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We present the pheomenology of SU(2)~ X SU(2)jt XU(1)L XU(1)„gauge models of the weak and
electromagnetic interactions in a simple parametric form, based on the eigenvectors of the intermediate-
vector-boson mass matrix. The neutral-current interactions are described in general by four angles and three
Z masses. For natural extinction of atomic physics parity violation, one Z boson has pure vector couplings,
the other two pure axial-vector couplings. Imposing equivalence with the neutrino scattering phenomenology
of the Weinberg-Salam model, only one parameter remains; this degree of freedom allows an axial-vector Z
boson to have low mass. The observable consequences of a light Z are explored for e +e annihilation,
Drell-Yan production of lepton pairs, deep-inelastic lepton scattering by neutral currents, and the anomalous

magnetic moment of the muon. A Z mass as low as 30 GeV is compatible with existing measurements; the
most stringent present limit is set by the muon magnetic moment. We estimate a Z3(30) signal would be
about 10% of the T(9.5) signal in pp ~p,

+
p, X at top CERN ISR energies ~s = 60 GeV, and that Z3(30)

would give a —13% asymmetry in e+e ~p, +p, at top SPEAR energies ~s = 7.5 GeV.

I. INTRODUCTION

Gauge models of the weak and electromagnetic
interactions with left-right symmetry' "allow a,

natural explanation for the apparent absence of
parity violation in atomic physics. ' '" In these
models the interactions and masses of the inter-
mediate vector bosons can be arranged to pre-
serve the predictions of the standard Weinberg-
Salam (WS) model for neutrino scattering, ""
which agree with all present neutrino experiments.
(More general neutrino phenomenologies a.re pos-
sible in the left-right-symmetric models, but such
additional freedom is unnecessary at present. )
The class of models based on the left-right-sym-
metric gauge group SU(2)~xSU(2)~x U(1)~ xU(1)s
have the particularly interesting property that the
mass of the lightest neutral intermediate boson
Z' is essentially a free parameter, even when this
equivalence with the WS model in neutrino scat-
tering is satisfied. ""It is interesting to investi-
gate the predictions of this class of theories for
the production of a possible light Z' in experiments
feasible currently or in the near future.

In this paper we present a systematic discussion
of SU(2)~xSU(2)sxU(1)~xU(1)s gauge model pre-
dictions. Rather than following the usual approach
of introducing vacuum expectation values of Higgs
fields to generate an arbitrary intermediate-boson
mass matrix, we start with the diagonal mass ma-
trix of the physical states. The remaining arbi-
trary parameters of the model enter as rotation
angles in the diagonalization matrix that relates
the physical fields to the primordial fields and the
physical currents to the primordial currents.

Requiring the effective Lagrangian for neutrino
scattering to be equivalent to that of the WS model
constrains the physical masses and one of the ro-
tation angles. The extinction of atomic physics
parity violation constrains two more rotation an-
gles. The one remaining degree of freedom allows
a range of masses and current couplings; the
light-Z' possibility"'" is particularly interesting.

In discussing the physical consequence of SU(2)~
x SU(2)s x U(1)~ x U(1)s models, we specialize to
the one-parameter class described above, that
satisfies both equivalence with the WS neutrino
sector and atomic parity conservation. In these
models, one Z boson (Z, ) has pure vector coupling
while Z, and Z, have pure axial-vector couplings:
We call these V'+2A' neutral-current models.
Section III describes the predictions of such mod-
els for the masses and widths of the Z bosons and
for their effects in e e annihilation, Drell- Yan
production of lepton pairs, deep-inelastic lepton
scattering, and the muon anomalous magnetic mo-
ment. The Z masses are ordered as 0 (m, ~ m,
(m„the axially coupled Z, can be made arbitrari-
ly light. The Z, resonance peak in e'e p,

'
p,

would exceed background by a factor of order 10'.
In Drell- Yan hadroproduction of lepton pairs, the
presence of a Z, resonance at mass 9.5 GeV would

give a peak-to-background ratio of 2 x10'. This
is two orders of magnitude higher than the ob-
served T(9.5) enchancement (allowing for experi-
mental resolution), so a Z, interpretation of this
enhancement is excluded. The present Fermilab
data in the lepton-pair mass range m(15 GeV ex-
clude a Z, of mass below 18 GeV, from the size
of the resonance tail. In muon deep-inelastic scat-
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tering a light Z, leads to a difference between p'
and p, cross sections, that we calculate. The
muon anomalous magnetic moment places the most
stringent restriction on the mass of Z, ; the dis-
crepancy between the experimental value and cal-
culated electromagnetic contributions, allowing
two standard deviations, permits m, ~ 30 GeV. We
estimate that a Z, (30) signal would be about 0.1
times the T(9.5) signal in PP —p. 'p. X at top CERN
ISR energies ~s = 60 GeV, also that Z, (30) would
give a -13% asymmetry in e'e p.'p, at top
SPEAR energies v s =7.5 GeV.

II. TRANSFORMATION FROM GAUGE FIELDS TO

PHYSICAL STATES

In SU(2)~ xSU(2)ex U(l)~ x U(1)s gauge models,
the Lagrangian for the interaction between basic
gauge fields and fer mions is

iZ;„t=-guru' ip+ g Jl&E're + (L R),

To remain consistent with the established left-
handed nature of charged-current phenomena, we
require that m ~»m ~, e «1, and

ni 2~ = g '/(8G~/~2) . (3)

Z W~=U(n P y 0)
Za

Z 3~

To construct the matrix U, we first observe that
recovery of the electromagnetic Lagrangian
i eP y„(I,+ Y(2)$A„requires

The neutral sector of Eq. (1) involves the photon
field A and three massive intermediate-boson
fields Z„Z„Z,. The parameters are the physical
masses m„m„m,and four angles that specify
the transformation

Is~ = P 4y~44 A = sin9(Ws+ Ws)(~2+ cos9(B~+ Be)M2, (5)

with

d'gg = Q z4ypYs4 gsin6 =g'coso= ~2e. (6)

where the summation is over the fermion doublets
(u, dc), (c, sc), (v„e ), (v„,u ), etc. In Eq. (1),
1~ =I~ = ~(2 and Y~ = Ye are assumed with Y'= —,

' for
quarks and Y =-1 for leptons. After spontaneous
symmetry breaking, the physical boson fields with
diagonal mass matrix are linear combinations of
W~, W~, B~, and B~.

The charged-boson sector is specified by three
independent parameters, the two physical masses
m ~, m ~ and a rotation angle e,

with

se se ce ce

1 Ce Ce -Se -Se
U, (e) =

1 -1 0 0

(6)

Since the Z, A fields must be mutually orthogonal,
the general form of U is

W~ cose

—SlnE'

sine W~

cosa W~

(2)

and

0 0 1 -1

1 0

0 c
V, (o, P, y) =

—S~C8 sns8
(9)

Scxc), 0f 8 g
—

8 ),
—CO, S8C —C8S

a y' a 8 y 8 y cx 8 y+ 8 'y

where we use the notation s e = sin6), ce = cos 6, t e
=tan6), etc. The rotation U, separates the photon
from the Z fields and U, specifies an arbitrary ro-
tation through Euler angles n, P, y in the Z sector.

The weak neutral-current part of the Lagrangian
is expressed in the basis of the physical Z states

(suppressing I.orentz indices)
1/2-i2, =2 m ~J, V.„Z~,W (10)

where Vis the 3 x3 submatrix of Euler angles of
Eq. (9) and
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J~ = (Ji~ +Jff) ce —(Jy +Jff) s et 8,

Je = (JI.—Je)t e ~

The effecti ve Lagrangian for small- momentum-
transfer interactions can therefore be written

(12)

(16)sin'0 = 2 sin'0

This can be satisfied only if sin'0~ (0.5. The re-
maining conditions can be summarized as

where s ~ = sin 0 ~. We now investigate the condi-
tions under which Eq. (13) is equivalent to Eq.
(15)~ First, by comparing the structure of the
currents in Eq. (15) with those of Eq. (11},we im-
mediately find the necessary condition' "

Speci ali zing to neutrino interacti ons, we have

jeff 2v 2 GFm~' (vfy„vf)K"VM ' VJ,

where M is the diagonal mass matrix, J' is the
quark or lepton current vector of Eq. (11), and

(13)
m, ' z' vM-' v= R„',

where

K„",= (c„1, 0) .

(17)

(18)

K' = (c,-', 1, t, )/-2 . (14)

The effective Lagrangian for neutrino scattering
in the WS model is

gi ff —~2GS(Vyy& fry) [(Jf +Js)(1 —2sfv' )

—2s ' (J' +J')+ (J' —J')], (15)

m,.
' =m„'( VK"),. /( VK„',), (19)

Explicitly taking V to be the Euler rotation sub-
matrix from Eq. (9) we obtain

Hence, for any given rotation angles (a, P, y) the
Ws equivalence of Eq. (17) fixes the Z masses
uniquely as

mf (C~ —S~cgce —S(ysgSe)
m fv i Ce(C Ce —S~c8)

(20}

m2 (S C~+C CSCyCe —SSSyCe+C SgCySe+CgSySg)2

me Cg(s„c Ce+ C~cgcy —S8Sy)
(2 1)

(
m, 'I' (s sy + c cgsyce+ s gcyce + c s gsyse —cgcyse}

m ff & Ce(s~syCg + C~cgSy + S gCy)
(22)

Given rotation angles (fy, p, y) the neutral current of Eq. (10) is
/

iZ, = -2
~

m fv((J„C ce —J„scg —Jvc„sete +J„'s„sete)Z,
2 )

+ [Jvs c ce +J'„'(c cgc —s gsy) -J'vs c set e
-J„'(cs gc +

cgsy )t e]Z,

+ [ vs~sy ce + ~(c~cgsy + s gcy) —Jvs sy set g
—J~(c~sgsy —cgcy)t e)Ze), (23)

where J~ and J„denote the vector and axial- vector components of the current. Writing the Lagrangian in
the general form, summed over fermion types n,

1/2

r m w Q ( gvf %aye 4m + g~f 4yeyela)Z&,
Y 2. '1 D

(24)

we find the following coefficients from Eq. (23):
For Z, field (i = 1),

g v= C~/Ce, gA —-Sn( 8 8 e},
gv-——C (Cg —Sete) & g&=S&(cg —sgte)

g v= c,(ce set 8/3), g~ = -s, (cg —set el3),

g v
= —cr~(ce + set 8/3) f g~= s~(cg+ s gt g/3) .

For Z, field (i = 2),

gv= S~cy/Ce f g~ = C„cy(Cg+Sgt 8) —Sy(Sg —Cgt 8) ~

g v= —S~cy(Ce —sgt 8), g~ = —cracy(cg —sgt g)+s (sg+ cgte),

g v
= s&cy (ce —set e/3) ~ g~ —c&cy (cg —s gt e/3) —sy (sg + cgt e/3),

g v = —s~cy(cg + sgt 8/3), g~ = -cracy(cg+ set 8/3) + sy(s g
—cgt 8/3) .
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For 2, field (t = 3}

Zv=s sy/ce~ Z~=c s&(c e+sste} +c&(se —cate) ~

g v=-S~sy(ce —Sgt g), g~= —C~sy(ce —Set g) —Cy(se+ Cet g),

g y= s~sy(ce —sgt g/3), g~ = c~sy (ce —set g/3) + c (se+ est e/3),

g v= -s sy (ce + sgt g/3), Q~ = —c sy (ce + set e/ 3) —cy(s e
—est e/3) .

In the above, d denotes the Cabibbo-rotated com-
bination d~ = d cos0~+ s sin0~ and the couplings of
other quark and lepton doublets are the same as
above, e.g. ,

g(v„e)=g(v„,V) =a(v„~),
g(u, dc) = g(c, s c) =g(t, b) .

To summarize the results of this section, the
physics of the SU(2)~ xSU(2)s x U(1)~ x U(1)s gauge
model is described by the Lagrangian Eq. (24) with
three arbitrary Z masses and four arbitrary ro-
tation angles o. , P, y, 0. To establish equivalence
with the neutrino scattering phenomenology of the
WS model, the angle 0 must be related to 0w as
in Eq. (16},and the three masses are uniquely
determined by o, , P, y through Eqs. (20)-(22). The
model thereby admits a three-parameter family
of solutions.

The extinction of parity violation in atomic phys-
ics can be achieved naturally (i.e. , without detailed
tuning of parameters) in the left-right-symmetric
gauge model if one Z field is purely vector, the
other two axial vector. The choice e =0 makes
Z, vector and Z„Z,axial vector. There then re-
mains one free parameter P = P+y. In the rest of
this paper we concentrate attention on this one-
parameter class, which we term V'+2g' neutral-
current models. This particular class is equiva-
lent to those considered in Refs. 12, 13.

The freedom to adjust the Z masses as above
arises only because there are three Z bosons. In
SU(2)I xSU(2)s xU(1) models' "where there are
just two Z bosons, an analysis similar to that
above can be made; to establish equivalence with
WS neutrino scattering, the masses are fixed in
terms of a, single rotation angle (in contrast to
the three rotation angles o, P, y). Then the ex-
tinction of atomic physics parity violation fixes
this remaining degree of freedom, and the Z mass-
es cannot be further adjusted. [In SU(2) x U(1)
x U(1)' models" there is additional freedom, be-
cause no left-right symmetry is imposed and the
choice of U(1)' representations is very arbitrary;
however, parity conservation in atoms is acciden-
tal not systematic here. ]

v 2m@ ' ' 52 8GeV
G~sln 8 sln8

~w 105.6 GeV
cos8 sin 28

cos($ —8)
m~ mw cos8 cos

sin(p —8)
3 ~W cos9s in/

(25)

Hence the allowed range for Q is 8 & Q&&/2. We
note the mass inequalities,

200

150

)
tlat

(3
Ioo-

Cf)
M

X

Zt {VECTOR)+

W
+

50

0
'I.O0.6 0.8

sin~ /
FIG. 1. Dependence of the Z masses on the parameter

Q, for the choice sin26 = 0.6.

III. PREDICTIONS OF V2+2A' NEUTRAL-CURRENT

MODELS

A. Masses and couplings

In this Section we consider V'+ 2A' parity-con-
serving neutral-current models, in which Z, has
purely vector couplings while Z, and Z, have pure-
ly axial-. vector couplings. The masses and cou-
pling coefficients defined in Sec. II take simple
forms in terms of the parameters 8 and P = P+y.
Here 0 is constrained by the neutrino data to sin 0
=2 sin'0w=0. 5-0.7 and Q is a free parameter. The
mass formulas are
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O~m, ~m~&m, &m, . (26)

g «= 1/ce~ g "«=ce -sete/2 i (27)

The possibility of an arbitrarily light Z, is par-
ticularly interesting.

Figure 1 illustrates the dependence of the Z
masses on the parameter Q with the choice sin'8
=0.6; for which m~=68 GeV. Corresponding
results are also given in Befs. 12, 13.

The coupling coefficients defined in Sec. II
also take simple forms. The Z, coefficients
are g„=0 and

0.3
O

t
N

0.2-

t O.f

II

0
0.6 O.S

sin2 $

m, (GeV)

20 30 40 50
I l I

sin28 = 0.6
60

e

1.0

g v= —ce+se te ~ g v= —ce —sete/2.e d

'The Z, coefficients are g ~=0 and

gA»+» e& gA»» e/
8g~ —-c»+s»te g~ —-c» —s» te/2.

The Z, coefficients are g ~=0 and

(28)

FIG. 3. Branching fractions for Z p, +p vs sin2,
for sin28 = 0.6. The branching fraction for Z& is 0.006.

&(&-ff) = ' ' ' '[g«'(2«} e}')+-2g,'vt'],m@2mgG~N

24» v2

gA»» es gA»+» e/
e dgA»» e& gA»+»te/

The g' couplings are especially significant since
initial experimental detection of Z bosons will
likely be based on Z-e'e or p,

'
p. . We notice

that the light Z, has a substantial g~, which is
not the case for Z, or Z, ; in particular g'„ofZg
vanishes identically for sin'8 = 0.5.

For comparison, the coupling coefficients in
the WS model are g„-gzgz —-g„-g~
=1/(&2c~), g «=(-1»4s~')/(v 2c«), g «
= (1-8s»'/2)/(&2e~), g «= (-1+—', s«')/(&2e «),
and m» -m„/c«.

B. Decay widths

The partial widths for fermion-antifermion
decays are

where N, = 1 for leptons, X,= 3 for quarks, and

vi =(1 —4m~ /mz')' '. Note that S decays give rise
to both left- and right-handed v states in left-
right-symmetric models. We estimate the widths
for six flavors of leptons and quarks, using the
mass assignments in GeV units: m, =1.85,
m„=0,m„=m =0.3, m, =1.5, m =0.5, m =6.0,
m~ =4.V. These quark masses are based on
m„=me=m»/S, m, =m»/2, m, ~m», and me —mr/2;
the m, mass is speculation. Figure 2 shows the
resulting total widths of the three Z bosons vs
sin'Q. The branching fractions for Z- p, 'p, and
Z hadrons are shown in Figs. 3 and 4. For
comparison in the WS model I'(Z-alo=1. 80 Gep,
B(Z- p'p )=0.02, and (BS- har don)s=0. 70.

m& {GeV)

20 30 40 50 603.0
sin28 = 0.6

m& {GeV)

20 30 40 50
).0 I I

single

= 0.6
60

t
N

I.O

0
1.00.6 0.8

sin

FIG 2» Total widths Qf Z bosoxls vs sin Q» fox' sin ~
= 0.6.

0.8
t

N

& 0.6

a
0.4U

t
N

ee 0.2
CQ

0 i I i I i I

0.6 0.8 1.0
sin~ $

FIG. 4. Branching fractions for Z hadrons.
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C. Production bye'e colliding beams

The unpolarized differential cross section for e'e —p, 'p. has the form"
lpga'+2Re

(1+~') QG„+2~QG„g' +(1+&') Q&r(' '+ QG~ '+2 QGv&Ggg
'

~4z 28

+ 4~ ~e: Gyi gf + Fi ~Xi ~P'/~AD (31)

(g',g)'
4 sin28 s m', +em, I',. (32)

and similarly for V-A. Equation (31) includes

tO

where s is the total c.m. energy squared, z
=cos8, (with 8, defined as the angle of p,

relative to e ) and the coefficients G are defined
as

both ZM and Z-Z interferences, but neglects
enhancements from hadronic resonances such as

The integrated cross section is shown vs
Ws/I, in Fig. 5, with sin 8 =0.6, for various
values of sin'P corresponding to I,=20, 30, 40,
50 GeV. Figure 6 shows the cross section vs
Ws for m =3O Gey.

At a Z-resonance energy, the ratio of the res-
onance contribution (peak minus background) to

)0
lO

l0

t
+ ~0-

l~

43 l0
b

l0

t0
C

)0

t
+ )00

l~
+

CP
)0

b

+ RA Mocll (N~$Q)

I

'I.O l.5 2.0
50 )OO

~s (GeV)

~y~ Oy~ ~ e+
~e~e,

I.O-

0.5
~y 4

0

).0
50 100 )50

FIG. 5. Total e+e —p 'p cross section and asym-
metry parameter A(z = 1) vs ~s/m3. The eases shown
have sin2fIJ) = 0.64, 0.70, 0.78, 0.88 (with sin 8= 0.6) cor-
responding to m3= 20, 30, 40, 50 GeV.

FIG. 6. Total e+e p+p, cross section and asym-
metry parameter A(z = 1), vs 4s for ms= 30 GeV. The
VN-model prediction is shown for comparison.
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I I I I I I
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FIG. 7. Integrated S3 resonance contribution
f d~s O(e+e —Z3 p+p ) vs the mass m3.

FIG. 8. Asymmetry parameter A (z = 1) vs m3 at
~s = 7.5 GeV.

the electromagnetic background is

= —B '=1 7x 10'B ' (33)o(e'e -y- p'p, ) a'

o(e'e -Z-hadrons) 9
= —

2 BuB„,o(e'e -y- p, 'p ) a' (34}

(36}

where B„is the Z p. 'p, branching fraction and

B„is the Z- hadrons branching fraction. From
the B„andB„values for Z, shown in Figs. 3 and

4, the peak-to-background ratios are of order
2 x 10' for p, 'p. and 1 ~ 10' for hadrons. The
integrated resonance contributions above back-
ground are

The asymmetry parameter A(z =1) is shown vs
Ws/m, in Fig. 5, for sin'0 =0.6 with several values
of m, and in Fig. 6 vs Ws for m, = 3o GeV. The
corresponding prediction of the WS model with
sin'8~=0. 3 is shown in Fig. 6 for comparison.
The predicted asymmetry for SPEAR at v s = 7.5
GeV is A(z =1)=-0.13 for m, =30 GeV, well
within the sensitivity of forthcoming measure-
ments. For a mass m, = 50 GeV, the prediction
isA(z =1)=-0.04. Figure 8 showsA(z =1)
vs m, at Ws = 7.5 GeV.

The absence of parity-violating amplitudes in
the V'+2A' model means that (i) with longitudinally
polarized beams, there is no asymmetry between
helicity configurations +1,+1 and -1, -1; (ii)
the longitudinal polarization of either fina, l muon
vanishes.

We have concentrated our attention here on
p, 'p, and hadron modes; a similar analysis can
be made for e'e -e'e, which has different A'
and Z-A terms.

d&r (z) —do (-z) 2 z

do(z)+do (-z) 1iz (37)

Figure 7 shows the behavior of this integrated
contribution for the lightest boson Z, ; we observe
that it depends strongly on the mass m, . We note
that Eqs. (31)-(36) apply to any narrow spin-1
resonance.

The forward-backward asymmetry of the dif-
ferential cross section in Eq. (31) has the form

D. Drell-Yan production

Following the Drell- Yan approach, " lepton-
pair production in hadron-hadron collisions can
be described in terms of a basic quark-antiquark
annihilation process, with this sub-cross section
given by

4m@ 2o(&agf, 0 P }= es +2eaRe ~Gv&Hv& + Z n vs + Z3m

QGv, H„,'+ QG„,Hvi ~ (38)
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Here k labels the quark flavor, e~ is the quark
charge, m is the muon pair mass, G «, GA, are
as defined in Eq. (32) with s =m', and

e q m2g vig vf
4 sin'8 m' —m'+ im,.Pi

(39)

(40)

Here f~(x) is the fractional momentum distribution
of quark k in particle A, f is defi-ned similarly,
the summation runs over all quark and antiquark
flavors. Also y is the rapidity of the muon pair,
x, =exp(+y) m/v s and s = (P„+Ps)'is the c.m.
energy squared. Typically, for an arbitrary
nucleus A = (N, Z) the u distribution functions are
f„"=Zu(x)+Nd(x), f"=Zu(x)+Nd(x); for incident
protons f~=u(x), ff =n(x) and for incident anti-
protons f~=u(x), fI=u(x}.

At the p, -pair mass value corresponding to a
Z resonance, the ratio of the resonance cross
section (peak minus background) to the electro-
magnetic continuum cross section is

do (AB —ZX —p, 'p, X)/dydm 3
, BB

dv (AB —yX —p, 'p, X)/dydm n'

= 0.6 x 10'B B, , (41)

A ~ B ~ e2fA g B

(42)

where B„,B, are the branching rations for
Z - p,

'
p. , Z - q~ tT'~ decays, calculated from Eq.

(30). Figure 3 shows that B for Z, is of order
0.1. Since u and d are the dominant quarks in
nuclear targets, B, is essentially determined by
the uu and dd branching ratios.

It is interesting to compare the T(9.5) production
data' with what would be expected from a Z, of
that mass. For m, =9.5 GeV we have

I' =0.14 GeV,

B„=0.17, (43)

B = 0.51,
from which Eq. (41) yields a, peak-to-background
ratio

do(Z, (9.5))/do (y) = 5 x 10'.

Folding in the experimental resolution Am = 0.5
GeV, the apparent peak to background ratio would
be reduced to 1300, which is over two orders of

and similarly for V-A. In terms of this subcross
section, the Drell-Yan formula for AB —p, 'p, X
inclusive pair production is

der 2x.x ~f&(x.}ff(x ')o(q, q~- i'u ).

electromagnetic:
----m = 20 GeV3

I ~
O
0)
CJ

C:

0
0)

C3
Ol

E
CJ

O
II

E

1
0-35

103

10

lo — pN —p.'p, I
400 Gev

)0-39 I I

6 8 IO 12 14

m(p. pair) (Gev)
FIG. 9. Muon pair production cross section in proton-

nucleus scattering at &= 400 GeV, y = 0. The curves
are based on a scaling parton model. The solid curve
represents purely electromagnetic scattering, the other
curves show the effects of Z3 (dashed m3 ——20 GeV, dot-
ted m3—- 18 GeV, dash-dotted m3 = 16 GeV). The predic-
tions are based on sin20= 0.6. Data are from Ref. 20.

magnitude above the measured T(9.5) signal. "
Thus a Z, (9.5) interpretation of the T enhancement
is out of the question. Further, the absence of any
hundred-fold enhancements above background for
lepton-pair masses up to 15 QeV rules out any
light Z, in this mass range, or close above.

We estimate the Drell-Yan cross sections in
the framework of the scaling parton model, taking
the valence quark distributions from Ref. 19 and
and adjusting the sea quark distribution to re-
produce the latest Columbia- Fermilab-Stony
Brook (CFS} results" for PA —p'p X at 400 GeV
on heavy targets. This requires a sea distribu-
tion u(x) =d (x) =0.51(1 —x}"/x. The solid curve
in Fig. 9 shows the resulting fit to the 400-GeV
CFS continuum data, outside the T(9.5) region,
with no Z contributions. Other curves illustrate
the effect of a Z, of mass 16, 18, or 20 GeV. The
tail of such a resonance elevates the cross section
somewhat in the 10-15 GeV range; The present
data seem to exclude a Z, mass less than 18 GeV.
The extrapolation of the continuum background
beyond the measured range depends sensitively
on the assumed x dependence of quark distribu-
tions; however, the height of the Z, peak above
background is independent of the sea distribution.

Figure 10 shows Drell-Yan predictions for
30-GeV-on-GeV pp colliding beams, with the
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io"— =10, for m, =20 QeV
a(Z, }dm

fo(T}dm
= 0.1, for m, = 30 QeV (44)
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59

-40
~s= 80 Gev

for 30-QeV-on-30-QeV pp colliding beams. ISR
experiments in progress should detect such a Z,
signal if it exists.

Figure 11 shows Drell-Yan predictions for
400-QeV-on-400-QeV pp and pp colliding beams,
as planned for ISABELLE and CERN. The case
m, = 30 QeV is illustrated. Both the Z, and Z,
eouplings to the p.'p. channel are suppressed,
for this case.

Nonsealing corrections to the Drell-Yan formula
may change our cross-section extrapolations
above Fermilab energies. Howsoever, the peak-
to-background ratios should remain essentially
t e same.

I I l l l

5 tO t5 20 25 30 35

m(p, pair) (GeV)

FIG. 10. Drell-Yan predictions for muon pair produc-
tion by 30-GeV-on-30-GeV pp colliding beams.

cases m, =20, 30, 33, 36, and 39 QeV. It is
interesting to compare the integral over the Z,
peak above background with that of the T(9.5),
since this is a rough measure of the relative
counting rates. For this ere assume that Y pro-
duction scales with the continuum and thus can
be estimated using the Fermilab data. '0 e find

E. Deep-inelastic neutral-current scattering

In p,'K- p,+X deep-inelastic scattering, a light
Z, (axiao boson exchange introduces nonscaling
effects and differences bebveen p,

+ and p. cross
sections. The photon-Z, interferenee modification
of the deep-inelastic cross section based on the
parton model enters through the I", structure
function

q
al+(l-&n &

~ [l (l y)'] x ZJ, (45)
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FIG. 11. Drell-Yan predictions for muon pair production by 400-GeV-on-400-GeV pp and pp colliding beams.
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FIG. 12. The asymmetry A(p') = [do(p, ) -do( p+)]/
[do(p ) + do(p+)] in pN pX'deep-inelastic scattering
at &= 200 GeV, y= 1, shown vs x (or Q ). A Z3 mass of

30 GeV is assumed.

FIG. 13. Weak contribution to the muon anomalous
magnetic moment a& ——2 (g& —2) vs m&. The experimen-
tal iver and 2o bounds on this quantity are shown.

where the structure functions are the sums of
scaling parton densities

F, = Q e,'f, (x),

F, = QeI, H~G~f~(x),

(46)

and e~ is the quark charge in units of e. The weak
coefficients are

tT

H' G" = ~ As~ A3
A A 4 s jn2g Q2+ yy&

with they„given in Eq. (29) and q denoting the

quark q„.
The p,

' asymmetry

da(p ) —da(p, ')
da(p )+do(p, ')

(47)

F. Muon anomalous magnetic moment

The weak contributions to a = 2(g„—2) from
triangle diagrams is "

vanishes at y =0 and also at x=o, because the
sea contributions to I's cancel. It is maximal
at y =1, for any given x. Figure 12 illustrates
the expected x dependence of the asymmetry at
E = 200 GeV and y = 1, for a Z, mass of 30 GeV,
with sin'8 =0.6 as usual, using the quark dis-
tributions from Ref. 19.

The neutral-current interaction of neutrinos
with quarks is transmitted by three Z bosons
with different masses, whose propagators introduce
scalebreaking in addition to any scalebreaking in
the quark distributions. In particular, a light Z,
mass may cause observable nonscaling effects in
its contributions to the cross section.

a (exp) —a„(em)= (4 s 22) x 10 '. (50)

This sets a limit on the acceptable size of weak
contributions. In Fig. 13 the 10' and 2o bounds
from Eq. (50) are shown; the 2o' bound requires

n~, = 30 Gep.

This is the most stringent bound we have en-
countered, for V' y2A' models. (After submitting
this paper for publication, we received a report
from Leveille24 in which similar conclusions
about limits on the Z, mass are obtained from the
a measurements. )
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G m 2'
* ~ ~ E " f(z4)' —'(r' &'I)

12&2m

(49)

where the first term on the right-hand side comes
from W' and the summation refers to the three
bosons Z, The result for a with sin'9 =0.6 is
plotted vs n~s in Fig. 13. The discrepancy between
the latest experimental value" for a and the
theoretical electromagnetic contributions through
eighth order" is
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