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A.B S .TRAC T  

Up to the time when atomic physics experiments were first done and 

the period that followed thereafter, the only source of information 

regarding the properties of neutral currents was provided by the 

elastic and inelastic scattering of neutinos and antineutrinos of leptons 

and nucleons. This experimental data was described remarkably well by 

the Weinberg-Salem model of weak and electromagnetic interactions based 

on the gauge group SU(2)L  x U(1)., everything being described in terms 

of one parameter, i.e. the ratio of the coupling constants gSU(2)  and 

gU(1). The outcome from the analysis was_that the neutral current was 

parity violating. However, the atomic physics experiments which employed 

the. valency electrons interacting with the parent nucleus (Bismuth) 

seemed to indicate that the neutral current was parity conserving. This 

became more and more certain as the experimental accuracy improved. It 

is to accommodate this fact about neutral currents that one has to depart 

from the standard model of Weinberg and Salam. We extend the gauge 

group from SU(2)L  x U(1) to SU(2)L  x SU(2)R  x U(1) which is already 

embedded in the Pati-Salam model of strong weak and electromagnetic inter-

actions based on the group SU(2)L  x SU(2)R  x SU(4)2+R. We only concen-

trate on the subgroup SU(2)L  x SU(2)R  x U(1). The novel features of this 

new theory are: 

1. The basic Lagrangian describing the universe is parity conserving and 

parity violation is attributed to spontaneous symmetry breaking. 

2. All the neutrino neutral current data fits extremely well with 

experiments. 

3. The parity violation parameterin:Bismuth does not affect the neutrino 

neutral current data and can take any value lying between 
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positive infinity to about -150 in the limit of the standard 

SU(2)L  x U(1) theory. 

4. The theciy permits two massive neutral gauge bosons. If the 

parity vidlation parameter is positive, then one of the neutral 

gauge bosons is light and should be produced in the electron-

positron colliding beams of PEP and PETRA in the near future. 

5. Various asymmetries such as the forward-backward asymmetry and the 

longitudinal asymmetry associated with electron-positron going 

to muon-antimuon pairs are enhanced relative to the standard model. 

These tests should distinguish clearly between the standard model. 

and the one based on the gauge group SU(2)L  x SU(2)R  x U(1). The 

gauge group SU(2)L  x SU(2)R  x U(1) could well be the future group 

of weak and electromagnetic interactions. 

This is what is highlighted in the thesis in greater details. 
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PART I 

INTRODUCTION 



A. THE SU(2)LxU(1) MODEL:ITS ADEQUACIES }AND INADEQUACIES REGARDING 

NEUTRAL CUPEENT PHENOMENOLOGY. 
e 

First we briefly present the SU(2)LxU(1) model of Salam and 

Weinberg. Then we establishqin part) the properties of the neutral 

current by studying 

(a) the inelastic scattering of neturinos and anti-neutrinos off 

isoscalar nucleons 

(b) the scattering of neutrinos and anti-neutrinos off protons 

(c) the elastic scattering of muon neutrinos and anti-neutrinos and 

electron anti-neutrinos off electrons 

Finally we discuss the results of Atomic parity violation experiments on 

Bismuth and point out various ways in which the currents in the standard 

model can be modified so as to accommodate the findings of the experiment. 

Finding these modifications inadequate we depart from the standard theory 

of Salam and Weinberg and describe, in detail, the extended version of the 

SU(2)LxU(1) theory based on the gauge-group SU(2)Lx$U(2)RxU(1)L+R  within 

the gauge model of Pati and Salam Lepton number as the fourth colour". 



B. THE MODEL  

Without going into too much detail the salient features of 

the standard model can be derived as follows: 

How does the gauge group SU(2)LxU(l) come about? 

Well, if one takes a -decay and writes out the matrix element in the 

current x current form of Fermi, the leptonic current suggests that 

the electron and its neutrino be put into a fermion doublet 4, where 

1 	° 

 

and any fermion field f in its left and right handed chiral projections 

is represented by 

5L _` 	(I 4-- as) 

The leptonic current can be written as 

(.4D 1)9J,_ 

Similarly, for its hermitian conjugate. If one now looks at the. 

electromagnetic current of the electrons 

3- tr„ 	- Q Yr e 

one finds that the electromagnetic current can be written in a compact form 

e 
	`ici..

z o 	-1- cP` 
~Z ° 	PL. 	e. 	e~ 

% 	 O - } 
S. 

LK V° 	- 
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TL+, TL  , TL  , generate the weak isospin while U°  which is just the 

unit matrix generates U(1) and is identified with the weak hypercharge: 

The right-handed current is a singlet under the SU(2) and the U(1). 

So the input of leptonic weak current from s -decay and the leptonic 

electromagnetic current generate the gauge group SU(2)LxU(1) as the 

unifying group of weak and electromagnetic interactions as output. 

C• NEUTRAL CURRENTS OF SU(2)LxU(1) 

The electric charge operator, from the discussion of the last 

section, is 

Q m 

The structure of the photon field which couples to the electromagnetic 

current can be written down immediately once. (p
em is known,  

A _ 	v° 
EL 

eZ 9 
t 

9 " 

g E SU(2)L  ; g' c U(1) and e is the electric charge. 	The other 

independent eigenvector, orthogonal to the photon, is the g field 

and has the form, 

The current coupling the photon we know already. Its properties such 

as the coupling constant (e) and its parity (conserving) are well 

established. So we will only concentrate on the g field. 



The current coupling the g field can be written as 

or more compactly as 

✓ 
Mlt 

	
Z 	

J -e. m / 
cerS O W 

9%9 = 	Ow 	, 11.o. W 4.14,‘0o.Q/(3 cv n3 

So far we have talked about the electron and its neutrino. We can 

treat the muon and its neutrino in exactly the same manner. From part A, 

(a) and (b) are absolutely necessary if we are to make predictions. 

(c) provides possible tests of the theory. 

(d). The coupling constant of the neutral current is known. This is 

because it is related to the Fermi coupling constant GF 

GF 	3L 

All neutral current amplitudes have 

z 
GN _ _~( mvti 

2 	
M L Ccis`o w 

as their coupling constant. These come from the usual t.ree diagrams 

in perturbation theory and MW and M̂  are the masses of the intermediating 

charged and neutral gauge bosons. Both theoretically and experimentally 

2 

Mw 	= 1 

Mg2Cos26W 



..~ 	- + Pc 

-a js,, -i- Y. -... 

Having fixed the parameters of the neutral current we can 

make predictions for the following semi-leptoric processes. 

(I) . 

12 

(i) and (iii) are elastic while (ii) and (it) are quasi-elastic. 

The theoretical predictions of the ratios 

R 	- dNe 	+P- vom. +?) 

R C v~ +P 	+ 

( 	+ P -' p. + 

R ILL = dNc_/ aN~ 

P = 	 t-cAA 	$ 	N = N Q.t./A. Rcn . 

lie 'within the range of the numberrquoted by the experimental groups, 

(we present all these numbers when we deal with the extended version 

of the model). Once again 

R,1 
NC 

Lastly, there are the elastic cross-sections for purely leptonic 

scattering 
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(13) Sin21 : 	Experimentally, the ratios of the cross-section of 

neutral current (NC) to charged currents (CC) for muon neutrinos and 

anti-neutrinos scattering ipelastically off isoscalar targets have 

been measured with a great deal of accuracy by several groups all over 

the world. These ratios are defined as 

R,, r = 	N c r ̀  	N 	4- ~C 

Gj 	+ N -> /ū # X ) 

R 53 	= 6' NI}  C 	 + Ni ) 

c c 	p"Lt 4 N --3 ~Ct } ?C 

cyN / O' •r' C 
For the standard theory, it is customary to plot a graph of RI' against 

. Each point on the curve represents one value of Sin2O1..• Data 

from GGM, HPWF, CITF and CERN in particular, fix SIN20i4 to lie between 

p•~ t~ C..2 C3w 	L 	O. 3O 

[Ref. 1+0, 1+1, 142 on page 74 contain details about the above results.] 

The prediction of the theory that the ratio 

%3a 
~ Ne ! 	iJ r 

is substantiated well by the data from the above four groups. 



One parameterises the cross-sections in the following way 

03 C vr { 2  -~ ?% + e-) s C ~ . 164' L 1))"'cm 
C GQ.v 

Here also one finds complete agreement between the standard SU(2)LxU(1) 

theory and experiment. Also as has been the case previously 

Cya e  

i.e. the cross-sections for muon neutrinos and anti-neutrinos scattering 

off electrons elastically are not equal. 

(y) The outcome of all this is that the theoretical predictions of 

SU(2)LxU(1) and the experimental data are in complete harmony with each 

other. Most important of all, the cross-sections, whether one considers 

elastic or inelastic scattering, for the neutrino neutral currents and 

the anti-neutrino neutral currents are not equal. This leads us to 

establish the nature of the neutral current. One concludes that the 

neutral current is Parity Violating! 

Caution is needed in making such hasty decisions about this 

property of the neutral current for the following reason. 

We employed neutrinos and anti-neutrinos in order to study the 

neutral current. The neutrinos and anti-neutrinos are two component 

objects. Due to their masslessness they come in definite handedness. 

Thus parity is naturally built in them through gauge invariance. This 

intrinsic property of the neutrinos and Anti-neutrinos cannot be attributed 

to the neutral current. 

11+ 
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It may well be the property of the neutral current but one has to make 

"intrinsic parity independent" measurements. 

D. THE ROLE OF ATOMS IN NEUTRAL CURRENTS  

If one wants to settle the parity of the neutral current, one 

must employ beams in which the constituents come with left as well as 

right handedness. The only other leptons left are the electrons and 

themuons which are indeed four component objects. 

Electronic and Muonic atoms serve as natural models for 

studying neutral currents. Observations on muonic atoms are difficult 

because the muons deacy too rapidly for reliable observations to be made. 

So we concentrate on electronic atoms and on Bismuth in particular since 

preliminary results are from experiments on Bismuth vapour. 

Theory: 

Consider an excited valency electron of the Bismuth atom. 

INTERACTION OF ELECTRONS WITH HE NUCLEUS 

It can interact with the parent nucleu s through the exchange of a photon 

or through the exchange of a neutral intermediate boson. We will 

concentrate on the second diagram since the first is known to be parity 

conserving. The interaction hamiltonian is of the current cross current` 

type. 
• 

• 



Pv 

 _ 	.5 /4) (pCP.? 
rn<. 	 m~ J\ 

where 
4, gA, gV, gA, are known for any model and qi 

is the quark 

of the ith type. 

Only the cross terms in the interaction hamiltonian are parity violating. 

In order to have some feel as to what the various parity violating 

terms mean, it is convenient to derive from the second quantised effective 

Hamiltonian, H, a non-relativistic electron nucleus potential in the 

following way. 

In the non-relativistic approximation . 

-Y;t._ 	velocity of the electron 

spin of the electron 

l~~ 
f ..___-a C̀ " y 	` 	timelike ---~ charge density 

I. 	 r 

	 Q 	i, 	spacelike --H> spin of the nucleus 

Therefore., 

H V Pn ri! u vioLc~(ing _ 	pV 
C!-1-4 	 _ V 

16 

-}- 	\'"") eY mA- 1. i os 	Con  

r, Me, S and P are respectively the position, mass, spin S = 2d and 

momentum operator of the electron. %p and %n are the total spin 

operators of the protons and neutrons in the nucleus. CAp and CAN are 
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some linear combination of the gauge couplings gy, gA, gV, gA introduced 

into the interaction Hamiltonian H. Qw will be defined shortly. 

Under the influence of the parity violating potential, parity 

mixing occurs between atomic~ō~āve functions. For heavy atoms the limelike 

dominates over the spacelike 

 

ys 

since the nuclear spin is of order unity. Therefore, in the parity violating 

potential)(0pCAP + OnCAN) term being proportional to nuclear spin is 

negligible and the electron-nucleus potential can be written as 

V 
pvc ) CF 

So much for the physical insight into the various terms. The relativi-

stic analogue for the above expression for H is the compact form 

~-! = 	Gr 	w 	car r 	
e J („0 

where 

O ("J- (?QP 
n 

The electron sees 	protons and (A - ) neutrons through the 

neutral current and 
J 

is the nuclear charge density normalised to 

unity. Hence the form of Qw. 

In the dependent particle model of the atom, because of its zero-

range nature, H will mix only Si_ and P. states. From ordinary perturbation 

theory, if S is the ground state, then it acquires some admixture of the 

n'P, ? parity violating states of different principal quantum number 
2 



n' and the ground state is modified to 

I 
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= ~►Z~ 	in Sl  > + z 
n' 

	 <nR211 HInSZ ~ 

E-n5 — ~ nP 

The matrix element of H is given in terms of the radial function Rn1(r) by 

K nsZlH In' 	 Rni_c°) P.noco)) 

and simplifies to 

<*lH1fP> G 	7 ( + 	a (En) -L SoTn'~ Kr 
C rL 1 	  

(Yl~ 0_0 

n 

where 

0.o 

50 ( r) , 5, ($.7 

2n, 

= Bohr radius 

• come from atomic wave functions 

• binding energy in atomic units 

• Relativistic correcting factor 

(3 for Cesium, 9 for lead and 

increases as Z increases.) 

The matrix element follow a 2,3 law. There is a simple physical interpretation 



of the three powers of ā. 

1. One power of E expresses the coherent effect of the nucleus due 

to the fact that the weak charge of the nucleus is the sum of 

the charges of the constituents. 

2. The second power of Z comes from the fact that the electron feels 

the coulomb attraction of the nucleus which goes like.  Z. 

3. The third power follows from the proportionality of H to the velocity 

of the electrom near the nucleus which grows like Z. It is 

clear that the matrix element is enhanced if we use heavy atoms 

with large E. 

But why Bismuth? In the modified ground state,(n'p1> the matrix 
element is weighted by the energy denominator 	(Ens — E-n'p 	. The 

matrix element will be further enhanced if the levels are closely 

populated.Bismuth offers such a possibility. Hence the choice. 

The first term in the modified ground state In'S2 , is resronsi6Īe 

for the normal magnetic dipole (M) transition and the second term is 

responsible for the parity violating electric depole (E) transition. 

Experiment: 

In the actual experiment a plane polarised laser beam is divided 

into left and right circularly polarised light. It is then made to pass 

through a tube of Bismuth vapour and the intensities of the two beams 

emitted at the other end are separately measured. In the presence of H, the 

19 

eigenstates corresponding to the left and right circularly polarised 



light take the ,Form 

I nSz ~+ I n 5~i +n'P~> 

I nS o_ = 1hs~ 	- a ln'P4,1 

The ratio of the intensities with and without the vapour.is a measure 

of the angle of rotation of the plane of polarisation. This macroscopic 

effect manifests itself due to .the fact that the refractive index of 

the medium is frequency dependent. The rotation of the plane of polari- 

sation of light of wavelength 	transmitted through a length L of 

vapour having indices nR and nL for right and left circularly polarised 

light is given by 

L = - r̀v L (nR - n ) 

An asymmetry parameter can - be defined for the transmitted left and 

right circularly polarised light intensities 

= (I - _ -) / (Z, fi z -i 

M a i - 	Ni - d E 1 7' 

1 M -+- c a. rt 	Z 
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It is also a measure of the angle of rotation between the left and right 
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circularly polarised light. O( contains information about the parity 

violating Hamiltonian H. The asymmetry parameter, skipping the details, 

is usually expressed in the form 

CL = 	I 0 2<... C? w 

where xIO
2
comes from E/M and the absorption coefficient at the line 

. peak assuming that the shape of the line is of the Breit-Wigner form. X. is 

of order (0.17). Experimentally, as measured by the Washington and Oxford 

groups, the value of 0-)Wi5 

-0.7t 3.2 	+2.7 ± 11.7 

Washington 	 Oxford 

For Sin2eFT  = 0.28, Qw  for SU(2) x U(1) model is -138, way above the 

experimental limits (-138 in terms of 04168  is -24). The experimental 

numbers suggest Qw  to be consistent with zero while the theoretical 

predictions are at least an order of magnitude great. 



E. MODIFICATIONS OF AND EVENTUAL DEPARTURE FROM SU(2)L x U(1) 

As we have seen, the standard model has been very successful in 

describing the neutrino neutral current data. It would be unjust if 

we were to advocate something new in place of the standard model without 

giving it a chance to explain the null or near null results of parity 

violation in Bismuth. 

There are two ways one can accommodate these findings of the 

atomic physics experiments without departing from the SU(2)L x U(l) theory. 

(a) We could make the neutral current purely vector by introducing new 

quarks into the theory. The quarks would then go to make right handed 

and left handed doublets. There would be no singlets, e.g. in 1:11e.  

vector-like theories 

C 	P t
a ` 	 ,~ 	n 

(M° 	E° 
m-ix. (a- )  

Additional new leptons would have to be introduced to cancel the triangular 

anomalies. Such vector-like theories predict 

This, in fact, is a disaster since the result is in direct contradiction 

with experiment: These cross-sections have been measured with better 

accuracy than any other neutral current cross-sections. 

22 
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(b) Since the dominant contribution to the parity violating hamiltonian 

was proportional to the axial vector electron current we could make the 

electron current pure vector by adding a right-handed weak doublet (E°,e )R. 

° i E is some neutral heavy lepton. Anomaly cancellation requires an 

additional doublet of left-handed leptons. The same procedure for the 

muon current maintains lie symmetry through. the addition of the (M°;u )R  doublet 

and another left-handed doublet for anomaly cancellation. 	The e is the 

charged lepton in one of the new doublets. 

Igo change is made in the SU(2)L  x U (1) assignment of quarks. Only 

Higgs doublets are needed in the theory. The mixing angle between'A and 

EL and between 11 and M°L. ,, 	
are equal to Trim co and .Th, / Q . These are 

neglibible. In the literature this modifield version of the standard model 

has come to be known as the hybrid model. The salient features of the 

hybrid model are 

(i) The masses of the charged W's and Z are the same as in the 

standard model. 

(ii) There is no parity violation since the axial coupling of the 

electron does not exist. 

(iii) The coupling of muon-neutrinos to electrons involves a pure 

electron current. 	This predicts Cn e = Cy e, 

The last prediction seems to contradict experiment. But the data 

on lepton scattering is poor. 

(c) The alternative solution that we propose is to depart from the gauge 

group of the standard model itself and replace it with some bigger unifying 

structure such as SU(2)Lx SU(2)Rx U(1)L+ . 

Here we must stress that although the standard model predicts 
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observable parity-violating effects on Bismuth, the experiments are compa-

tible with the null result but not with the prediction. The prediction 

due to the standard model lacks the theoretical precision with which the 

atomic calculations need to be performed. This, however, is our only 

reservation. In the event of 	Cys e5/,(:13,:e. and for the lack of 

required precision in the atomic calculation the alternative solution 

might just be the answer. 

In the next section we systematically develop the theory of weak and 

electromagnetic interactions based on the "left-right symmetric" group 

structure SU(2)L  x SU(2)11  x U(1)L+R.  Since the main aim is to have a grand 

unified theory of all the basic forces eventually, as a first step in 

this direction we choose the Pati-Salam gauge group SU(2)L  x SU(2)R  x SU(4)L+R  

which already has SU(2)L  x SU(2)R-x U(l)L+R  as its subgroup. 

The most important result that originates out of our analysis is 

that neutral current processes initiated by left-handed neutrinos (or right-

handed anti-neutrinos) are independent of the vacuum expectation values of 

those scalar multiplets which do not couple to the WL's, provided WL  and WR  

mixing or equivalently quark-mass terms are ignored (iTL, WR are the gauge 

bosons belonging to SU(2)L  and SU(2)R  ). This has the remarkable consequence 

that the theory can continuously reduce to the SU(2) x U(1) limit, and agree 

in all its predictions with those of that theory, except for the amount of 

atomic parity violations and the masses of the two neutral particles. The 

next part of the thesis is devoted to exhibiting the truth contained in the 

foregoing statement. 

Our starting point is the Pati-Salam wdel itself. 



PART II 

NATURAL LEFT-RIGHT SYMMETRIC THEORY 

AND ITS NEUTRAL CURRENT PHENOMENOLOGY 
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The neutral-current weak interaction sector of the left-right 

symmetric unified theory of quarks and 1Q.ptons based on the symmetry 

structure SU(2)L xSU(2)R x SU(4)L+Rand its subgroup SU(2)L x SU(2)R x 

SU(3)L+R x U(1)L+R (suggested in earlier papers) is studied in detail 

here. The thoery admits in general of two weak neutral gauge 

bosons N1 and N2 ( and two sets of left and right charged W's 

(WL, WR). As pointed out earlier, there are two distinct possibilir 

ties for the pattern of spontaneous symmetry breaking which lead to 

the mass ratios: 

2 2 2 ( i) TĪ N~ « mN 

(ii) mlj N  	myT+ 
1 	2 	L 

Case (i) is identical to the familiar SU(2) x U(1) theory for all 

predictions. Case (ii), on the other hand, leads to departures from 

SU(2) x U(1). One of the most crucial results of our investigation 

is that such departures occur only for the electron-induced atomic 

parity experiments and not for neutrino-induced weak processes 

in the chiral-4-invariant limit; in which WL-WR- mixing as well 

as fermion masses vanish. In this manner (for the chiral limit  

defined above), SU(2) x U(1) becomes an integral and stable 

ingredient of the left-right symmetric theory for both cases (i) 

and (ii) in so far as their predictions for neutrino-induced 

reactions are concerned; the differences between the two cases 

(in this chiral limit) lie solely in their predictions regarding 

.atomic parity violation and, of course, the masses of the two 

neutral particles N1 and N2. We study the chiral as well as 
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the non chiral cases and compare their predictions with experiments, 

observing that approximate or exact global chiral symmetry of the 

left-right symmetric theory is a point of good agreement between 

theory and all the present neutral-current experiments. 

We exhibit the dependence of the atomic parity-violation-

parameter Qw  on the masses of the two neutral particles N1  and N2. 

and remark in particular that (depending upon the sign and magnitude 

of Qw), there is the exciting experimental possibility within the 

left-right symmetric theory that the mass of one of the neutral 

gauge particles is sensibly smaller than that of the charged WL. 

This particular possibility does not materialise, if one insists 

on exact atomic parity-conservation. 
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At  'INTRODUCTION 

The null or near null result of the present atomic parity 

vi;,lation experiments)  (taken at its face value2  ) together with 

manifest v-distinction in neutral current scattering experiments3  

suggests that quite possibly a radical departure from the simple 

SU(2) x U(1)-group-structure is called for even at low energies. 

Neither the simple SU(2) x U(1)- theory nor the standard vector-

like theory5  based on the SU(2) x U(1)-group can, it seems, account 

for the present set of experimenta data. 

The purpose of this chapter is to stress that such departures 

from the simple SU(2) x U(1)-theory are in general 	expected 

to occur within the left-right-symmetri c  unified theory of 

quarks and leptons proposed sometime ago6. The gauge structure is 

either  G. SU(2)L  x SU(2)R  x SU(4)1,+R , or its leftright 

symmetric subgroup?  G = SU(2)L  x SU(2)R  x U(1)L+R  x SU(3)LR  

both proposed in Ref. 6. There are two key features of this 

theory relevant for the present discussion. 

(a) To begin with, the gauge structure SU(2)L  x SU(2)R  is 

left right-symmetric with left and right handed fermions trans- 

forming in a parallel fashion under two distinct SU(2)Ts (SU(2)L  

and SU(2)R). (This is unlike both the simple SU(2)L  x U(1)-theory, 

which treats the left and right handed fermions asymmetrically 

from the start, as well as the vector-like SU(2) x U(1)-theory for 

which the left and right handed fermions transform in a parallel 

manner, but under the same SU(2)-group.) In contrast, for the symme- 

try-structure G , for every left handed (V-A)-current coupled to 

the gauge particles (wL or wL), there exists a parallel right handed 

(V+A)-current coupled to a distinct set of gauge particles (Wor wR). 
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The commuting group SU(4)L+R  (as well as its subgroup SU(3)L+R x 

U(1)L+R) acting on the four color-indices generate just vector 

currents and thus also preserve the 	left —right symmetry. 

As a result, (subject to8  the bare gauge 

coupling constants g
(o) 

 and g
(o)  associated with the gauge groups 

SU(2)L  and SU(2)R 	'being equal), the gauge lagrangian9  of 

the theory (prior to spontaneous symmetry breaking) is parity 

conserving. Parity violation is introduced into such a theory in 

the charged and independently in the neutral-current sectors, if, 

for example10, spontaneous symmetry breaking assigned asymmetric  

masses to SWLs and MRs. The major motivation for the introduction 

of a left right symmetric gauge-structure was the 

fulfilment of the 	aesthetic desire i.no- parity violation may 

be generated spontaneously within such a theory. (Additional 

motivations for the introduction of such a gauge structure are the 

elimination6  of abelian contributions to electric charge and the 

generation of a desirable milliweak theory of CP violation
ll) 

(b) Second and equally important is the fact that this 

theory 	permits6  (depending upon the pattern and parameters of 

spontaneoussyrmnetry breaking) the emergence of two relatively 

"light" neutral gauge particles12  (rather than just one) in addition 

to the photon and the color-gluons. Each of these two can induce 

neutral-current interactions of order Gīer2i as stressed in Ref. 6. 

Likewise the theory permits two positively charged gauge particles 

to remain rather "light" (instead of the single WL 
 ; one of them 

induces the familiar charged current interactions of strength GF  

(by choice) and the other of stre+gth 2 GF/10 (this last restriction 

can be relaxed if we asHume more than four quark flavours13). It may 
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be noted that the availability of this novel feature invzilving two_ 

relatively light neutral and likewise two rather light charged 

gauge particles (rather than one of each variety), is a very 

special property of the gauge structure = SU(2)R  x SU(2)RJ  x 

SU(1+) R  (as well as of its left right-symmetric subgroup7  

and all its extensions to superunifying groups G); it is not 

available, by contrast within unification hypotheses such as the 

ones based on the group structures SU(5) and E7.  The availability 

of this new feature within the group structure 	was noted in 

Ref. 6, where the appropriate choice of Higgs -Kibble-multiplets 

permitting the emergence of the said solution was also given. 

To be specific, it was pointed out in reference 6, that depend-

ing upon the choice of Higgs-Kibble multiplets and the pattern of 

their vacuum-expectation values, there are basically two extreme 

alternative modes by which the symmetry (or its superunifying 

extensions G) could descend spontaneously into the level of the 

symmetry (G obs) of the known interactions. These are 

schematically presented in the chart on the next page. 



(5, 5 , fs) 
• 

mass —100 GeV 

G= Esuc4 ]4  or SU(8) x SUC8), etc.. 	 

(one coupling constanl) 

Heavy 	Associated Masses 

SUC2)L x SUt2)R x SU(4)L+R 

(2 effective constants :g, r ) 

mass V .> 104 GeV 

I 

I I 
Case-I 	 Case-a. 

~S~C9. 
x 
U(1)xStii3)

L 	
Q=SUC2)

i _x 
SUC2) 

t.X 
UC')L ~ xSUC3)

L 
 

~ Rti7 	L  
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(5, r15,fs) 

mass V >200 GeV 
r 

SU(2) XUCD:  xU(1) XSU(3) ° 	L-1-rt L-S-R 

mass V 100GeV 

Gobs" Uc73f x SU (3)Li-r4 	 Gobs = UCi)f XSU(3)L+R 
ihvo"light"NeutraI gauge particles:N1and N2) Cone"iigh ." Ne+utrai gauge particie:Z0) 
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Here U(1)f  denotes the abeLian symmetry generated by the color-

singlet part of the electromagnetic charge (which is the entire 

electromagnetic charge if quarks are fractionally charged). For 

the case of integer-charge quarks the symmetry U(1)f  x SU(3)1,+R  

breaks down further6  by a mass scale of order 1 Gev to the local 

symmetry generated by electric charge (which in this case becomes 

a sum of the color-singlet piece (U(1)f) and an appropriate com-

bination of color-octet-pieces). For the present discussions it 

is immaterial, however, we choose fractional or integer-charges 

for the quarks (see later). 

In Ref. 6, only the first case (Casel) was exhibited in some 

detail for the sake of simplicity, although the basic ingredients 

needed to generate the second alternative as well as its general 

significance for neutral current-interactions due to the presence 

of two "light" neutral gauge particles (as opposed to one for the 

SU(2) x U(1) gauge-structure) were spelled out. In this po_rE,w e. 

examine this second alternative in some detail and present the 

variety of new and experimentally interesting complexions, which 

could arise within this alternative by permitting the full general-

ity of symmetry breaking, proposed in Ref. 6. We remark that atomic 

parity violation can be arbitarily small within a class of solutions  

within the second alternative, while thedistinction between neut,-

rions and antineutrinos even neutral-current scattering experiments 

can be large, this last feature produced only via parity violating 

charged current interactions and carry definite handedness (see 

later). 



Before proceeding further, it needs to be noted that two 

sets of authors (Mohapatra and Sidhui6 and De Rujula, Georgi and 

Glashowi7) have recently carried out investigations in this area. 

Our work and results partly overlap with the work of these authors 

to the extent that they are exam1nirig the consequences of the same 

group structure G = SU(2)L x SU(2)R x U(1) x SU(3)Lj.R, which was 

proposed in Ref. 6. (De Rujula et al differ from Ref. 6. in their 

choice of fermion-representation and somewhat also in the scheme 

of spontaneous symmetry breaking. On the other hand, the fermion-

representation with four flavors considered by Mohapatra and Sidhu 

(MS) is the one suggested in Ref. 6; also the schemes of sponta-

neous symmetry-breaking considered by MS is happily in ore-one- 

correspondence18 with the one proposed in Ref. 6 (see later)). We 

however examine the problem in this note from the standpoint of the 

breaking of the bigger symmetry via the chain G -~ G  

Thus, we remark that the solutions of vanishingi6 or small17 

atomic parity violation presented in the above references are only 

special cases within a general class of solutions proposed in 

Ref. 6 for the breakdown of the symmetry structure 	. All 

solutions belonging to this class share the common feature of 

vanishing or small atomic parity violation, but they differ from 

each other notabley in the predictions of the masses of the neutral 

particles_.N1 and N2. As we shall show, within this class of 

solutions there exists the distinct possibility that one of the 

neutral masses can be sensibly lighter than the charged W}, (this 

particular feature is not obtainable for the special case of exact 

atomic parity-conservation considered by MS). 
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One of the most interesting (and somewhat unexpected) 

observations we make is to note that neutral current processes 

initiated by left-handed reutrinos (or right-handed anti.. neutrinos) 

are independent of the expectation values of those scalar multi-

plets which do not couple to the WL's, provided WLand WR mixing or 

equivalently quark-mass terms are ignored. This has the remarkable  

consequence that the theory can continuously reduce to the SU(2) x  

U(1) limit, and agree in all its predictions with those of that  

theory, except for the amount of atomic parity violations and the  

masses of the two neutral particles. 

The class of solutions pe-witting two relatively light neutral 

gauge particles is described in general in terms of three parameters 

(essentially two for most purposes, see sec. C. ), which represent 

the masses of the two relatively light neutral particles and one 

coupling constant to be contrasted with two parameters (in general) 

for the SU(2) x U(1)-theory. 

We obtain a good description of the data involving at least 

eight independent neutral current parameters: RI', Rfi, Cy , C:4e, 

C- e, QW (atomic) and two parameters describing elastic 14 and 

17p-scatterings. The left-iright-symmetric gauge-structure6 can 

thus be well tested once the body of neutral-current parameters 

settles experimentally. 
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B. SALIENT FEATURES OF THE BASIC MODEL; SPONTANEOUS  

SYMMETRY BREAKING AND GAUGE MASSES  

For the sake of completeness we wish to recall the following 

salient features of the basic model6: 

(a) The model introduces a sixteer..fold of basic four 

component fermions with fōur flavors (p, n,~l , c) and four colors 

(red, yellow, blue and lilac); the fourth color being identified 

with lepton number LF-7-.L  + L1 
• 
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Note the necessity for the L R-symmetric righthanded partners 

(veli and ~R) of the lefthanded neutrinos 
(yeL and- v1sL ) ' 

(b) To implement left - . right-discrete symmetry as well as 

quark-lepton-unification, the model assumes a minimal local symmetry 

G = S u.(2), x 5 uCz?R x .s t,t_ (l-) L-rR 	(2) 

• where () L R ljj 
and ̀

%) L,R 
for each of the four colors (this includes 

the leptons) are treated as SU(2)L 
R 

doublets, while (qr, qy' qb' 91. L+R 
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• for each of the four flavors are treated as SU(R)'-antiquartets 

(4's) (this puts quarks and leptons into one inultiplet). 

Following the suggestions inRef. 6 and Rrf. 8, we 1.-npose a 

discrete left 4+ right-symmetry on the theory; thus the renormalised 

gauge-coupling constants gL and gR associated with the gauge groups 

SU(2)L and SU(2)11 are equal up to finite order «corrections 

( (gL/gg) = 1 +O(a) ). We will set throughout gL = 

The gauge particles of the theory are conveniently represented 

by the matrices 

(3) 

0 	'-c,(r.w)%c, L, R 

V = 	/ VCs) = S~ 

V(8) denotes the SU(3)'-octet of color-gluons, X is.an exotic 

SU(3)'-triplet (B = -L = 1) and S° is an SU(3)'-singlet associated 

with the 15th generator of SU(4)1. 

Defining O~.F = 2!,.F + ig4t, F - if F V},, where f denotes the 

gauge coupling constant associated with the SU(1+)'-group19, the 

Fermi Lagrangian of the theory is given by 
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Fe-rwtA: 

	 Tr FT_ Yt 	Ir 	(5) 

where FL R  = z (1 ±)')F. Note the manifest completely left H right- 
e  

symmetric parity conserving nature of the gauge-interaction. 

(c) Spontaneous Symmetry Breaking: The model6  introduces the 

following sets of Higgs-Kibble multiplets to induce a general  

pattern of spontaneous symmetry breaking (see section 1V and 

Footnote 21 of Ref. 6): 

A = (2 + 2, 2+2, 1), B = (1, 2 -P2, TO 

C = (2 + 2, 1,-E), 	D = (1, 1, 15) (6) 

Note, the choice of the multiplets A B, C, D is in accordance with 

the requirements of left 4 right-symmetry with B balancing C. If 

f 
one wishes to assign a heavy mass to the charged WR  without at the 

same time making the charged WL _and the neutral components WL ,R  

and So  heavy likewise, one must introduce an additional multiplet 

ER  = (1, 3, 1) and therefore following L4:-0 R-symmetry  a parallel 

multiplet8  EL  = (3, 1, 1,). (The introduction of EL  would be 

inconsequential operationally in the sense that we will assume for 

simplicity20  that EL  is zero or small (perhaps 0(00 ) compared 

to <A7 and/or <C> ) . Additional scalar multiplet may also be pre-

sent to permit the emergence of fermion masses appropriately21; 

however we assume (as in Ref. 6) that such multiplets have small 

vacuum-expectation - values and are inconsequential in so far as 
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gauge-masses are concerned. 

Following Ref. 6 one may choose the parameters of the Higgs-

potential (lying in a specified range) so as to obtain the follow-

ing sets of vacuum-expectation-values consistent with minimisation 

of the potential. 

Cl 
A - 	al al ah 

B = /
00 0 bh  / • 

cl  
C = 	cl c 	:) 

l c. 

D `
(d d ) 

 

O, 

ER 
0 

0 

We have not exhibited the Cabibbo rotated forms for the vacuum- 

expectation-matrices, since once again the!'* are inconsequential 

for gauge-masses (see Ref. 6 for details). The above pattern can 

be preserved6,8, consistent with the demands of natural left•*-Pright-

symmetry (i.e. maintenance of the choice6  4°)  = gR0)). 

EL = EL   0 
(7) 



Integer versus fractional quark-charges: Before proceeding further, 

it should be emphasised that the- unification-hypothesis based on 

the symmetry structure 	G permits6  quark-charges to be either  

integral (c1  # 0) or fractional (c1  = 0). 

c1  = finite " 1 Gev (quarks acquire integer-charges; only 

Cl  = 0 

photon remains massless; the octet of 

color gluons acquire finite mass) 

(quarks acquire fractional charges; photon 

and the octet of color-gluons remain 

massless). 	(8) 

Whether c1  is finite or zero thus makes a world of difference 

in general. However, as we would be interested in this note in 

studying neutral current phenomena below threshold for color-production  

and also because the parameter cl  (even when it is non-vanishing) 

is still negligible compared to the other relevant mass scales in 

the problem, which are of order 100 Gev, it is fortunately immaterial  

for our present considerations, whether we set?2  c1= 0, or 

cl  = finite " 1 Gev. Thus for simplicity of writing we henceforth  

set c1  = 0 bearing in mind, however, that all our considerations in  

the present note regarding neutral and charged-current interactions  

below threshold for color production are equally valid for the cases of  

integer and fractionally charged quarks. 
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Setting cl = 0, we may now simply read off the gauge-mass-

matrices from Eq. (17) and footnote 21 of Ref. 6. These are given 

below: 

YY1z- L,W
R 

w~ 

5- 	' o.Z +cta EL- 

4 

2 ~c +4,o4 ) 

2 
where a2 = 3 a1 + a4 , 	b 2 =b4 and 	c 2 = c4. We ha ve inserted f15 

and f 
s 
(rather than f) in the entries corresponding to the gauge 

particles S = V and X respectively to denote the fact that the 
o 15 

effective renormalised coupling constants associated with these 

gauge particles are in general expected to be quite different from 

that associated with the octet of color-gluons due to differing 

finite renormalisation effects, a feature, which was suggested in 

general terms in. ref 23 	This has recently most strongly been 

emphasised by Elias and Shafi214 , who show that f2 » fi5, (where fS 

denotes the effective quark-gluon coupling constant). We shall 

incorporate these results within our analysis in this note. 

4o 
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Note the important feature that the multiplet D = (1, 1, 15) 

provides mass only to the exotic guage particles X and X, which are 

coupled to qc R, and 
TyUq-

n.rrents respectively but not to V(8) and 

So. Thus D splits SUCh)' naturally to SU (3)1,441 x U(16R, where 

the U(1) corresponds to the 15th generator of the SU(h)'-group; 

this generator is associated with the gauge particle So ̂-, V15. 

Likewise the multiplets ER = (1, 3, 1) and EL = (3, 1, 1) provide. 

masses only to the charged gauge particles WR and WL 'respectively 

but not to the neutral ones. 

Thus note the interesting feature of the model6 that it is 

possible to destroy the leftEH right-symmetry altogether in the mass 

matrix of the charged gauge bosons and thereby in charged current-

interactions (by choosing e.g. ER»> £L, a, b, c) and yet preserve 

it approximately or exactly in the mass matrix of the neutral- 

gauge bosons and thereby in the neutral-current interactions by 

choosing bey c or b = c (see Eqs. (9.2) and (9.3) ). Vice-versa 

is,however,not possible. The full implications of this remark for 

neutral current experiments will be apparent in a moment. 

Phenomenologically, from the known degree of forbiddeness of 

KLixe, one may deduce that 

mX > 104 Gev 	 (10) 

for the basic model. Likewise fron the known suppression of 

(V+A)-interactions in p -decay, one may deduce6 
(within the four 

flavour-model~5) that 

cosOR , 
In 4) 3 (cosgL) 2 mWL 

where el, and 8,R denotas the Cabibbo angles for the left and right 

handed fermions26. 



We are now ready to point out how in accordance with the 

above phenomenological constraints, the two cases I and II 

representing the two extreme alternative models for the breakdown 

of ET to G obs arise (these two alternative cases are descrifled 

in section A). 

Case I: ( G IO Gev  
Go '. = SU(2)1, x U(1) x SU(3)L*R

.  10~G~y: 
<B> 

<A>, <C> 
This case arises if in the first place we choose b » c and a. 

obs) 

Such choice, we note, destroys left 4+ right-symmetry in the 

charged as well as in the neutral-current sectors, since with 

t 
this choice all three right handed gauge-particles (WR, WR) 

acquire heavier masses than the corresponding left-handed ones 

3 
(WL, WL) (see Eqs. (9.2) (9.3)). 

As an extreme possibility, if we furthermore choose b to be 

the major contributor to the X-mass (i.e. b >104 Gev), then 

left Hright-symmetry as well as quark-lepton unification are 

lost in one stroke through <B? ; the symmetry & thereby reduces~7 

to Go = SU(2)L x U(1) x SU(3)L+R' In turn, Go breaks through 

<C> and < A7 ' o down to 
Gobs 

generating just one light neutral 

gauge-particle-theZ°. (Note that for this case the presence of 

the multiplets D, EL and ER is inessential for a gross view, since 

both X and WR become heavy or superheavy through <B) .) 

Case II; ( G 
lO4Gev G = SU(2)L x SU(2)R x U(1)L+R x SU(3)L}R 
<D> 

102Gev  

<A  <B> <Cy 
Gobs ) <A,› 

This case arises6 provided we introduce the multiplets like D = 

(1, 1, 15), ER = (1, 3, 1) and EL = (3, 1, 1) in addition to <A> , 

4B) and <C > with the choice d )101 Gev 7> E R,L, a, b, c. 
In this case, the theory loses quark-lepton-unification first 

(i.e. SU(4)11 TR-4U(1)L+R x SU(3)1,+41) through <D) being larger but 



it still retains its intrinsic left[-fright-symmetric nature; 

the symmetry ci reducing to the leftrightsymmetric-structure 

~- 	= SU(2)1, x SU(2)R x U(l)L+R.. x SU(3)1,+R. 

The manner in which G reduces further down to G. obs = U(1)f x. 

SU(3)L+R 
depends very much on the relative magnitude of the para 

meters 
ER L 

and a, b, c (for the neutral current-sector only the 

three parameters a, b, c are relevant). 

If one allows F >) £L, a, b, c (so that mh,-+- >3 mW+) , one 
R 	L 

loses left 44right-symmetry in the charged current sector leading 

to predominance of V-A over V+A in this sector. One may still 

retain left .right-symmetry in the neutral current sector, however, 

as long b = c, which ensures that the mass parameters associated 

with W3 and WR are equal (see Eq. (9.3)). Thus departures from the 

L c-0'R-symmetry in the neutral current sector for the left4-,+right-

symmetric theory6 are strictly proportional to (b-c)/(b+c). 

Atomic parity violation would clearly be small if b 'V c;vani- 

shing28 in the limit b = c. In either case (be./ c or b = c), 

one expects6 to see two relatively light neutral gauge particles 

N1 and N2. The case .b N c (rather than b = c) allows the interest-

ing possibility that one of the neutralgauge particles can be 

sensibly lighter than the charged WL with the magnitude of atomic 

parity violation still remaining small (by about a factor " 2 to 4) 

compared to that of the SU(2) x U(1)-theory. We discuss this case 

as well as the case b = c and their inter-relationship in some 

detail in the next two sections. 
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C. GENERAL COMPOSITIONS OF THE NEUTRAL GAUGE PARTICLES  

AND THEIR INTERACTIONS WITHIN THE LEFTS RIGHT SYMMETRIC  

GAUGE STRUCTURE G OR G  . 

First we note the composition of the massless photon. This, 

for the two alternative cases of fractional and integer charge quarks 

(c1 = 0 and cl 0 0) is given by 

Wi3 -R 	2 5° 
-ts 

C ri or' c.1 I. 	c.L . 	 i .et", 	= O 	(I 2.. a) 

1 
vh..-0Wft ^ 2 5° + 2 u° 

9 	+g 	 5s 

(.ini es en Gil . 	 C1 7 o ) (i ..6) 

Here U° = (2) ( f V3 -t• V8) ; fs and f15 denote the effective 

renormalised gauge coupling constants associated with the color-

gluon U° and the gauge particle Vis - S° respectively; the electric 

charge for the two cases being simply related th these gauge 

coupling constants as follows: 

L ,ez 	
91 

 
3S,1-5 

4 
e t 	:j'' 	3 S►r 	3 ~s 

A~ 

The abbreviations f.c.q. and i.c.q. stand for fractionally charged 
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and integer charged quarks respectively. Since we expect 

fs %>. f15 nJ g2 due to differing finite renormalisation effects23,2l , 

we see that either of the above two equations (i.e. (13.a) or (13.b)) 

leads essentially\to the same value of g2 for a given ratio (fi5/g2). 

This is yet another reason why there is no difference worth noting 

between the cases of fractional and integer charge quarks in so 

far as neutral-current interactions below threshold for color-

production are concerned. 

From here on, therefore, we substitute, as mentioned in 

sec.II, cl = 0 for simplicity 6earinlin mind that our considera-

tions in this Past, involving neutral-current interactions below 

color-threshold, hold equally for both cases: c1 = 0 (f.c.q.) and 

cl # 0(i.c.q.). 

The photon (Eq. (12.a)) and the two other eigenstates (Nland 

N2) of the neutral mass-matrix (9.3) are then given by: 

W~+ WP- cos d — 5° SLuv.o( 
	

04.0 

N, = Y, Ccrs 13 
	yZ sw► 	 (L4.2.) 



where 

(V/L3.. -wR;1i2 	 (15) 

W -f- W F akfr, o( + S ° Cas d 	(I 6 ) 

Cap OC = 	 2 ' 	o( _fa? 42- 3 
_I S 

Note that the normalisation condition (i.e. cos2O + sin2o( = 1) 

is the same as Eq.(13.a) (corresponding to the case c1  = 0). The 

miFing angle f3 determinig the composition of the physical particles 

Nl  and N2  as well as their masses may conveniently be obtained 

from (9.3) by first transforming the same into the orthonormal basis 

(A , Y1  and Y2). The photon, being an eigenstate, decouples from 

Yl  and Y2; the mass-matrix of the (Yl-Y2) complex, thus obtained, 

is given by: 

rn CY,y2)  _ e 
8 

X 
(14-Q.1.÷ 1;"

+ GL 

  

  

rr-Z (Io`-cs) 

16 

J 

(Is). 



Note in the special limit b = c, Y1 and Y2 are the eigen-

states of the mass-matrix, as in this limit they are decoupled 

from each other; their masses are given simply by the diagonal 

elements of the mass matrix (18). For the general situation, 

b # c, the physical particles are N1 and N2 (Eq. (14+)). Diagona- 

lising the matrix (18), we obtain: 

s 
MN, 	— 6 (~►s 3 g') (bt+-c -) + ~Z4 

m Nz 

[ 	 -5‘ 1;-4- - ir 
	 tit 	 L 

r 	i 
Z 4 _ xs ̀3 C ca r +" 9 %S )1 C bt - c L.) 

09. 2) 

 

3 S-i C b 4 c."9 — 29Za . ? ~s 

 

The neutral-current-interaction induced by N1 and N2 is given by: 

Y 	 y: 
-~. - ~~ at 3 -E- 7t, c F) N 	(20). 



Y' T q _ 
V 	 J 	[ 19Q L 7,.4, .1 	r2 

Yf V2 'F ~y.LYt„19y.L 

18 

— a',Yr e - J"a% ysj 

P + GY~.ā'rC — 11Yy,Yrn — 0(A.'r~► ] 	(a1) 

(t — r)( Par P + Eyre ) 

r Jr 1) C ~e LrjaPei. -f 5:3% V-A4  I ~~.  

4- y./AL Y,, 7%p~. ) 

4-- Or-1) C  

N 
r z 

St 

Y 

Note that J 1 is a pure axial-current for all four-component fields 

(this applies to neutrinos as well,;if neutrinos are light four- 

- Y2  
component objects) and J 

2 is a pure vector-current. Thus in the 

limit b = c (tan 213 = 0), for which Ni and N2 reduce Yl and Y2 

respectively, the neutral-current interaction is entirely parity 

conserving (for electrons, quarks and neutrinos as well) as 



mentioned before. There would still be')5-V_distinction in 

neutral current scattering since the neutrinos and antineutrinos 

are produced by parity violating charged current interactions, which 

yield 2) and v 's with definite handedness (i.e. neutrinos with left 

helicities and antineutrinos with right helicities). Such neutrinos 

and antineutrinos contribute to neutral current scattering only 

through the term 5.7.1),1,1-9i_  	in the currents JYl'2,  but not through 

the term 'Zf R-f"  -)y1z  to the extent that the mass of the neutrino 

may be neglected. The current yL7,.  1.9L 	is a V-A for neutrinos, 

but V+A for antineutrinos, hence the distinction between If and v in 

neutral-current-scattering even for the intrinsically parity 

conserving lagrangian (b = c). Note that unlike neutrinos, elect-

rons and quarks appear with both helicities for processes of 

interest; thus in the limit b = c atomic interactions will not 

show any parity violation. 

Before plunging into phenomenology we must mote the charged 

current-constraint; i.e. 

CF 

For a given r = (r15/ g2), we thus obtain by using Egs.(13.a) and 

(24): 

(1 "Jr 3r 	 GF- 1 	 -A- 	S 3 Ge-V) 

(z5) 

Furthermore neglecting the small perturbation of q. -L WR mixing 



(compared to the mass of WR) as well as ~9 E L in (9.2), we 
also have: 

mvet_ 92 C c + c 
4 

(26)  

Combining Eqs. (24) and (25), we derive: 

4 5 4. 
10 mN 

S1 r'F 
(27)  

Thus, of the three parameters a2, b2 end c2 only two are independent. 

Correspondingly we define two parameters
30 
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ci 
cL+ az 

Thus, 0 	< 1 

0 < 	< aCG 

71 
	bz 

(28)  

(29)  

It is convenient to express the masses of N1 and 112, the mixing 

angle r and the amplitudes for the various neutral current- 

processes in terms of r (fi5/ g2), d 11.; these we list below: 

(30) 
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(31)  

(32)  

y 
-- (3r+t)1' (5-i) 

(S+-1z.)-2(1 -S) 

— Car +2-) Cs- 

P - [fr(4)- 4(  -~')12 

-4- 	11(31--1- 1 )  C 5-11) 2- 

The Amplitudes  

We define the relevant neutral-current amplitudes by the 

following effective lagrangian (here p and n denote quark-fields): 

GF Car (14a'r)vom) 

n Yr CO: + 51.:Yr) P +. nrr(Ov +SāYr)n 

22f. (Mv+ 	e + - •- 

+ 	C 1% ēy, C 1 •t- 'Kr) 19e`) e y. ̀  	+- 6 n Yr) e 
..12 

n ) 
GF (ē. ā)„yt e)  

C -0-^/j.",?   + Cy n--iy n • • • . 

(34) 

Defining two special combinations 

213 
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G. 	[ K, 	fl 4- i<2. Coll.IS 4- Ci<1 k2.) 	coi 
3r+1 

(35) 

(37 = 2 	Com741 Ztoj.21S -4- 

• 3r+t Ck,-1<,.) 	(?C°1(~ 

(36)  

which in terms of,5 and acquire the simple forms: 

+ 2C — ) 
2 C3 r+ %) Cs- (37)  

GA 
2. Cs- —3-11-  	) 

(38)  

we now exhibit that the amplitides of all neutrino—induced 

processes as defined by (34+) are simply given in terms of either 

GV or GA, though not the electron—induced process. 



D.(31- 4-  1) z 

Process 

v Cr-t) Gv 

OA - GA A - 

9v  = Cr-+-I) Gv 

GA 

} I"? 	p 

)-9n 
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v1 	- (31`-') Gv 

MĀ = GA }1:9A- e- e 

E v 

E 	= -1 + Mā 
} 

ep a e P 

C v = - 0-{-t) (1C-
2 Ca t) 

en en 

(39) 

Here p,n denote quarks. Note that all neutrino-induced am1itudes 

are simply given by Gv  or GA. 

Using the coupling parameters CV  and Cn, we may now obtain the 

effective charge 	charaterizing atomic parity violation31. This 

is given by: 

Qw = -2 ccv + c v) Z + (..CY -t-2Cv)(+4-  ) 

(K - 1(1.. )  S.u:,. 213 [_2_  - (I r-4-t) A 7 
( 3 r--1) 
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2;7, - (13 r--11 1) A 	'1- S 
(:s r + i) 	3-j2-± 

(1 o.1) 

Cie - s)  
- s t -t- 

(x+0.2) 

where Qw  ,(SU(2) x U(1))r  = 2Z - (3r + 1)A /(3r + 1) is the 

value of Qw  obtained for the SU(2) x U(1)-theory (Ref. 4+) with 

sin2  9 w = 3r/(6r + 2) (see Sec. IV). 
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D. - THE TWO SPECIAL CASES  

It is first important to notice the properties of two special 

cases: 

Case A: • The Case of • Vanishing or small fexznion.masses and small 

WL WR-mixing a2/ (c2 + a2)--> 0, or 3 = c2/ (c2 + a2).-). 1) : 

It turns out that one obtains good agreement with the entire 

body of present experimental values of neutral-current parameters 

for the case S ti 1 (i.e. a2 « c2). In order to understand the 

results for this case, which we discuss in detail later in this s 

section, it is first helpful to note one (remarkable) general 

property of the special limit (3- = 1, i.e. a2 = 0), a limit, in 

which WL-WR-mixing as well as fermion-masses vanish32. (Appro- 

priately, this limit will be referred to as the global ( Y5- invariant) 

chiral-symmetry limit). 

A general property of the chiral symmetry.-limit; 

• In the limit of exact global chiral symmetry (a2-4 0 orj ->1), 

even though the masses of the two neutral eigenstates N1 and N2, 

(the mixing angle 13 ), and the atomic parity violation-parameter 

Qw vary sensitively with b2 (i.e. with 1= ) b2/(c2 + a2); the 

amplitudes of all neutrino-induced processes initiated by left-

handed neutrinos (or right-handed antineutinos) are totally 

independent of the vacuum-expectation values of "right-handed" 

scalar fields such as B. In the present case they are independent 

of b2, depending just on the single parameter 

"right-handed scalar field", we simply mean a field which couples 

' to WR's, but not to WL's, as for example B = (1, 2 + 2, 4)). 

r = f~5/ 82. '(By 



The exact value of a2 can not, of course, be zero, since 

fermions do have finite mass. However, as long as a2 CG 2 

(i.e.3-^-1), the amplitudes of neutrino-induced processes conti-

nue to remain insensitive to variations of b2 (or1L), varying just 

with r, on account of the result stated above. This is in fact 

borne out by our calculations (see Table III). 

While the validity of the result stated above may be deduced 

on general grounds, it may be verified simply by noting the values 

acquired by the relevant parameters GV; GA, K1, K2 and Qu 

5= 1. These may be obtained from Eqs. (30), (37), (38) and (40) 

and are listed below: 

GY = Ls] _ 
3r4- I 

GA C5=1) = 	1 

(42 ) 

K '1
(.5 _ 1) _ L

rnw,± ± m N C2) s ~ 

-, 
F3r-1-2-)(14-^(0 	9 r` CI -j n )"~' 4 (3 r+- +)  

(1+3) 

— (3r+1) A / -  
(3 r 1- % ) 	` 	rt 

56 

1 

Note that Gv and GA and therefore the amplitudes of all neutrino- 



(46) 

2 (2r--1-1) — 
3 

4-cvvl 243 -- -- 
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induced processes (see Eq. (39)) are independent of b2 (or It) at 

3 =1; they depend on the single parameter r = (f15/ g2). On the 

other hand, the masses of the N1 and N2 (given by K1 and K2) as well 

as the atomic parity violation parameter33 QST'depends on r as well 

as b2 (i.e. YL) even at ,5 _. 1 (the chiral-limit a2 = 0) . 

Case B: The Case of SU(21 x U(11-limit (b2 .>y (c2. fi a24 or '1>( 
'7> 11 

We present the results for the case 17> 1, by assuming r0 

(i.e. IF >> 1). As we will show, the results in this case are 

independent of :5 (varying over its full range from 0 to 1). 

Except for the mass of N2 which becomes superheavy depending upon 

the value of 1, all relevant neutral-current parameters are 

independent of rt as well. They depend once again (as in Case A5 

on the single parameter r =f15/ g2. Using Egs.(l'+)-(19), we 

obtain in the limit -i >> 1 and /Lr » 1, 

z 	 6r~ 2 mrv = mw+ 	
./

► + o (* 
R5) 

( 3r-t-7_) 	(1+ OC-) ) 

(R+7) 

(48) 



\nI 3 ec w — S L 4w 13° 

58 

(49) 

N, Jv 15 	
3 

'1- w 

where 

o = Tl5 W 3 	 3 

3f- 

 

(50)  

(51)  

6 r Z 

(52) 

Note that the expression (1+8) for the photon-field is the same 
as we had before (refer Eq. (114.1)). Thus we see that the theory 

reduces in the limit rp> 1 to the SU(2) x U(1)-theory with 

the correspondence: B° is the U(1)-gauge-field, NI is the Z° 

with a mass comparable to that of WL, while N2 is superheavy. The 

familiar angle sin26)- W is given by Eq.(52) with 

2 
z_ 	Z _ Y Z+ 6 r±-z N _rn WC 

rn~ 	~1 	~L 	3 Y- 

Note in the bare limit of a unified theory, which incorporates 
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C7 = SU(2)L x SU(2)R x SU(4)1,÷R, one would obtain34 (sing 6 W) bare 

_ (3r)/(6r + 2 ) =.27,  since r = 45/ g2 = 1 in this bare lint. 
8 

Finally, v a see that. the relevant parameters Gv, GA and QW 

(in the limit ~77 1) are given by: 

Gv = 	-11+ CI --S) 

(3r-+0 (s + -rt -3 -2) 
(53)  

GA TZ  

5 - 0 -4.0 j 

(54)  

w 	— (3t-+i) A 
(3t- i) 	3-3 z-f- 

( S = o 7 -(3r+-1)A 

  

(55)  

The most amusing feature is thus that the expressions for Gv and 

GA obtained in the SU(2) x U(1)-limit, are identical to those 

obtained in Case A (the chiral symmetry limit: a2 	0 orS = 1); 

the two cases differ, in general (depending upon the value of 	), 

only in their predictions of the masses of N1 and N2 as well as 

of the atomic parity violation-parameter Q. They agree entirely 

in all their predictions as regards amplitudes for neutrino-

induced processes. 



2  Case C: An Amusing special case (r = (f15/g2 
) __ 1 

3) 

The two cases A and B dicussed above represent all the principal 

features of the left-right-symmetric gauge structure in so far as '. 

its, predictions for neutral-current-phenomena are concerned. We 

note in passing a third amusing special case which may come under 

either Case A or Case B, or both (35) in view of the remarkably 

simple forms, which the basis-vectors (A , Y1, Y2,), and consequen-

tly the eigenvectors (A , N1 and N2), acquire in this Case. This 

Case corresponds to the coupling constant-ratio:- 

= ~~ 
3 

(51)  

With r = 3, the mixing angle of determining the composition of the 

photon and Y2 (using Eqs. (13.a) and (14) - (18)) is given by: 

3 ` Z 

(52)  

Thus the angle oC is simply 4+5°. Consequently, 

-s- (wem — w em) 

6o 

(53) 



The (Y1 - Y2) mass matrix reduces to:- 
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z 
'~'(> XZ) 

yz 

-2:
(b~c~ ) 

  

 

(bi + c.9 / 

C511. 

The point r = (s) is a point of good agreement between theory and 

experiments (as may be seen from Table I.). (Note, if in addition 

to r = s, one furthermore imposes a2 = Ch2÷c21/~+, the 'diagonal 

elements of the (y1, Y2)-mass matrix become: equal, so that the 

eigenstates N1 and N2 are given by the simple combinations (Y1± Yg)/.. 

A second interesting feature of this choice is that the vector 

coupling (MV) for the process 	e -, '?%. e and 	e -, 	e, both 

proceeding only through axial vector electron-current, have equal 

cross sections for the case r = 3. 

Case D: The Case of Exact Neutral current Parity Conservation (b=c) 

If b = c, as noted in Secs. II and III, Yl and Y2 are the 

eigenstates of the "neutral" mass matrix. In this case neutral 

current interactions (of electrons, quarks as well as of neutrinos) 

are exactly parity conserving, since Y1 and Y2 are coupled to axial 

vector and vector currents respectively. This is the case considered 

by MS. (Ref. 16). In this case, as noted before),-5)-distinction 

arises not because of intrinsic parity violating nature of the neutral 



current - interactions, but because available neutrinos are only 

left-handed (and antineurinos right-handed). Note this particular 

case can overlap with Case A (the chiral case); but it is , exclusive 

of Case-B (the SU(2) x U(1)-limit), for which b 2 »(c2:+ a2). This 

particular case of (b = c) of exact atomic parity conservation, it 

turns out it does permit the possibility of a rather light neutral 

gauge particle (mNl C mWL+) (see dicussions in the next section). 

E. PHENOMENOLOGY: DISCUSSION OF RESULTS  

With the amplitudes and K1, K2 and Qvr listed in section C , 

it is straightforward to calculate the various neutral-current 

parameters37 (R)fr , Ry, R,C~~ e, C1,4, C e, Rel, Rū and Rel) 
e 

using the quark-parton model for the semiliptonic processes. For 

simplicity, we neglect the contributions of the antiquark-partons38 

in the sea. The results exhibited in Tables I, II and III as well 

as in Figures 1, 2, 3, and 4 represent the principal features39 of 

our analysis. We draw attention to the following features of our 

results: 

(1) We see first of all from Tables I and III that the point 

of exact or approximate chiral symmetry (i.e. 1 -5=-=' a2/(c2 + a2) N 0),. 

together with the coupling constant ratio r being in the range 

.33 to .66 (see below), is a point of good agreement between 

theory and experiments l+O 6 involving all present neutral current- 

processes. One obtairs , in this case a fit47 simultaneously for 

the neutrino-data as well as for the electron-atomic aprity experi- 

ments, which presently seem to indicate1'2 a small value for "Yl 



The question arises: how far away from the chiral limit 

(S = 1 corresponding to a2 = 0) may one depart and yet be in 

accord with the experiments. The answer, we find is interesting: 

one may choose 3 = c2/(c2 + a2) sensibly lower than unity (i.e. 

a2 .., c2) if one wishes, and aet be in accord with all the neutrino-

data provided, however, the special combination30 

y = (1 	-- -- 

(55)  

is sufficiently small (ev 0.15). This may be inferred partly from 

table III and Figures 1, 2 and 3 which show that the values of R-

and in particular R becomes lower than those permitted by the 

present data, if y exceeds nearly 0.15 with S = either .9 or .8. 

(It may be verified that the neutral-current cross=section ratio R 

is only a function of the coupling- constnt ratio r and the 

parameter y, but it is independent of x = (11.-25)/y = (b2 - 

and thus is an especially useful quantity for comparison of theory 

with experiment). The condition that y be small (< 	 can can no 

doubt be satisfied even with arbitrarily small 	-' 0 by choosing 

to be sufficiently large, i.e. 

-~> 6 CI —S) 

(56)  

For example, if j is as small as 0.5, one would need It 7 3; this 

is simply to explain the neutrino-data. The price one must pay 

in this case, however, (if it is a price2) is thakk the atomic parity 
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c2)/c2 
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violation parameter 	would rapidly approach its SU(2) x U(1)- 

value for 'p ?> 1 (see Eq. (40.2) and our discussions in sec. IV) 

in apparent contradiction with the present data; simultaneously the 

mass of N2 would become progrssively heavier ( >> m,+) .with Nl 
L.. 

remaining relatively light but still heavier than WL+. 

The precise constraint, which may be obtained, on the chiral-

symmetry-breaking parameter (1 - ), by the above considerations, 

can only be laid down after one knows the value of Q'from experi-

ments together with a reliable,atomic physics calculation2 'or the 

relevant atom. However to demonstrate the point, let us assume 

for illustration only that the true value of QjT is at least a 

factor of 3 lower in magnitude than its SU(2) x U(1)-value. This 

would imply, using eq.(40.2), that the ratio Qj,T/QW (SU(2) x U(1))= 

(~ - S )/( 5 + 1 -.3 2) lies between - 3 to + ;; which in turn 

would imply (given either sign for QW) that 7 < (2S -S"2/2).  

Combining this with the constraint that the neutrino-data seem 

to require 6(1 -.5 ) < 7 ,  as stated above, we would deduce 

23 _ S%z 7 S 

or, 

I — ,$ = < Q. 

We stress once again that this constraint should be taken at 

present as an illustration only, since the truevalue of Qw is yet 

an unknown quantity. 

We draw the following important conclusion from the above 

discussion: if 	indeed turns out to be rather small compared to 

its SU(2) x U(1)-value, and if the neutrino parameters retain 

their present values; one can well account for both these features 
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within the left-right symmetric theory; however, in this case the 

solution of the theory must lie near the chiral symmetric limit 

(a2 << c2); the limit a2 = 0 corresponding to vanishing WL-WR-

mixing as well as vanishing fermion-masses. 

(2) We noted above that agreement between our predictions and 

the neutrino-data is obtained provided the coupling constant ratio 

r = (f
2
15
/ g2) lies in a limited range. Examining table I, and 

Fig. 4, one may deduce (this holds for 5 C 1 as well) a guiding 

range: 

O. 33 .< b = C 's:L. ) < O • 66 
(~ L (57 ) 

If the coupling constant ratio r is lower than 0.30,the neutrino- 

parameter R becomes too high, exceeding 0.30, which lies above 

the upper linits of Gargamelle and CITF-values. If, on the other 

v-P 
= hand, the coupling constant-ratio r exceeds 0.66, Rei 	~` 

becomes too high exceeding the upper linit ^'0.6 of the present 

HPWF-result. (This last deduction should, however, be taken with 

caution, since the theoretical prediction of elastic-scatterings-

parameters dependla upon ( ?~ , 7.57)-spectra and the mass characte-

rising the axial form factor). 

It is remarkable that the range of the coupling constant-

ratio, exhibited above, deduced phenomenologically, lies well 

within the rather "limited" range of the same, deduced on the theo-

retical grounds based on remormalisation group-consderations, 

which yeild: 

et 4 cm- 4 Li- e.L 3 

(58) 



Together with Eq.(13.a), this implies 

< r = 
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5 
a 

(59) 

(3) The variation of Qw  as a function of3°  x= ('7 -- 3- )4.5  

(b2  - c2)/c2  is exhibited in Fig. 5. As we see, it passes 

through zero at x = 0, approaching its SU(2) x U(1)-value in the 

limit 	with j N  1 (i.e. b2  » c2, with c2  0  0), while for 

negative x (b2  . c2), it rises rapidly acquiring unbounded positive 

values. We find that large negative x (i.e. x-< - 0.6, or 

b2  < O.4c2) is probably excluded by the pressent atomic parity 

experiments, since such x implies Qw  >+ 300. On the other hand, 

small negative values of x (- 0.5 <_ x .( - 5  )/3-  < 0,corres-
ponding to 2 < b2/c2 < 1) is."fully allowed by the data on Qw  (as 

well as by the neutrino-data). 

(4+) If x 7  0 (i.e. if b2  ] c2), then both N1  and N2  remain 

heavier than WL+ (see Fig. 6), with the mass of N1  coinciding with 

that of WL+ for b2  = c2  (at = 1, i.e. a2  = 0). On the other 

hand, if x < 0 (i.e. if b2 	c2), N1  is inevitably lighter than 

WL+. For example, if the true value of the atomic parity violation-

parameter QW  is positive and as large as 100 (this is consistent 

with the present data, Ref. 1 and 2), then from Table II or Fig. 5, 

we may deduce that the parameter x = ("2 - 3 )/S  should be le.-0.44,  

arid correspondingly (from Fig. 6.)with r = 0.44, we would obtain": 

m N ti 53 ce .v 	N 7-o C,R_ V 

(60) 



By constrast, for the SU(2) x U(1)-thecry with r = 0.41 (i.e. 
sin 

sin2 e 
W = (3r)/(6r+2) :..r 0.29), we obtain: 

'Pi 	.? 3 G Qv , YY1 w 	 V 

(61) 

Thus, as mentioned before, the left-right symmetric theory offers 

the distinct possibility of one of the neutral gauge particles being 

sensibly lighter than the:Z° of the SU(2) x U(1)-theory as well as 

the charged WL+, provided b2 < c2 (or equivalently provided QW . is 

positive). 

(5) In our analysis, we have neglected for simplicity the 

effect of WL - WR mixing on the composition and masses of the charged 

eigenstates. (Compare the mass-matrix (9.2) with Eq.(26)). This 

is justifiable aposteriori within the four flavor-model6: first-, 

because with only four flavors one must have m1 + > 10 mu + R 	 L 
(following Eq. (11) and remark in Ref. (26)), to account for the 

observed predominance of V-A over V+A (m w + and mW + here refer 
L 	R. 

to the diagonal elements of (9.2)). Second, because, as noted above, 

we found aposteriori that the solution with approximate chiral 

symmetry (a2 4f:". c2) may even be favored by the data. 

On the other hand, if we permit more than four flavors as in 

the mirror-model~5, there is no compelling need for mFL + »% mw 
+; 

the two masses can in this case be comparable to each other (the 

many Cabibbo-like angles arising in this case~5 together with 

heaviness of new fermions can account for the observed predominance 

of V-A over V+A). Thus with more than four flavors, there is the 

added distinct possibility within the left-right-symmetric theory 
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that there can be two sets of relatively light charged gauge 

particles (rather than just one), which would be fair mixtures
52 

of WL+ -WR 
+-:nixing. We will enter into a more detailed study of 

this possibility elsewhere. 

To conclude, the left-right-symmetric theory6 accounts for 

all the present experimental neutral-current parameters including 

the phenomon of possibly small atomic parity violation - in terms of 

three parameters in general Cr = f~5/g2,'1fL = b2/(c2 + a2) and 

= c2/(c2 + a2)): The allowed range for the coupling constant- 

ratio r (^J 0.33 to 0.66) deduce phenomenoligically falls within 

the theoretically deduced24 rather limited range for the same. In 

addition to r, the combinations (1 - S 	= a2/b2 and ( YL- j )/3 

(b2 - c2)/c2 also get constrained severely by the present data in 

spite of their large errors. Thus the left *right-symmetric 

theory can be well tested experimentally once the body of indepen-

dent neutral-current measurements settles experimentally. riaere are 

at least eight such measurements involving scattering type experi-

ments only. Including the masses of the two neutral particles, this 

number is ten. 

The intricacies of the left-right-symmetric theory are remark-

able. Depending upon the pattern and magnitudes of the parameter 

of spontaneous symmetry breaking6, it offers two interesting alter-

native limits: (i) the chiral symmetry-limit (a2 C< c2) with 

b2 'v c2 and (ii) the SU(2) x U(1)-limit (b2 )7 c2 + as). In 

either case, the neutrino-processes are described in terms of the 

single parameter r. The predictions of the two cases for these 

processes in fact coincide (in the extreme limit of a2--> 0 for case 

(1)); they differ from each other only in respect of electron-

atomic parity experiment and the masses of the two neutral gauge 
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particles6 N1  and N2, and subject to b
2  < c2, it even offers the 

exciting possibility that one of the neutral gauge-particles can 

be considerably lighter than the charged WL. The second case gene-

rates the single relatively light familiar Z°  (heavier than WL). 

Zinich of these two limits of the left-right-.symmetry theory is 

chosenlby Nature, if any, appears to depend crucially upon a kriow-

ledge of the atomic parity violation parameter Qw. 
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suppressed at least within the SU(2) x U(1).-extractions of these 

theories. (S.L. Glashow and S. Weinberg, Harvard Preprint, HUTP-75/A158; 

see however remarks in P. Sikivie and F. Glirsey, Preprint, 1977.) 

6. J.C. Pati and Abdus Salam, Phys. Rev. D10, 275 (1974). 

7. The abelian-factor U(1)L+R within G=SU(2)L  x SU(2)R  x U(1) x 

SU(3)L+R  may be identified with the 15th generator F?5  of 

SU(4)L+R  , as stressed in Ref. 6 (see Footnote 11). 

8. This choice g
(o)  = g(R)was proposed in Ref. 6, in order that the 

origin of parity violation should lie in spontaneous symmetry 

breaking only. See text p276 and Footnote 34, where it was 

stated that, provided gL = gR, the "ratio of the renormalized 

coupling constant gL/gR  would differ from unity by calculable 
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finite radiative corrections of order Ca log m /mw  ) to the 
R L 

extent that spontaneous symmetry breaking introduces different 

masses for WL  and WR  (for example)". The scalar (spontaneously 

symmetry breaking) multiplets introduced in Ref. 6(A, B$  C) were 

left-right symmetric as indeed were the quarks and the leptons. 

With these choices of multiplets and the gauge structure, the 

0 proof that the radiative corrections to gL  and gR can indeed be 

finite, through an appropriate choice of Higgs parameters, was 

later carried through in the papers of R.N. Mohapatra and J.C. Pati, 

Phys. Rev. Dli , 566, 2558 (1975) and G. Senjanovic ā.nd R.N. Mohapatra, 

Phys. Rev. D12, 502 (1975). 

9. Provisionally, one may still permit left 4•>  right asymmetric scalar 

mass terms in the lagrangian, if one wishes to, without spoiling 

"natural" left+ 4- right -symmetry and without introducing parity 

non conservation of any measurable consequence except to the extent 

it arises through the gauge mass-inequality m 
	

m 	(see 
R L 

R.N. Mohapatra and J.C. Pati, Phys. Rev. D11, 2557 (1975). 

10. Parity violation also arises if the many Cabibbo-like angles, 

generated by the spontaneously induced Fermi-mass matrix, turn out 

to be unequal for the left and right handed fermi.ons. This can be 

a major cause of parity violation, if quarks carry more than four 

flavours. 

11. R.N. Mohapatra and J.C. Pati, Phys. Fey. D11, 566 (1975). 

12. "Light" in the present context denotes a mass-scale of order 

50 to 100 Gev. 

13. See later. 

14. H. Georgi and S.L. Glashow, Phys. Rev. Lett. 32, 438 (1974). 

For E7,  see Ref. 5. 

15. It should be understood (though we do not exhibit it in the chart 

above), that there is the distinct possibility that the superunifying 

group G could desend directly into either G or Go  (through essentially 
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one superheavy mass—scale ml  rather than two). Also there is 

a range of intermediate possibilities corresponding to G descending 

to Go  passing through G, for example, via mass scales as shown below: 

G >104  Gev 	G "103  Gev 	Go"  102  Gev 	U(1)fx SU(3)L+R  
•c: D. > 	< B > 	. < C>  4 > 

where D = (1,1, 15), B = (1, 2+2, 4), C = (2+2, 1, I) and 

A = (2+2, 2+2, 1). The pattern of spontaneous symmetry breaking 

induced through the scalar multiplets A, B, C, D (Ref. 6) and the 

intermediate possibilities, such as mentioned above, are discussed 

in Sections II, III and IV. 

16. R.N, Mohapatra and D.P. Sidhu, Phys. Rev. Lett. 38, 667 (1977). 

17. A. De Rujula, H. Georgi and S.L. Glashow, Harvard Preprint, (1977). 

18. This overlap and correspondence is not unexpected, since the origin 

of the basic considerations of the MS—scheme may be traced to our 

Ref. 6 (vide Ref. 13 of the MS paper). 

19. The appearence of two coupling constants g and f associated with 

the gauge group G reflect the passage of a higher unifying symmetry 

G down to G through spontaneous symmetry breaking with the effective 

coupling constants associated with SU(2)LR  SU(4) R  differing from 

each other through finite renormalization effects. 

20. Since < EL contributes to the masses of the charged WI  only, but not 

to the neutral WL, allowing for < EL 0  0 would mean that all our 

expressions for the neutral—current amplitudes (to be presented 

in sections III and IV) would simply be multiplied by a uniform 

factor deviating from unity depending upon <EL >/mw  +, See remarks 
L 

later for the experimental implications of ,SEL  > 0 0. 

21. Most notably (2, 2, 15) or (2+2, 2+2, 15) (see Ref. 6). 

22. We, of course, do not neglect cl  (for the case of integercharge 

quarks), In those considerations, where its contribution is 
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crucial, such as in the mixing of gluons with the W's as well 

as in WX-mixing. 

23. J.C. Pati and Abdus. Salam, Phys. Rev. D8, 1240 (1973), 

J.C. Pati in Gauge Theory and Modern Field Theory, edited by 

R. Arnowitt and P. Nath (M.I.T., Cambridge, 1975), p27. 

24. V. Elias, Univ. of Maryland Tech. Rep. No. 77--049 and references 

therein; Q. Shafi, Univ. of Freiburg Preprint THEP 76/5. 

Following normalisation group methods Elias obtains a 

-W e2 < f~5 
< 4 e2, subject to certain assumptions of hierarchical 

breaking of the unigying symmetry C containing the minimal 

symmetry G = SU(2)L x SU(2)R X SU(4)L+R od the model of Ref. 6. 

25. Within extended models, with more than four flavo-s, for example 

the mirror model, in which quarks carry eight flavours altogether, 

(J.C. Pati and A. Salam, Physics Letters 58B, 333 (1975)), it may 

be possible to arrange the Fermi-mass matrix such that the WW are 

coupled to (V+A)-currents such as pru (1 -- r5)n'(8R) + veYU (1Y-5)E +..., 

where n' and E denote a heavy quark and a heavy lepton respectively. 

In this case, suppression of (V+A)-amplitudes in 6-decay and p-decay may 

simply be a consequence of heaviness of the new fermions and the 

skewness of the Fermi-mass matrix, rather than of mw 
R 	L 

26. Assuming SU(3)-symmetric matrix elements of vector and axial 

vector-currents, the present experimental values of 	and gA for 

A--B—decay seems to suggest that (within the four flavour-model) 

(g2/mW +) sin eR .<-3 (g2/mw +) sin eL , which together with EQ.(11) 
R 	 L 

leads to the inequality tan eR < 3 tan el, ; in turn this implies 

that right-handed neutrinos may be emitted in strangeness-changing 

processes (A -} pe ve and K 411 + vu etc.) perhaps as frequently as 

10% of the times, even though in strangeness conserving processes 

their relative rate of emission is known to be. Mcl%. This may be 

of experimental consequence in eventually detecting the right-handed 
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neutrinos and left—handed antineutrinos, which are expected to 

exist within the model. In this regard it is worth noting that the 

model in general may permit the emergence of either (i) light four—

component ve  and vu, or (ii) massless two component (v eL's L)  

as well as their two—component right—handed partners (veR' vu R)' 

such masslessness would be preserved provided the eventual mechanism 

of spontaneous symmetry breaking is constrained to respect y5—symmetry 

for the neutrinos. At any rate it should be stressed that the doubling  

of helicities with left—handed fermions being always balanced by the 

existence of right—handed counterparts, even for neutrinos, is one  

crucial prediction of the left• -> r;_ght symmetric theory (Ref. Ez). 

27. Using the mass—matrix (9.2)—(9.3), it is easy to verify with b 0, 

but a = c = 0, that in addition to the triplet (W±  , AL  and the 

octet of gluons (v(8), the particular combination B°  (fi5  W3R✓  —2 

/3g V15)/(f15  +  g2  )2  remains massless, the corresponding residual 

local symmetry thus being SU(2)L  x SU(3)L+R x U(1). 

28. We may now point out the one—one correspondence  referred to 

before in Sec. I. between the scheme of spontaneous symmetry breaking 

proposed in Ref. 6 (see Eq. (17) and Footnote 21 of this Paper) and 

the one being considered by Mohapatra and Sidhu (ref. 16). ( 2
+  ,2) 

of Ref. 16 corresponds to a 
2 
 of Ref. 6; likewise 2  of the former 

2 	2 
to (b + c )/2 of the latter and zero of the former (b — c) of the 

latter. The gauge coupling onstants g and g' of Ref. 16 correspond 

to g and (V_ )f15  respectively of Ref. 6. 
2 

29. If EL  0 0, as stated earlier, all neutral—current amplitudes given 

ub Secs, III and IV would simply be multiplied by an uniform 

( 2  	 2  	 2 
	

2 
L
) 	 2  enhancement factor c+a+E = 	 m d + /4m + g2  E2).  j

IL 

see Eq. (28)) that one of the neutral gauge particles can be even 

lighter than the values presented in sec.' (for EL  = 0). This 

2 
c + a 

Such a case offers the possibility (for a range of values of E, and r), 
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possibility will be considered in more detail elsewhere. 

30. For many purposes it is convenient to use an alternative para-

metrisation b..2 = . c2 (1 1-x); a2 E b2 y with — 1 < x <m , 0< y< m 

Thus x = (n 	)k and y = (1 	)/n . See discussions in 

Section V for the usefulness of x and y. 

31. See for example, J. Bernabeu and C. Jarkskog, CERN Preprint 

(Th 2206 — 1976). 

32. Note, of all the scalar multiplets introduced (A, B, C, D, EL, ER), 

only the multiplet A can have Yukawa coupling with the fermions. 

33. This dichotomy between neutrino versus electron—induced processes 

has once again its root simply in the fact that available neutrinos 

are essentially two component objects (v's or v's), while electrons 

or atoms are four—component objects. 

34. V. Elias and A.R. Swift, Phys. Rev. D13, 2083 (1976). 

35. It should be noted that Case B is, of course, not necessarily exclusive 

of Case A. One may satisfy the requirements of both cases by setting 

a2 = 0 (i.e. 	=1) and simultaneously setting 

36 .2  that the point r = f15/g2 = 
3 

corresponds (via Eq. (13.a.) 

to (f15/e2) = (3), which is the lower limit of the range (4 e2 < f~5 < 
3 

4e2) suggested by the renormalization group considerations (Ref. 24). 

37. See for example, S. Sehgal, Phys. Lett. B48, 133 (1974); V. Barger 

and D.V. Nanopoulos, Wisconsin Preprint C00-562 (1976). The definitions 

of leptonic scattering parameters C
v e

, C— e and C— e follow 
p 	U 	e 

those of B.W. Lee, Rapporteur Talk at the Aachen International 

	

Conference (1976), (To appear in the Proceedings). 	For example 

av e ' Cv a 
(10 41 x E) cm2/Gev, similarly for C— e and C— e 

P 	u 	 u 	e- 

38. This can introduce an error ( 5 to 10%). 

39. Our inferences are, howver, based on a much wider range of 

variation of the three relevant parameters r - (f
2
15

/g2), C= c2/(c2+a2) 

= b2/(c2+a2) » 1. 
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and Y~ = b2/(c2+a2) than those exhibited in the tables and the 

figures. 

40. J. Blietschau, et al., CERN Preprint, 1976, submitted to Nucl. 

Phys.; P. Musset, report at the Tbilisi Conference (1976). 

41. L. Stutte, in Proceedings of the Conference on Particles with 

New Quantum Numbers, Madison (1976). 

42. A. Venvenuti, et al., Proceedings of the Conference on Particles 

with New Quantum Numbers, Madison (1976). 

43. H. Faissner at al., reports at Aachen and Tbilisi Conferences. 

44. F. Reines, H. Curr and H. Sobel, Phys. Rev. Lett. 37, 315 (1976). 

45. W. Lee et al., Phys. Rev. Lett. 37, 186 (1976). 

46. D. Cline et al., Phys. Rev. Lett. 37, 648 (1976). 

47. The comparison of theory with experiments for leptonic processes 

is still premature due to large errors in the experimental values. 

As regards elastic p and p- scattering parameters, the comparison 

is somewhat premature, since the theoretical predictions depend upon 

the knowledge ofv, 7_ spectra and the mass characterising the axial-

form-factor. We have followed 

D.P. Sidhu, Phys. Rev. D14, 2235 (1976); C. Albright, C. Quigg, 

J. Smith and R. Schrock, Phys. Rev. D14, 1780 (1976), R.M. Barnett, 

Harvard Preprint (1976); and V. Barger and D.V. Nanopoulos (Ref. 37) 

in taking these features into account. We thank Professor Vernon 

Barger for most helpful communications in this regard_ 

48. In Figs. 1,2 and 3, we have exhibited the results for a fixed 

r = (f215 /g2) = 0.44. For a given y = (1 -5)/it, the neutral current 

Vo 
cross section ratio R = (d Nc /a Ne) in creases with increasing r 



78 

(see Table I). However as•long as the coupling constant ratio 

r stays within the range 0.33 to 0.66 (the reasons for this 

restriction is discussed later), the cross-section ratio R decreases 

below the GGM-range (0.59 + 0.11+) once y exceeds 	0.28. (see 

Fig. 3). We should also remark that it is possible to obtain a 

fit for some of the parameter Ca e (Ref. 37) becomes too small 

compared to the present experimental range, or R becomes too small, 

or else R becomes too large. (Note that in the SU(2) x U(1)-limit 

( /1, » I) , y = (1 -3 )/11  vanishes ; on the other hand x= ('Y~ -3 Vs S 

= (b2 - c2)/c2 can be large (by S_ 0) without y vanishing. Thus 

x ?oo is not necessarily the.SU(2) x U(1)-limit only provided 	= c2/ 

(c2 + a2) is non zero). 

49. The answer does not depend sensitively on 3 near 3'' 1. 

50. While mw + depends on r, the ratio 
L 

dependent on r (see Table II). 

51. Allowing for (g2/4) (ai + alaj) C~ 

of WL+ mass due to WL- WR - mixing 

(mill/mwL+) 
is not so sensitively 

arct 

rAmW > 10m2 +, the lowering R  

(see (9.2)) is given by 

92 Mai +atq`.f 
z 

G ! 'YY1 MAIL 	 'L I C c 4 n + 	4 	- t L YYt w L+ / 16L. l -, lonlwI- + 
which is a small effect. Likewise the WL - WR mixing angle is given by 

`Z ( a; Q,aY 	_ c - c z_ e`) 
z 

2 / G 4  
icy ►~t,iLt 	Zō 

which also is a small, effect for most purposes. 
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52. This is similar to the case studied by De Rujula et al..(Ref.17). 



TABLE I Prediction of Neutrino-Parameters in the Chiral Limit ,a = , or 
.b2 

1 = l'.~' 2-0to ~, 
c + a 

PREDICTIONS 	= i'15/g2) EXPERIMENT 

PARAMETERS - 
0.11 0.22 ' 0.33 0.44. 0.77 '1 G G M40 

41 
CITF 

42 
HPWF 

• 

R 
v 

0.39 0.33 0.30 0.27 0.24 0.23 0.25 ± 0.04 0.24 ± 0.02 0.29 ± 0.04 

R- 
v . 

0.41 0.39 0.39 0.40 0.42 0.44 0.39 ± 0.06 0.34 ± 0.09 0.39 ± 0.10 

R 0.35 0.39 0.44 0.48 0.58 0.64 0.59 ± 0.14 - 0.61 ± 0.25 

C- 
vue 

0.11 0.12 0.14 0.17 0.22 0,25 
0.21 

0.11 
- 0.09 

GGIi40 	
0.54 ± 0.11 	43 

(Aachen Padova) 

C 	
e. 
u 

0.25 0.18 0.14 0.13 0.11 0.11 0.24 ± 0.12 
43 

Aachen Padova 

C- 	/0.57 vie • 0.58 0.81 1.00 1.15 1.45 1.58 
0.87 ± 0.25 

1.70 t 0.44 

it  

(1.5 

(3 

N 3 Mev) 

" 4 Mev) 	Reines 
45 

44 
et al 
____U__  

HP WYl 
0.17 ± 0.05 R~1 0.19 .0.15 0.13 0.12 0.10 0.10 

CIR 
± 0.09 

Rē1 
v 

0.19 0.17 0.18 0.19 0.22 0.24 i t - 0.20 ± 0.10 

Rel 0.34 0.39 0.46 0.53 	. 0.72 0.81 it  0.4. t 	0s 2 

or a 



FOOTNOTE TO TABLE I  

The above predictions in respect of neutrino-parameters hold , 

for all values of (= b/(c2  + a2)) = 0 to 0o  in the chiral limit 

(i.e.25 = 1 or a2  = 0). Thus the same predictions can also be 

obtained for the SU(2) x O(1) theory (corresponding to the limit 

17... 7 1), provided we substitute in this case sin2QW - 6r
3r 
 2 ( 8 

to 3 	1 
8 for r varying from - to 1). However the predictions of the 

left-right symmetric theory agreeing with them only in the limit 

b2  

c2 	
2 » 1 (see Table II). (The -17_-dependence of the 

+ a  
above predictions with regard to neutrino-parameters is fairly 

stable even if we depart from the chiral limit by allowing a2  0 0, 

i.e. 54. 1 (see Table III)). We define the experimental para- 

and similarly Rely R eli  and Rel, where Nc and cc refer to neutral 

and charged current-cross sections respectively. The parameters 

e, C— e  and C e have been defined in Ref. 37. The predictions 

of elastic scattering parameters are for a choice of MA2 = 1.15 Gev, 

where M2A  characterises the axial vector form-factor. The predictions 

would be somewhat lower (by about 15-20%) if we choose P112  =1Gev. 

81- 

meters by Ry = 	33N 	1,N 	 713N 	 N ( 6 Nc/ d  cc); 1379 = ( C' Nc / CC ) , R = ( d Nc /d Nc ) 



TABLE II Predictions of the masses of N1 and N2 and the atomic parity violation - parameter in the 

chiral limit (a2 = 0 or C -- 1) as a function of (n-0/c, 

f.2 
i5 2 	2 t1-~ = b-c 

m2.1. 

L. _ `~ e) 
L 

4Fl 
, 

~. 
.i«L =53 (1 + 3r) r 	2 Kl 	t~31~2 

1 

1(2 - MN2 

0.33 

- 0.5 1.64 0.61 126 

75 Gov 

-0.375 1.36. 0,50 75 

0.0 1.00 0,50 0 

1;0 0.82 0.34 - 63 

yUl?mit L(1) 
99 0.75 0.007 - 125 ,in`0- 0.25 

0.44 

Su(2) x U(1) 
limit  

-0.5 1.61 0.53 133 

qp Gcv 

-0.375 

w . 

1.34 	• 0.51 83 

0.0 1,00 0.43 0 

1.0 	• 0,81 0.27 - 69 

99 0.72 0.006 - 136.5 S n4Oi, 	= 0.29 
" 



TABLE III Predictions of All Neutral Current Parameters for the Non-Chiral case 

(a 2 ; 0 , i.e.. 	1) , r = .44 

.PARA,`1ETERS 
{ 

. c 	= 0.9 r 	= 0.8 

(1-0 in 	y 0.5 0.16 .10 .05 .03 0.5 0.16 .10 .05 .03 

Rv . 0,22 0.25 0.26 0.26 0,27 0.22 0,24 0.25 0.26 0.27 

Rv 0.24. 0.31 0,34 0,36• 0,37 0,26 0.30 0.31 0.34 0.35 

R 0.37 0.42 0.44 0.46 0.46 0.40 0.38 0.41 0.43 0.45 

0.- 
y e 0,09 0.13 0.14 0.15 0,16 0.07 0.12 0.13 0.14 0.15 

Cv 
e 

, j 
0,05 0.09 0.10 0.11 0.12 0.03 	. 0.07 0.09 0.10 0.11 

C~••~/0,57 
P 

1.22 •1.17 1.16 1.16 1,15 1,29 1.20 0.18 1.17 1.16 

Rv. 
el 

0.08. 	. 0.10 0.11 0.11 0.12 0.07 0,09 0.10 0.11 0.11 

Rv1 0,08 0.14 0.15 0.17 0.18 0.07 0.11 0.13 0.15 0.17 

Ref 
y 

0.35 0.45 
. 

0,48 0,50 0,51 0.30 0.39 0.43 0.47 0.50 

(11 +/TIN 
	)2. 

', 	1 
2.39 1.12 0.45 0.77 0.74 1.80 0.94 0.79 0.74 0.73 

(mw x/r, 	)2 

1,----2 

0.62 0.55 4.07 0.29 0.19 0.66 
_ 

0.60 0.47 0.30 0.19 

360 .60 -13.0 -65 -94.0 230 36 -24 -70 -96 



G. FIGURE-CAPTIONS  

Figure 1 Variation of Rv as a function of x = (1.1-r)/= '(b2 - c2)/c2 

for y = (1 -0/ = a2/b2 = 0.o, 0.1 and 0.18 with the coupling 

constant-ratio r fixed at 0.44. 

Figure 2 Variation of R- as a function of x for y = 0.0, 0.1 and 0.18 

with r fixed at 0.44. 

Figure 3 Variation Of R = (a *aNc) as a function of y with r = 0.44 

and 0.66. 	Note that R is independent of x = (ri 	)/r = 

(b2-c2)/c2- 

Figure 4 	versus R- for varying coupling constant-ratio r at the 

chiral symmetric point ~= c2/(c2 + a2) = 1, where all 

neutrino-amplitudes are functions of the single parameter 

r. The allowed range of the coupling constant-ratio r 

(following from comparison of the predicted values with 

experiments) is not altered appreciably by departing from 

the chiral-limit(C = 1) and varying p= 

84 

b2/(c2 + a2) as 

well. 
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Figure 5  Variation of the atomic parity violation-parameter QW  

with x = (rfi 	= (b2  - c2)/c2  for the cases of exact 

or approximate chiral symmetry (i.e. 1 	= 0 and 0.1) 

with fixed coupling constant ratio r. 

Figure 6  Variation of the predicted masses of the two neutral 

gauge particles N1  and N2  with x = (rfi 	)/ for the 

chiral symmetric point 	= 1) with fixed coupling constant 

ratio r. These predictions are insensitive to small 

departures from the chiral symmetric point (i.e.; varying 

say between 0.8 to 1) even at relatively small x. 

Figure 7  Variation of the predicted masses of the two neutral gauge 

bosons with Qw/(Qw) o' Here (Q11)0 is the SU(2) x U(1) 

limit of Qw. 	The coupling constant ratio r is fixed. 
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PART III 

EFFECTS OF NEUTRAL WEAK CURRENTS III FT,F,CTRON-POSITRON 

ANNIHILATION 



A. INTRODUCTION 

The last section was devoted to constructing a model of weak and 

electrrmagnetic interactions based on the gauge group SU(2)Lx SU(2)Rx U(l)L+R. 

The motivation for the introduction of this "left--right" symmetric structure 

was provided by the findings of atomic parity non violation in Bismuth (1) 

These experiments could be indicating the correctness of an idea proposed some 

time ago (2)  that right handed and left handed gauge currents enter into the 

basic Lagrangian in a parallel fashion. The proposal had three ingredients: 

+ + 
1. Two sets of charged TCL, 

R 
 and two neutral gauge bosons N1 and N2. 

2. A one-one correspondence between left and right matter, entering 

the respective currents and in particular between a set of right handed 

neutrinos 3 v , vuR  with their familiar left-handed counterparts veL 	 uL• 
eR 	 ' 

3. The prediction that parity violation might only be a transient low-

energy phenomenon, which disappears at asymptotic energies 2'4. 

Such a left-right symmetric theory 5 permits one of the two neutral gauge 

bosons (N1) to be particularly light (perhaps as light as 50 CeV) compatible 

with all neutrino data as well as with the value of the atomic parity violating 

parameter Qv, giver. 	that Qw may be small and even opposite in sign compared 

to its SU(2)Lx U(1) value. In view of such a light mass being in the vicinity 

of PEP and PETRA energy ranges, it is of special interest to examine the conse-

quences of the left-right symmetric theory with such a light mass for eke" 

+ ^ annihilation. We show that ee asymmetry measurements even at PEP and PETRA 

94' 
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energies will provide a sharp distinction between the left right symmetric 

theory with the two relatively light neutral gauge bosons on the one hand and 

the left-handed SU(2)Lx U(1) theory with just one relevant neutral gauge 

particle g°  on the other. We stress that atomic parity experiments, although 

indicative of a left-right theory, may not be regarded as definitive largely due 

to theoretical uncertainties associated with the relevant atomic calculations. 

The a
+
ē } p

-
- asymmetry calculations are totally devoid of any such dynamical 

uncertainity; thus such measurements of PEP and PETRA would be crucial to a 

clear distinction between the left-right symmetric theory with the solution 

of two light neutral particles on the one hand and the left-handed SU(2)Lx U(1) . 

theory on the other. 

The simplest local gauge structures incorporating the basic hypothesis 

of a discrete symmetry between left and right matter and consistent with the 

phenomenology of known interactions are 

G- = suC2.)L x slt(2-4 x 	LtR x s uc3)"+1, 

or its quark-lepton unifying extension 

G- = SL& (2) x s Vc (-7-) x 5 ,_ C4) 

based on four quark flavours (P, N, X, C)L R  with three colours and four leptons6  

(ve' p-, p
-,vu)

L R. 
Both these local symmetries with manifest and (as it turns 

out 7  "natural") left-right symmetry were proposed in Ref. 2. It was shown 

that it is possible to choose the pattern of spontaneous symmetry breaking (SSB) 

and the parameters in a Higgs potential in such a manner that one pair of charged 

W's (WR  with predominant right handed coupling) and one of the two neutral gauge 

	

3• 	5 
particles, N2, are much heavier (, 10'10 GeV) than the "W±n and N1. With this 

choice, the effective gauge group for week and electromatnetic interactions 
3 

relevant for relatively low energy experiments (E is  10 GeV) would be familiar 
0 8 

	

SU(2)L  x U(1) with N1  identified as g . 	It was also noted  in Ref.2. that 

one could equally well make an alternative choice cf Higgs-Kibble parameters 

such that the masses of all W's as well as the two neutral gauge bosons N1  and N2  
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were comparable to each other. It is this version of the theory, which 

has recently been examined by several authors 5,9:10 stimulated by the 

near null result of atomic parity experiments. 

Now there are two interesting consequencies of the larger model 

SU(2)Lx SU(2)Rx U(l)L+R  which the treatment of Reference 5 has particularly 

highlighted. 

(a). For all processes initiated by the left-handed neutrinos (or 

right handed anti neutrinos), the predictions of the larger model amazingly 

coincide with those of the restricted SU(2)Lx U(l) in the chiral limit 

which neglects masses of quarks, leptons as well as W.-WR mass mixing 

compared with Mwt9. 

(b) The atomic parity violating parameter Qw, on the one hand 

(for the larger SU(2)Lx SU(2)Rx U(1)L+R-- symmetry) can in general be much 

smaller than its value for the SU(2)Lx U(1)- limit and even opposite in 

sign. 	If Qw is opposite in sign then for the SU(2)Lx U(1) prediction, 

there is the exciting possibility that Mn1<Mwt. In the (perhaps unlikely) 

event that Qw turns out to be ' 440 for Bismuth, we would predict Ani"39 CeV 

so that PEP and PETRA might just produce N1  as a physical object. We 

now turn to the calculation of the various asymmetries in e+ e- annihilation. 

B. CHARGE ASYMMETRY IN e
+e.. 

± u+u". 

In general, the photon-neutral weak bosons interference influences the 

e+e'  annihilation in such a way that characteristic asymmetries should 

grow- with the centre-of mass energy squared, therefore the high energy 

region is most promising for finding effects caused by the neutral gauge 

bosons N1  and N2.  Weak effects due to photon weak interference, cause 

forward backward and charge asymmetries, as well as outgoing particles that 

appear with non vanishing average helicities. 
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The interaction La,gra,ng an due to the. photons, N1 and Na gauge 

Bosons is 

io. 	= 3 P ā~~ P -i- 3 C vp. G 	3 11 ?l ag n 	3 i1 a;' )% 

where 

	

1 (151, = 3 ( 	
~ 

5...-er c p - rt-~f.~'sn _ arc. , -~- y„ ~;- c cos g 
zr2 

r) T • 	(TA.. P -E- c Y~,..c) — ( -t) sa,r. Ē, ( » t n 
(Sr +l ) ys 	 Car 	h. 

-[(3h4-1P'st4 p 	cas 11J ( 	+ 54A - ,,.1,.,_ )1,..-4re -►-/~+~',.:*).4) CaSP 

[(ar+1)1SUL? -- to•, (33C,~%¢r-Yr~aw + 	»0,.."14.0a) 

,r • (3r- 	}34--arp,p.) A 

o.nct 

P i-6.erf1 -i' 'a 5.-fr ) S+Z- 3' 

+ (1 Y ) e (. Y„ p } C 
(3r- -i> 

+ 	Cat 	Cv7 (s -- - rs- C :154.6 	 ) 

C (3P-1-1)- Cas (1 	J u: jd C ~~R ~'~. x. -r `?-~~.w YA Z%.+~. 

-}- (3r-.) Cps p 	-!- 	rpy ) 	4 (e. Y~•Y 	5•+•%-  
C 3 r +o 

 C 

.c are The relevant graphs contributing to the process e e -- u 



-~ 

c̀cJJ  
M

" Ni 
Cq - - (Awl) 

G2 (S) = 	1 

[ MN2 ti S -t:12MNL ] 
2 

IJa) 
G A • 

1 
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The reduced amplitude or equivalently the effective current Lagrangian 

is 

The term c qvp,in the boson propagator just gives contributions 

proportional to Me and will be neglected. This simplifies the 

M2. 
Ni 

matrix element to 

zr•CS) - - rete .}A-a',4 
-f- Gvt 	a'a e . 	 j.• -t- GvA 

-4- G-A) e %q e • .Ǹ  Y~c }'t 	-1- GA A 

YK 2 . /ū` Ydār j c 

ē 4Y_Q. • .JV -̀4tYsltA • 

where 
a 	r GF Mv+ 	~2 - 

,~ S 	3r -4- t 

	

W) 	 E. IV1w . (3r-i)` [G-1 ,»s- , 3̀ + G72.(3)  r F7
GYV (s) c 

Xi_ 
 

(3--F1) 

	

( ») 	GF , r 	. (3r-1 ) 	G,.(s) - G-1 (5) 1 .rue f casp 

	

GVA 	- 	 L3 r+ OK 	
-{ 

G 
(A 	_ 	GI= . mH . E. GI Cs) Cas e 4- G2. (s) 'Z'''' .̀1-   f 1 
AA 

t!a) 
GAv 

and Ga. (s) = 

The couplings parameters g and y are related to e2 , G. and Mwl by the 

relations 

	

52- 	GF 	.J_ = 1 ( 6Y- 

	

8 M 	..r 	-) l" 	e - 9 	3Y W 
for fractionally charged quarks while the masses M and MN and the 

1 	2 
angle 13 are specified by two independent Higgs-Kibble parameters q, 4 

(with o < n .~ 	> 0 	.(L) as follows 
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2(2r+%)s 
- C-1,- 5) 

3r(12t5) —  
L otnn. 2 p 

4(MN,, MN) = (3r+z-)( +S) + 4(l—S) t~3r("11+-s)_4 	Stcz`s 

In terms of 	and rfi , the chiral limit of the full left-right 

symmetric theory is given by 	=1 while the SU(2)Lx U(1) limit of the 

theory is given by rt -> 01. 

If the e- beam is incident in the positive direction, P1 = (E, 

0;0,+ E). and in the natural centre of mass system of the storage 

ring P2 = (E,0,0, - E)~ P = P . The production angles 0, ¢ of U 

~+ 3 
are defined by P

3 
=(-E, F sin 0 Cos ¢ , E sine sin ¢ , E cos 0 	) 

S = 4E2. 	The differential cross-section is 12 

cit.0 
dl SZ 

co- F 4 S Ga". 	Flo-) C 1 CosL 	P 0-) C 1+ P+ Cvs 0+ ra, m_ 

+ F (s) 	Q.t P_ S>^: B 4 s4A; c _ Col C a 	4+ - 4-) 

+ 2F3(s), ccrsp ( ! -- ? P_ cu, O4 Cc, @_) 

±' 	(5)Ci+C01%-G) + 2FsCaa(3 3 ( P4 co, 4f + 	0-) 
CCS) ltd2C9 P+ P_ sA.- + L-4; - Ste: (, z _ciS÷ - 4 - ) 	. 

0*, 0 give the orientation of the Polarisation (P+, P
-
) in the c.m. 

frame of the colliding beams. 



TABLE 1 

ee-  ASYMMETRIES AS A FUNCTION OF Qw 

SU(2)1,  x SU(2)R  x U(1) THEORY 	SU(2)xU(1) 
LIMIT 

QW  INPUT 245 147 88 0 -49 -146 

MN 	(Gev) 47 53 58 67 73 81 
1 

MN 	(Gev) 95 98 100 110 124 CC 

Luu
p 

APP 

As=28 

✓s=38 

✓s=28 

✓s=38 

4% 

4% 

-38% 

-42% 

2.2% 

41% 

- 28% 

-68% 

1.3% 

2.6% 

- 23% 

-55% 

0 

0  

-17% 

--37% 

-0.5% 

--1.3% 

-14% 
-30% 

-2.0% 

 -4% 

-8% 
-16.5% 

+ The predictions are for a representative set of 
values of r = .55 and c=1 suggested by neutrino- 
data (see text). 	is is given in Gev.. 
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The Fi 's 	(i = 1,6) are defined as 

FGs' _ G ̀49 + G `~)) z + 	G VA -t- G AA 
z 

Y 	v 

(S) — 	CG 

• )

4- 	YV
Uu) 

) 

(A) 	(.u) F3 (S) = 	GAA + 2 G vY, G A' ± 2. G Av G v A 
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~~. Cs) = 	G vĀ C 

F5 (S) 	Kt (S) 

G lr,', 
Y 

C_ ( 4) 
+ YVr + GAA 

IC 0 since time reversal invariance is assumed. 

The charge asymmetry is defined to be 

A C 
w 

( 0t.G- CG) 	 ( ctc-(a)} c..6Crī-@) 
/ 	.SZ. SZ 	~ 	~ c~ 

Measuring differential cross-section in one direction 0 and then in the 

opposite direction (Tf- E) projects out the parity violating weak interference 

terms. Summing over p± helicities 

= 2 F G os 

	

c ri + 	F .~ 241 Aw 	/c F ~~m-) — 	~  

The maximum value of Al cl 	at 

Cos̀ & = 	(FZtF)I P C=7 Z4 

I + CF=-/F1) 	F a cos zst 
and is 

A
A 	

r 	NI: 	crrs 2-56) ) No 

A measure of F3 gives the charge asymmetry. 
Fl 
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The significance of.the weak charge asymmetry becomes apparent once 

one calculates the forward—backward asymmetry. 	This is defined as 

 

NF — Na 

 

F3 
4 Ft . 

 

where 

 

N 
 - f

2ir 	 n= of u+ in the 
pup f cttoo.) a 

0 	o 	 forward hemisphere 

ti, 	0 
N~ _ ~ol(13 f dk_e?). 	 5- . 

o 	--1 	Ok 

no of u
+ 
in the 

backward hemisphere 

The numbers NF and NB of p
i- 

being measured relative to the incident 

beam. Thus the forward backward asymmetry is directly related to the 

charges. In this analysis we have neglected radiative corrections 

which arise from the interference of one photon and two photon exchange 

diagrams, as well as from the bremsstrahlung contributions. These 

are expected to be small at the high energies at which the beams collide. 
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C. AVERAGE HELICITY OF p- 

The effect of the interfering weak neutral current term with the 

photon can be studied by measuring the average helicity of the u 

This is defined as 

ok6fZ t l
)

h~, — 

   

04-7.0.(1,1%.,) 	 1-14) 

The helicity (h,) of the u+ is summed over. From the expression of 

the differential cross-section 	 {" 5 = ' " 
0 

<113>  = 	
Ff C t Gzr3 ) + F5 Pt P_ c ze cvs 2C 	c=3 @ 

	
1:; 

F7, ~. i + c 	) + F, P4-P-- s4;;Lta c..03 7-9S + 1 F3 Goa C3 

The beams are transversely polarised in the direction of the x-axis. 

The maximum effect for unpolarised beams is 

h̀3 /n.ax 
2 F4 

There is an electromagnetic background to <11.3 > originating from 3,-.2)/  

exchonse. (orcl r 00).  In certain angular regions the background vanishes 

i.e. 9 =7r/2, 	= o. 	In this case for unpolarised initial beams, we 

get 

<r3) 
F~ 
F. . 

D. LONGITUDINALLY POLARISED BEAMS 

This method is particularly suitable for identifying parity 

violating terms in the cross—section. 	Here the longitudinal asymmetry 



lo' 
is defined as 

LK"  _ 	C- - ) — c1-6-  

Go- 

 + cozz6 Fc 
t + P-r P_ 	(U +- c.„3'-c9-) F + 2_C:010  F3 

The advantage this asymmetry has over the other asymmetries is that it 

is a purely parity violating asymmetry, therefore the electromagnetic 

background which is parity conserving will not disturb it. 

In the table (P,- IO►),the expected results for two centre of 

mass energies ✓s=28 and 38 for a variety of values of Qviand the 

corresponding predicted values of 
MN 
 and Mx  with 1"- =  0.55 and = 1 
1 	2 

are presented. 	Since the average helicity and longitudinal asymmetries 

are related and the same goes for the charge and forward backward 

asymmetries, we only present the longitudinal and forward backward 

asymmetries for u 
u:  
. 
	

Similar predictions for the SU(2)Lx U(1) 

model are compared. 

P+ + n 	2 F5  @ + 
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E. EXCLUSIVE HADRONIC FINAL STATES 

The measurability of two-hadron final state at 20 to 40 GeV 

depends on the energy dependence of the electromagnetic form factors which 

is not quite known. Therefore it is not known a priori that weak effects 

due to N1 and N2 boson exchange will not manifest themselves at such 

high energies. The 1 decrease for the electromagnetic form factors 

E2 
of the pion, high rate of events at low energies would transform into 

a few events per day. 

In the process13 e+ ems } r~ ir , three form factors enter into the 

relevant reduced matrix elements 

< Tr+ R- 1 7. m 10> - (PT* 	-) ;() 

~ 
<7+7-1  r 7ic 1 0, = 	

N 
(r — Pes _) F (q') 

In order to be able to use the above relations meaningfully, the current 

Jem and JNC are the quark currents. 	Only the isospin one contributions 

are relevant for the process we are considering. 

The effective. interaction Lagrangian is 

ēY.e [ — 	Y;P + 3 
na'rn~ 

5 

+ 	Y,.e- [ Gv, P ā',,P + G , n Y~n 

 -5)-;.? 
	 n 	~} 

-I— 	 2r), Yr Q E.GI:,    	+ C-pv h Yy, n 

-}- 

 

e 7r" e C G-‘7A PYNYrP + Gvp nYr r 

E 
P _ 

	An 

Only the first three terms are relevant for e* ems -} 7t n 	The isospin 1 



G vv 

G~ 
P 

GAv 

GA 

G vnv 

G AnV 
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contribution are 

z 	ē. x,,ār e T — e. ē a e. d. 	k Gv •,• ē~'~ ~n 	-r 	fou 	'r- 
s 

•rr   
(- 	

_  
e + Gvv) ē a',, e 3 	+ G-AV E' ār71r e- 5 

The effective couplings G. i GP etc. are tabulated below-. GT. = vv av 	 vv 

GP -- Gn and G7 = GP -- Gn 
' vv vv 	av av av 

G e) ▪ _ 	mw` . 	Q r 
s 	3r4-I 

- (3r-►)(r-I)  G~ Mw I- P, ~~:+'~ + t). c,r3Z{3 

-- (3 r- t.) 	Gr . TY'w'' . 5.,;1 Cas p 	D1 - DZ. 7 
~ r•t-I)= s: 

(r - I) . GF . P►Iti ~,^;. f3 Col r 	Gi, - P.] 
r (3 i 112- - Si 

r GF . Yi1w . i, D, Gs1 /3 -t- 02. 1,-.4?-(11 
.s ī 

z Gy 

~r4 I \ G 
/ vv 

4-I 1 G nv r-~ 
n  GvA 	- GvP

A 

n 
GAA — GA

n
A 

-t 
cs) 	s- 	-t-i Ī; rrrN 

The reduced matrix element then is 

- 
1~1 - 	(- Gv ) 	• GĀ ē zrr ' e 1 Fi,`) PR} - %-)y- 

and the differential cross section is 

 

( I—  4m'r ) 

    

d SZ 	4 e.L~ 

T (i ~- ( rfi, n - n, n x) ciss zz 

— 	+ 	2.cp A 4- 2.(I+nan) 

1- (n + n z')  
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Here terms proportioned to Me have been neglected. This eliminates 
IT 

Fs(g2). 	Also any imaginary term falls out on the assumption of T 

reversal invariance 

	

A- f-~_-h G vv 
	

F;(ci,2) 
4 

I3 -1' 	— 2 GĀ  

There are two cases: 

(a)Transverse polarisations. This case will be ignored 

completely as the electromagnetic background is substantial and 

the signal therefore is too contaminated to be of practical value. 

(b) Longitudinal polarisations. Here the longitudinal 

asymmetry is again defined as 

f IT 	
T(4-4.--) /C. T (&-- 6-) ] 

P+ 4 P_ 	2G, V [ et G-v 
I +P.,? 

S̀  G, Y 1 2 + l -:; 1• '  

The graph on the next page gives a plot of p.11.1r 
against Is. for various 

values of Qw. 

F. DISCUSSION 

(a) Note that as long as Qw is either small in magnitude 

(compared to its SU(2)x U(1) value) or opposite in sign, the left—right 

symmetric theory would inevitably predict that the parity conserving 

forward backward asymmetry parameter (App ) must be strongly enhanced 

by a factor (2 to 5) compared to its SU(2) x U(1) , value even at 
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PEP and PETRA energies. 

(b) In general, there is a correlation between the sign of the 

parity violating asymmetry parameters for e+e" +fit-  and Tr+w-  on one 

hand and the sign of Qw on the other. 

Thus e
+
e asymmetry parameters (and also atomic parity violation 

parameter Qw) unlike neutrino data, provide clear distinctions between 

the left-right symmetric theory with a light mass on the one hand and 

the SU(2) x U(1) theory on the other. Should experiments show relatively 

large forward backward asymmetry or parity violating asymmetry parameters 

with signs opposite to those of SU(a) x U(1), they would provide clear 

signatures in favour of the left-right symmetric theory together with 

the characte/istic predictions of a light N1. 

WIT agai p 	nst ,r 
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G. FOOTNOTES 

1. The quoted results of the Washington and Oxford experiments 

(E.N. Fortson et al., Nature, 264, 528 (1976) for the optical 

rotation parameter R in atomic Bismuth are R876nm = (=-8±3)x108  

(Washington) R648i = (+10±8)x10̂ 8  (Oxford) with a systematic  

uncertainty of (±10x10
-8). If one uses recent estimates of 

the purely atomic factor as given by R. Cowan, S. Meshkov 

and S.P. Rosen, Preprint (1977) and also take the systematic  

experimental uncetainties into account, the two experiments 

(Washington and Oxford) appear not to be incompatible with 

—150 < QW ,< 300, (with Qw  0 the most probable). . For the 

present theory this implies a range of masses for (N1, N2) lying 

between the SU(2) x U(1) prediction of (81 Gev, 00) down to 

(45 Gev, 95 Gev) at the two extremes. 

2. J.C. Pati and Abdus Salam, Phys. Rev. D10, 275 (1974). 

3, Thus either the observed neutrinos in such a theory are truly 

light four component objects, acquiring mass through spontaneous 

symmetry breaking (SSB) or else the right and left components 

remain disjoint (and therefore massless) despite SSB. 

4. In a different context, see M.A.B. Beg, A.A. Zee, Phys. Rev. Lett. 

Vol. 30, .675 (1973). 

5. J.C. Pati, S. Rajpoot and A. Salam, Imperial College Preprint 

ICTP/76/11. 

6. Straightforward extensions are possible for more than four 

flavours and four colours, (for example the mirror model, J. Pati 

and A. Salam, Phys. Lett. Vol. 58B, 333, (1975)). 

7. The model as proposed in Ref. 2 satisfies the criterion of 

natural left—right symmetry stated by R.N. Mohapatra and J.C. Pati, 

Phys. Rev. D11, 2558 (1976). 
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8. Sec Sec. 6 and Footnote 21 of Ref. 2. 

9. R.N. Mohapatra and D.P. Sidhu, Phys. Rev. Letters 38 667 (1977) 

and BNL—preprint (22561), who have considered a special case 

(Q
W : 0) arising within the model of Ref. 2. 

10. A. De Rujula, H. Georgi and S.L. Glashow, Harvard Preprint 0_977). 

The light mass gauge neutral boson .(< mN.+)is not available in 
L 

their model, nor in the special case considered in Re. 9. 

11. The familiar ..SU(2)x(U) is the limit of the larger theory 

when n -} o = for which mN gw -4- (6r+2)/(3r-I-2) (1 + 0 ( n —1)) , 

mN / 2 = (3r + 2)/2n 	(1+0(n~'1)), sin26 1 = 3r/(6r+2). 

2 mWL 
12. See, for example, R. Budny, Physics Letters 5;B, 227 (1975) 

and A. McDonald, Nuclear Physics, B75, 343 (197+). 

13. E. Lendari and G. Pocsik, Physics Letters 56B, 462 (1975). 



PART IV 

DILEPTON PRODUCTION IN PP AND PP COLLISIONS AS A PROBE 

TO THE NATURE OF THE NEUTRAL CURRENT INTERACTION 



A. INTRODUCTION 

As was shown in Section 2, the near null results of atomic parity 

violation experiments(1), taken at their face value, appear to suggest 

that the underlying low-enersy limit of the unified theory of weak and 

electromagnetic interactions may be the left-right symmetric (2)  

SU(2)LxSU(2)Rx U(1)L+R  theory rather than its left-handed limit 

SU(2)LxU(1)(3). 	The left-right symmetric theory displays the interesting 

feature that one of its two neutral gauge bosons may be reasonably light - 

of the order. of 50-70 Gev in mass (corresponding to 	forr Bismuth of 

order +130 and Zero, respectively) - to be compared to neutral mass for 

SU(2)Lx U(1) of order 80 Gev (corresponding to Qs  ' 130 and sin2Ow•~ 0.28). 

The colliding beams at PEP and PETRA fall short of producing the lowest 

allowed mass (assuming it exists). Its possible existence could be studied 

indirectly by interpreting the various asymmetries that could be measured 

at PEP and PETRA in the eke' annihilation channel. This was elaborately 

discussed in the last section. 

However, with the proton-proton and proton--antiproton colliding 

beams of centre of mass energies up to 800 Gev, not only will the light N1 

be produced but also the N2  and the charged gauge bosons will be produced 

(perhaps more new physics also). This will not only distinguish between 

the left-right symmetric theory and the SU(2)xU(1) theory (4), but also 

shed light on the correctness of the idea of vector bosons as 
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mediators of the weak force. 

In what follows it is of interest to examine the cross-sections 

for massive }t-pair production and asymmetries in the reactions like 

(i) Proton + Proton -} u
+u.. 

+ anything 

(ii) Proton + antiproton } }t
+
u_ -- anything 

In this section we calculate 

(0.) 	, where Muu  is the invariant mass of the (u+û ) pair 
PP 

(6) The energy asymmetry < dE >= AE+ > 	E- > and the 

related ratio 

AN _ 

N 
n (E+> E .-) .- n (E 	> E+) 

n (E+ >E- ) + n (E:- > E+) 

where E+ and E- refer to the energies of 
u+ 

 and u'  from the same event 

in PP collisions 

(c) Forward backward asymmetry 

App =
f 
 - Nb) / (Ni.  + Nb) 

in PP collision, where Nf  and Nb  refer to the numbers of p's travelling 

in the forward or the backward hemispheres relative to F. 

B. MASSIVE u-PAIR PRODUCTION 

In order to study the massive 
u+u- 

pairs in high energy proton proton 



u1. 

and proton—antiproton collisions Drell and Yan5 use the parton model 

coupled with the hypothesis of scaling. 

Prci n 

Pro knvn ov anti- Pro Eon 

DRELL- VAN PICTURE FOR MASSIVE MUON PAIR PROD CTIOhI 

Here 	P„ 	= four momentum of colliding hadrons 

S = (P, +P2 ) 2 

Q = four momentum of the virtual V, N,, or Nz 

!?t 6.. = four moment of the annihilating partons 
x, i' 	; . 1:zz = x . Pa 

If quarks are identified with partons, then in the SU(2)Lx SU(2)2 

x U(1)L+R theory, the effective interaction Lagrangian, L _JC,arising 

due to the virtual exchange of the photon, N1 and N2 neutral gauge bosons 

is 
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r and 

p 
are two parameters of the theory 	; here the widths of N1 and 

N2 are assumed to be 1 Gev. 

The Drell-Yan massive p-pair production cross-section is 

computed to be 
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q = quark charges,
a
(x) is the quark structure functions for the 

ith quark in particle A and A stands for either a proton or anti- 

proton. T = M2 

PP 

and /S is the centre of mass energy. The sum i 

   

S 

extends over all quarks and anti- quarks. 

C. ENERGY ASYMMETRY 

Here we project out the average value of the four momentum of the 

Uu particles in the direction of the unit vector n which we eventually 

choose to be 	(1,0,0,0). The energy asymmetry is defined to be 
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We know the expression for d61_ from Drell Yan. Therefore 
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Here p, n,a, c refer to the usual quarks. The eight functions 

etc. are given in terms of the masses M 	and M
N of the N1 	 2 

neutral gauge bosons and the square of the momentum transfer q2=Th . 

These are tabulated below. 
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couplings are same for C quarks. 
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The function 
F1,2 

(X1, X2 Mau i is different for the proton proton 

and proton--  antiproton case. 	_ 

~xJ 	5,0 	i" 3.(x~} 1z i?cL) 

If 1 = Proton 

2 = Proton 
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~p p = 	p oc,) P *~ 	se cx.> 
If 1 = Proton, 2 = antiproton 

Fr 	-t- P 

gti) 5(c- ) -' 

Q 

F 

Sex') 4 
P 

The proton-antiproton case is symmetric in xl and x2 but anti-symmetric 

in exchange of fermions. 

D. FORWARD--BACKWARD ASYMMETRY 

This asymmetry is defined in terms of the nett" flux of particles 

of one type minus the flux of particles of another type. The type is 

usually specified by the charge they carry. In this case it is the 

number of 	in the forward hemisphere minus the number of p in the 

backward hemisphere with respect to the proton beam in the centre of mass 

frame. 

To do this we choose a space-like unit vector 	which we eventually V 
choose to be (0,0,0,1) in the centre of mass frame of the experiment. 	Iii 

choosing this particular direction we have calculated the following 

i \ ~f 

 

(Jas.) - nok)) 	l 71-fiCµ) - nb (p.-))  



118 

Therefore 
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Finally it turns out that 
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E. REMARKS 

1. For the structure functions, summed over three colours, we have taken 
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bar denotes the sea. 
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2. The energy asymmetry ,<E+> 4E .- > for the PP has its origin in the 

presence of VV as well as AA interactions, such that the U p pair is 

produced both in C = -1 as well as C = +1_eigenstates. The interference 
(7) 

between these two gives rise to the effect of energy asymmetry 	For 

the proton-antiproton system, f (x) = f
P 
 (x) so that we obtain vanishing 

energy asymmetry between ū  p consistent with CP conservation. 

3. The forward-backward asymmetry vanishes for the proton proton system, 

since we are dealing here with identical particles. 

F. DISCUSSION 

In the accompaying figures 1, 2 and 3, the results of our calculations 

at is = 200 GeV and 400 GeV are plotted, for a range of m lying between 
PP 

30 and 100 GeV. The results are presented for three values of QST  for 

Bismuth (QTR  - +138, QW  = 0 and Q,w  = -138). The last value of Qw  corresponds 

to the SUL  (2) x U(l) limit. The corresponding expected masses (mN  , mN  ) 
1 2 

in the theory are (55,96),  (70,107) and (83,m ) GeV, respectively, when 

sin ow  - 0.28 (i.e. r = 9 n 
	
). For the range of mpp considered, we find 

numerically that 
IGAA(m2up 

 )1 predominates over the other functions 

,IGAVI and' GVAI  by one to two orders of magnitude., so that the 

function A. (m2uu) occurring in the asymmetry expressions has the characteristic 

form: 
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For small (3 , Ai  (m24) 0 for m = 
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point and with it the asymmetries. 
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It changes sign around this N1' 

The noteworthy features of the results 
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are; 

i) There are the characteristic rather high peaks (three orders 

of magnitude) which are rather broad at the base (4 25 GeV wide) — in 

. As expected, these are centered at mN .  Note the manner in 
dm 

1  
which the purely electromagnetic values of the cross—section provide an 

asymptotic cushion on the lower side of the peaks. We have also computed 

6 	 Z 
for ISR energies, but find its magnitude rather small (= 4 x to °cm2/ dm 

PP 
GeV for : m 	30 GeV) . 

pp 

ii) The energy asymmetry in PP increases Frith energy from a few 

percent at is p  60 GeV to-=-15% for Js = 400 GeV. 	It does not seem 

to rise above this value in the energy range considered_ 

iii) The angular asymmetry in PP is large, varying between 20% to 

—30% as mull  varies between 30 to 100 GeV at Js = 200 GeV. This 

asymmetry is relatively large even at Js  = 60 GeV. For example, at 

m 	z 40 GeV, AP  u = 0.45, 0_28 and 0.15 for QYr  . 138,0 and -132, respectively. 
PP 
However, the cross—section d6  -at is = 60 GeV is around 7 x lo

-40 
cm2/GeV 

dm 
for m = 40 GeV. When ifs isupincreased to 400 GeV, A decreases and is 

PP 	 1111 

down to levels between +10% and —10% for 30.<m < 100 GeV. It would 
PP 

thus appear that is 200 Gev represents an optimum energy for this effect. 
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j1. FIGURE CAPTIONS  

Figure la  A plot of  
du  

 vs. m for PP4-u
+
11 X• (Is = 200 GeV). 
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Figure lb A plot of 
am 	

vs. mPP  for PP-}u
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X Vs = 1+00 GeV). 
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Figure 2e,  A plot of  
du   vs. m for PP-11+

p X
• (✓s = 200 GeV). 
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Figure 2b  A plot of  
du 

 vs. m for PP->u
_ 
X (Is = 1 00 GeV) . 
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PP 	

PP 

Figure 3a  A plot of APP  vs. mPP  for PP+u
+
u X Ws = 200 GeV). 

Figure 3b  A plot of APP  vs. mPU  for PP-411+u-  X• (✓s = 400 GeV). 
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