
PH YSI CA L RE VIEW 0 VOLUME 10, NUMBER 9 1 NOVEMBER 1974

Analysis of some observable effects of weak neutral cmrents coupled to charged lepton
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We have analyzed the parity-violating effects in the processes e + e ~ k, + k, + X, k, + k, ~ e + e
+ X, and e + k, ~ e + k, + X, where e, e are the electron, positron states, k 1, k, are the hadron

states, and X is the inclusi. ve hadron state, due to the possible coupling of weak neutral currents to
charged leptons. We estimate that for gauge theories of the weak interaction, the parity-violating
asymmetry parameter for the distribution in e + e ~ m+ + m + m may be of the order of 5% in
the resonance region of the A, meson and experimentally observable.

The need for understanding weak neutral cur-
rents has become imperative with two recent de-
velopments: One is the possibility of obtaining a
unified renormalizable theory of electromagnetic
and weak interactions with gauge fields' which in
most cases imply weak neutral currents. The
other is the tentative evidence for these currents
in the observation' of a large number of events of
the type

v(p) + N —v(P)+ hadro'ns,

where N is the nucleon. The neutral currents, if
they exist, would also play an important role in
the understanding of mass differences within multi-
plets and some rare weak decays. However, for
a complete understanding of weak neutral currents,
the confirmation of neutral currents in (1) would
have to be supplemented by a knowledge of the na-
ture of the coupling of these currents to charged
leptons. Unfortunately, the analysis of the coupling
to the charged leptons is made difficult by the
presence of electromagnetic coupling, which at
low energies is larger than the weak coupling by a
factor of about 10'.

There are two possible ways of making the effect
of the coupling of weak neutral currents to charged
leptons relatively important. One is to study high-
energy processes where the energies involved are
comparable to or greater than the large masses
involved in the weak interaction and where electro-
magnetic and weak interaction strengths are ex-
pected to become of the same order. For example,
at energies around 10 GeV, the weak neutral-cur-
rent effects are expected to be about 10%%up of the
electromagnetic- cur rent effects.

Another way to enhance the effect of weak cur-
rents is to consider processes involving reso-
nances such as the A, or B (assumed to be 1')
which couple to the weak neutral currents but not
to electromagnetic currents. The electromagnetic
effect can be further suppressed by choosing a
kinematic region forbidden by electromagnetic in-

teraction. We explicitly demonstrate these fea-
tures for the process

e+e-m'+m +w', (2)

and show that the weak parity-violating effects are
about 5% and may be experimentally observable.

We first consider the general reactions

e+e -k, +k, +X, (3)

k, +k, e+e+X, (4)

e+k, e+k +X,

where k, and k, stand for two strongly inter acting
particles with masses m, and m„and momenta
k, and k„and X is the "inclusive" hadron state.
We present the general kinematic results for the
weak neutral-current effects for these processes
and point out the critical variables most suited
for the study of parity violation. In the latter part
we give a detailed analysis of the electromagnetic
and weak contributions to the reaction (2) in the
A, region, and show that for the momenta of the
m' and m nearly parallel in the center-of-mass
(c.m. ) frame of ee, the cross section for the reac-
tion is experimentally observable and the parity-
violating effect is about 5% in terms of the asym-
metry parameter which we define later.

In our analysis, a scalar intermediate boson
(i.e. , Higgs boson) will not give any asymmetry
in the distributions discussed.

e+ e -k, + k, +X. The reaction may proceed via
the photon or the weak intermediate vector boson.
The corresponding lepton vertices are taken to be

V„=eV(P, )y „u(P,),

&, =~(&.)y„(u- ~by, ) (u,),
where the strengths of a and b depend on the model
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and the Weinberg mixing angle. ' We will, for
simplicity, take them to be of the order of e. We
define

M~„= Q V~ V„'
spin av

a
e LPv+Npv

I,„,= g V„V„*
Spin ay

e2
2 (Pl)k P2V Pl)i P2)( Pk P28)i ki) k4m

(8)

ibe
Np v 4 2 ~/vol /pl. cP2gtn

where m is the lepton mass, taken to be small,
and the hadron structure functions

&„.= Q (k„k., xl&'„(o)lo&(k„k., xl&'„(o)lo&*
k k

&'(k, +k, +x-p), (2v)',
X spin 1 2

g W+k p k p W

p k p
p~ » —

2 pv W'3+ pof 8y f&fk18k2y v~, q gk„k2qW4
p

" p

2)y '
Q (k„k„xlz'„(o)Io)(k„k„xlJ~y(o) lop „„5'(k,+k, +x-p)

+ s spin 2

(lo)

g& v
—

2 B1+ k1p —
2 pp k1v 2 pv B2

k, p k, p+ k2~ —
2 p~ k2v —

2 pV B3+Cpa' Sy ~k, 8k2y &v g g gk1, k2 gB4
p " p

+ k1p —
2 p~ k2„- 2 p„- k2p —

2 Pp k1v 2 pv B5

+ k P~P 1 k +PvP 1B+ k ~P 2 k +Pvp

2m'
A)k„= Q (k„ka, xl&)k(o) lo&&k, k. , xl J:"(o)lo&*

" &'( k+ kmx+- p)
X q spin k

= e)( & () yp(kk k 8k2 y (k k (iAk + k2 kiA2 +P )dA&) + e)k ki (k sp(z(k k sA4 + ka sA~)

k, P k, p
v 0| Bypofk 1Sk2 y k1~ 2 pq A6 + k2~ 2 pp A

p p
(12)

where O', J~~, J~~ are the electromagnetic,
weak vector, and weak axial-vector currents,
respectively, p=p, +P„W, , B, , and A, are func-
tions of s =P ~, M' =X', s, = (P —k,)2, s, = (P —k,)',
s, =(k, +k,)'=s+M +m, +m, '- s, —s~k and k)

= m, /k« for fermions and 1/2k, o for bosons. In ex-
pression (11), the B, and B, terms are not present
if the weak vector current is conserved. The
cross section for the reaction (3) is given by

m2
a=(kw)„,i d k, fd k it(k, —m, ') (k —mk, )kk, kk k,k

i(pk p.)'- m']'"

2'') $ ) $ sl~ e (13)

where m~ is the mass of the neutral intermediate vector boson, and where we have retained only the lead-
ing parity-violating term from the weak interaction. The integrals can be simplified in the c.m. system of
ee to the form

(y = 1&, ds, ds, dM' d cose t d(t) 2k»2k»k, k,h(y,
2(2w)2 m
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where he=ho, +ho2,
2

~v, = —,[ ——,'s W, + —,'s(k»' —
I k, I' sin'8cos'P, ——,

' m, ')W,
s

+ —,'s(k„'- jk, I'sin'Gcos'p, ——,'m, ')W, +-,' s'jk, j'jk, j'sin'8» sin'8W4],

Ao, =-, 8(s'" jk, I jk, I) sin8„cos8sin8Re[a jk, jcosp, (A, +A, )+a jk, lcosp, (A, +A, )]S tiZ gr

(14)

+ s Ikey I Ik a I sin8„cos8 Re(ibB, ) .
m Q/

Here all the variables are in the c.m. system of
ee,'

2s+m ~ s~ 2hio= 'x(2
'

~ Iki I =hio -m;
2s

2k)ok20+ S~ + S2 —S M
2IR, II%, I

(8» being the angle between k, and k, ), k, xk, is
taken as the z axis and -(k, +k,}as the x axis, 8

and Q are the polar and azimuthal angles of p„
and Q, are the azimuthal angles of k, and k „re-
spectively, and P, =Q, —P. The ranges of integra-
tion are, forM': (v s -m, -m, )' and 0; for s,:
(v s -m, )' and (M+ m, )'; for s, :

M'+m '+2(h .Xo~ Ikil IXI),
where

s, +M -ns22 2 S-m~ -S2

Xo n I/2 0 k10
2 1/22sg S~

Note that changing 8 to m'- 8 leaves Ao, un-
changed but changes the sign of Ao„so that we
have parity-violating asymmetry about the (k„k,)

I

plane. %e define an asymmetry parameter

Z
ep 6 Oy

n, o +
e,&e&e,

ff-OO&6&7I-6~

~-60&e&f 6,

d.a,
Op&6 & Oy

n.o,
60&6 &eq

(ls)

whidh gives a measure of parity violation in the
kinematic region of interest for 8, & 8 & 8,. One
could also discuss asymmetry in the azimuthal
angle with respect to the z axis taken along
-(k, +k, ) and the y axis along k, xk» here the
asymmetry is the difference in the distribution of
events at Q and 2w - P.

Later, we will discuss in detail the asymmetry
for the ~'m r' final state.

k, +k, - e+e+X. The kinematics of this reaction
is quite similar to the one just discussed. The
cross section is given by

(2hioh a)(2k2oh 2) 4m'

[(k, ~ k, )' -m, 'm, ']'" (2j, +1)(2j~+1)

(16)

where j„j,are the spins of particles k, and k„
and L„„U„„A„„N„„aredefined in (8)-(12).
In terms of the variables s = (h, +k, )', M' =X', s,
=(h —P, )', s, =(k —P, )', s, =s+M'+2m' —s, —s„
p =p, +p» and k = k, +k„ the integrals simplify in
the c.m. system of k„k, to the form where

(2w) h»h, oh ghm w

[(k, ~ h, )' -m, 'm, ']"' (2j, + 1)(2j, +1)16s(2w)'

ds, ds, dM' dcos8 d Lo,

bo =ho, +ho»
482

ag, =, [-s,W, +(2k, P,k, P, ——,'s, m, ')W, +(2k, P,k, P, ——,'s, m, ')W~
S3

+ (-,' s, jp I' —2p»'p„' sin'8»)s
I k, I' sin'8 W~],

s'"
Ag, =-,p,p»jk, jsin8» sin8sin@ Re[ah, (p, -p, )(A, +A, )+ah, (p, —p, )(A, +A,}+ibB,].

S3&l gf
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Here,

ki 'P& =P;o(kio —Iki Icos8cos8;
—lk, lsin8sin8; cosQ),

k, p; =p«(k2o+ Ik, Icos8cos8;

+ lk, lsin8sin8, cosp),

s +M S —S1
0 2y 0 P10

Note that for P-2m- Q, Ag, remains unchanged,
while Ev2 changes its sign, so that we have parity-
violating asymmetry about the (p„p, ) plane. We
define

2 2 2 2s+m, ™2 k
s+m2 -nz,"»— 2~ ~ oo 2~s

8 Plo P20 3/ P«
bio 2~ i

I 5 I

= [(P,.+P..)' —s,]'",
S3

cos8g2 = 1

ag—
41&4 &40

ag+

ho
(t1&& &&0

ag,
41&4 &40

2 fl-41&4 &2f('-40

b, g
2 W -@1&Q &27t'-@0

All the variables are in the c.m. system of k1p k2p

with -(p, +p, ) taken as the z axis and p, xp, a.s the

y axis, 8 and P are the polar and azimuthal angles
of k„and 8, are the polar angles of p, . In these
expressions, we have neglected the lepton mass.
The ranges of integration are, for M': s and 0;
for s,: s andM'; and for s,: M'+2(P»Xo
+ Ip, l IXI), where

which gives a measure of parity violation in the
region of interest for Q, & &f&& Po.

It may be pointed out that the parity-violating ef-
fect may be enhanced by studying the reaction for
s3 Pl g where m „is the A, mass, sine e the A
amplitudes are larger in this region.

8+k,- e+k, +X. The cross section for this pro-
cess is given by

(2k„h, )(2k,oh, ) 2m'

where j, is the spin of particle k„and the tensors I „„V„„N„„U„„areas in (8)-(12) except that now
p =p, -p, . Here, the dependence of the differential cross section on the Treiman-Yang angle'Qisthemost
revealing. In the c.m. system of the final hadron state, i.e., p, +k, -p, =0, the cross section is

(20)

where s =(p, +k, )', t =q'=(p, —p, )', M' =X', s, =(q+k, )', t g =bg, +Kg»
2

Ag, = —,[tW, + (2 p „.k,p, k, + —,
'

m, 't) W,1 g2

+(2p. kp. k. + om. 't)~. —s.Ik. l'lk. l'sin'8-(2lpil'»n'8, »n'y+ o»ll'4j,

6g,=,' Ik, l lk, lsin8sin8, sing Re[ah, '(p, +p, )(A, + A, )+ ak, (p, +p, )(A, +A, )+ 2ibB,j,6R gl

where

k2 P2 —k, P, —k2 P,
kg'p~ = o(s —m~ ), kg'po = o(s+ t —s~),

k. 'P1=P 10k.o

-p»lk, l(cos8cos8, +sin8sin8, cosp),

Po=~sz —kio~ P'=t
~

s, —t+m, '
k s, -I +m2

lo 2~ s 20 2~ p

s+~ —m, 2
S1 —SPro- 2~ ~ Poo-

1 1

s —m 1 —2 k10P10
21k. l Ip, l

Here, the z axis is along k„(p, x p, ) is along the
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y axis, 8 and P are the polar and azimuthal angles
of k„and 8, is the polar angle of p, . The
ranges of integration are, for M: (Ws —m2)' and

0; for s, : s and (~+m, )'; for f: -(s —m, )'(s —s, )/
s and O. For ip-2p —p, Ao, remains unchanged
while 602 changes sign so that we have parity vio-
lation about the (p„p, ) plane. As before we define
an asymmetry parameter C,

Z Acr — g Eo
~1 & & & &0 2 n' -$1 & $ &2 7r -@0

Ao+ Q do
41&4 &4 p 2'-41& 4 &27l-tII0

(k,k, ksl&PO)IO& =
(2 ).i2(8k k k )1/2 r

7T 10 20 30

(k k k
~
g ~'+ g &&

~O) =
(27f)9~2(8k k k )'&2

k1PZ1+ k2gg2+ k3Pg3
(2s)"'(8k„k„k„)'~2

so that for this case,

(22)

(23)

(24)

$1 &@&QP

Ao,
~1&~&@0

(21)
a, =ff*,5[(p -k, —k,)'-~'],

which gives a measure of parity violation in the
region of interest ip, &Q &p, .

We now consider the evaluation of the asym-
metry parameter A for the reaction e+ e -m'+ m

+m' near the A, region.
e+e-m'+m +n'. The general forms for the

coupling of 3 PT and F with momenta k1 k2

and k, respectively, to the photon and the inter-
mediate vector boson are given by

B; =0, for jg4

A, =f(g,*-g*,)5[(p —k, —k,)'- ~'],
&.=f(g2 -g 3)5[(p —k. —k.}'- V']

&.=fg~5[(p —ki —k.)' -u']

A, =O, for i=4, 5, 6, 7

(25)

where p, is the pion mass. The resulting cross
section is

1 tas 7jrr=, ds, ds, I dcoso ddIs —,Ik, xk I' si s[f['o16s'(2m)'

, s' '(k, xk, (sin28
Bm ~'

x Ref'rig", -g",)a~~k~~cos (d, —dr) s (g", -g",)a)k~~cos(d -d)] I,
r

(25)

2 4 6

~k, xk,
~

= S1S2S3 SP P, P,

4s 4 2 4s

The scalar functio~ f is estimated by saturating
the vertex with the a) meson (the Q pole is ne-
glected since its coupling to 3g is suppressed), so
that we have

em~'(g. /f. )
(s —m„')(s, —m p'+ ir, )

'

em~(g, /f p}
(s-m„')(s, -mp'+ir, )

' (28}

em„'( g,/f, ) ~ 1 1
(s-m„') s, -m~ +iI', s, -mp +~1',

where ~ is the ~ mass and 8 is the mixing
angle for the vector nonet. The constant f, can be
estimated from the w decay width and comes out
to be f, /4v =2/p, . Similarly the scalar functions

g,. are estimated by saturating the axial-vector
vertex with the A, meson pole, which gives

where m„ is the complex mass of A„g, is thepro-
duct of the A, coupling to pm and the p coupling to
2m, and where we have taken the coupling of the neu-
tral intermediate boson to A, to be of the same form
as that of a photon to a vector boson. The con-
stant gp is obtained from the A., decay width and
we get (1/4v)(g, /f~)'=30', '. With these values,
the numerical integration for the range ——,'v& ip
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and

A =4.5%

Acr=10 '4 cm'

&-,'m, 0(4m, and 4p, '(s, (10'.' yields

(29)

decay widths and pole dominance. However, we
expect the general features of our analysis to re-
main valid and the numerical prediction to be
meaningful. It would indeed be very interesting
to verify the existence or the nonexistence of these
parity-violating effects experimentally. The ex-
periments are feasible.

which should be experimentally observable. Of
course, as mentioned earlier, the actual numbers
will depend upon the numerical values of a and b,
which in turn depend upon the weak-interaction
model and the mixing parameter. They are also
rather rough estimates, depending on the ~, Ay
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