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ABSTRACT
The effects of neutral weak currents are discussed in e+e_ annihila-

tion into final states such as H+H_, e'e , 7r+7r—, many hadrons and also

in the one particle inclusive production. According to current gauge
models these weak effects which are manifested as various asymmetries,
turn out to be around 10% in the energy range of PEP and PETRA. In
identifying weak effects polarized incident beams are advantageous, in

particular, the longitudinally polarized beams select parity violating

asymmetries.
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In the past few years several proposals [2,47, 48] have been made for detecting
asymmetries coming from neutral weak currents in ete” collisions. Since
important experimental evidence has been found in favor of the neutr:al weak
current [1,2], the expe‘r_imental investigation of these weak asymmetries will
provide further statistics as well as essential details on the structure of neutral
weak currents allowing comparisons of the results with predictions of several
theoretical models. In general, the photon-neutral weak boson Z interference
influences the e' e~ annihilation in such a way that characteristic asymmetries
should grow with the ceﬁter—of-mass energy squared, therefore the high energy
region is most promising for finding effects caused by Z. In gauge models, like
the Weinberg-Salam, Lee-Prentki-Zumino ones, etc., the weak asymmetries
are about 10% in the total center-of-mass energy range of 20-40 GeV.

From the theoretical point of view the simplest treatmenté concern final
states of u+u—, ee” which avoid all the hadronic complications. Here, weak
effects cause forward-backward and charge asymmetries, as well as outgoing
particles that appear with nonvanishing average helicities due to y~-Z interference.
Transversely or longitudinally polarized incident beams make the separation of
weak terms easier and sometimes they enhance the effects. In particular,
longitudinally polarized beams identify parity violating terms in the cross section.

The kinematics of y-Z interference has been calculated also for two hadrons,
many hadron final states and one particle inclusive production. The measurability
depends crucially upon the luminosity and time-like electromagnetic form factors
at high energies. Furthermore, at present the theoretical estimates for weak

. . . . . + -
effects are rather uncertain for one particle inclusive production through e e



annihilation because of the nature of the scaling violation at higher energies and
. of the form factors of the Z-current.

By now, the existence of neutral weak currents is well established |1, 2]
although many of their properties are still unknown. This has led to many
experimental proposals (e.g., | 2]); among others, colliding beam physics gives
very clean possibilities for providing further statistics and establishing essential
details about the underlying theoretical models. The expectation is that in the
energy range of the next generation of ete” storage rings (PEP, PETRA),

q =45 < 40 GeV, asymmetries due to neutral weak currents, will be about 10%.
It is, however, not excluded that weak effects also manifest themselves at
present energies.

The leptonic neutral weak currents can be traced in ete™ — y+;,z— [3 -15},
ee” —ee” [10,11,16-18] as well as in e"e” — e~ [ 18-20], while the effects
of hadronic neutral weak currents appear in exclusive hadronic final states
[21~-26] and also in inclusive hadron production [ 12,27-37] .

We use the Bjorken-Drell conventions [38].

A. Charge Asymmetryine'e” —pu'u”

The relevant graphs are drawn in Fig. 1 corresponding to the reduced

amplitudes
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where the hermitian electron (muon)-type neutral weak current ]? N ) inter-

acts with a neutral weak meson Z 0 of mass m,,. Assuming pointlike leptons,
the total amplitude is
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In (2) only vector and axial vector currents are introduced [2]with coupling
constants gy g{, and g A gA, respectively, p-e universality would require
gy=8Y, 8,78 |

If the e -beam is incident in the positive z-direction, p’{ =(E, 0,0,E), and
in the natural center-of-mass system of the storage ring p; = (E,0,0,-E),
P4= ~Pg- We assume, the e -e' beams are transversely polarized in the
direction of the x-axis, s = (0, 51, , ), s);= 0, §2,O, 0), 51&'2 < 0 and §1(§2)
is antiparallel (parallel) to the guide magnetic field. Tile production angles
6,¢ of u~ are defined by pg = (E,E sin g cos ¢, E sin g sin¢, E cos §); q2=4E2.
We denote the_ helicities for the u~ and u+ by h3 and h 4 respectively. Neglecting
lepton masses from (2) the differential cross section is [7,21]
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Equation (3) yields the pure QED cross section if F1=F
the other F terms describe the electromagnetic and weak interference as well

as the pure weak effects. In the q2 <« m% region the interference effects grow

with q2, therefore, the effects of Z must be searched for at high energies.

0

A convenient way of identifying the weak interference is to measure the
charge asymmetry
do do
c _da®-gg(r-9

W do do
00 * 5g (7+6)

(5)

Summing over ui helicities, (3) gives
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occurs at
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To see the significance of the weak charge asymmetry let us remark that in

At ¢=0 or ¢=m, A ~1.9 F3 for maximum beam polarizations of lgl |= Igz [=0.924.

the above case the forward-backward asymmetry is

where (9)

In order to have some insight into the numerical details of AS , we invoke
the Weinberg-Salam model [39,40]. In this model gV=g{7, g A=gA and they are

parametrized by the Weinberg angle @W

. 2
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Vv 2 sin 2®W ’ A 2sin 2®W

(10)
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thus, to order g‘27 A/e2 and q2 <M
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Consequently, in the present energy range, at E=3.5 GeV, A?N maxmg' 8ex~ 1%,
. . _ c N .

howevir, in PEP-~region at E=15 GeV, AWmaXN 15%, in the small angular

region (see (8) ). In practice, it will be necessary to use detectorscovering

the entire angular region [41]. Because the decisive contribution to the total

cross section comes from the photon piece,at 15 GeV we will still have about

31 -2 -1
cm ~ sec .

200 events per day assuming an average luminosity of 2.5 x 10
The cos § asymmetry and relative change in rate <AF 1)are plotted in Fig. 2,
using the Weinberg-Salam model at E=14 GeV {7]. (From experiments
35° < O < 45°1) |

The radiative corrections to the charge asymmetry arise from the inter-

ference of the one photon and two photon exchange diagrams as well as from the

bremsstrahlung contribution [9,42]. In a medium-photon approximation [9] the

C
ELM

where AE is the energy resolution of the muon detector, on the production angles

electromagnetic charge asymmetry A turns out to be dependent on fn (AE/E)

C
1éor LM ELM

a large electromagnetic background which dominates Agv One can exploit,

and ¢ Typical curves of A}c3 and A€V+A are drawn in Fig. 3 showing

however, the strong energy dependence of A\; at high energies. On the other

c s c
hand, the large AE-term of AELM is independent of ¢, therefore, AELM(Q’ o) -
A%LM( 6, ¢') gives rise to only a small electromagnetic background when one
measures the same difference for AS

ELM+W*
B. Average Helicity of 4~

An alternative way of studying weak neutral currents is to measure the

average helicity of the u~ [3-6]

do do
Zhj ag (Fhhy) - %j an Lhy
<h >= 4 4 . (12)
do do
2 5 eLh)+ 2 g5 (-1,h
by By




From (3) we have

- F (1+cos29)+F £ & sinze cos2¢ + F, cos §
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<h3> = 5 5 (13)
F1(1+cos 9)+F2§lg2sm 0 cos2<¢>+F3 cos 0
In the Weinberg-Salam model )
F =F_=F /2=2e(4sin2 - 1) (14)
4757 " O

(neglecting Rz-terms). The asymmetry <h_> —F 4 can be seen in Fig. 2, the

3
effect is about 3-8% at 15 GeV, sinz Oy = 0.35-0.5. The maximum value of
<h3> is 2F 4 for unpolarized beams and 2. 9F 4 for maximal incident polariza-~
tions. For experimental feasibility see [41].

There is an electromagnetic background to <h3> originating ’from v-2vy
interference of the order ozS [43]. At E~10-15 GeV this can be neglected rela-
tive to the weak term  (13), furthermore, in certain angula}? regions the
background vanishes (e.g., 0=7/2, ¢=0).

The effect of the Higgs particle turns out to be very small since the shift
of the cross section - (3) is proportional to (me mu)z.

It 2Emmz, the width of the Z must be taken into account [6] by writing

(qz-mé)'l - (q2—m2 -imZI‘)_l. So, the weak term in the cross section is

Z
enhanced by m%/ I‘2. This factor might be quite essential at resonance energy
producing an increase of about four orders of magnitude in the weak cross

section.

C. Longitudinally Polarized Beams

Parity violating effects can be projected out easily by making use of
longitudinally polarized e'e” beams. If the spin vectors of ¢, e are

. 2
S1=P_(8y,0,0,7), 55=D,(-y,0,0,y) with 8= Ip; I/E, 1/y=V1-g" then the
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differential cross section of efe” — u+u— has the form [12]

2
__a 2
a0 = 5 [F1(1+ cos 9)(1+p+p_) +

. L 1 2
+ F3 cos 6 (1+p+p_) + (2 cos @ F4 +-2- (1+cos 9)F6>(p+:l-p_)]

(15)
(h3,h 4 are summed). p_ (p +) means the magnitude of the longitudinal polariza-
tion for e~ (e+).
The parity asymmetry would be indicated by a nonvanishing value of the

longitudinal asymmetry AP

do do
p_am ) -am )

A
f&! d
@ ) g )

1 2
p +p_ 2 cos0F +§(1+cos e)F6

_ 4
PP (14008 6)F  +cos0 F

(16)
3

where the arrows indicate the polarization of the beams.

In the Weinberg-Salam model this has an order of magnitude given by
For instance, at E=14 GeV, sin2 ®W= 0.35 2F 4=6%, a significant effect.
Howéver, in certain angular regions (16) is small, e.g., in the Weinberg-
Salam model AP- O(g4/e4) for cos §=-1.

For measuring the longitudinal asymmetry it is enough to have only one
longitudinally polarized beam.

AP is a parity viélating asymmetry, therefore the electromagnetic back-

ground will not disturb it.
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Other interesting quantities which can be easily calculated from the above

picture are <h_>, A% and (13]

3

do do
—(070) —_'(p_,O)

_dQ dQ

Dp_,0) = do do
' 3o (0,0) + 35 (°_, 0)

(17)

where only the e -beam is polarized and (0, 0) denotes an unpolarized cross
section. Here, we only remark the following. <h3> measures g Ag{/. and ngA,
the electromagnetic background is absent for p_=p + (positive helicities) or
6=m/2. At 6=mand P,=p_, a measurement of <h3> would test the electron-
muon universality [41]. -A\cV depends on 6, P, qz; the higher order QED con-~
tribution does not contain ., hence, it is worthwhile to compare charge
asymmetries with different beam polarizations (e.g., one unpolarized beam).

These quantities are plotted in Fig. 4 for E=15 GeV, sin2 ®W=O. 4. The
largest effect is given by A?N, .or by <h3>.

In general, charged weak currents contribute to the asymmetries in higher
order. It has been shown [14] that such effects are smaller by at least a factor
« than the first order terms in the neutral weak current.

D. Bhabha Scattering

+ - + -, . .
e e —e e isanadvantageous process having a relatively large cross

section. Unpolarized or transversely polarized incident beams, however, yield
only very small effects due to neutral weak currents [L1 ,16]. Namely, at
E= i4 GeV, sin2 O = 0. 38 (about the expected ®W)

-1
do (do
an <E§)QED‘ Leth 18)
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The longitudinal asymmetry is [16]

- 16 Ezg g . (1+cos 0)3 (L-cosf) (p,+p)
p VPA + -
A= 5 2 2 2 2 . (19)
e mz{(3+cos 0) +[(3+cos 6) —16]P+P_‘

AP is drawn in Fig. 5 at E=14 GeV for various 4sin2 ®W and‘p+=p_=0. 924. One

can see that Arlzm.x is about 5% for sin2 ®.,,=0.38 (cos ~1/5). Thus, the reali-

w
zation of longitudinally polarized beams would be effective. A further discus-
sion of the Bhabha scattering can be found in Ref. [ 17].

E. Mgller Scattering

The process e e — e e is also sensitive to the neutral weak current. A
general analysis of the weak corrections is provided by Ref. [20] where y and Z0
exchanges are included with transverse and longitudinal beam polarizations.

The lowest order QED cross section for unpolarized beams is typically
399 nb at E=15 GeV, 6=10°, and 0.21 nb at E=15 GeV, 6=90° [19]. The
influence of the initial transverse polarization on this cross section and the
weak electromagnetic interference term is very small, while for the radiative
corrections it is a little larger at small scattering angles. For a soft photon
cutoff of E/10, at E=15 GeV, sin2 @)W= 0. 34 the following results are found
[19]; the relative shift in the cross section, due to a®-order QED corrections
(weak electromagnetic interference) is estimated to be -21.1% (0) at 10°, -25. 2%
(1.3%) at 50° and -26. 1% (3.4%) at 90°. At present energies the weak shift is
less than 1%. The longitudinal polarization of one of the final electrons is about
1% at 15 GeV, but thel(“e is an electromagnetic background of 1-2%, too.

Summarizing, in particular the u+u— final state is promising for finding
effects of neutral weak leptonic currents. At 15 GeV/beam rﬁeasurable effects

are expected, especially if longitudinally polarized beams can be developed.
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F. Exclusive Hadronic Final States

The measurability of a two-hadron final state at 10 - 15 GeV depends on
the energy dependence of the electromagnetic form factor which is not quite
known. Therefore, it is not known a priori that 4weak effects will not manifest
themselves at such high énergies. ‘For instance, assuming én E'2 décrease
for the electromagnetic form factor of the pion, 6 events/hour of 1r+1r- pairs
at E=3 GeV would be transformed into a few events per day assuming a one
order of magnitude higher luminosity.

In what follows we consider effects of the hadronic neutral weak current
J‘% in the process e e~ ~ T [24].

Three form factors enter into the relevant matrix elements -
+ -
<7y T (g 19510> = g =D, F (20)
+ - 13 _ ~ )
<o) T 195105 = [0y - pp), Fy+ oy + 2, My« (2D

HV measures the divergence of J"é
Let us assume that the incident e ~beam runs in the positive z-direction,
the scattering angles of 7 are ¢, ¢ with respect to e . Denote the product of

the polarization and the rest-frame spin vector of e~ (e+) by n (n'), and also

q“ = (p3+p 4)“. The v+ 7Z 0 exchange gives for the reduced matrix elements

_ s2 1 -V
M'y+MZ = ~ie qz (p3—p4)v vy uF -

@ B
9
Bapg™"_2
m )
-8y ‘g‘z"‘n'lzl 7 @y 8475 U(Fy Py Py)Hy g ) (22)
~my

here gy is the coupling constant of J% to ZOu {one gy is absorbed in gy and g A).
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The differential cross section is

2\1/2
- o __o i T
o T3 ’
q

22

2. a)2 .2
T=92—-2m q” sin” 0 '[1+nzn;+(n n! -n.n') cos 2¢ - -

I, vy XX
2 \2
n_n'+n n') sin 2 A+22 °z IF 12 1+n n') +
_(xy y X ¢ NI y! (+nn)
q—mz

' : t_ 1y o 1 !
+ReB (n+n)) + [sm 2¢ (o ny nyny) cos 2¢ (nxny+nynx)] ImB

23)
with
2 g8 2 g 2
e v8z 2/ 8z 2
A"!zFJ" zszv 'gA<2m2> IFy
q q"' Z q." Z
, , (24)
ez, g g
~ 78A z 2
B=2—arg=y Fi Py + 2[5 8,8y IFy!
a”(a-my) 4 -z

We have neglected O(me/q) terms, HV drops out. Assuming TCP-invariance,
ImB=0.

'Special cases: 1. Transverse polarizations, n=(¢ 1 0,0), n'= (—gz, 0,0),
51’ 9 >0 [21]. In this case the cross section depends on A and Im B which can
be separated by identifying the ¢-dependence (azimuthal asymmetry). There
is a large electromagnetic background to  (23) [23]. »

2. Longitudinal i)olarizaﬁons, n=(0,0,p ), n'= (0,0,p+). Charge asym-

metry is again vanishing. No ¢-dependence remains, but the weak term Re B

can be separated by reversing the polarizations. The parity violating term in
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the Hamiltonian is reflected by the presence of AP ((16)),

p,+p
) Re B _ AP
- T 1+p,p g 2 =4A o) - (25)
- A r 902 [—2 N F. 12
a2 3 v
q—mz

AP is determined by the ratio FV/F. In many theories FV= cF, c is a real
constant. For instance, in the Weinberg~Salam model ¢=cos 2®W following

from
B o2 1-
J% = -2 sin” Oy J$ +53d Rq/‘(1+75)q (26)

where the matrix R and quark operator q are defined by

p' 1
P 1 ,
a={, , R= 1 . (27
1 -1
Putting FV/F =c into (25) yields
2 2 p,+p
—AP=-ch g -3 1-g.,cg J =
ABZ D72 2) vz 372 2\ )i+p.p
e"{q"-m, e (q -mZ) + =

+0 <[gzq2/e2 (qz-mé )] 3> . (28)

This form is plotted in Fig. 6 in the Weinberg-Salam model g, sin 20, =e) at

;, and it exhibits significant effects. Figure 7

shows AP in the Lee-~Prentki-Zumino model {44,45].

. s 2
maximum polarizations, q” «m

The rate correction corresponding to = (23) is shown in Fig. 8 [26] .
The final state pp is analyzed in Refs. [21,26]. Itis also shown that weak con-
tributions to ee” — ete” 7r+7r— can be completely neglected at high energies [26]
Furthermore, the polarization dependence of the QED cross section is inessential

for the transverse case.



- 14 -

G. e'e” — Y Hadrons in y + Z Exchange

0
Tlle total cross section is determined by the spectral functions of currents,

<0 IJ';(x) Ji (0) 10> — p,IIJ‘ L(s); i,j=v,Z; T(L) is responsible for the transversal
(longitudinal) part. Finally, we get [31]

4
U(qz) =T p?}% [qz - 2m2(s's - l)] +

Va2 (q?-4m? 4

)

€z

52
q -my

)

e 2 2
P +pT ~5 [gv(q -2m (s‘s-l))+2mgA(p2s—pls')]+

(o]

=+

\2

g

Z 771 2,2 2

5 5 [PT [gv(q -2m~(s's-1)) +
q "'mZ

2 (2 2 am?®, | ,
+g% (0 -am® - 2 o o) (p,9)+ dgyg,m (by5 D) |-
q

)
<ol am? L2 g2 [ (145t - 2<p2s)(p1s'>]] l 29)
q mg,

We can neglect the terms of order m/E. Equation (29) cannot be used around
the mass of the Z-meson where finite width effects become important. s,s' are

. . - + . .
the polarization four vectors for e ,e with the above convention for n,n'.

RS E >
m s T L T mEm
| Al S 1=t b el
s m S TRt m(Erm) B2

For transverse polarizations (211_1=;_)21_1' =0, nn'=- .§1 §2, 51 >0, £ 9~ 0) the
£ -dependence survives only in the last term of (29) which can be dropped out

because m2 p%z is negligible. Therefore, cr(qz) is independent of 51 9
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However, for longitudinal polarizations (glr_1= Igl Ip_, 132{_1'= Igl Ip,, m'=-p.p ,

p.> 0, p_>0) there remains a nontrivial pi—dependence, whence

_2mgy8A0 P12 (7 7o\ 2878y 77
I ) -o(==) = 5|2 \°r ter )t T3 Pr
q "mZ \q . q "mz

(31)

measures the y-Z interference and ZZ -terms.
In order to have a guess about the weak terms, let us assume one may
calculate the spectral functions from free quark currents above E ~ 10 - 15 GeV.

In general the Z-current can be decomposed as

J"“ZL=a'J$+bV%+cA’§ : (32)

a,b, c are constants and

# - tag
Vi = :@/'Ra: : (33)
Al =3y s
So that
v 2 2 Z 7z 2 2
ol =4 TrQ” ,  pr =7V == @TrQ” +bTrqR)
127 127
727 g 2. 2.2 2. 2 2
pp == (2" TrQ“+Db” TrR”+c“ TrS" +2ab TrQR)
127r
77
pr =0 . : (34)

Substituting (34) into o(qz), it follows that the cross section and the y-Z

interference exhibit a strong dependence on the details of the quarks and the
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gauge model chosen. For example, in the Weinberg-Salam model

-2 1
a = -2 sin ®W , b=c=§ . (35)

The cross section gets large contributions from the yvZ +ZZ terms in the region
sin2 ®W ~ 0.3~0.45, they can reach even 50% (e.g., «— «~, a=%or %).
Furthermore, we get large longitudinal asymmetries too (at maximum polari-
zation). Similar results have also been fbund in the Lee-~Prentki-Zumino
model [31]. The role of Higgs scalars turns out to be negligible.

At energies high enough, q2 <« m%, the asymmetry parametei' AP plays
an important role. Numerical data are indicated in Fig. 9 for the case of
Weinberg-Salam model with maximum polarizations and m,, & 70 GeV. The
longitudinal asymmetry possesses a strong dependence on the charge assign-

.2 P ~ -
ments of quarks. At sin” gy~ 0.4, Ama.XN -8% for E=14 GeV.

H. One-Particle Inclusive e e -Annihilation

According to Richter's analysis [41; p. 24], at PEP (15 GeV/beam) a large
hadron yield is to be expected in the inclusive annihilation e'e” —hX, h means
a detected hadron with momentum p. For a 30-day data run the yield is in turn
10°, 1.1x10% 5.3x10% at IpI=1.5, 6, 12 GeV.

The differential cross section of the one particle inclusive production has
been calculated in Ref. [12] for arbitrary initial polarizations. It is not difficult
to identify certain combinations of the structure functions as the charge asym-
metry, forward-backward asymmetry, or the longitudinal asymmetry AP. In

this case, however, the numerical predictions depend on not only the nature of

the neutral weak current but also the assumptions concerning the production of



the hadron h. As usual, assume that the e+e— are coupled to a parton-antiparton
pair bz v and Z 0’ and this pair produces the final hadron state. Furthermore,
let us consider h= 7r+ and assume the Dakin-Feldman model for parton distribu-
tion functions [46]. As a result, the ratio of the structure functions becomes
independent of the partoﬂ distributibn functions [28,12]. | ’

Under these assumptions, in the Weinberg-Salam model the forward-
backward asymmetry has a value of 0.014 for fractionally charged quarks
(2=2/3) and 0. 026 for integrally charged quarks (@=1) [27,28]. At E=14 GeV,

c
A
max

=3.5% and 6.8% for a=2/3 and a=1, respectively [28,12], while the
parity violating asymmefry AP lies near the forward direction between
14% and -6%, depending on the Weinberg angle [12}

As shown by Gatto and Preparata [27], there are two-photon effects con-
tributing to the forward-backward asymmetry (<2% at E=5 GeV), however,
these may be separated since they are concentrated at small production angles

/2 instead of qz.

and increase as (In qz)1
An expedient choice is h=A which eliminates most of the disturbing inter-

actions in the storage ring. Analogous to thé case of u+u~, A gets a nonvan-

ishing average helicity which might be measurable [41, p. 356] through the

decay distribution of A. Although it is difficult to predict this helicity, it is

perhaps not unreasonable to expect an effect similar to the case of u~ (Section B).

In conclusion, production of hadronic final states offers valuable possi-

bilities for studying effects of hadronic weak neutral currents.
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FIGURE CAPTIONS
x.and Z 0 exchange diagrams for e+e_ — u+u_.
Relative changes in the rate, cos § asymmetry and helicity of u~.

Charge asymmetry as a function of § at ¢=0 (or 7), maximum polarizations

and AE/E=1%.
Weak asymmetries in the Weinberg-Salam model for E=15 GeV, sin2 ®W=0. 4.
-p p_-p
] - + c - + 1
a) A, for ———— =1/2 for ———=-1/2 — D(p ,0),
( ) W r 1__p-p+ / 3 (b) AW or 1"p_p+ / ? (C) p-_ (p_ )
d) <h > .
@ <hg>y
Longitudinal asymmetry AP in the Weinberg-Salam model for various values
of sin2 ®W.

Longitudinal asymmetry (-AP) in the Weinberg-Salam model for maximum
polarizations.

Longitudinal asymmetry AP in the Lee-Prentki-Zumino model for maximum
polarizations.

Correction of it in the Weinberg-Se’LIam model.

Longitudinal asymmetry (—AP) in the Weinberg-Salam model at maximum

polarizations, m_ ~ 70 GeV.
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