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%'e discuss how weak neutral currents of popular gauge models manifest themselves in the process
e+e ~++sr m for an unpolarized initial stste. %'e define three asymmetry parameters A, &, A,2, and A~ which

provide information about the presence of the neutral current. The former two give account of charge
asymmetries in the m m final state while A is nonzero when parity-violating eFects occur. Using a
phenomenological model for the hadronic vertices we obtain that the maximum value of these parameters
is —3 to 4%, and that this value is reached at a beam energy -20 GeV.

It has been pointed out by several authors ' that
the weak neutral currents could be detected in
electron-positron co11iding-beam experiments.
The aim of these analyses has been not only to
propose the confirmation of the existence of such
currents but also to extricate their quantum num-
bers. With this question in mind we discuss in
this paper how weak neutral currents of popular
gauge models' ' manifest themselves in the e'e
annihilation into m'+z n for an unpolarized initial
state. We are interested in angular and/or charge
asymmetries produced by the interference of the
amylitude for annihilation via a neutral particle Z
and the amplitude for annihilation via one photon.

We will assume that the neutral current is of the
V-A. form, and that its hadronic part carries
quantum numbers IG (J~)C = 1+(1 ) —,0 (1 ) -, and
1 (1+) +. Then in the process e'e -a+m n' only
the axia1 and the vector isoscalar parts of the
hadronic neutral current contribute. Because of
the different charge-conjugation properties and
different yarities of the photon and the hadronic
axial-vector neutral current, the interference of
the amplitude for

e+e -y m'+m &o

with the amplitude for

e+e -Z-w+w wo

gives rise to charge asymmetries' as well as to
parity-violating angular asymmetries. In the sec-
ond order of the weak coupling, that is, in the
square of the amplitude for (2), the same asym-
metries arise from the interference of vector and
axial-vector couplings. If the hadronic neutral
current does not contain an axial-vector part (of
the form indicated above), as in the Beg-Zee mo-
del, ' then there are no asymmetries at all since
the quantum numbers of its vector isoscalar part
are the same as those of the photon mediating (1).

where

y P++P-+Po~ &y ~

l" =ei vy"u,

vp =g„s vypg ~

a„=g,i vy„y, u.

(4)

(~)

(6)

e is the electron charge and g„(g,) is the coupling
constant of the vector (axial-vector) neutral cur-
rent to leptons. L& describes the y -m'w xo vertex
and I/'„and A„describe the Z- w+m w one with vec-
tor and axial-vector coupling, respectively.

L„and V„are axial vectors antisymmetric in
their dependence upon P„p, and Po. That is,

Lif -&8Ep&pa P+P-Po +1 0

P 0
gv A~pa P+P-Po s ~

(7)

(8)

where I', and I'~ are Lorentz scalars symmetric
in their dependence on p„p, and po. On the

TABLE I. Transformation properties of the three
terms in the differential cross section.

Charge
inversion

Space
inversion

Both inversions
combined

dc'/de de

do c~]de+de

do" /de d8

0 -O e -~-0

Let q, q+, p, p+, and p, be the four-momenta
of the electron, positron, and pions, respectively,
in the center-of-mass frame of e+e .

The sum of the amplitudes for (1) and (2) is
g""-P~I "/M, &

M = —L„+(v„+a„) ~ ~ ~ (y„+~„),
s -Mg~
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FIG. l. ON~ and its three contributions. FIG. 2. 0,~ and its three contributions.

other hand, A& is a vector symmetric in p and p:
+p =g'4 [(p +p-)/+3+ (p -p-)p+4++fll+5 1,

vrhere I', and I', are symmetric in their depen-

dence on p, and p and I'~ is antisymmetric. g~
andg~ are the coupling constants of the vector
and axial-vector neutral current to hadrons.

Neglecting the lepton mass @re obtain for un-
polarized initial particles the parity-conserving
differential cross section

dE+ I dE R(C~"[1+cos(8++8 ) cos(8, —8 ) -2cos8+cos8 cos8+ ]

+C,2 (sin'8++sin 8 ) +C,'~(cos8+ —cos8+ cos8 ) +C„(cos8+—cos8 )],

vrhere R is a phase-space factor

R =(sin8 sin8 )8(1 —cos'8, )8(cos8, —cos(8 +8 ))

x8(cos(8, —8 )-cos8+ )[cos8+ -cos(8++8 )] '~'[cos(8+-8 )-cos8+ ] '~',

S + s -Mg y y 1 2 21 I 2 2 v a 7' 3
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M .. (g„'+g.')g~'lp, lip I (I&.l'-I&. I'),

sgygyc,.= ~ ~" ', ((+co«9, & I p Ii p l ((a I(2«u(,"+, " ", (" ) [(" (I i I +1k( &+ ( I IX I
—1$ I&)I,

where E+=p, , E =p', 8+ and 8 are the angles of

p+ and p, respectively, with the direction of the
beam (g for instance), 8, is the angle between
p and p and is given by

s+Ma+2E E —2Fs(E +E )

2lp, lip I

E=(s-3M )/2)(s, andM is the pion mass. Since
we are interested in beam energies less than
30 GeV and since the width of the Z boson has
been estimated' to be of the order of 0.6 GeV,
we have neglected it in Eq. (10), assuming that
M, -75 Gev.

We can separate dg into two different parts
according to its dependence on the coupling con-
stants: dg', the part of dg that contains a', eg„g~,
(g„m+g, ')gv', and (g„2+g,')g„', and der", the part
of do with terms proportional to g,g„e and

g,g„g„g~. do' is charge symmetric while do" is
charge antisymmetric.

In E(l. (10) there are no parity-violating terms

because we have integrated over the azimuthal
angles of the m+ and the n . To understand this
point we first notice that in the problem there
are only three independent vectors, e.g. g, p+,
and p . Thus there is only one independent pseudo-
scalar, e.g. b =j ~ (p x p,). If we choose the x
axis to lie in the (j,p ) plane then
b=lq lip lip I sine sm8 sin@ . The variaMe y,
is not independent since from the law of conser-
vation of four-momenta it is constrained by a 5
function of the form 6(c +d cos(3I&+) where c =cos8+
—cos8+cos8 and d =- sin8+sin8 . The argument
is completed by noticing that

dpsinp6(a+f&cosQ) =0.
0

If we integrate one of the two azimuthal vari-
ables, P or p, only from 0 to s or from s to
2s then the parity-violating term does not go
away and we obtain a partial differential cross
section given by

da'@ gp
= ting +dg +~@

where

(T —2da' ~

pv d8+ d8
gs, w

+
] 6(2 )4 s1118+s1118 dE+ dE 8 1 —cos28+ 8 cos8+ —cos 8++8

(12)

(13)

x8(cos(8 —8 ) —cos8 ),(cos8 +cos8 ) I p lip I+ S -Mz2

2js -Mz )

«((",(I(,i+IT I &+(".(((,I-IT 1 &)I. (14)

The subscript E (W) and the + (-) sign refer to
the integration of P+ from 0 to n' (n' to 2s). In both
cases p is integrated from 0 to 2s. In Eg. (14)
there are no parity-violating terms proportional
to ng, g~, g~ g,g„, org, g, g„2; the first two are
identically zero while the third does not contri-
bute owing to the symmetry of the (E+,E ) domain
of integration.

dg~, dg, and dgp' can also be recognized by
their dependence on cos8, and cos8 .' This struc-
ture implies that do', do", and dop' have different

0'+ —0' + ~ 0'+ —0'
~cl C2

0+ + 0 + 0++ 0

&0'~ -~0's
P 0'w +&s

(16)

"parities" under the angular inversions listed in
Table I. From this Table we can see that the in-
formation on the presence of the neutral currents
is obtained by measuring the asymmetry param-
eters
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where
t

m'/2 pm-ep dg
(t~~= J d8~ Jt d8~

ep X/2 +

m/2 g-ep
cr+ = d8+ d8

ep ep

n'-ep m ep da
o' = d8+ d8

p

/ /2

a„= d8+ de
ep +

m'-ep pe'-ep do'

~,]g d8+ d(9

(18)

(20)

(21)

As we have already indicated above, A.,» A.c»
and A.~ are identically zero if the neutral current
does not couple axially to hadrons. If it does
couple then the following takes place: A.„and A.„
are nonzero if and only if the neutral current
couples axially to the e+e state. A.~ is zero if and

only if the neutral current does not couple vec-
torially to both leptons and hadrons. However,
for low energies, such thai

&(g„+g ) Ig g I «4wnlg„g II s —I
the last premise reduces to the neutral current
being coupled vectorially to leptons. The above
statements follow from the following relations
obtained from Table I:

ho+ (b,o~) is defined by an integration, analogous
to that in Eq. (20) (21), of b do —=dos —dcri 8, is
some given angular cutoff determined by the mea-
suring apparatus. gg g8 ca ca

S S ca ca0' + =0'+
p

0'
+

= —0'+
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FIG. 3. 0+~ and its three contributions. FIG. 4. chxz and its two contributions.
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Cg Ca pv

Cj, g P C2 S P P S
+W + N

(22)

g. = —(G/2v Z )'~'M„

g = —(8G/vY)'~2M sin~g

g~ = —(W2G)'~2M ~,

In order to obtain a numerical estimate we will
use

g„=- (G/2v 2 )'~'M, (1-4sm'e, ),

sm2~w=0. 35, Mz= V5 QeV, as well as simplified
models for the form factors E, ~. Saturating I.

&

and V& vrith the & resonance coupled to one pion
and a p meson in all possible mays we get

27Ã ~ p~E,=E,=, .' {[(P,+P )'-m, '-ir pm'] '
s -m -sZ'~m

+[(P,+P, )'-mp'-iZ'pm~] '+[(p, +p )'-mp' ir-pm'] '), (23)

where gp~, =29 GeV ', as obtained from a fit to the
& width. Assuming that the axial current couples
to the three-pion state through the f resonance
(Z -m'+f, f-n'x ) we get the expressions for E,
and E4

g...(p, -p )'u. (p. +p )
3m''[(p, +p )'-m~' iZ'Im-f] '

gs«PO(P+ -P-
m~[(p, +p )'-mI'-ir~m~] '

(24)

(25}
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FIG. 5. 0,"and its two contributions. FIG. 6. g,"and its two contributions.
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(27)

where gz„,= 6.9 fits the f width. To obtain expres-
sions (24) and (25) we have used for the f propa-
gator

A A A A A

pp &a pa &p) 3 pumps
(26)

(P, +P )' m-q'

if-'ymca

with P„„=-g&,instead of

+ps - -Av + (P++0 )ll (P++0 )u /mf

lO-l

Acs

This step has been taken in order to attenuate the
quick rise with the energy which E, and E~ show if
we use the full spin-2 propagator. Since after this
improvement E3 and E~ still rise too quickly, we
have made a second modification to these form
factors which consists in multiplying expressions
(24) and (25) by a factor mz'/s. Without these
changes the weak amplitudes rise too quickly.

A numerical integration with the Monte Carlo
method produces the results shown in Figs. I to 7.
We have used, for concreteness, cos80=0.65 and
restricted the energy variables in such a way that
the minimum momentum of each charged pion is
0.2 GeV/c. These cutoffs correspond to present
SPEAR experimental conditions. As we can see
from Fig. 7 A» A, » and A, ~ reach their maximum,
3-4%, at beam energies around 20 GeV, that is,
at energies available with next-generation ma-
chm. es.

The question now arises whether the detection
of the asymmetry parameters A,» is an unambig-
uous signal of the axial coupling of the neutral
current to both leptons and hadrons. To be sure,
the interference of the annihilation via one and two
photons gives rise also to A„, due to the opposite
charge-conjugation properties of the one- and two-
photon states. ' The two-photon state contains
certainly a piece with the quantum numbers
I~(Z~) C = 1 (l')+ which characterize the hadronic
axial neutral current. In the leptonic process
e+e p.+p, the electromagnetic asymmetry can be
computed accurately and has been done so' for
beam energies & 5 GeV with the result that it is
of the same order of magnitude as the weak charge
asymmetry. Brown and Mikaelian" have computed
in a model-independent way the infrared contribu-
tions to the electromagnetic asymmetry for the
process e+e -~+a . It is plausible that their meth-
od can be applied also to the case e+e -w+m w .
This problem is under study and the results will
be published elsewhere. However, we expect the
energy dependence of the bvo-photon process to
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FIG. 7. The asymmetry parameters Ag f A, 2, and

be quite different from that of the Z process. "
After this work was completed we became aware

of a paper' which partially overlaps ours. The
authors of Ref. 12 saturate the Z —n'+w m vertex
with the A. , meson and study only one asymmetry
parameter at energies around the Ay mass.
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