em = (6.5)l - £ 2
This is for a head-on collision for which the question of whether monopoles produce high 
energy 5-rays arises in the first place. The probability of an electron receiving energy E . 
is given by [45]

P (E )d E  = DZp f  J 7_
A V e/3 (6.6)

which corresponds essentially to the first term of the Bethe-Bloch equation (equa­
tion 3.5). Here, x is in g/cm 2. 45-ray’ is the term given to an electron receiving enough 
energy to be ejected with an energy above a few keV, but essentially we can treat all 
ionization loss as manifesting itself in 5-rays across the whole energy spectrum up to
Em -

Integrating equation 6.6 gives an expression for the number of 5-rays per unit length 
having energy E > E0:

N ( E >  Eq) 1
Em (6.7)

If monopoles are to lose g2(32/e 2 times more energy per unit length than magnetically 
neutral particles as assumed in section 3.3.1 and the maximum energy loss is constrained 
by kinematics then we would expect that there are g2(32/e 2 times more interactions per
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unit length to account for this energy loss. Assuming that the energy spectrum is the 
same, the number of 5-rays liberated per unit length for monopoles will be

) <«•»)
The angle of emission of a 5-ray of energy E  is given in a free-electron approximation 
by [45]

cos2 0 = - = r -  (6-9)

6.4.2 W hy Could 6-rays be a Problem ?

If a 5-ray is emitted in the DC with sufficient energy, then it will produce its own 
ionization path. If this path crosses a drift cell, it will cause a hit to be registered 
by the chamber. This is coherent noise related to the monopole. As the chamber 
electronics was only designed for single hits, track hits will be misplaced if the 5-ray 
ionization reaches the same wire before that from the monopole. This will adversely 
affect the track recognition by worsening the \ 2 °f the fit and altering the curvature of 
the s — z fit. If enough noise hits are generated they may prevent the track from being 
recognised at all.

At first glance the situation appears serious as g2p 2/e 2 times more 5-rays will be 
produced. However, there are a number of factors that lessen the effect and work in our 
favour:

• From equation 6.9 we can see that the most energetic 5-rays will be emitted parallel 
to the monopole’s path, thereby minimizing the possible displacement of the hit 
that they might cause.

• 5-rays will be randomly emitted in the plane perpendicular to the monopole’s path 
so that many of them will be ejected on the far side of the monopole to the sense 
wire so that the monopole’s ionization will register first.

• The magnetic field in the chamber will cause the less energetic 5-rays to curl up 
with a radius of curvature

R {  m) =  3.33p± (G eY /c)/i?(T esla) (6.10)
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where p± is the momentum of the 5-ray in the r — <j> plane. Using the relationship

p2c2 =  T  (t  +  2me2) (6.11)

where T  is the kinetic energy of the 5-ray, we find that for an energy of 150 keV the 
radius of curvature with which the 5-rays curls up is 280 pm , the spatial resolution 
of the chamber, so that we consider only 5-rays with an energy larger than this 
will adversely affect the track recognition.

6.4.3 Sim ulating the Effect of <5-rays

This was done outside the framework of the other Monte Carlo studies performed in  this 
analysis. For single monopole tracks of a given mass and magnetic charge the number 
of 5-rays that would be emitted was calculated along with their angles of emission using 
equations 6.8 and 6.9. From these we looked at the probability of the emitted £-rays 
adversely effecting our track finding by their ionization reaching the sense wires before 
that of the monopole, taking into account all the factors outlined in section 6.4.2.

6.4.4 Consequence of High Energy <5-ray Emission

If 5-rays were to be emitted with the same energy spectrum as from magnetically neutral 
particles but with a g2j32/e 2 rate factor then we found that there was a negligible effect 
on detection efficiencies for ‘heavy’ monopoles of 15 GeV/c2, where 0  is low. In the 
worse case, for g =  70e (the limit of our detection) and masses of 5 -  10 GeV/c2, our 
efficiencies were approximately halved. At lower values of g the effects were smaller. At 
g — 40e for these masses it appeared to be at most a 10% effect.

As already mentioned it is not certain that the same energy spectrum as for mag­
netically neutral particles would apply, as the transverse direction of the forces may 
very well lower the probability of high energy 5-rays being emitted. The energy loss 
would therefore be compensated for by many more low energy 5-rays being produced 
that would not affect the track finding in any way.
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6.5 Cross-Section Lim its of M onopole P roduction

As no candidate events were observed we assume that our distributions are governed 
by Poisson statistics and therefore assign an upper limit of 2.30 events with a 90% 
confidence level for each mass -  magnetic charge combination. Cross-section upper 
limits a ( e+e~ —► M M ) for each combination are then calculated as

2.30
detection efficiency x trigger efficiency x  total luminosity of events analysed (6 .12)

where the total luminosity of the events analysed was 110 pb-1 and we assume an overall 
trigger efficiency of 98%. Using the efficiencies of figure 6.8 we can plot the distributions 
in the upper limit of R, shown in figure 6.13, where

and

a (e+e —► M M ) 
a (e+e~ —► (6.13)

a  (e+e —> nb =  0.071 nb for yfs =  35 GeV

As well as plotting our results in figure 6.13, we also show results of previous experiments 
for comparison. It can be seen that this analysis has bridged the gap between the CLEO 
result [15] and the earlier accelerator searches which were insensitive to low values of 
g. The PEP result [11] was only sensitive to charges greater than 30e and relied on 
a knowledge of the permanent effects of the passage of a monopole through various 
substances. The similar PETRA result [12] and the ISR result [10] were only sensitive 
to monopoles of greater than about 50e.

It should be emphasized that the cross-sections that we find are for the particular 
model of matter interactions we have chosen to use for our Monte Carlo studies whilst 
the method of the search itself is generally model independent.
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Figure 6.13: The limits on M M  production cross section relative to the QED
cross-section for the process e+e~ —> as a function of monopole mass for various
magnetic charges. Results from the ISR [10], PEP [11], PETRA [12] and CLEO [15] 
experiments are plotted for comparison.
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Figure 6.14: Photographic evidence of the only in Hamburg
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Chapter 7

A Test D rift Cell for ZEUS

To investigate the performance to be expected from a cell of the CTD in the ZEUS 
experiment, a rectangular test drift chamber has been constructed and placed in a 
3 GeV electron test beam at DESY. A study of the chamber’s multi-pulse performance 
is described in chapter 8.

7.1 HERA and ZEUS

The Hadron Electron Ring Accelerator, or HERA, situated at DESY, is one of the 
new generation of particle colliders presently being built around the world. It will be 
the only e^p collider in the world when completed, producing collisions of 30 GeV 
electrons or positrons with 820 GeV protons at y/s =  314 GeV and Qmax =  105 GeV2. 
These energetic collisions between leptons and hadrons will enable investigations to be 
made into the possible substructures of quarks and leptons to distances ~  10-18 m. 
Searches will be performed for new mediators of the neutral and charged currents with 
masses up to 800 GeV/c2. More exotic physics phenomena such as leptoquarks of 
masses up to 180 GeV/c2, excited quarks and leptons of masses up to 250 GeV/c2 and 
supersymmetric particles up to masses of 180 GeV/c2 will also be observable, provided 
they exist. For further details of the collider and the potential physics to come out of 
it, see reference [46].

There will be two detectors on the HERA ring, ZEUS [47,48] and Hi [49], with Hi
91
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optimized for lepton identification whilst ZEUS will be better suited to charged current 
interactions.

The British involvement within ZEUS is in the construction, calibration and main- 
tainance of the Central Track Detector (CTD) [47,48]. A segment of the CTD is shown 
in figure 7.1.

The CTD has an outer radius of 85 cm and a length of 240 cm. There are 9 
superlayers, each with cells made up of 8 layers of sense wires. The drift cells are tilted 
so that the combined effect of the 1.8 Tesla magnetic field of the solenoid in ZEUS 
and the electric drift field within the CTD result in a particle’s ionization drifting 
azimuthally to the sense wires. The maximum drift length is 2.5 cm corresponding to 
500 ns drift time in an argon/ethane 50/50 gas mixture at atmospheric pressure. As 
beam crossings occur every 96 ns in HERA, this maximum drift time corresponds to
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five beam crossings. Five of the superlayers have axial wires and four have stereo angles 
up to 5.6°. There are a total of 4608 sense wires and 19584 field wires.

Up to five events can have occurred before the ionization has drifted to the sense 
wires and it is expected that events at HERA will have a high density of tracks making 
up jets. It is therefore important to know how the chamber and its electronics may 
perform when more than one pulse is picked up by the sense wires. There should be 
as little effect as possible upon track hits depending on whether it was the first or a 
subsequent pulse. Owing to the geometry of the CTD, close tracks will exchange their 
hit order on crossing the line of sense wires within a cell.

A rectangular cell test chamber representing two cells in the CTD, with a 100 MHz 
FADC (Flash Analogue to Digital Converter) readout has been constructed and from 
this we have been able to examine the multi-pulse performance of such cells.
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7.2 The Rectangular Cell Test Chamber
7.2.1 Chamber Construction

The chamber geometry is shown in figure 7.2. It consists of two drift cells, each contain­
ing a plane of 8 sense wires, with the drift in the direction perpendicular to the sense 
wire plane up to a maximum distance of 20 mm. This distance has been chosen to be 
typical of the wide end of the CTD tapered cells. Wires are spaced 6 mm apart in the 
sense wire plane with sense and potential wires alternating. The sense wires are made 
of 30 jim  gold plated tungsten tensioned to 60 gm with a locational accuracy of ±60 ^m
r.m.s. The active length of the chamber is 40 cm and it is in a 1 mm thick aluminium 
alloy gas containment vessel with beam entry and exit windows made out of 0.25 mm 
mylar.

7.2.2 Chamber Electronics

At the chamber were on-board pre-amplifiers that amplified the sense wire signals by a 
factor of 12 before transmitting them down 40 m of co-axial cable to the post-amplifiers 
and FADC system situated in the control room. The post-amplifiers were equipped 
with a variable gain so as to match the pulse amplitudes to the range of the FADC. 
Furthermore a pole-zero filter could be included at the input of the post-amplifiers to 
cancel the 1/t tail of the drift chamber signals (see section 7.3). The FADC system  
consisted of four Struck DL300 [50] modules based on the Siemens SDA5010 100 MHz 
6-bit FADC chip, operated in a non-linear fashion [51]. The 16-channel system was 
controlled and read out by a LSI-11/73 computer via CAMAC, with event data being 
written to magnetic tape for off-line analysis.

7.2.3 Operating the Chamber

The chamber was operated at atmospheric pressure with a gas mixture of 50% argon 
and 50% ethane (the same as being considered for the CTD) bubbled through ethanol 
at 0°C. This mixture gives an electron drift velocity of ~  50 fim/ns. The 1% admixture
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H  h~
6 mm

Figure 7.2: Geometry of chamber.

of ethanol inhibits the growth of whiskers on the field wires [52]. The chamber was 
tested in the DESY test beam facility using a 3 GeV electron beam that was fired into 
just one of the cells during a run. Triggering was provided by coincidences in plastic 
scintillator counters with the FADCs set in the continuous sampling mode and being 
stopped by the trigger. The chamber could be rotated in the horizontal plane relative 
to the beam direction. Track length samples for normally incident tracks were 5.6 mm 
on each sense wire, comparable to those of the CTD.
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7.3 Chamber Pulses and Their Output from FADCs
When an ionizing particle passes through the chamber it liberates electrons, via Coulomb 
interactions, which drift to a sense wire under the influence of the electrostatic field. 
Close to the sense wire, avalanche multiplication occurs with the avalanche electrons 
being collected by the sense wire and the positive ions being repelled away. When 
any chamber of this sort operates in a particular voltage range the collected charge 
is proportional to the original charge deposited by the ionizing particle [45], so that 
ionization loss measurements can be made from the size of the signal picked up. The 
pulse from a drift chamber such as the one under test is characterized by a fast rising 
edge as the avalanche from the first electrons occurs, and a long tail that can be described 
by the function

/ «  = ip
ip + 1

(7.1)
where t is the time and to is a constant, usually of the order of a few nanoseconds. 
This tail is a consequence of the drift of the positive ions away from the sense wire. 
The length of the tail can be shortened without affecting the rising edge by the use of a 
pole-zero filter in the post-amplifier, which filters out some of the frequency components 
not associated with the arrival of the electrons at the sense wire.

The signal from each sense wire was transmitted to the post-amplifiers and then 
converted to a digital readout by the FADCs. The dynamic range of the FADCs used was 
insufficient to cope with the large range of ionization picked up in this type of chamber. 
In order to increase their range the FADCs were driven in a non-linear mode in which 
75% of the input signal was fed back to the resistor chain that formed the comparator 
reference [53], to produce an effective dynamic range of 8-bits at the expense of a loss 
of resolution of the largest input signals. The output from the FADCs consisted of a 
sequence of 6-bit amplitude words at intervals of 10 ns for each wire. The corresponding 
8-bit amplitude was obtained using the conversion

FADC6 ,FADC8 = ------- ------- . (7.2)1 -  0.75 x FADC6/64 v J
Prior to data taking, a pedestal was set to a signal level of 10 for each channel. In practice
this level is modified by any noise present so later in the analysis it was determined on
a channel-by-channel basis (see section 8.1). With the 8-bit conversion the signal range
was from 0 to 255, quantized into units of 4 at the high end. Any overflows were
identified and the signal was set to 255 for each overflow interval.
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The rise times of the pulses, from the FADCs, are found to be typically 20—>30 ns 
whilst the tail length without the filter is in the region of 130—>150 ns which drops 
to about 60—>70 ns when filtered. Pulse outputs without and with the pole-zero filter 
included are shown in figure 7.3. The crosses in the figure show the timing point assigned 
to each pulse (see section 7.4).

Figure 7.3: FADC outputs without (run 2 0 4 0)  and with (run 2057) pole-zero filters for 
single track events. The abscissa shows the FADC interval number and the ordinate the 
linearized signal.

7.3.1 Defining pulses in the FADC output

In order to determine whether a FADC channel readout contained one or more pulses, 
a method of defining a pulse was required, especially to distinguish genuine pulses from 
fluctuating noise. A pulse was defined as having the FADC signal rise by at least a 
value YCRIT over at least two FADC intervals (20 ns) and then to fall again by at least 
YCRIT, irrespective of the number of FADC intervals taken to do so. The minimum 
value before the pulse started was assigned as PIT with the FADC interval number being 
assigned as IPIT. The maximum value of the signal before it fell again was assigned 
as PEAK with the corresponding interval number being IPEAK. For a second pulse to 
be found on the wire the same criteria as for the first were applied with a second set 
of (I)PIT and (I)PEAK values. An example of a two-pulse FADC output is shown in



98 C H A P T E R  7. A  T E S T  D R I F T  C E L L  F O R  Z E U S

figure 7.4 along with the labelling of the (I)PITs and (I)PEAKs. For two pulses to be 
identified on a wire it can be seen that it is necessary that the signal from the first 
pulse has fallen by at least YCRIT before the rising edge of the second pulse affects the 
signal.

Figure 7.4: FADC output from a two-pulse event.
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7.4 Determining Hit Positions and Spatial Resolu­
tions

For each pulse, once defined, we can assign a time T  from the timing base of the FADC 
signal. In the units of the FADC intervals a time is found by using an algorithm based 
in some way on the characteristics of the FADC pulse. From a previous analysis of 
single pulses in this chamber [54] it was found that the best algorithm to use was the 
Constant Fraction Discriminator or CFD. For the CFD the pulse time is given as the 
time value for which the amplitude of the signal is equal to the sum of the PIT value 
plus a constant fraction FRAC of the difference between the PEAK and PIT values, or 
if

CFD =  PIT +  FRAC x (PEAK -  PIT) (7.3)
then the time T  is a projection of ‘CFD’ onto the timing base, given by

T =  ( i - l ) +  (  C T P - F A D C ( i - l )  \V ' V FA D C (j)-FA D C  ( i - l ) y
where i is the FADC interval number and FADC is the signal amplitude for that interval. 
An investigation of the best value of FRAC to use for multi-pulses as well as studies of 
some of the other algorithms tested in reference [54] is performed in section 8.3. From 
a time found as in equation 7.4, a conversion is made to nanoseconds by multiplying 
by 10. By using the stop time of the FADC when it started reading the pulse, along 
with the time To that corresponds to when tracks pass through the sense wire plane, a 
drift time is determined. This drift time corresponds to the time it takes the ionization 
to drift from the point of its production to the sense wire. This is converted to a drift 
distance using a field map of drift velocities for the chamber. For most of the chamber 
this drift velocity was found to be 50dtl /im /ns as expected for the gas mixture used. 
From this drift distance we can assign two hits to the chamber, one either side of the 
sense wire as we do not know, without prior knowledge of the test beam position, which 
side of the sense wire the ionization drifted from.

The best timing algorithm is determined by looking at the spatial resolutions that 
result from using each particular algorithm and seeing which gives the smallest value. 
Spatial resolutions are found by fitting straight tracks to the hits (there being no mag­
netic field to bend our tracks). In each event there should be just one track found on 
each side of the sense wire plane. As the test beam position was known the real track
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is also known and only the hits on this track were looked at. The spatial resolution 
for each wire was obtained by finding the residual distance, along the drift path, from 
the found track to the hit associated with the track. The residual was then weighted 
as a function of the position of that hit on the track in relation to all the hits found 
on the track. The weighted residuals were then plotted for each wire, a Gaussian was 
fitted to the distribution and the width of the Gaussian gave us the resolution for that 
wire. The resolution of the cell was taken as the average of the resolutions for all eight 
wires. By calculating the resolution for each wire separately we were not affected by any 
uncertainties in the wire positions as this merely shifted the whole distribution without 
changing its width.
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7.5 Determining the dE/dx Resolution

The size of the signal from the FADC is a measure of the size of the avalanche occurring 
at the sense wire which in turn is proportional to the amount of ionization produced 
by the particle as it is ‘sampled’ by each wire. Knowing this, we can use the pulses to 
make dE/dx measurements. Also, as we are using a mono-energetic beam of identical 
particles (3 GeV electrons), we need only consider a dE/dx distribution that is a single 
Landau function [45], the tail of which is the result of high energy 5-rays (see section 6.4 
for an explanation of these).

To determine the best algorithm to measure the dE/dx sample from the pulses we 
needed to assess the dE/dx resolution performance of the chamber. As the dE/dx losses 
to a single wire were governed by a Landau distribution, a measure had to be made 
of the truncated average dE/dx, or (dE/dx) value over a number of samples. As the 
CTD will have a maximum of 72 dE/dx samples for a track, the chamber’s performance 
was assessed by using 72 pulse size measurements to find a single (dE/dx) value. To 
calculate the dE/dx resolution, 72 measurements of pulse sizes were made with one of 
the algorithms and the highest 25% or 18 values were discarded to remove the Landau 
tail and possibly some double pulses resolved as only a single pulse. The average from 
these 54 values was calculated and stored. As the dE/dx resolution is found as the width 
of the distribution of (dE/dx) /  (E ), the first 50 (dE/dx) values were stored and then 
the average of these 50 were used to scale the plotting by (E). This had the advantage 
that we did not have to alter the plotting limits for the different dE/dx algorithms being 
tested which would have different values for their dE/dx measurements. Once all the 
scaled dE/dx values were plotted, a Gaussian was fitted to the distribution and the 
resolution was taken to be the width of the Gaussian.



Chapter 8

M ulti-P ulse Perform ance of th e  
Drift Cell

Investigations have been made into the multi-pulse performance of the rectangular test 
drift chamber. Studies were made upon the two-pulse resolution, spatial and dE/dx 
resolutions and their behaviour in the situation of two pulses being present on the sense 
wires, with varying separations between the pulses.

When two particles pass through the same cell the sense wires will pick up two 
pulses which, providing they are far enough apart, will be seen in the FADC output and 
resolved by the pulse finding algorithm as two pulses (see figure 7.4 for an example). 
The ionization picked up by the sense wire at any moment will be an accumulation of the 
ionization from the separate particles. For three or more particles, each will contribute 
its own ionization which will again be resolved if each is far enough apart. A study 
of the multi-pulse performance of the chamber was performed by taking single pulse 
events and adding together the pulses to simulate double pulses. Using their found 
timings and dE/dx values before the addition, the effect of the pulses on each other 
as a function of separation and relative pulse size could be studied. The most serious 
problem in adding together pulses from separate events was that the simulated double 
pulse had two noise sources, one from each event, whereas genuine double pulses only 
have one noise source. This resulted in the second pulse ‘seeing’ more noise than the 
first when they were sufficiently separated.

103
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8.1 Adding Together the Pulses

The selection criteria for an event to be used in the simulation of double pulses were 
that the event was required to have a single pulse on each of the eight wires o f the 
cell through which the beam passed, and that the drift distances for the eight resulting 
hits were between 5 and 17 mm. This is the region in which the spatial resolution for 
single pulse events was on a plateau [54]. For distances closer than 5 mm there were not 
enough events to determine whether resolutions were on the plateau, and for distances 
further than 17 mm diffusion of the ionization degraded the resolutions.

If these criteria were passed, the output from each channel was stored with the 
pedestals subtracted. The pedestal for each channel was calculated by finding the 
average value of the output for the last five FADC intervals for that channel. These 
pedestals were also stored along with the times and dE/dx values calculated for each 
single pulse. The times were stored in the units of the FADC intervals where the first 
FADC interval for each channel was referred to as ‘1’. The output from all the channels 
were then added together, channel by channel with the output from the previous event 
that had passed our criteria and been stored. This was done many times for the two 
events, each time incrementing the FADC interval number of the new event to which the 
first FADC interval of the old event would be added. In this way the two sets of pulses 
became further separated so that the effect of the separation could be studied. Owing to 
the way the FADC outputs were written, pulses generally occurred in the same FADC 
intervals so that doing things in this manner resulted in double pulse events apparently 
consisting of two parallel tracks.

When the two separate signals were added together, one of the pedestals was added 
back onto the signal so that the level of the signals was as would be for a genuine double 
pulse, and the value in each interval was transformed into an integer 6-bit word using 
the conversion

FADC6 =  NINT ( -------  )  (8.1)\ 1 +  0.75 x FADC8/64/ v '
where NINT gives the nearest integer value. This was then converted back into an 8-bit
word using equation 7.2. In this manner, we used only the signal sizes permitted when
driving the FADCs non-linearly and feeding back 75% of the input. The pedestal was
then once again subtracted.
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Each time the pulses from the separate events were added together, the simulated 
FADC outputs were run through the pulse-finding algorithm to recognise the pulses. 
When the two pulses are directly on top of each other, only one pulse is expected to 
be found by the algorithm. So if two pulses were found on any of the wires in this 
situation then the new event was rejected and a search for the next event to satisfy 
the selection criteria was performed. This way events with too much noise or extra 
pulses with heights just below the value of YCRIT were rejected. As with the single 
pulse events, for each pulse found the time was found in the FADC interval units and 
then converted to a drift time in nanoseconds, by multiplying by 10. To convert to a 
drift time, as pulses from separate events were being used, the stop time of the FADCs 
from the latter of the single pulse events was used. To convert to a drift distance, the 
average drift velocity of 50 /zm/ns was used, as the fieldmap was inappropriate since 
in reality the separate pulses came from different parts of the chamber. Drift times, 
drift distances and dE/dx measurements for the one or two pulses found were stored for 
each channel, along with whether or not two pulses had been found. An analysis of the 
simulated double pulses was then performed before the pulses were separated further. 
Once all the separations required had been made, the single pulse information from the 
latest event overwrote the previous ‘old’ data and a new event was found that passed 
the selection criteria.

For the multi-pulse analysis the terms defined in table 8.1 will be used.
Term Definition

T1REAL Time found for first pulse as a single pulse
T2REAL Time found for second pulse as a single pulse
T1MEAS Time found for first pulse after addition of pulses
T2MEAS Time found for second pulse after addition of pulses
P1REAL Pulse size found for first pulse as a single pulse
P2REAL Pulse size found for second pulse as a single pulse
PlMEAS Pulse size found for first pulse after addition of pulses
P2MEAS Pulse size found for second pulse after addition of pulses
TDREAL T2REAL-T1REAL
TDMEAS T2MEAS—TIME AS
DELTT1 T1REAL-T1MEAS
DELTT2 T2REAL-T2MEAS
FACTPl P1REAL/P1MEAS
FACTP2 P2REAL/P2MEAS

Table 8.1: Definitions of terms used in multi-pulse analysis



106 C H A P T E R  8 . M U L T I - P U L S E  P E R F O R M A N C E  O F  T H E  D R I F T  C E L L

Figure 8.1 shows the FADC output from two single pulse events before and after 
they were added together to simulate a double pulse. The upper diagrams show the 
two separate events whilst the lower left-hand diagram shows the FADC output for 
when the pulses are between 40 and 50 ns apart. As this diagram clearly shows, at this 
sort of separation the pulse finding algorithm fails to resolve two pulses for most of the 
channels. The lower right-hand diagram shows the pulses when they are well separated 
and have returned to their single pulse shapes.
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Figure 8.1: FADC outputs before and after simulating double pulses.
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8.2 Two-Pulse Resolution Efficiency

The efficiency with which the pulse-finding algorithm could resolve the two pulses was 
found by seeing what fraction of our simulated double pulse events were found with 
two pulses. This is clearly dependent upon the separation of the two pulses and so the 
fraction of two-pulse events found was plotted as a function of the pulse separation. 
Figure 8.2 shows such a plot for pulses with and without the pole-zero filter. As is 
shown, the use of the pole-zero filter greatly improves the efficiency for finding two 
pulses when the pulses are close together. We can define the two-pulse resolution as the 
separation time for which we are 50% efficient at resolving the two pulses as shown in 
figure 8.2.

Figure 8.2: Efficiencies for finding two pulses as a function of pulse separation for pulses 
with and without pole-zero filtering.

The two-pulse resolution gives an indication of the performance of the pulse-finding 
algorithm. In figure 8.3 is plotted the two-pulse resolution as a function of the size 
of YCRIT used. As we found that for the same value of YCRIT the filtered pulses 
improved the two-pulse resolution (figure 8.2 shows the results for YCRIT=15), we 
tried splitting the value of YCRIT, to see whether this might improve the two-pulse
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resolution further. Below a FADC output of 50 we used a value YCRIT1, and above 50 
another value YCRIT2=INT(YCRITl/2) was used where INT gives the rounded-down 
integer value. As can be seen in figure 8.3 the smaller the value of YCRIT, the better 
the two-pulse resolution. If YCRIT gets too small, however, we will start to introduce 
spurious hits from noise becoming misidentified and so ultimately the value of YCRIT 
chosen in a situation will depend upon the extent of the noise. In all cases the filtered 
pulses give a better two-pulse resolution. For the non-filtered pulses though, we do see 
that splitting the YCRIT value used does improve the two-pulse resolution, although 
never as well as the filtered pulses for any value of YCRITl. For the filtered pulses the 
effect of splitting the YCRIT values is minimal.

To avoid picking up noise hits, all further multi-pulse investigations were performed 
using a single YCRIT value of 15 for the filtered pulses and split YCRIT1/YCRIT2 
values of 15/7 for the non-filtered pulses, resulting in two-pulse resolutions of 2.15 mm 
and 2.65 mm respectively when the average drift velocity of 50 /im/ns was applied.

A study was also made of the effect of the relative sizes of the first and second pulses 
upon the two-pulse resolution. The pulse size was measured using the PIT—>PEAK 
algorithm (see section 8.4). Figure 8.4 shows the resulting two-pulse resolutions. We 
see that the best two-pulse resolutions occur when the pulses are of roughly equal sizes. 
As one pulse gets much bigger than the other, the two-pulse resolution worsens. When 
the first pulse is bigger than the second we get a worse resolution than in the reverse 
situation. This can be understood by the fact that for the pulse-finding algorithm to 
distinguish a second pulse, the signal from the first pulse has to have dropped by YCRIT 
before the signal from the second pulse rises by YCRIT. For a large first pulse, the falling 
tail signal has to be compensated by a large rising edge for the second pulse, which will 
not occur if the second pulse is small relative to the first pulse. For large second pulses, 
the falling tail signal of the first pulse will be swamped by the rising edge of the second 
pulse so that the FADC signal will not appear to have fallen by YCRIT if the first 
pulse is relatively small. In this case the second pulse is not found by the pulse-finding 
algorithm. In both cases the pulses need to be further apart before the signal drop and 
rise is large enough to distinguish the pulses, resulting in worse two-pulse resolutions.

As using the pole-zero filter greatly improves the multi-pulse resolution and it is 
expected that it will be used in the CTD, all further analysis will deal with just the 
data taken with the pole-zero filter included.
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Figure 8.3: Two-pulse resolutions as a function of YCRITs for pulses with and without 
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8.3 Two-Pulse Spatial Resolution
A study was made of how various timing algorithms perform with regard to double 
pulses. This was done by looking at the spatial resolutions calculated as described in 
section 7.4. To ensure that each track was fitted to the correct hits, the drift distances 
associated with the second pulses were shifted a large distance so that there would 
be no confusion in the track finding. The typical shapes of the distribution of spatial 
resolution as a function of the separation of the two pulses are shown in figure 8.5 for 
both the first and second pulse. If only one pulse was resolved on a wire then the 
residual was treated as belonging to the first pulse. As the pulses were added in such a 
way that the resulting tracks appeared parallel, the effect of different pulse separations 
upon the spatial resolutions within an event has been eliminated. This means that the 
ensuing resolutions for each separation of pulses are just the result of the effect of the 
first pulse upon the second for that particular separation.

Separation of pulses (ns)

Figure 8.5: Typical distribution of spatial resolutions as a function of pulse separation 
for the first and second pulses.

In order to assess the multi-pulse performance of the chamber and timing algorithms 
with regard to the spatial resolution we have used the characteristics of the spatial res­
olution plots described in table 8.2 and shown graphically in figure 8.5. We show in
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table 8.3 the resulting two-pulse spatial resolution characteristics for the CFD algo­
rithm (see section 7.4) using various fractions along with other timing algorithms that 
appeared to perform well in the previous single pulse analysis [54]. It should be noted 
that the actual resolutions obtained in this and the previous work cannot be compared 
as the data were taken with different chamber conditions and the calculation of the 
residuals was performed differently, along with the fact that we have used a generic 
value for the drift velocity.

Term Definition
Rlmax
Rlsep
Tlsep

R2max
R2sep
T2sep

Largest resolution for first pulse 
Resolution for first pulse as a single pulse 
Time for which first pulse resolution reaches 
that of single pulse 
Largest resolution for second pulse 
Resolution for second pulse as a single pulse 
Time for which second pulse resolution reaches 
that of single pulse

Table 8.2: Characteristics of 3patial and dE/dx resolution plots

Timing Algorithm Rlsep Rlmax Tlsep
Constant fraction 2% 156 /xm 180 /xm 55 ns
Constant fraction 10% 131 /xm 188 /xm 75 ns
Constant fraction 16% 131 /xm 206 /xm 75 ns
Constant fraction 20% 133 /xm 218 /xm 65 ns
Constant fraction 33% 137 /xm 267 /xm 65 ns
Difference of samples [55] f 131 /xm 188 /xm 75 ns
Interpolation on differences 132 /xm 215 /xm 85 ns
Differentiated constant fraction 50% 148 /xm 360 /xm 95 ns

Timing Algorithm R2sep R2max T2sep
Constant fraction 2% 187 /xm 196 /xm 55 ns
Constant fraction 10% 141 /xm 162 /xm 95 ns
Constant fraction 16% 136 /xm 154 /xm 95 ns
Constant fraction 20% 136 /xm 154 /xm 85 ns
Constant fraction 33% 139 /xm 149 /xm 85 ns
Difference of samples [55] f 141 /xm 162 /xm 95 ns
Interpolation on differences 141 /xm 214 /xm 95 ns
Differentiated constant fraction 50% 149 /xm 225 /xm 85 ns
f different weightings were used from those in reference

Table 8.3: Multi-pulse spatial resolution performance for various timing algorithms



112 C H A P T E R  8 . M U L T I - P U L S E  P E R F O R M A N C E  O F  T H E  D R I F T  C E L L

We can see by studying table 8.3 that there are conflicting optimizations using the 
CFD algorithm for the first and second pulse. When considering three or more pulses 
the first pulse here acts as a preceding pulse and the second as a preceded pulse. In the 
case of three or more pulses, the second pulse will be affected by both the first and third 
pulses as a preceded and preceding pulse. When the preceded pulse, or second pulse 
in this case, is too close to the first to be resolved, it is found that a smaller fraction 
is necessary to reduce the spatial resolution of the apparent single pulse. The worst 
spatial resolution occurs for the maximum separation where the majority of events are 
still seen as single pulses. Here, the rising edge of the apparent single pulse is at its 
widest, and so the movement in a timing point on this rising edge is at its largest. By 
having the timing point lower down the rising edge, the second pulse, which is still 30 ns 
or so behind the first pulse, gives a smaller contribution to the total rising edge at this 
height. Comparing figure 8.5 with figure 8.2 which shows the efficiency for resolving 
two pulses, we see that the first pulse spatial resolution reaches the level of that of the 
single pulse when the efficiency for resolving two pulses is almost 100%. This suggests 
that any degradation in the first pulse spatial resolution is mainly due to double pulses 
being resolved as single pulses. For the second pulse, the effect of the tail of the first 
pulse on the timing point has a greater effect the lower the point is down the rising 
edge, as the IPIT assignment can be greatly altered which only avoids problems with 
timings when we are far enough up the rising edge. Also, the gradient of the rising 
edge increases the further up the pulse we are, thereby minimizing the movement of the 
timing point when larger fractions were used. So for a better resolution for the first or 
preceding pulse using the CFD algorithm, the heed is for a lower fraction, whilst for the 
second or preceded pulse a higher fraction is required to improve the spatial resolution. 
Despite these shortcomings in the CFD algorithm, it still appears to work as well as, 
if not better than, the other algorithms looked at. The separation of pulses required 
before the spatial resolutions reach the values obtained by single pulses is at least as 
short as for the other algorithms.

The discrepancy in the single pulse spatial resolutions between the first and second 
pulses, measured when the separation of the pulses is sufficiently large, is due to the 
additional noise source that exists beyond the end of the first pulse. This noise would 
not exist in genuine multi-pulse events. This difference, however, does give an indication 
of the performance of the algorithm when a certain noise level is present and we see 
that the CFD algorithm becomes less sensitive to noise as the fraction is increased, as
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would be expected in the same way that the second pulse is affected by the tail of the 
first.

As a compromise all further timings were taken using the CFD algorithm with the 
fraction of 16%.
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8.4 Two-Pulse dE/dx Resolution
Various algorithms used to measure the pulse size and thereby the dE/dx loss of the 
particle passing through the chamber were studied with the view to minimizing both the 
dE/dx resolution and the effect of the pulses upon each other. The dE/dx resolutions 
for the algorithms studied were calculated as explained in section 7.5. The typical shape 
of the distribution of dE/dx resolution as a function of the separation of the two pulses 
is shown in figure 8.6 for both the first and second pulse. As with the spatial resolution 
when only one pulse was resolved, the pulse size measured was taken as belonging to 
the first pulse. What should be remembered for such a case is that in the real situation 
to be ^countered by the CTD, the tracks axe unlikely to be parallel and so for double 
pulses resolved as single pulses their measured pulse size, if included as one of the track 
samples, is going to shift the (dE/dx) found for the track it gets associated with. To 
.avoid this, the pulse can be excluded as a dE/dx sample by intercepting the two tracks 
to find any hits on either track which might be an unresolved double pulse. If the 
unresolved double pulse is due to different beam crossings then a problem occurs when 
the two pulses are directly on top of each other, as the only way to have the sample 
excluded from the (dE/dx) calculation for the track would be if it became included in 
the top 25% of the dE/dx samples and so be cut. If the two pulses are just unresolved 
then the pulse can be identified by its unusually large width and therefore removed from 
the dE/dx samples on this criteria.

The dE/dx resolution is dependent upon the value of (E) which in turn is dependent 
upon the ‘contamination’ of the measurement by the other pulse. So by plotting the 
value of (E) found for each pulse separation divided by the average value of E when 
the two pulses are sufficiently separated, (Esep), as a function of pulse separation, we 
can see the extent of the ‘contamination’ for each algorithm. An example of this plot 
is shown in figure 8.7. As with the spatial resolutions, in order to assess the multi­
pulse performance of the chamber and pulse size algorithms with respect to the dE/dx  
resolution we have used the same terms shown in table 8.2 to describe the characteristics 
shown graphically in figures 8.6 and 8.7. The single pulse dE/dx resolutions, Rlsep  
and R2sep, were found by using five dE/dx resolutions for separations greater than 
200 ns and finding the mean of these. As there were large fluctuations in the dE/dx  
resolutions due to limited statistics we also calculated a standard deviation from these 
five measurements to get a measure of the statistical fluctuation.
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Figure 8.6: Typical distribution of dE/dx resolutions as a function of pulse separation 
between the first and second pulses.

Figure 8.7: Scaling factors used in dE/dx resolutions as a function of pulse separation 
between the first and second pulses.
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Pulse Size Algorithm Rlsep Rlmax Tlsep
Area under rising edge 6.2%±0.2% 7.4% 85 ns
Area under rising edge >  CFD 6.2%±0.3% 8.0% 85 ns
Area of pulse >  CFD 5.7%±0.3% 8.4% 115 ns
PIT—>PEAK 5.9%±0.1% 6.2% 75 ns
PIT->PEAK +  4 bins in tail 5.9%±0.2% 6.3% 85 ns
PIT—>PEAK 4- 9 bins in tail 6.0%±0.3% 6.4% 125 ns
BASELINE-»PEAK 5.9%±0.2% 6.4% 75 ns
BASELINE—>PEAK +  4 bins in tail 5.9%±0.1% 6.5% 85 ns
BASELINE—>PEAK +  9 bins in tail 5.8%±0.2% 6.6% 125 ns

Pulse Size Algorithm R2sep R2max T2sep
Area under rising edge 6.3%±0.3% 10.0% 125 ns
Area under rising edge > CFD 6.3%±0.1% 11.2% 125 ns
Area of pulse >  CFD 5.7%±0.2% 13.6% 175 ns
PIT—>PEAK 6.1%±0.2% 10.6% 105 ns
PIT—>PEAK +  4 bins in tail 6.0%±0.2% 12.9% 165 ns
PIT—>PEAK -1- 9 bins in tail 6.1%±0.2% 12.8% >200 ns
BASELINE—>PEAK 5.9%±0.4% 6.9% 175 ns
BASELINE—»-PEAK +  4 bins in tail 5.8%±0.3% 6.6% >200 ns
BASELINE—>PEAK +  9 bins in tail 5.7%±0.2% 6.6% >200 ns

Table 8.4: Multi-pulse dE/dx resolution performance for various pulse size algorithms

Table 8.4 shows the dE/dx resolutions for various pulse size measuring algorithms. 
The BASELINE is the zero level of the FADC output after subtraction of the pedestal. 
For the first pulse the PIT and BASELINE algorithms are essentially the same. For the 
single pulse dE/dx resolutions we find that within the statistics of our results there is 
little to choose from between any of the algorithms. It should be noted that due to the 
limited statistics the graphs axe not as well behaved as for the spatial resolutions. This 
can be seen by comparing figure 8.6 with figure 8.5.

Rlmax does not seem to be a significant characteristic of the distribution, occurring 
at different pulse separations for different algorithms, and appearing to be no more than 
an indication of the statistical fluctuation in our results. The encouraging indication 
of these results is that dE/dx measurements can be made from single FADC interval 
readings of the peak value of the signal. This means that for the single bin algorithms 
we have a minimal pulse sepaxation effect as shown by Tlsep and T2sep. It appears 
that sufficient dE/dx information is contained in just the pulse height measurement.
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This could be because the tail of the preceding pulse is not as well behaved as would 
be required to see an improvement in the outcome of the dE/dx resolution. It was 
expected that the inclusion of the tail of the pulse would improve the resolution as 
the relative precision of the measurement of any single dE/dx value would be improved. 
Any improvement though, is likely to have been swamped by the limited statistics being 
used to determine the dE/dx resolutions. This arises from the fact that 72 pulses are 
required for a single point in the plot used to determine the dE/dx resolution, compared 
with the single pulse required to determine the spatial resolutions. Averaging over 72 
samples may have also removed effects such as noise, as can be seen by comparing Rlsep 
and R2sep, the latter having the additional noise source contained in its calculation.

Although R2max is a measure of the effect of the first pulse upon the second pulse, 
in contrast to Rlmax which appears to be nothing more than the maximum of a sta­
tistical fluctuation, we are not really able to compare the algorithms by their R2max 
values as (E) used in calculating the dE/dx resolutions is affected by the first pulse. 
For instance, (E) appears to be a lot smaller for the PIT—>PEAK algorithm than for 
the BASELINE—̂ PEAK algorithm for a given pulse separation when the pulses are 
overlapping although it would be the same when the pulses are well separated. This 
means that (E) is artifically lower for the PIT—»PEAK algorithm and artifically higher 
for the BASELINE—*>PEAK. algorithm, thereby raising the calculated dE/dx resolution 
for the former and lowering it for the latter.

One problem that the BASELINE—>PEAK algorithm encounters in the artificial 
situation of this analysis is that by summing signals we are including the extra noise 
source the simulation introduces. The effect of this manifests itself by making the values 
of T2sep for all the BASELINE algorithms much larger than for the corresponding 
PIT algorithms, as the value of (E) takes longer to approach its single pulse value 
from above, due to the additional noise source added to it. With regard to the second 
pulse performance, comparisons should not really be made between these particular 
algorithms until corrections have been made to the pulse sizes.
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Corrections to the second pulses based on the separation of the pulses is very desirable, 
as in reality the general situation will be that tracks will not be parallel, so that from hit 
to hit the shift in time will vary. This worsens the resolution of the hits affected by a far 
greater amount than is shown in figure 8.5. The purpose of the pulse size measurements 
is to identify particles by the average dE/dx value of their tracks. Therefore a correction 
to a pulse size measurement is also desirable so that we do not shift this average value.

As well as being dependent upon the separation of the two pulses, where the further 
the pulses axe apart the smaller is the effect of the first pulse upon the second, the 
corrections to be made could also possibly be dependent upon the relative sizes of 
the two pulses. We have shown this to be the case with double pulse resolutions in 
section 8.2. The question is whether including the additional dependence of relative 
pulse size will improve the spatial and dE/dx resolutions over those achieved using just 
the pulse separation dependent corrections.

8.5.1 Finding the Corrections

To find the corrections to be applied to the second pulse we plotted for pulse separations 
quantized into the FADC interval units of 10 ns, DELTT2 and FACTP2 as functions of 
logio(PlMEAS/P2MEAS). For all these quantities the measured values were used, as 
opposed to the ‘real’ single pulse values, as in real multi-pulse events these would be the 
only quantities we would have access to. For each logio(PlMEAS/P2MEAS) interval 
the average values (DELTT2) and (FACTP2) were used as the corrections to be made 
on the measured time and pulse size so that:

T2 corrected = T2MEAS +  (DELTT2) (8.2)
^  ̂ corrected = P2MEAS x (FACTP2) (8.3)

In this way we were to some extent cancelling T2MEAS and P2MEAS as:

DELTT2 =  T2REAL -  T2MEAS
FACTP2 =  P2REAL/P2MEAS
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An indication of how well the correction may work is given by the r.m.s. of the distri­
bution which gives a value for the width a  for each logio(PlMEAS/P2MEAS) interval. 
Figures 8.8 and 8.9 show the distributions of (DELTT2) and <r(DELTT2) using the 
PIT—>PEAK and BASELINE—>PEAK algorithms respectively to measure the pulse 
sizes. The corresponding distributions for the FACTP2 corrections axe shown in fig­
ures 8.10 and 8.11. In all the figures the corrections axe for measured separations of 
pulses between 40 and 50 ns.

Also shown on all these plots are the values found for all pulse sizes, or in other 
words, the pulse size independent corrections and their widths calculated as functions 
of only the pulse separations. Studying the width plots for FACTP2 and comparing 
them to figure 8.12 which shows the frequency distributions of the measured relative 
pulse sizes using the two pulse size algorithms for the same pulse separations, we see 
that the corrections using the PIT—>PEAK algorithm work well. This can be seen from 
the fact that the vast majority of pulse size combinations have <r(FACTP2) smaller 
than the pulse size independent correction. For the BASELINE—>PEAK algorithm the 
fraction of combinations with <r(FACTP2) smaller than for all pulse sizes is less than 
for the PIT—»PEAK algorithm but still forms the majority of pulses. Looking at the 
effect of pulse size corrections upon the time of the second pulse, we find by comparing 
the <r(DELTT2) distribution with figure 8.12 that although for the majority of pulse 
combinations a (DELTT2) is smaller than for the pulse size independent corrections, it 
is not much more than half of the total number of pulse combinations examined for 
this particular pulse separation. This suggests that including the dependence of relative 
pulse sizes when correcting the timings of the second pulses is not effective.

8.5.2 Effect of Corrections upon Tim ings

Once all the corrections (DELTT2) and (FACTP2) as functions of TDMEAS and 
logio(PlMEAS/P2MEAS) have been found, they can be put back into the data and 
compared with the pulse size independent corrections which axe in fact nothing more 
than shifts in DELTT2 and FACTP2. Figures 8.13 show the effect of the corrections 
to the timings of the second pulses for measured separations between 40 and 50 ns. 
The corrections axe implicitly included within T2MEAS. One very clear characteristic 
of these distributions is the long tail for the negative values of T2REAL—T2MEAS
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wliich the pulse size dependent corrections have not been able to remove. Also it can 
be seen that the pulse size dependent corrections have had almost no effect in reducing 
the overall width of this distribution. This tail gets less prominent the larger the pulse 
separations become but for each series of pulse separations the pulse size dependent cor­
rections had no effect in reducing the size of the tail. This suggests that the inclusion 
of the relative pulse sizes in the corrections to the timings is of no benefit.

This is shown to be the case in figure 8.14 where the widths of T2REAL—T2MEAS 
or DELTT2 are plotted, as a function of the measured pulse separations, for the data 
without corrections and with the pulse size dependent corrections using the PIT—>PEAK 
and BASELINE—>PEAK algorithms. From this we can see that the corrections have 
indeed had almost no effect in reducing the widths in the distribution of DELTT2, the 
difference in the times of the second pulse when a single pulse and when affected by the 
first pulse. This is finally shown by finding the spatial resolutions from the hit positions 
whose timings we have corrected. The resulting spatial resolutions as a function of the 
real pulse separation is shown in figure 8.15 which appears to follow the overall shape of 
figure 8.14. This is not unexpected as the spatial resolution of the second pulse should
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follow the underlying pattern of uncertainty in the measurement of its time.

To see whether it was the overall behaviour of the pulses that caused the pulse 
size dependent corrections to be ineffective or whether it was a wrong choice in the 
parameterization of the pulse size corrections, the analysis was repeated using the pulse 
size correction (DELTP2) where

DELTP2 =  P2REAL -  P2MEAS (8.4)

with both (DELTT2) and (DELTP2) becoming functions of P1MEAS—P2MEAS. After 
finding the new corrections and including them in the data, we found that the distri­
bution of cr(DELTT2) was almost the same regardless of whether FACTP2 or DELTP2 
had been used to determine the corrections. This is shown in figure 8.16. The conclusion 
to be made from this is that pulse size dependent corrections do not appear to reduce 
the error in the timings of the second pulses when they are affected by the first pulses.

COc
CM5
UJO
''b

2.4

2.

1.6

1.2

0.8

0.4

0.

—

A u n c o r r e c t e d  d a t a

■  A • < F A C T P 2 >  c o r r e c t e d  d a t a  using P I T  — > P E A K

♦  1
A ■ < D E L T P 2 >  c o r r e c t e d  d a t a  using P I T  — >  P E A K

f t
A

I ■
A

— ■

*

f t
-

—

1 1 _ _ _ _ _ 1_ _ _ _ _ - - - - - - - 1_ _ _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ _ _ 1_ _ _ _ _ _ _ _ _ _ 1----- 1------- 1-----------i_______I____I_____ I_____ !_______ L_
0 25 50 75 100 125 150 175 200

Measured separation of pulses (ns)

Figure 8.16: Distribution of a(DELTT2) with corrections using FACTP2 and DELTP2 
paramctcrizatioTis.



128 C H A P T E R  8 . M U L T I - P U L S E  P E R F O R M A N C E  O F  T H E  D R I F T  C E L L

8.5.3 Effect o f Corrections upon Pulse Sizes

Figures 8.17 show the effect of including in the corrections on the sizes of pulses in 
the data, with measured separations between 40 and 50 ns. With the PIT—»PEAK 
algorithm we find a vast improvement with the distribution becoming symmetrical and 
much narrower whilst for the BASELINE—>PEAK algorithm it merely appears to re­
move the quantization effect that is caused by the 6-bit to 8-bit conversion. Plotting 
the 0-(FACTP2) distribution as a function of the measured pulse separation as shown 
in figure 8.18, we can see the improvement made by the corrections when using the 
PIT—>PEAK algorithm. Any improvement for the BASELINE—>PEAK algorithm is 
not so pronounced. It appears, however, that for nearly all of the pulse separation range 
where the second pulse is clearly affected by the first, both the uncorrected and corrected 
BASELINE—»PEAK data appear to perform better than the corrected PIT—>PEAK 
d^ta as the <j(FACTP2) values are smaller. This suggests that the BASELINE—»PEAK 
algorithm could be the better one to use when determining pulse sizes. Once again 
due to the limited statistics available in finding the dE/dx resolution, it is difficult to 
ascertain which algorithm performs better for the second pulse when referring to the 
dE/dx resolution distribution. This is shown in figure 8.19 where both the corrected 
and uncorrected data are plotted.
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Figure 8.17: D is t r i b u t i o n s  in  P 2 R E A L / P 2 M E A S  w i th  c o r r e c t io n s  u s in g  th e
P I T —+ P E A K  a n d  B A S E L I N E —^ P E A K  a lg o r i th m s  to  d e t e r m i n e  p u ls e  s i z e s  f o r  m e a s u r e d
p u ls e  s e p a r a t io n s  b e tw e e n  1^0 a n d  5 0  n s .
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Figure 8.18: Distribution of cr(FACTP2) a3 a function of measured pulse separation for 
both uncorrected and corrected data.

cO
OW<D
v_

X~o
L dTD

12

11
10

9
8
7

6

5

0

O  u n c o r r e c t e d  d a t a  u s i n g  P I T  — >  P E A K  

•  c o r r e c t e d  d a t a  u s i n g  P I T  — >  P E A K  

□  u n c o r r e c t e d  d a t a  u s i n g  B A S E L I N E — > P E A K  

■  c o r r e c t e d  d a t a  u s i n g  B A S E L I N E — > P E A K

f t
□ ■ ■ 8 A■ 8 8 8

2 5 5 0 7 5  1 0 0  1 2 5  1 5 0  1 7 5  2 0 0

Separation of pulses (ns)

Figure 8.19: Effect of corrections upon the second pulse dE/dx resolution.
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8.6 Conclusions to Multi-Pulse Analysis

From the study made on the multi-pulse performance of the chamber we find that by 
using pole-zero filters we can obtain a two-pulse resolution of 2.15 mm. We also find 
that the first or preceding pulse is not seriously affected by the second or preceded pulse 
for pulse separations greater than 75 ns or 3.75 mm. Any effect of the first pulse upon 
the second was negligible for pulse separations larger than 105 ns or 5.25 mm. These 
results are with respect to both timings and pulse size measurements if a single bin 
measurement of the pulse height is used to determine the pulse size. The worse spatial 
resolution found for the first or preceding pulse is about 60% larger than the single 
pulse resolution and for the second or preceded pulse it is only 15% above that of the 
single pulse. After correcting the pulse size, the dE/dx resolution for the second pulse 
does not rise above 7%, and remains around 6% for most of the pulse separation range 
where the second pulse is affected by the first. This 6% dE/dx resolution is the value 
found for the first pulse regardless of the pulse separation and is better than the 7.5% 
requirement for the CTD stated in reference [47].



A ppendix  A

TASSO Track Param eters

The TASSO co-ordinate system was defined as having the origin at the centre of the 
drift chamber. The x axis was in the horizontal direction pointing towards the centre of 
PETRA, the y axis was vertically upwards and the z axis was along the direction of the 
positron beam. In a cylindrical co-ordinate system the r — <j> plane was perpendicular 
to the beam. The path length along a track in r — <j> was defined as s so that the s — z 
plane contained both the track straightened out in r — (j> and the z axis.

The definitions of the main track parameters shown in fig A .l were:

R  Track radius in the r — (j> plane.
®0> 2/0 Co-ordinates of the point in r — <j> plane where track was closest to the 

origin.
CEc, 2/c Co-ordinates of the point in r — <j> plane that corresponds to the centre of 

the track circle.
(j)o Angle of track in the r — <j> plane at (r05 2/o)-
do Distance of closest approach of track to origin in the r — <f> plane.

For tracks that enclosed the origin d0 > 0 else d0 < 0.
Zo Intercept of track with 2 axis in the s — z plane.
0 Angle of track to z axis in the s — z plane.
A Angle of track to r — (j> plane in the s — z plane.
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Figure A.l: TASSO track -parameters



A ppendix  B

C alculating H its for Track F inding

Hits are initially input into track finders as addresses and measured drift times for hit 
wires. Each time is converted to a drift distance, by multiplying by the drift velocity. 
This drift distance is assumed to be an arc length on the wire circle, the circle being at 
z — 0 for stereo wires, and the angles and <̂>r are calculated for the two possible hit 
positions either side of the wire.

B .l Hits in the r — <j> Plane

The first stage of track finding uses only the DCO hits, resulting in the projection of 
the track onto the r — <j> plane. The magnetic field was uniform enough to assume the 
projected track is a circle.

In terms of the track parameters described in appendix A, (j> is given by
. , ( 2Rdo — <R — r2\  .<f> =  <f>o +  Q arcsm (  2 r { R _ do) )  (B-l)

where Q is the charge of the track. The drift distance calculated using just the drift 
velocity is only approximate, the real drift distance depending on the angle /? between 
the normal to the wire cylinder and track direction at that point, as well as the drift 
time. /? is given by

r2 +  2Rd0 -  d2(3 =  arcsin 2 rR (B.2)
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After a track has been found with the DCO wires, the drift distances are corrected us­
ing polynomials determined in an iterative procedure. A best fit track is then calculated 
from hits with the corrected drift distances.

B.2 Hits in the s  —  z  Plane

Once the track in the r — <f> projection has been found, hits in the s — z  plane can be 
searched for. The projection of the track on the r — <f> plane defines a cylinder and the 
s — z  hit, if it belongs to this track, lies on this cylinder. The angle ft for the track in 
the stereo layer is calculated from the layer radius at z =  0. The fully corrected drift 
distance for each hit wire is used to determine <j>3 for the left and right hits at z =  0. 
For a layer with stereo angle a  to the z axis and radius r3 at z =  0 the hit at (x3,y 3) 
has to lie on the fine

(B.3)x =  a;3 —tan a: sin (f>3z 
y =  y» H- tan a cos <j)sz

The position of the hit in space, if belonging to the track, has to be the intersection of
the line given by equations B.3 with the cylinder given by

(* - *«)* +  {y- yc)2 - R 2 = o (B.4)
The z  co-ordinate of the intersection is

2 = -2 c
b -f y/b2 — 4 ac

where a =  tan2 a
b =  2a;c tanasin^>3 — 2t/c tan a cos 
c =  (x3 -  xc)2 +  (y3 -  ycf  -  R 2

and the s co-ordinate is

s =  2 R  arcsin v 4R (R — d0)

(B.5)

(B.6)

(B.7)

where r is determined using equations B.5 and B.3. This is repeated for all hits on all 
stereo wires that intersect the track cylinder, giving a set of hits in the s — z plane. A 
search for the s — z projection of the track is then made using either a linear fit to the 
hits, as in the case of non-magnetic particles or, as in our case, a parabolic fit.



B ibliography
[1] TASSO Collaboration, W. Braunschweig et al., Z. Phys. C38, (1988) 543
[2] P. A. M. Dirac, Proc. Roy. Soc. A 133, (1931) 60
[3] P. A. M. Dirac, Phys. Rev. 74, (1948) 817
[4] J. Schwinger, Science 165, (1969) 757
[5] H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, (1974) 438

For a summary see J. Preskill, Ann. Rev. Nucl. Part. Sci. 34, (1984) 461
[6] W. Troost and P. Vinciarelli, CERN Th. 2195 (1976) (unpublished)
[7] B. Cabrera, Phys. Rev. Lett. 48, (1982) 1378
[8] A. D. Caplin et al., Nature 321, (1986) 402
[9] B. Cabrera et al., Phys. Rev. Lett. 51, (1983) 1933

[10] G. Giacomelli et al., Nuovo Cim. A 28, (1975) 21
[11] D. Fryberger, K. Kinoshita and P. B. Price, Phys. Rev. D 29, (1984) 1524
[12] P. Musset, M. Price and E. Lohrmann, Phys. Lett. 128B, (1983) 333
[13] P. B. Price and M. H. Salamon, Phys. Rev. Lett. 56, (1986) 1226
[14] E. Amaldi et al., Nuovo Cim. A 28, (1963) 773
[15] CLEO Collaboration, T. Gentile et al., Phys. Rev. D 35, (1987) 1081
[16] G. Barbiellini et al., DESY 80-42, (1980)
[17] S. P. Ahlen, Phys. Rev. D 17, (1978) 229; Rev. Mod. Phys. 52, (1980) 121
[18] TASSO Collaboration, M. Altoff et al., Phys. Lett. 138B, (1984) 441

136



B I B L I O G R A P H Y 137

[19] A. Jocksch et al., Internal TASSO Note 298 (1984) (unpublished)
[20] TASSO Collaboration, R. Brandelik et al., Phys. Lett. 83B , (1979) 261
[21] H. Burkhardt et al., Nucl. Inst. Sz Meth. 184, (1981) 319
[22] K. W. Bell et al., Nucl. Inst. & Meth. 179, (1981) 27
[23] TASSO Collaboration, R. Brandelik et al., Phys. Lett. 92B , (1980) 199
[24] TASSO Collaboration, R. Brandelik et al., Phys. Lett. 94B , (1980) 259
[25] D. M. Binnie et al., Nucl. Inst. & Meth. 228, (1985) 267
[26] C. Youngman, Ph.D. Thesis, Imperial College H E P /T /8 2 , (1980)
[27] A. J. Campbell, Ph.D. Thesis, Imperial College H E P /T /1 1 7 , (1983)
[28] H. Boerner et al., Nucl. Inst, &; Meth. 176, (1980) 151
[29] J. K. Sedgbeer, Ph.D. Thesis, Imperial College H E P /T /1 1 6 , (1983)
[30] TASSO Collaboration, R. Brandelik et al., Phys. Lett. 94B , (1980) 444
[31] H. M. Fischer and N. Wermes, DESY Internal Report F12-80/01, (1980)
[32] C. M. Hawkes, Ph.D. Thesis, Oxford University R A L /T /0 1 1 , (1985)
[33] D. G. Cassel and H. Kowalski, Nucl. Instr. & Meth. 185, (1981) 235
[34] T. Gilead et al., Internal TASSO Note 60 (1978) (unpublished)
[35] U. Fano, Ann. Rev. Nucl. Sci. 13, (1963) 1
[36] Review of Particle Properties, Phys. Lett. B 170, (1986)
[37] B. Naroska, DESY 86-113, (1986)
[38] D.H. Perkins, Introduction to High Energy Physics, Addison Wesley (1982)
[39] Y. Kazama, C. N. Yang and A. S. Goldhaber, Phys Rev. D 15, (1977) 2287
[40] Original technical drawings of CPC (not published)
[41] X. S. Tsai, Rev. Mod. Phys. 46, (1974) 815
[42] TASSO Collaboration, W. Braunschweig et al., DESY 88-034, (1988)



138 B I B L I O G R A P H Y

[43] T. Bowcock and D. Xiao, Private communication.
[44] Nijenhuis and Wilf, Combinatorial Algorithms, Acedemic Press (1978)
[45] F. Sauli, CERN 77-09, (1977)
[46] G. Wolf, DESY 86-089, (1986)
[47] The ZEUS detector, Technical Proposal, ZEUS collaboration, (1986)
[48] The ZEUS detector, Status Report 1987, ZEUS collaboration, PRC 87-02, (1987)
[49] Technical Proposal for the HI Detector, Hi collaboration, (1986)
[50] SYSTEM DL300 (Heidelberg), B Struck, Tangstedt/Hamburg (unpublished)
[51] G. Eckerlin et al., IEEE Trans. Nucl. Sci. N S-33, (1986) 1066
[52] M. Atac, LBL-21170, (1986) 55
[53] B. I. Hallgren and M. Verweij, IEEE Trans. Nucl. Sci. N S-27, (1980) 253
[54] S. M. Tkaczyk et al., RAL-87-094, (1987)
[55] D. Schaile et al., Nucl. Instr. Meth. A 242, (1986) 247


