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Abstract

The weak neutral-current effects in the lepton pair production witﬁ
circularly polarized photon beams on unpolarized targets are invesfigated in
‘unified gauge theories. We derive the differential cross sections for leptons
produced by right- and left-handed photons on unpolarized targets. We define
the parity-violating asymmetry as the ratio of the difference of these cross
sectioné to the sum of them. Numerical calculations are given in the standard
Weinberg-Salam model in the case of the isoscalar and proton targets. The
asymmetry is shown as a fﬁnction of the lepton energy in some kinematical
configurations. The weak neutral-current effects are of the order of 10i4’for
the inclusive lepton pair production aﬁd of the order of 10-5 for the exclusive

one at the incident photon energy of 20 Gev.
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§1., Introduction
In 1973 - 74 weak neutral-currents were discovered experimentally in

inclusive neutrino reactionsl)

and in single pion production processes‘by
neutrinos.z) A number of experimental data on weak neutral-currents have been
~accumulated till ndw, so that we can understand main features of the weak
neutral-current interactions.3)

Our most dgtailed e#perimental informations on weak neutral-current
interactions come from data on yN and UN reactioﬂs; includihg inclusive
reactions YN -%X ; semi-inclusive reacfions %N’»-%hx; exclusive pion production
SN > UnN and elastic scatterings Pp + Up. It has been clear now that the ex-
perimental data for these reactions are in good agreement with the predictions
of the Weinberg-Salam modela) with the Glashow-Iliopoulos-Maiani mechanism.s)

The data on neutrino-electron elastic scatterings are less precise than
those on neutrino~-nucleon reactions because at the same incident énergy of the
neutrino beam, the cross sections of the former scatterings are smaller than
those of the latter reactions., Within the experimental uncertainties, data on
Gee, Gue and vue elastic scatterings have been in agreement with the predic-
tions of the Weinberg-Salam model., We show in the Table I the experimental
- results on the neutrino induced neutral-current processes tabulated by
C. Baltay.3)

The electron-nucleon weak neutral-currents have been difficult to study
experimentally, because electrons interact with nucleons electromagnetically,

so that one must look for effects that are chafacteristic of the weak inter-

actions, and for a parity violation.

This parity violation has studied at first in atomic ?hysics.6) The ex~
periments on bismuth 209 at Oxford and Seattle set upper limits on the optical

rotation that were well below the predictions of the Weinberg-Salam model.



The expreiment, however, on bismuth 209 at Novosibirsk are in disagreement
with the limit set at Oxford for the same frequency but in agreement with the
prediction of the Weinberg-Salam model. In view ofrthe conflict between the
experiments, one should not be too concerned about any possible discrepancies
.with the Weinbefg-Salam model;, In 1978 - 79, parity violation in deep in-
elastic scattering of longitudinally polarized electrons from unpolarized

7)

deuterons has been»obsefved at SLAC ' and the reSuits are consistent with the
prediction of the Weinberg-Salam model.

It is now of particular importance to determiﬁe the relevant form of the-
electron—qﬁark neutral-current couplings and will be the highlight to deter-
mine the form of the muon-quark and.tau-quark neutral-current couplings.

In this thesis, we study é possiBle phenomenoﬁ dﬁe to the weak neutral-
currents related to the electron and the muon. We discuss the parity-violating
asymmetry of the differential cross sections for the lepton pair production’
with circularly polarized photons on unpolarized targets: yHN - If+ 1+ anything.
The lepton pair l+l- may be either electrons or muons. The neutral-current
effects in the Bethe-Heitler processs) have been investigated by Mikaelian

9

et al., in the case of unpolarized photon beams. They have pointed out that
the neutral-current contributions to the Bethe-Heitler procéss give rise to the
longitudinal polarizations.and the charge asymmetry of the angular distributions
for the produced leptons. The observation of the longitﬁdinal polarization of
final leptons is, however, rather hard in the experimant. On‘the other hand,
the pure electromagnetic processes, such as tWo—photonéexchange processes also
contribute to yield the charge asymmetry of the angular distributions for final
leptons. So, one must eliminate these effects and select only the weak neutral-

current contributions towards the Bethe-Heitler process. And very precise meas-—

urement are needed for this purpose. For the above reasons, it is rather hard



to examine their results in the experiment. If ﬁe keep in mind that high-
energy monochromatic and polarized photon beams will be available at the SLAC

10)

Hybrid Facility, it is quite significant to study the parity-violating

asymmetry for the angular distribution of leptons produced by right- and left-
hénded photons on various targets.ll)

The cross sections for the inclusive reactions are larger than those for
the exélusive reactions. So, it is natural to expect that the first round of
experiments on this reaction is made in the inclusive reactions; Yy + N +Jf4-1-+
anything. AThen we at first describe the inclusive lepton pair production with
circularly polarized photons on unpolarized targets. Fér theoretical analysis
of inclusive reactions, however, we inevitably use the quark-parton modellz)
to estimate the differential cross sections which are described in terms of
nucleon structure functions. In order to give the predictions in a parton quel
independent way, we also discuss the parity-violating effects in the exclusive
iepton pair productions with circularly polarized photons on unpolarized protons;
Y+p-~> 1{+l-+ p. Although the cross sections for the exclusive reactions are
smaller than those for the inclusive reactions, we have the advantage of using
the nucleon form factors which are well known in the different experimentsl3)
to describe the differential cross sections.

In the evaluation of the photoproduction of lepton pairs, we have found
that the main contributions come from the purely electromagnetic Bethe—Hgitler
processes which are shown in Fig;l. In unified gauge theofies, the weak neutral
vector boson Z is exchanged as additional contributions shown in Fig.2, and
this gives rise to périty non-conservation. From a simple dimensional analysis,
these parity-violating effects are generally exﬁected to be of the order

_ Gquzllez, for the squared momentum transfer |q2|<< Mi, where M.z is the mass of

the weak neutral vector boson Z, and GF and e are the Ferml and electromagnetic



coupling constants, respectively.

There are, of course, other types of processes for the photoproduction of
lepton pairs. Figure 3 shows fhe relevant Feynman diagrams. The contributions
of the Compton—type processesrare expected to be smaller than those of the
Bethe-Heitler processes at high energies of the incoming photons, as is
discussed by Mikaelian and Oakes.g) Thus, we neglect these diagramé and calcu—-
late only the Bethe—Heitier diagrams in Figs.l and 2.

First we describe a general formulation in §2. We calculate the differen-
‘tial cross section for the lepton pair production with a polarized photon beam
on an unpolarized target, In §3, we adopt the Weinberg-Salam modelrto détermine
tﬁe neutral—-current couplings for the purpose of numerical calculations,
Secﬁion 4 is devoted to the discussion of the inclusive photoproduction of
lepton pairs. We define the parity-violating asymmetry of the differential
cross sections for lepton produced by right- and left-handed photons for the
inclusive reactions. It is expressed in terms of nucleon structure functions,
We also discuss its general features and give the numerical results. The ex-
clusive photoproduction of lepton pair is discussed in 85. We also define the
parity violating asymmetry of the lepton angular dustribution for the exclusive

reactions. Numerical results are also given. Conclusions are summarized in §6.



§2, The cross section for lepton pair production with circularly polarized
| photon beams

In this section, we shall derive the cross section for the process

Yack) + N(B) —Lp>+ L ps + X(E) |
' (2.1)

where Yy I+ and 1 are the incomming photon of the helicity A and the lepton
pair, fespectively.. N and X denote the nucleon target and the possible final
states of hadrons such as a single nucleon, one nucleon and one pion and so on.
The quantities‘in parentheses express four-momenta of the corresponding parti-
cles and hadronic system. |

14)

In what follows, we will use the interaction Lagrangian

Le-el-Pup + A" + azl VLG )Y+ T Z

(2.2)
where Y, A.u and ZU stand for the fields of lepton, photon and weak neutral

vector boson, respectively. Jﬁm

and Jﬁ are the electromagnetic and weak neut-
ral currents of hadrons. e is the proton charge, and Iy» 9u and g, are neut-
ral weak coupling constants depending upon gauge models., At present, we leave
them free parameters. The interaction (2.2) is also assumed to be time-~

reversal-invariant. The matrix element mediated by a weak neutral vector

boson in Fig.2 can be expressed as

./75—2“’-53 (3;/070( J;qj:)<X(P')/jz°2o)IN(f)> 2.3

where

b= acp) i1 v+ A e
R (i (2.4)



and

J‘ufzf“z“(l’-)[%—/— Yol + b4y g, )
P —&-m - Frk * (2.5)

EU is the polarization vector of the incident photon, and m is the lepton
mass., Similarly, we obtain the electromagnetic matrix element via the Bethe-

Heitler mechanism shown in Fig.l

. ] . , ' )
Ay == G <X | T [ Vepd>

(2.6)

The cross section for the photoproduction of lepton pairs can be
straightforwardly calculated from the matrix elements (2.3) and (2.6). We are
interested in the angular distribution of leptons produced by a polarized
photon beam on an unpolariéed target. Avaraging over the initial nucleon spin
and summing over all possible final hadronic states, we have the differential

cross section for lepton pair production from an.unpolarized nucleon:

Ao = Iy £, 5 T TSR | Hy v Ml

RUYZEEE. iital m=l gearlun iT1
":‘r?::”‘ of firal hadrynjc
stales
x2S C P ~pr—p.m P . (2.7)

Here, E and E, are the energies of the incident photon and final charged
. * n ‘
+
leptons 17, respectively, and P' = Z ;. We have adopted the state normal-

i=1
ization as,

<p.s | p, SO =8%p-piSsst

A (2.8)
where p and p' are the momenta, and s and s' indicate the spin and other quan—
n
. tum numbers. II d3pi denotes the integration over all the three momenta of
i=1

the n-body hadron system and the summation should be performed over the possi-

ble quantum numbers of the final hadronic states.,



Substituting Eqs.(2.3) and (2.6) into Eq.(2.7), we obtain

do - esmMdpdp [ jri W
2 (2RYEEE. P 8%

22522 (g y __j 'fjr)Rdﬁ ]
_—— VOIO(J Ao’,x )]
C3-re’ £
A (2.9)
where g = k - p+ -p_= P' - P and + denotes the hermitian conjugate. Po and

M express, respectively, the energy and mass of the target nucleon. The had-

%
ronic parts WOLB and ROLB are respectively defined byls) )

of © n
WE=Lels I3, [t fap:

imitic] n=t Buanlem =/

Rucleon pumbersel
spin Jinal hodronic
sthles

x<NCEY [ T8y | X CEOOKX(RY | T4, VP>

x 25 p—pre §) (2.10)

and

w3 » . ,
R = FP» 3/-%*/2‘3;«-» ‘Zz{fd’ﬂ.{(/v(g)/j""?o>//\’(£)>

7;;;6,{30" fu»a/ hadronic

states _X<X(£’)/J'?’8(o)_/N(B)>

+ < NI T % [ X (2O MXCPI T 00 INCPI 2 {

x ()¢S p-Pr3) .
(2.11)

* The definition of WDLB is different from that of Drell-Walecka by a factor .

1/M.16)



In deriving Eq.(2.9), we have ignored the lepton mass and used the relation
+ 5 .15 . . . 2
JB Ja JB. The contributions from |M2| have also been ignored. We shall

discuss the features of the leptonic and hadronic tensors in the following
subsections: 2-1 and 2-2,
2-1, The leptonic tensors

In this subsection we first calculate the leptonic tensors in Eq.(2.7)
and discuss their useful properties. Let us consider the case where the polar-

izations of the final leptons are not measured. Summing over the lepton spins

but keeping the photon polarization, we can write

T, Cild) = F D, ) + ALl iy, = J/s)j--,}]

.09 ton_ H .nG 5 ns
sr.ns f r
and ' '
; (Ghig) =4[ 5.2, Cidde) +7L>L{<JJJP)A = Cilipheua 1]
g ,;.,.? gt
s s
( S%p + A /4q8 )
- ' (2.13)
where A is the photon helicity of 1., SaB and SZB are the same as those

. R . 5 5 AD
defined by Mikaelian and Oakes in Ref,9)., The tensors SaB’ AUB’ SaB and AdB

are given by

Sap = CE*eT+ ™€) e [ % Yo tda_t ¥, )

Pk EZ-F

(%L 2+ % %)l
7% HrE




Aap — Ceuéfu‘:érugu)-n[ £ (Yol Y + %

£k E-#
Y / /
¢ y'fi"ﬁ q; T z;-]ﬁ + %k ) ] ’

A v tucv / / ° :.
S5, = (&€ & é)??[k}ﬂ(%*%% Y +"§fﬁ_ﬁ/)4"

CoHvet Yy + o —L )
A% otk ]

and

/4&;‘*(6“5’”—5’”5“)7?[22%(% L Y s Va b _X)P

Ft 7%
(v, L%t h—t_n)l
~o% - TR (2.14)

where we have neglected the lepton mass. These tensors are the functions of

p, and k, and can be easily proved to satisfy the following symmetricror anti-

symmetric relations:

Sas (2> f‘),

Il

Sap (f-r’ﬁ) = 5/301 (ff’ﬂ-)

SSa P P) == SmPr B = Sp(r.P),
Ad,s(f+:f—) ="/4/3d(7’+,f-) = /40%3 (f—-»f—f),

Ao (B B) = Ao ) = = (2. 1)

(2.15)

These relations can be used to discuss the general properties of the cross

section and to simplify the following calculations. The explicit formulas of



these tensors are rather lengthy, so that they are not presented here. tWer
list them in Appendix A except for SZB which does not give a sizable contri-
bution in our case, as will be seen later.

We finally note another important property of the leptonic tensors, which
is true only at high energy ﬁhere the lepton mass can be neglécted safely. In
such a zero-lepton-mass approximation, the leptonic axial;vector current as

well as the vector current is conserved, so that we have
o _ dns
gsdp——al Z’g’q,ﬁ—;
o o ;5
Z/qq',s_:O, ZAc’&"O.

(2.16)

These relations are also very useful for us to simplify the contraction of the
leptonic and hadronic tensors,
2~-2, The hadronic tensors

In this subsection, we discuss the hadronic parts defined in Eq.(2.10) and

(2.11). With the aid of the translation operator P, we can describe

- Px

cPx
JuCxy = @ T 0) £
(2.17)
By making use of this relation, Eqs.(2.10) and (2.11) can be rewritten as

follows;
‘ v _ (.zzr)‘}.’, Iy faex @¥ NP T 0 T eor I NP>
W*¥¢s.p) 2,31,
vy
4 (2.18)
o ' 2 gx
R*c3,p)= C2E ;’_Z{d“zc Enee)| T8 T )
tie
xu.{:n .
T T %aT ey INCPID
(2.19)



" Here, we have also used the hermiticity of the electromagnetic and weak:

neutral currents and the completeness for the states

w0
D, 5 T Sdp I xceod<xeE | = 1
n=) &'AMIWO\ =1 ]
by (2.20)

slates

The expressions (2.18) and (2.19) clearly show that WDLB and RQS are the
second rank Loreﬁts tensors. Moreover, they depend only upon " and qu. There
are six linearly independent tensors of second rank which can be constructed
from pH and qu. The linearly independeﬁt bases used here are presented in
Table II, The electromagnetic interaction is parity-conserving and time-

reversal-invariant. Also, the electromagnetic current is a conserved one,
em
¥ J
M

0.
that W 8 is a real polar symmetric conserved tensor. On the other hand, the

= 0. These conditions with the hermiticity mentioned previously imply

weak interaction is parity-nonconserving and the weak current is not a conserved
one, oM Jﬁ # 0. The other conditions of time-reversal-invariance of the weak
interaction and the hermiticity of the weak current constrain RQB to be con-
structed from real polar symmetric or imaginary axial antisymmetric tensors.

. op . e .
Since R B includes the conserved electromagnetic current J m | linearly, we

have q& qB RQB = 0, Then, making use of the Table II, we obtain the most

general forms of WpLB and RQB as

(2.21)

-and

df o
RG.r)= - p (3% - 27;2”) + B (f“—_z;? 3 N ff’-%@ 2°)

— iR caps N 3 ow
o € B8+ LEcpet - 228 o)

(2.22)



The strucyure functions Wi and Ri are scalar functions of q2 and P*q ,and are
of dimension (mass)_l. |
2-3. . The differential cross sections

The cross section for the lepton pair production with a circularly polar-
ized photon beam on an unpolarized target'can be calculated on- the basis of
Eqs. (2.9) v (2.22). Substituting Eqs.(2.10), (2.11), (2.12) and (2.13) into

Eq.(2.9), we immediately obtain the difference between the cross section of

right- and left-handed photons. The result is

A= g &M LB P Gvhss jAA"/’ JR
TCiP°E E- $EZY( Z‘—/‘/ Pl [ o (2.23)

where the (*) signs on the cross section indicate positive and negative heli-

cities A = *1 of the incomming photon, respectively. Note that Ast Wp‘B =0

because AdB is antisymmetric under the interchange o <+ B, while W&B is sym-
metric (see Egs.(2.15) and (2.21)).
The sum of the cross sections is cleraly given by
. - 307 dP L | |
A0+ Aq? = - XTAdRAR / B o
. TP, F L E- «EJ« S“FW (2.24)

where °*+++ denotes the electromagnetic-weak interference term, including

SS RaB

o8 , which can safely be neglected compared with the purely electromagnetic
Bethe-Heitler cross section.

We shall now perform the contraétion of the leptonic and hadronic tensors
in Eqs.(2.23) and (2.24). The terms proportional to q and qB in the hadronic

tensors (2.21) and (2.22) vanish owing to the current conservation for lepton

(see Eq.(2.16)). Then, we can writée

W =
0/’ (ﬁf)(ﬁf)cs'u/l "f'S M/z) (2.25)

— 12 —



and

‘(&Aw,s Jhas IR W”’A R + (AR + AR, )]

(2.26)
where S, and A, are defined by
1 1
- (RPIRP-) g (P
S, = R P-r&( P gx/a S )
S;=_ (RPR)RP-) PP Sa@
& M
E=3 ( ﬁ'ﬁ)(ﬁ' - So
A‘ 5 £) éﬁaA i
A= - (REBIEPL) PuPs A’d
& M3 )
= LLRAXNERP) _/ P
AJ 8 z upfo-f 2 A
(2.27)

It is to be noticed here that the other terms do not contribute because of
the symmetric or antisymmetric properties (2.15) with respect to the inter-
.change o <+ B.
After simple calculations, we have the explicit formulas of the above

products (2.27) in the laboratory system as follows:

S = 2 ‘

NN A ) A (k’f’—‘f_f'ﬁ)
(2.28)

S-Sy + P [REE-— E(Es + E-)}

+ kP (EEy +E-(E-~FEf r #R{EE. +E4(Er-E-)

(2.29)



A= -2E! (E_-f?-//) _.(Ef--ﬁ/,)}[E{(E-_ﬂ”)_f(Ef—ﬂ//)} :

"Z(EfE-—_ﬁJ.'P-J. = Fn Pu )]

’

(2.30)
Ar= EI 2Chuy — f—l/)(rf.L'ﬁ_L + B 71”)-['25‘:2?_,” - ZE.;Z P-1

tE(-E*+pi +Ef —Pri )]

(2.31)

A;= £ [ 2CPs-Pr) = R(EE-~ Pu Pad{ (E.~E,) + (Er=Pu)(E-~Pa)
-+1[’,J_-}°_,_{'(E-—Ef)1' +E(EtE- - fin -2u)
—E Py =Ecfon +2P0Bor
t (B-=Pu) E(E+E-—F4 =2fu)

t (B = P SE(EE~F-224) ]

(2.32)
where the subscripts || and L denote the parallel (longitudinal) and perpen-

dicular (transverse) components of momentum with respect to the direction of
the photon beam. Note that Sl’ S, and A3 are symmetric under the interchange

p+ <> p_, while Al and A2 are antisymmetric. Hence, Al and A_ vanish for the

2
symmetric pairs p+ = p_. Then Eqs.(2.23) and (2.24) are written in simple

form as,

— 14 —



A0~ Age-r . oS BLE 7 z
T E,E. EZNE-/G)CT crpr ) RP)

'[ gvA.SRJ + 8A(AIRI + AZRz)J

2

Ao + de? = L ABALE g < (SW, + Sal
T ELE. EZ¢ (REBNEE) w1 S

(2.33)

(2.34)



§3. ‘The gauge model

Various gauge models make different predictions for the value of the
difference between the cross sections of right- and left-handed photons dis-
cussed in the previous section. 1In order to give a numefical estimate of the
CYoss seétions, we shall use the standard Weinberg-Salam mode14) with the
Glashow-Iliopoulos-Maiani mechanism,s) which determines the neutral-current

coupling constants in Eq.(2.2) aé,

- &
jz" Ainze,., ,
v=-=z +Zan’Ow ’
9= - % NGRS

where ew is the Weinberg angle, The hadronic currents are written in terms of

quark fields as follows:

guarks
(3.2)
and .
z —
j:«’: P Z)Q(Qg—ngr)Z'
}uarks (3.3)
with ' )
2 /
Qu = Q. = F , Qe = Qs = - F ,
at( = Qe = ?/ - :?;SM"&W ,
Ad = as = -;é + jg Auh2£9w,)
/ /
bu:bc:?,bd=bs°"?.
(3.4)



The mass of the weak neutral vector boson Z is related to the Fermi coupling

constant G_ as
F 2

2 _ gz
My - =%
vz Gr
2 , (3.5)
In the numerical calculations we use sin Gw; 0.23 for the Weinberg angle

which is completely consistenﬁ with all the experimental data.?)



§4, The inclusive photoproduction of lepton pairs

In this section we shall define the parity violating asymmetry of the
differential cross sections for the inclusive photoproduction of lepton pairs.
‘And using the quark-parton model, we give the numerical values of this asymmetry.
4~1, The definition of the parity-violating asymmetry of the cross sections

for the inclusive photoproduction of lepton pairs

We are interested in the angular distributions of the leptons produced by
left- and right-handed photons on unpolarized proton or deuteron targets, and
do - not observe the final states of hadrons.

From Eqs.(2.33) and (2.34), we obtain the parity-violating asymmetry of

leptons produced By circularly polarized photons for the inclusive reaction:

A(f_' P ,i) o{a‘(v-) _ 6(0-(—)
0((]‘(*) + 0(0'(‘)

G0 3% [ AR, +Ga (AR + AR)]
eicgr-H;) CSIWs +SaWs)

(4.1)

where the kinematical factors Si and Ai are explicitly given by Egs.(2.28)"V
(2.32), respectively, and the structure functions W& and Ri.are defined in
Eqs.(2.21) and (2.22).

We shall now briefly discuss the géneral featureé of the above expression

(4.1). 1t is clear from Eq.(2.30) that A1= 0 for the special configuration,

( k°p+ ) = (k*p_ ), which means, for example, E+ = E_ and Py = Py On the

other hand, the explicit formula (2.31) shows that A2 = 0 for either p+l.= -p_’L

or p,, = P, and Ip l = Ip ]. Therefore, the axial-vector current of lepton
+1 =l +1 -1
does not contribute to the asymmetry (4.1), if we observe only the "azimuthally

= 0 _, and arbitrary ¢. Here, 6

symnmetric' lepton pairs, namely, =E, 6

E, +

are, respectively, the polar angles between the final lepton momenta p, and the



direction of the incident photon beam, while ¢ is the azimuthal angle between
+ .
the outgoing lepton pair 1°. We emphasize that the above properties are gauge

model~independent. In contrast, A.3 in general, does not vanish in such a

symmetric case, To estimate the above asymmetry, we further need the knowledge

of the nucleon structure functions, Wi, Wé, Rl’ R2 and R3.

4-2, Structure functions

12)

We further assume the quark-parton model to derive the nucleon structure
functions., Within the framework of the parton model with spin-1/2 quarks, the

Callan-Gross relation7) holds not only between W, and W, but also between R1

1 2
and R2:
v, = ZMXM/')
vR, = Mz R,
(4.2)
where v = p*q/M and the scaling variable x = —q2/2p'q = —qZ/ZM\)° From the
quark currents (3.2) and (3.3), the structure functions are expressed by 9

v W XD ng[ 8(2’)-*?.(2)]'

guarks

Fuo rks

YRy = ZXY, Q@ [ Jex) + Zex) ]

and

VR = -2, Qg'bg [Bexo— Eex ]'

Guorks

(4.3)

Here q(x) and q(x) are, respectively, the quark and antiquark distribution

functions in the target nucleon.



These distribution functions can be determined from the deep inelastic

electron or / and neutrino scattering data in the same quark-parton picture.

Assuming that the sea is SU(3) singlet, Barger and Philipsls) have parametrized
them to be
— — — . o
Scxy= Sex) = wex) =dexy= 2L ¢/-2)]

wuex)= L. [o-fi¢(/—z‘)3 to-ablCr—x0 +0-821Cr-22)7] + S¢x) 3
3

Acx)= V“L [o-072Cr-2°) +0-206C1-X)°+0-821C/—x)7] +S(x)
z

(4.4)

for a proton target, The last terms of the above equations for u(x) and d(x)
are the contributions from the sea quarks. The distribution functions for a
neutron target are given by interchanging u(x) and d(xX) in Eq.(4.4). We shall
use this parametrization to give numerical values of the asymmetry (4.1).
4-3, Numerical results

We shall first present numerical results for the proton and isoscalar

targets in the following configurations:

(1) 6 =/5°, ‘9—=f°/'¢=/<?0’ and Bp=r0°, 6-=5°, R
(1)  Gr=6.=/0°, $=/80°  ang br = 6.=/8°, ¢=ys0°

at the incident photon energy, E = 20 GeV. For each of these configurations;
we show the asymmetry as a function of E_ for two energies, E+ = 1 and 5 GeV,
in Figs.4,5,6 and 7, For Figs.4 and 6, we give the values for q2 and x.
These values are similar to those for the polarizéd electron scattering ex-—

periments at SLAC7).
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The asymmetry has also been estimated for E = 50 GeV in the same configurations
as those of Figs.5 and 7 in order to explore its dependencé on the incident
photon energy. The results are given for the isoscalar target in Figs.8 and
9. In these numerical calculations, we have used sinzew = 0.23 for the Weinberg
angle which is completely COnsistent‘with all the experimental data3). It is
evident from Figs.4 v 9 that the parity-violating effects are of the order of
10-4 and 10-3 fof E = 20 GeV and 50 GeV, respectively., These effects increase
with the angle 6i of the observed lepton pair. The same is true for the
difference of the asymmetry for the proton and isoscalar targets. However,
bthe differential cross section for the photoproduction of lepton pairs expo~
nentially damps with theée polar angles. In Fig.10, for example, we illustrate
it as a function of 6_ for the fixed angle 9+,= 5°, 10° and 15° in the case of
_the incident photon energy of 20 GeV and the isoscalar target. Thus, there is
no advantage in setting the angles Bi to be so large in the experiment.

For the "azimuthally symmetric" lepton pairs where the axial-vector current
of lepton does not contribute, the asymemtry (4.1) vanishes for sinzew = 1/4
in the Weinberg-Salam model which gives 9y = 0, On the contrary, the vector-

*
like model for charged lepton ) 4

brings about the effects of the order of 10
for the same Weinberg angle at the incident photon energy of 20 GeV. This
feature is shown in Fig.ll. We may use it to distinguish the Weinberg—Salam

model from the vector-like model of lepton.

* The right-handed electron (or muon) is in a doublet but

both uR and dR in singlets.



§5. The exclusive photoproduction of lepton pairs

In §4, we have assumed the quark-parton model to give the predictions of
the Weinﬁerg—Salam model for the inclusive reaction. In this section we examine
the exclusive reaction in order to givé the prediction in a parton model inde-
pendent way. And we shall define the parity—violating asymmetry of the electron
(muon) angular distribution for the exclusive lepton production by circularly
polarized photons on unpolarized proton targets. In this case we can use the
form factors in place of the structure functions for tﬁe inclusive réaction,
then the predicﬁions are free from the parton model.
5~1, The definition of the parity violating asymmetry of the lepton angular
| distribution fér the exclusive reaction

We now proceed to consider the exclusive lepton pair production with

circularly polarized photon beams as,

K(k) +p(E) — Lped + U cpy +p (£,
‘ ' (5.1)

Here, we specify the initial and final states to proton states in Eq.(2.1). In
this case we can derive the matrix elements of the hadronic currents between

proton states in terms of the proton form factors as follows:

<Cp (| Ty 1pCR)) = her) [ FlCgH x5

M
CLIN/ AN

. 2 2
+ ____;f;f?)o;,f = GO % JucE)

(5.2)

and
< p(B ] TS L pep)> = 11 e [ Flean ¥
F _ )’ /eB; Uce) !

o BXE) o 27 Jue)
M
(5.3)



where M is the proton mass. In Eq.(5.2), we have omitted the induced pseudo-
scalar form factor because its contribution is negligible for high energies
where the lepton mass can safely be ignored., Compton-type diagrams in Fig.3
are also neglected because the perturbation calculation show that their ampli-
tudes are less than 10 percent to those of the Bethe-Heitler processes for the
forward production of lepton pairs at the incident photon energy of 20 GeV.
The cross section for the process (5.1) can easily be obtained by a simple -
replacement. The replacement procedures are liéted in Appendix B. We are
now interested in the angular asymmetfy forsthé lepton produced by circularly
polarized photons from unpolarized protons, and we are not concerned with the
details of the final states of the proton and the antilepton. Then, integrating
over the antilepton variables in Eqs.(2.33) and (2.34), we obtain the differ-
ential cross sections for the exclusive lepton pair production of right- and

left-handed photons. The results are

do-(-f) + do(‘) ZCYJ E-. f , . ME-'- .
AE4R.  dELR. 72 E(b-p) B (kB )E

2 r 2
x[_s,T‘; Gup €3}

/ Y 2 2 r o, .2
rSJ——-zT){(&E,f(;))) - %;1,(&,,,,,(3 )) )]
(1= s |
- (5.4)
and |
AT A6 o§s  E- fa ME,
AE- AN AF_ dl 7 EC(RE)

B(kEIE (311D



¥ ’ z
x [ ~JvAs G’n.f(Z') G‘ﬂ,f (g*)

+dl=A 452 G'/:jf(‘a’z) Gﬂz,]’ (3°)

A L (G 5 Gy 3) — 473; G (80 p 3] |

- &7
I s (5.5)
where
E,= _M(F~E) +EE (/~cn8.)
F-{ 1= o001 ctb.~tinGrainb.coo( -4 ) —E (1~ 8, ) — 1M,
(5.6)
P/= M+E-E;—-E-,
| (5.7
& =~ -2M(E —E- - F:).
(5.8)
Here, GE(qZ) and GM(qz) are the Sachs electric and magnetic form factors and
defined bylg)

2 ) 2 2 2
Ge (87 = Fi(g) + _ mcg)

(5.9)
and

G (87 = Fi(g?) + R (3,
(5.10)
The superscripts Y and Z imply the form factors of the electromagnetic and
weak neutral éurrents, respectively, while the subscript p indicates the proton
form factors in Eqs.(5.4) and (5.5). From Eqs.(5.4) and (5.5), we define the
parity-violating asymmetry of the electron (muon) angular distribution for the

exclusive lepton production by right- and left-handed photons on proton target:

da{r) "0{0.(-) / a(o-ﬁr) 6[0'("
/4 (]a.. J k )= [dﬁdﬂ- - AE. AN ] dE. 4N . +dE.a/t£a- .

(5.11)



In our mumerical estimate of the asymmetry, we cut off the antilepton energy
loﬁer than 1 GeV in practice.
5-2. Form factors

For the estimation of the cross secﬁion of the exclpsive reaction we are
now in a position to discuss the form factors for the hadronic currents.
Neglecting the contribution of the strange and éharmed quarks in the nucleon,
the form factors of the heutral vector current can be related to the electro-

20)

magnetic form factors of nucleons through the isdspin property. From Eqs,

(3.2) v (3.4), we have
, r r s ,
Gup8®) = %[ GepC8) = Gan(s®) ] ~ 246,67 (5%,

and
Gl:f’[gz) = 24 [ Grif(ZZ) - Gf:tn (3')] = 2 4Gy 6':,’}’(33).
| (5.12)
for the Weinberg-Salam model. The subscript n(p) indicates the neutron
(proton) form factors. 1In a similar manner, we obtain for the neutral axial-

20)

vector current
z /
Gap €3') = Z datéd®)
(5.13)
where gA(qz) is the axial~vector form factor for the neutron B decay. On the
other hand, the eleétromagnetic form factors GE and G; are well known experi-

mentally at least for low energies, and they have the same dipole q2 dependence:

-~ r —_—
Gepes) = Gnpll?) . Grnls) RN L
/ot Hp A o 7/caev) 7/

G%:;(Zl)‘% 0,

(5.14)



where up = 1,79 and Boo= -1.91 are the proton and neutron anomalous magnetic

moments, respectively.21) Similarly, we take the axial-vector form factor of

the dipole form

dacs )= dycoof /- g ')"‘z

M
(5.15)
where gA(O) = 1,253 * 0,007 is the axial-vector coupling constant for the neutron
B decay.zz) The parameter MA is determined by the pseudo-elastic neutrino

reactionl3) but it is not so well settled yet. In our numerical calculations,

2
we take M.A2 = 0,90 GeV ., It is, however, noted here that our numerical results

for the asymmetries are scarecely affected by the value of MAZ so far as it
2 2 :
ranges from 0.71 GeV™ to 1.10 GeV , compatible with the experiments.

5~3. Numerical results

We shall present the numerical results of the asymmetry in the following

configurations:
(1) E= (0 GeV, 6. =/(°. 5°,
(i1) £ = 40 GeV, 6. =/° S°, /0%
(iii) £ = SO0 GeV, 6. =4° . s0°

In Figs.12 v 18, the asymmetry is shown as a function of the outgoing lepton
energy E . The Weinberg anglé.is the same as in §4. In the case of thé incident
photon energy, E = 10 GeV, we find the parity-violating asymmetries to be of the
order of 10'-9 and 10'“7 for the lepton production angle 6_ = 1° and 5°. For E =
20 GeV, the asymmetries are of the order of 10_7, 10_6 and 10—5 for 6_ = 1°, 5°
and 10°, respectively, while for E = 50 GeV, they are of the order of 10--5 and

-4

10 ~ for 6_ = 5° and 10°, The parity-violating effects clearly increase with

the angle 6_ of the observed lepton. However, the differential cross section



for the photoproduction of lepton pairs exponentially damps with this angle and
also with the lepton energy E . In Fig.1l9, for example, we illustrate it as a
function of E_lfor the fixed angles 6_ = 1°, 5° and 10° in the case of E = 20
GeV. Thus, similar to the inclusive reaction, there is no advantage in setting
the angle 6_ to be so large in the experiment. In the above nummerical esti-
mates, we have cut off the antiiepton energy lower than 1 GeV, as was previously
‘mentioned. In fact, this cut-off may be removed, because it makes no visible
difference in our numerical results as far as they are shown in Figs.12 Vv 19,

Of course, it does affect the behavior near at the maximum energy of the lepton.



_§6. Conclusions

A, We find that the parity;violating asymmetry is of the order of 10-4 fof the
inclusive lepton pair production with circularly polarized photons on unpolarized
isoscalar and proton targeté at the incident photon energy of 20 GeV. It has
also been estimated to be of the order of 10_3 for E = 50 GeV in order to show
its depéndence on the incident photon energy E. We point out that the obser-
vation of the "azimuthally symmeﬁric" lepton-pairs production may be used to
 draw the information of a Iy coupling constant independently on that of a 9u
coupling constant, As an example, we show that it can be used to distinguish

the Weinberg-Salam model from the vector-like model for charged lepton.

B. It is evident from Figs.l4 and 15 that the parity-violating asymmetry is
of the order of 10-'7 Y 10'-5 for the exclusive lepton pair production with
circularly polarized photons on unpolarized proton targets at the incident
photon energy of 20 GeV in the lepton production angle range froﬁ 1° to 10°.
The exclusive photoproduction is useful to determine the relevant form of the
electron—- and the muon-quark neutral current couplings without using the quark-
parton model. This is entirely because we can use the nucleon form factors at
the proton vertex., Since the form factors are established in a wide energy
range of the incident particles, the lower incident enrgy is available for
this reaction. We show in Figs.12 and 13 the parity-violating asymmetry at the

incident photon energy of 10 GeV by way of example,



C. Finally, we shall briefly remark the feasibility of observing the above
neutral-current effects, The monochromatic and polarized photon beam of 20 GeV
will be available at SLAC in the near future.lo) Given the rapid experimental
progress taking place in this field at the present time, we can reasonably
expect that it will be feasible to observe the parity-violating as&mmetry in
the photoproduction of lepton pairs. These leﬁton pairs which we discuss in
this thesis may be the electrons and the muons. Such measurements are quité

useful for the determination of the electorn- and the muon-quark neutral-

current couplings,
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Appendix A

We shall preéent the explicit formulas of the leptonic tensors encountered

in §2. In Eqs.(2.12) and (2.13), we define;

S, 4}72‘)_,_): C(§ti)

,5 A ﬂerton
spins (Aol)
Ky 2
S°’/3 = —4nr %Ie tornt Jd J/:) )
i (A.2)
Ad@ = - gm* %Jo [ (/:Jp )A=I - (4 OZA’?)A=—/ ]
. :f ins ) i - (A'3)
/4;; = - 40’;%‘ [ (J: }.":;.)’\:,/ - (/‘o{fal;;)/)=—l ]o
:f/:‘,ns (4.4)

From Eqs.(A.l) and (A.2), one finds that S _ and Sozg are the same as those

aB
defined by Mikaelian and Oakes.g) After tedious but straightforward calcu-~

lations, we have
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Here, € is the photon polarization vector corresponding~to the hélicity]l.
In the coordinate system where Z axis is along the direction of the incoming
photon, € is explicitly given by

£=F;=(0'1“:'0)"- ' o (A.8)
We have not listed the expression of Sag since it doesAnot give a sizable con-
tribution to the asymmetry (4.1) as was already mentioned in §2. The explicit
formulas (A.5), (A.6) and (A.7), for leptonic tensors show the symmetric or

antisymmetric properties given in Eq.(2.15) clearly.



' Appendix B

For the exclusive photoproduction of lepton pairs, we specify the final
states to the proton one in Egs.(2.10) and (2.11). Using Eqs.(5.2) and (5.3),

N o . .
we can express WOLB and R B in terms of the Sachs form factors,

o/
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Correspondences between these equations and Eqs.(2.21) and (2.22) gives
the differential cross sections of the exclusive lepton pair production by the

following substitutions in Egs.(2.33) and (2.34),

W, — - 22 PP _ps
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Figure captions

Fig. 1. Feynman diagrams for the photoproduction of lepton pairs mediated by
a photon.'

Fig. 2. Feynman diagrams for the photoproduction of lepton pairs mediated by
a weak neutral vector boson.’

Fig. 3. Compton-type electromagnetic (a) and weak (b) amplitudes for lepton

A pair production.

Fig. 4. The asymmetry A as a function of E_ for 6+ = 5%, 0_ = 156, ¢ = 180°
and E = 20 GeV. The asymmetry is given in units of 10—4 for the
Weinberg-Salam model with sinzew = 0,23, The solid and dash-dotted
curves correspond to the isoécalar and proton targets,respectively
for E+ = 5 GeV. The dashed curve corresponds to E+ = 1 GeV for the
"isoscalar and proton targets. At the energy of E+ = 1 GeV, these two
curves are so close each other that we could not draw them distinctively.

Here, the values of q2 and X are as follows;

'Eh_= 1GeV, E = 1 GeV q2 = —1.395(GéV/c)2 x = 0.041
E =10 GeV q2 = —l.679(GeV/c)2 x = 0,099

2 2
E, = 56GeV, E_ = 1GeVqg = -6.364(GeV/c)” x = 0,242
E = 10 GeV q2 = —2.306(GeV/c)2 X = 0.246

Fig. 5. The asymmetry A as a function of E_ for 6+ = 10°,.6_ = 5°, ¢ = 180°
and E = 20 GeV. The asymmetry is given in units of 10_4 for the
Weinberg-~Salam model with sin26w = 0.23. The solid and dashed curves
correspond to E+ = 5 and 1 GeV, fespectively, for the isoscalar
target. The dash-dotted and dash-double-dotted curves corrsdpond to

the same for the proton targét. Below E_ = 4 GeV, the dash-double-



dotted line is so close to the dashed one that we could not draw it

distinctively.

Fig. 6., The asymmetry A in units of 10—4 as a function of E_ for Q+ = 0

10°,
¢ = 180° and E = 20 GeV, in the Weinberg-Salam model with sinzeW =
0.23. Notation is the same as in Fig, 5. Here, the values of q? and

X are as follows;

E =1V, E = 1GeV o =-1.095(GeV/c)> x = 0.032
E =10 GeV ¢ = -5.478(CeV/c)? x = 0.324
E =5GV, E = 1 Geﬁ q? = =3 043(GeV/c)2 x = 0.116
+ H . .
E =10 GeV g = ~3.085(GeV/c)> x = 0.329

Fig. 7. The asymmetry A in units of 10--4 as a function of E for 6, =0
= 15°, ¢ = 180° and E = 20 GeV, in the Weinberg~Salam model with
sinzew = 0.23. Notation is the same as in Fig. 5.

Fig. 8. The asymmetry A as a function of E— for 6+ =10°, 6_ = 5°, ¢ = 180°

| and E = 50 GeV., The asymmetry is given in units of 10'_4 for the

Weinberg-Salam model with sinzeW = 0,23, The solid and dashed
curves are, respectively, for E+ = 5 and 1 GeV, in the case of
isoscalar target.

Fig. 9. The aéymmetry A in units of 10_1l es a function of E_ for 6+ = 6_

= 15°, ¢ = 180° and E = 50 GeV, in the Weingerg-Salam model with

sinzew = 0.23. The solid and dashed curves are for the isoscalar

target at E# = 5 and 1 GeV, respectively.

) =) for E

+ do Y

- Fig,10. The Bethe-Heitler differntial cross section dO

=1 GeV, E =10 GeV and E = 20 GeV. The solid, dashed and dotted

curves correspond to 9+ = 5°, 10° and 15°, respectively, for the



Fig.11l.

Fig.12.

- Fig.13.

Fig.1l4.

Fig.15,

A Fig.16.

Fig.l17.

isoscalar target.

The asymmetry for the azimuthally symmetric lepton paris; E, = E

+ )
6+ =-0_and ¢ = 180°. The asymmetry is shown in units of 10—4 for
the vector-like model of the charged lepton with sinze = 1/4, while

W

it vanishes for the Weinberg-Salam model., The solid, dashed and
dotted curves correspond to 6, = 5°, 10° and 15°, respectively, for
the isoscalar target.

10 GeV in the

The asymmetry A as a function of E for 6 = 1° and E

Weinberg-Salam model with sinZBW = 0.23.

The asymmetry A as a function of E for 6_ = 5° and E = 10 GeV in

the Weinberg~Salam model with sin26w = 0,23,

The asymmetry A as a function of E_ for 6 = 1° and E

20 GeV in the
Weingefg—Salam model with sin26W = 0,23,

The asymmetry A as a function of E_for 6_ = 5°, 10° aﬁd E = 20 GeV in
the Weinberg-Salam model with sinzeW = 0.,23. The solid and.dashed
curves correspond to 8 = 5° and 10°, respectively.

The asymmetry A as a function of E for 6_ = 5°, 10° and E = 50 GeV
in the Weinberg-Salam model with sinzeW = 0.23. The solid and dashed

curves correspond to & = 5° and 10°, respectively.

The differential cross section, do/dE_dQ_ = (d0(+) + dc(_))/ZdE_dQ_

b

 for the lepton pair production with unpolarized photons. It is shown

as a function of the lepton energy E for the fixed angle at the

incident photon energy of 20 GeV., The solid, dashed and dotted curves

. correspond to 8 = 1°, 5° and 10°, respectively.



Table I. Summary of neutral currents comparison with the Weinberg-

Salam model from ref. 3).

W-S Prediction

Process Experimental results " sin®0 with sin?0=0.23
1. Purely leptonic
TeteT i, e o (5.74£1.2)x10-2 E, cm? 0.294:0.05 5.0
e D (1.7£0.5)x 10~ E, cm? 0.21#5-% 1.5
PuteT—5ute” (1.8:£0.9)X10~* L, cm? 0.3013:39 : 1.3
2. Elastic scattering . .
yatp—vu-tp (0.114:0.02) X o(vp+-nop~+p) 0.26:+0.06 0.12
Su-+p—rip-tp (0.19:£0.08) X o(Spe-p— pt* -+n) <0.5
3. Single pion production
V(4+N_'V11+N+-’-o (0.45i0.08)XU(UIJ+N-’II-+N+1:0) 0.22+0.09 0.42
Sp+N-of N+ (0.57£0. 1) Xo(Ea+Noput+N+2%  0.15-0.52 0.60
4. Inclusive )
i VII+N-'!{H+"' (0.29:&0.0‘)XU()}I:-}-N—',’C--*"") 0.24i0.02 0.30
Spt+N-ofpt-oe- (0.3540.025) X o(Sp+ N pt* -+ - ) 0.3 +0.1 0.38

Table II. Second-rank tensors constructed from P" and qu.
Conscrved Nonconserved
i Tyl P,g, +P
Polar symmetric 8y — 2 - 4pdy , Ppdy P9,
P . P
( Py -~ Qp) (Pu -—;1'214.:)
Polar antisymmetric ees Pyq, —Pyqy
Axial symmetric oo .ve

Axial antisymmetric €va s P 8
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