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Neutral-current effects in Bethe-Heitler pair production
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We consider Bethe-Heitler pair production in which the exchanged photon is replaced with a neutral weak
intermediate boson. The interference between this and the pure Bethe-Heitler amplitudes contributes to an
asymmetry between the lepton pairs and, in addition, the leptons acquire a finite longitudinal polarization.
Both effects are calculated and numerical examples are given in the standard Weinberg-Salam model.

I. INTRODUCTION
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FIG. 1. Feynman diagrams for the electromagnetic
contributions [(a) -and (b)] and the weak contributions
I(c) and (d)] to the photoproduction of lepton pairs.

Weak neutral currents have been observed only
in neutrino scattering. ' Popular gauge theories of
the weak and electromagnetic interactions predict
that neutral currents should also show up in reac-
tions not involving neutrinos, e.g. , in e'e - L(L'p, ,
atomic transitions, etc. While the colliding-beam
experiment can best be done at high-energy ma-
chines' now under construction (PEP and PETRA),
ongoing experiments on atomic transitions have
already reported negative results, and their im-
plications for gauge models have been analyzed.

We have studied the effects of weak neutral cur-
rents in another neutrinoless experiment, viz. ,
Bethe-Heitler pairs. y+N- l' + l +X. The pair
l' l may be either electrons or muons. ' By study-

ing the interference between the weak and electro-
magnetic amplitudes we look for signals which are
absent in pure electromagnetic Bethe-Heitler pair
production. This is in the same spirit as neutral-
current calculations for e'e - ILL,

'
Ij, , atomic tran-

sitions, or l'X-l'X, "; the latter is closer to the
type of calculation reported here. The virtual pho-
ton in the electromagnetic amplitude is replaced by
a neutral intermediate vector boson Z, having both
vector and axial-vector couplings to matter. Figure
1 shows the Feynman diagrams involved in this ca,l-
culation. A totally different set of diagrams also
gi'ves similar effects' which may be observable
only if the Z, (exchanged in the s channel) is near
its mass shell. If the Z, is as heavy as gauge the-
ories predict (~75 GeV/c'), this happens at far too
large energies (-3 TeV). The present calculation
is based on t -channel exchange and for all practi-
cal purposes we can let the boson mass M~ - ~. A

simple dimensional argument then tells us that-the
effects expected here are of order G),k'/e', where
k' is the square of the momentum transferred to
the target.

There are, of course, other pure electrodynamic
processes for the photoproduction of lepton pair's.
They do not give parity-violating effects. Two-pho-
ton-exchange diagrams yield asymmetries very
much like the ones derived here. These are odd
under the interchange of the leptons, and it is hoped
that one can distinguish experimentally between the
two by, e.g. , their different behavior as one varies
the photon energy. There are excellent reviews on
Bethe-Heitler pairs and their background and we
refer the reader to these. '

Compton-type diagrams, shown in Fig. 2, are
expected to be smaller than the Bethe-Heitler dia-
grams which we calculate, in particular for large
incoming photon energies. The s- channel diagrams
involved in Compton-type pair production are highly
damped since the intermediate hadron is far off the
mass shell. In parton language, the struck quark
must be very much off the mass shell. %e have
therefore neglected these diagrams. Any calcula-
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and

i p=i'p(g, =o)

FIG. 2. Compton-type electromagnetic (a) and weak
(b) amplitudes for lepton pair photoproduction.

we immediately obtain
6

(7)

tion at best would be highly model-dependent in
contrast to Fig. 1.

In the next section we outline the derivation of
the leptonic tensor and write down the hadronic
tensor in a model-independent manner. By taking
the appropriate products we obtain the totally dif-
ferential cross section containing the square of the
electromagnetic amplitude and its interference with
the weak amplitude. In Sec. III we adopt a particu-
lar model for the coupling of the intermediate
boson. In Sec. IV numerical results are presented
on two effects'. lepton polarization and asymmetry.
Remarks and conclusions are given in Sec. V.

II, DERIVATION OF FOgMUI. AS

A. Formalism

Our calculation of the process

r(q)+~(P)-f'(i, )+f (y )+~(~,)
is based on the four Feynman diagrams shown in

Fig. 1. Denoting the pure Bethe-Heitler amplitude
corresponding to Figs, 1(a) and l(b) by M, , and
the weak amplitude corresponding to Figs. 1(c) and
1(d) by M~, we seek ~M,~ ~

'+ 2 ReM,* Mz. The
interaction Hamiltonian we use is the following"'.

& = ePr"y&„+0r" (gv g~r, )gz„—

We will first calculate the w. eak amplitude

and

k k -Mzj

4

where we have used the relation jpj p
=jp.jp'.

In the next section we calculate the leptonic ten-
sors jp j p

and jp j~p'. In Sec. IIC we give t,he had-
ronic tensors JP~ J*,~ and J~ J, + J~ J*,~, and in
Sec. IID we give the final result for the differential
cross section. In Sec. II E we write down the ex-
pressions for the polarization and the asymmetry
of the leptons. The various formulas are discussed
in Sec. IIF.

B. The leptonic tensors

We first calculate jp. j p' since jp j ~p can be ob-
tained from it simply by setting g„=0. We average
over the photon polarization but keep the lepton
helicities" in the tensor jp.j p".

2+i pi p'=-8&2, .(»pp +pspp ),m)
'y

where

a =1 —X,A +(A+ —X )g„,
P =X —X —(1 —X, A. )g„.

The traces are
4

M
", ~ Jpu(p )(r.-, r',.)(1 g„r,)v(p, ),

2

s„,= TrIp, (r;. r'.,)p (r;,'- r ', ,')] (10a)

where

(3)

r'e =r. ~ ~ r8 = . r(6, e)r p. -(4)-
py —8 . 2qP z

e'=e'(q) is the polarization four-vector ot' the in-
coming photon, and we have used momentum con-
servation p —k = q —P, . All lepton masses have
been dropped, and we have defined g„=g„/gv. By
obvious replacements in Eq. (3) we obtain the elec-
tromagnetic amplitude

S«, = Tr Crp, (r;.-r'.,)p (r;, —r', ,')]. (10b)

One can prove that S&p and Spp satisfy the rela-
tions

s„,(f„P ) =s..p(P„P ) =spp, (P,P, )

and

(11a)

s;;(f„f )= s';, (f„f )= s'„(-f,f, ) (»b)-
These relations can be used to simplify the cal-

culation of the traces. We shall express the re-
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where MT is the target mass. Then

2Spp ™&gpp +~2~ p
~ p' +~~3+p+p'

+ M4(6p lp +6p, lp)+Mz(lpkpp+ fp kp)

+M3(hpkp +hp kp)

(12)

suit in terms of the following variables introduced
by Drell and %alecka":

&=V+k =p. +P- & =O'- —P.

2 ZpP2 p 2 PPPPP g =O
Xy

1

8(2 )2 (+O~PP' t 0~ PP') t (18)

Of course, one may drop the terms proportional to
kp (M, and M, ) if all relevant hadronic currents are
c onserved. " %e chose to keep these terms to
allow for the possibility that the hadronic currents
(vector. and axial-vector) may not be conserved,
and also to make the simplification later in the
hadzonic tensor where we shall drop all terms prQ-
portionai to kp by virtue of (16) and (17).

As mentioned earlier, we simply set g„=0 to ob-
tain the purp @cthe-Heitler amplitude. Therefore

1 v p vS ppt N~'Cpppp p p p+ + N26ppt~ ij g p+2z

v+N3ep p q p

In these equations M„.. . , N, are given by the
following. '

.M, = [x,'+x, (x, +x, )+-3'(x,'+x, ')],
XQX2

M, = 4x,/x, x„M,=M„M, =0,

(14)

u here a, = 1 —A, X, P, =X —X, , and S and 8' ~

a re th'e same tensors given above by Eqs. (13) and
(14).

C. The hadronic tensors

The structure of the hadronic tensor involving

~,~J*,~ is well known and, averaging over the spin
of the target and summing over final state vari-
ables, can be written in the form

M, = -2(x, +x, + 2x, )/x, x„
M, = 2(x, —x,)/x, x, ,

N, = 2M„N, = 4(x, +x,)/x, x, ,

N, = -4(xz+x3)x,x, .
One can check that our expression for Spp. agrees

with that of Ref. 12 when the lepton mass is get
equal to zero. Our additional terms proportional
to kp are necessary for a gauge-invariant tensor,
i.e., our Spp satisfies

kpSPP =P. (i8)

Since we have dropped the lepton masses, a sim-
ilar relation holds for S pp. .'

kpS PP =0. (17)

WPP'(-k, P) = Q Q jP j*,P S'(P —k —Pq)
~T Sy, py

+ ', P—,k P-
(iga)

which becomes

PPPP'
WPP (-k,P) =-g P W,+, W,

M 2 2 (19b)
I

when the terms proportional to kp are dropped.
For the tensor describing the interference of the

weak and electromagnetic amplitudes at the hadro-
nic vertex we follow the notation of Ref. 6 and write

Rpp, (-k, P) = Q Q (jP' j3'P +jz j,*P )S'(P k P~)
~T Sf,Pf

Ppkpp+Pp. kp —2, k k,R5 . Pk (20a)

which becomes simply

R pplz( k&P) happ &+IRR, + ze ppl ~8 3 R3
MT T

(20b)
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after dropping the terms proportional to k&.
The structure functions R„R„R„and, of course, W, and K, are functions of k' and v=-x, . vR', and

presumably 8'„R„vR„and vR3 scale in the variable x where

-k' x
2M~~ 2M~x,

'

D. The differential cross section

We shall next calculate the totally differential cross section. Defining

we find that

do(Z+, X ) e'Mr pp' k gvgh + 5 pp'

d d 16(2n)'O'P. q
' » ' » '(y' M ')»' ~ »') (2i)

We note that [see Eq. (24)] S» is antisymmetric under p p', so that $',W» =0. Simiiariy, oniy the
last term, R„contributes to S

p
RP . The final result is

do(A„X ) (e'/4w)' ] gI gs«6 +, goIp(LgWg —L2W2)+ 2I M 2, o.(L~R, —L2R, )+2M L~R3 y
17 xg«2«3«6 e qx, — T

(22)

where

pppp

8 Ir.
= (x, —x, ') (x, + x, +x,) + -', (x,'+ x,') .—x x,(x, + x,) + x,(x,' +x,') + xx, (x, —«,),

= (x, —x, )[x,(x, + x, + x,) —x,x,]+x,x,(x, +x, + 2x,) .

If the polarizations of the final leptons are not measured, one must sum over both helicites and the re-
sulting cro ss sec tion is

do(p„p, . . . ) g do (Z„~ )

4(e'/4m) gag„«6 L3R3
L~S'~ —L2W2+ 2g sn 2i LR~ —LpR2 gp n ~

Iv xgx2x3x6
(24)

E. The polarization and asymmetry of final leptons

We will assume that the polax'ization of only one
of the leptons, l' or l, is measured. Note that
the pure Bethe-Heitler diagrams predict a correla-
tion between these polarizations in the case of a
simultaneous measurement, viz. , X,=-X, but do
not constrain the values of X,or A. independently
((X,)=(X ) =0). The interference between the weak
and electromagnetic amplitudes will cause a net
polar ization'.

do(X, ,X )

g„x,[g„(L,R, —L,R,) —(g„/2Mr)L, R, ]
e («6 —Mg )(L,W, —L2W2

(25)

Another signal which comes from the weak am-
plitude is an asymmetry under the interchange of
l' and l



3220 K. O. MIKAELI AN AND 8, . J. OAKES

«(p„p, . . . ) —do(p, p„. )

do(p„p, . . . )+ do(p, p, , . . . )

-a'~ghx6L3~3
2M r e (x3 M z ) (LLW L

—L3W3)
' (26)

tions simplify, becoming

L,W, —L2W2 = —X5W.2L~2

and

(32a)

There are, of course, also deviations from the
pure Bethe-Heitler cross section even for sym-
metric pairs, especially for large values of Ik'I:

g»g~x3(LLIt L L3~.—)

(27)

F. Discussion of formulas

(32b)

where

x 5 ] x6
L =(x +x ) + +(Ã +x +x ) +x)

6 2x5 x5

X()(X3 +X4 )
+ +x,(x, -x, ) -x,(x, +x, ) .

x 5

If the polarization of only l, rather than l', is
to be measured, then one simply must change the
overall sign of Eq. (25), i.e. , (1). ) =-(1)., ). This
is a consequence of dropping the lepton mass and

the subsequent y, invariance of BC (leptonic).
For symmetric pairs, L, =O, and. Eq. (25) sim-

plifies to
quarks

q;q;r"q, (34a)

Second we assume that the structure functions
are adequately described by a quark-parton model,
i.e. , we assume that

(x,), =-(z )„
g~„x,(L,Z, L,ft,)—

e'(x, —Mz')(L, W, —L,W, )
'

(28)

Then

qua. ks
q~7 (~ f)'Y )q (34b)

and

~~BH+ weak
y

gVgh 6 2

do'()H e'(x3 —Mz )W3
(2S)

Under rather general assumptions (see below)
8,/8, =W, /W, in which case Eqs. (27) and (28) be-
come almost independent of the lepton kinema-
tics and are given by

vw, =x g q, '[p, (x)+p-,. (x)],
quarks

vR, =2x Q q, a, [p, (x) +p-,. (x)],
quarks

)R3=-2 Q q, b, [P, (x) -P-,. (x)],

(35)

g AQ hX6+2(,) =-( )
z )

(30)

III, THE STRUCTURE FUNCTIONS AND

NEUTRAL-CURRENT MODEL-

To make numerical estimates of the sizes of the
effects discussed above we need a specific model
for the currents entering in the Hamiltonian Eq.
(2). We shall proceed in three steps to define such
a model.

First we shall assume that the Callan-Gross re-
lation holds not only between W, and W» but also
between, R, and 8,:

v W2 = 2MyxW]

vg, = 2M~x', .

(3la)

(3lb)

Then the following combinations of structure func-

respectively. Since in most gauge models

gv gh gAg)) Mz G» and Jt, —W„when Ix. l
=

I
k'I ™z'

we recover the crude estimate made in the Intro-
duction of the magnitude of the effects, namely
G»k'/e'.

quarks

where p,. (x) and p —, (x) are the usual probability
functions for quarks and antiquarks, respectively.

Finally, we shall use the standard&einberg-
Salam model" 'in which case the coupling constants
are the following. '

g»= . (4 sin'0)» —1),v 2 sin26w

-e —e
2 sln2 6)v sln2 Og

4a„=a, = —,—;sin6~,

1 2 ~ 2na„=a,= —z+ —, sin 8~,

I j.b„= bc = 2~ by = bs =

The mass of the vector boson Z is given by

(37)

The only remaining free parameter is the Wein-
berg angle 0~ and for numerical calculations below
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'I

we shall choose the experimentally favored value'
sin 6j~ = 0.3.

The probability functions p, (x) and p; (x) can be
parame trized using either deep-inelastic elec tron
or neutrino scattering data. We shall use the para-
metrization given by Barger and Phillips. ' &or a
proton target,

0.145
p, —p-, —p„--p;—s = (1 —x)', (38a.)

p„=—[0.594(I —x')'+ 0.461(1 —x')'
Wx

+0 621(1 —x ) 1+s

p, =—[0.072 (1 —x')'+ 0.206(1 —x')'

+0.621(1 —x') ]+s.

(28b)

(28c)

FIQ. 4. The coordinate system, in the laboratory
frame, used to describe the directions of the leptons
with respect to the incoming photon momentum.

The probability functions for a neutron target are
obtained by interchanging P„and p„ in the above
equation.

(X, ) = —, -'—+ (1 —4 sin'@)Ae' W,

,'%+ (1 —4 sin'@)&.) a')R, /W, (40)

IV. NUMERICAL RESULTS

and

G~ 1 xR3L3
e W, La (39)

For ~k'(«Ms' in the Weinberg-Salam model"
(A, ) and A are given by the following simple ex-

pressionss
In Fig. 3 we plot vW„R2/W„and xR, /W, all of

which are functions of x only. We have chosen an

isoscalar target. These quantities serve to illus-
trate the hadronic dependence of the neutral-cur-

rentt

effe cts independently of the lepton pair kine-
matical configuration which is contained in L» and

L3. In fact, these same functions also appear in

2

Rp/W2
Polorigotion

I—

Asymmetry—

20 0.25 0.5O

x R&/W~

0.75 I.O

'Io
I

30 50
- E (GeY)

70
I

90

FIQ. 3. The combination of hadronic vertex functions
vW2, 1t2/W» and xR3/W2 which appear in the present
calculations. x = —k2/2M & p is the usual scaling vari-
able and we have assumed an isoscalar target.

FIQ+ '5z For Q+ 24 s 8 2 s Q . 180 s, and Ey 150
GeU the polarization (X,. ) and the asymmetry A. [Kqs.
(25) and (26)] in /0 as a function of E . The continuous
and broken lines correspond to E, = 5 and E, =10 QeU,
respectively.
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metric, as one might expect. From Figs. 5 and 6
one, sees that for this kinematical configuration
both (A., ) and A are roughly proportional to Ez and
also depend linearly on E, and E . Figures 7 and,

8 illustrate that for this more symmetric kinema-
tical configuration (I, ) and A remain crudely pro-
portional to Ez and approximately linear in E+,'

however, the dependence on E is more complica. -
ted. Apparently (A., ) and A vary linearly with E,
and, E only for'. E, «E&.

It is clear that observation of a nonvanishing lep-
ton polarization is conclusive proof of parity viola-
tion in photoproduction of lepton pairs. However,
other purely electromagnetic amplitudes interfering
with the Bethe-Heitler amplitude will also contri-
bute to the asymmetry A between l' and l . The
energy dependence, however, of the asymmetry
arising from higher-order electromagnetic effects
and the neutral-current effect calculated here will
differ considerably. This is expected on the basis
of the simple dimensional argument that the weak
amplitude will involve -the Fermi coupling G~-10 '
/GeV'„hence the asymmetry -G~E', while the pure
electromagnetic asymmetry is mildly, if at all,
dependent on energy.

A very important advantage in looking for neu-
tral-current effects in charged lepton + hadron
systems such as we have considered here lies in
the fact that the signals survive even in the case.
when the neutral-current coupling to the charged
leptons conserves parity (g„=0). That this might
be the case is suggested by the negative results of
the atomic parity-violation experiments. " In such
low-energy experiments parity violation at the had-

ronic vertex is much to'o small to be detected, so
that one may plausibly argue that the failure to ob-
serve the predicted rotation of the plane of the po-
larized light in these atomic experiments indicates

Certainly our numerical results in Sec. IV are
somewhat model dependent. However, the Wein-
berg-Salam model does enjoy a certain amount of
experimental support and has the virtue that it is
a one -parameter theory with that one par ameter,
viz. , sin'6~, fairly well determined from the analy-
sis of neutral-current data. Of course, it cannot,
in its simplest form, accommodate g„=0. In addi-
tion, we had to choose specific parton distribution
functions P, (x) and P—;(x). Since only the ratios of
these functions appear in the quantities of interest,
we expect that a different choice would not signifi-
cantly affect the final results.

In conclusion, we have shown that approximately
1—5 %%d neutral-current effects can, be expected in
the photoproduction of lepton pairs at currently
available beam energies of 100—200 GeV. The sig-
nals have been found to be most pronounced for
highly asymmetric pairs. We emphasize that non-
vanishing polarizations are expected in any theory
where eithe~ the leptons 0~ the hadrons ox both
have a y,y& coupling to the weak boson.

'I
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