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Doubling of Weak Gauge Bosons in an Extension of the Standard Model
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The standard SU(2)(3U(1) model is extended to include bvo S' and two Z bosons without
changing the structure of its low-energy phenomenology. The experimental implications
of this model regarding the existence of a light S' and a light Z are discussed.
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The success of the standard SU(2) 8U(l) model'
in explaining all of weak-interaction phenomena
at presently available energies is now well estab-
lished. ' However, to the extent that the S' and Z
gauge bosons and the Higgs boson are yet to be
discovered, the model is not completely tested.
In fact, predictions at low energies can be essen-
tially the same as in the standard model for a
large class of models'4 with two or more Z's.
Recently, the phenomenology of a specific model
with two Z's has been discussed. " In this Letter
we discuss a similar model" with double the
number of charged and neutral gauge bosons of
the standard model. The model has the remark-
able property that the relative strength of the
neutral-current coupling to the charged-current
coupling at low energies is still naturally the
same as in the standard model. At high eneriges,
the salient feature of this model is the existence
of a W„which is lighter than the 8', as well as
a Z„which is lighter than the Z.

We consider the gauge group SU(2) SU(1) SSU(2)'
with couplings g„2g» and g„respectively. All
quarks and leptons transform as in the standard
model, with respect to the SU(2) SU(1) subgroup
only. In addition to the usual Higgs doublet y
= (y', y ) in the representation (2, 1, 0), let there
be a Higgs quartet g=(rt', q, ', g,o, g ) in the repre-
sentation (s, 0, 2). The spontaneous breakdown of
the SU(2) SU(1) SSU(2) ' symmetry to U(1) occurs
with (yo)= U and (rt,o)= (rt, o)= U'. This pattern of
symmetry breaking can be guaranteed with the
imposition of a discrete symmetry in the Higgs
potential; the details will be given elsewhere.
Then there are five basic parameters in this
model, namely, g„g„g„v,and ~', and all
gauge-boson masses and interactions are expres-
sible in terms of them. A straightforward calcu-

lation' shows that

G„/vX=1/4u', (2)

where the expression for sin'0~ is deduced by
comparison with the effective Lagrangian of the
standard model at low energies. With these ex-
perimental constraints, two free parameters re-
main to determine the four gauge-boson masses.
Eliminating these free parameters, two equali-
ties are obtainted".

Mw, Mw, =Mz Mz eosow~

Mw'+Mw '+Mw'tan'e~=Mz '+M, '.
Furthermore, several mass inequalities can be
derived. The masses bracket the Wand Z mass-
es of the standard model:

Mw, &Mw &Mw,

where M~=eG~ '~'/(2'~'sin6~) and Ms=M~/cos6&.
The masses are ordered in the sequence

Afw (Mz, (Mw (Mz

and satisfy the constraints

Mz cos0~(Mw (Mz,
(8)

Mz cos0&(Mw &Mz
2 2 2

Since cos0~ =0.88 (from sin'8~=0. 23), the mass
of W, is close to that of Z, and the mass of W2 is
similar to that of Z, .

The gauge bosons W, and W, are coupled to the
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left-handed charged current

j&(+l -—v y&[~z(1 —y, ) ]e + uy &[~(1 —y, ) ]d+ ~ ~ ~

according to

2 M 2 M 2 1/2 2 M 2 M 2 1/2

=(4G /v2)»2 ~~ ~2 "' g ++ +2 ~ & g +], (+&+H cCC — Z M M —MW W2 W, W W2 $1
(io)

The gauge bosons Z, and Z, are coupled to the currents

j„"'='y-„[—'(1 —y, )] ——.
' y„[-'(i-y.)] +-.' [-.'(i-y. )] ——.'d[-,'(1 —y, )]d+ * .

em 1—= -epee + 3 Qp pQ —3 d/ ~d + ' '

according to

1/2 M
(8G /~2)»2 1 2 ™z Z . (3) 2 w ™

NC- p
Z Z2 Z1 1

(12)

2 & 2 2 1/2 2
MZ2 J™Z MZ

Z (3~ MZ+W . em
liM 2 M 2 Ql ~P M 2 ~P t

Z Z2 Z1 Z2

(13)

where xz=sin28&. At low energies, the effective current-current interactions are given by

X cc ——(4G~/v2) j„('j„(
and

X Nc' ——(8G~/v2) [(j„("-x~j „™)'+C(j„')'],
where

(14)

(i6)

These interactions are of the same form as in the
standard model, except that the C term is absent
there. In the SU(2) U(1) SU(1)' model of De
Groot, Gounaris, and Schidknecht' and De Groot,
Schildknecht, and Gounaris' the corresponding
XNC' has the form of Eq. (15), but with a factor
of (I -x w)' in C in place of x ~'.

The additional ( j&' )' term of Eq. (15) is not
stringently tested because it has to compete with
the much stronger electromagnetic interaction at
these energies. In fact, the only low-energy ex-
perimental constraint that might be of value is
from the muon anomalous magnetic moment a„
= 2(g„—2). By using Eqs. (14) and (15), and the
results of Leveille and of Darby and Grammer, '
we find

a& =a&' + v2 Gzm&'C/3v',

where a„' is the value of a„in the standard
model. The discrepancy between the latest ex-
perimental value' for a& and the theoretical elec-
tromagnetic contributions through eighth order"
is (4+22) &&10 9. The value of a„' is about 2

x10 9, and hence Eqs. (16) and (17) can be used
to set a lower limit on Mz for given Mz . When

1 2'
one allows for 1 standard deviation from the
mean experimental value, the resulting bound on
Mz is not very restrictive: See Fig. 1.

1
In e 'e collisions, the two neutral gauge bosons

Z, and Z, can be discovered as resonances. If
the Z, is sufficiently light, its width will be quite
narrow. For example, with Mz, =45 GeV and Mz
= 100 GeV, I'z is about 39 MeV, which is about
a factor of 50 narrower than the 2.2-GeV width
expected of the Z in the standard model. The
integrated Z-resonance contributions to the had-
ronic cross section are

fd(v's) o(e 'e —Z —hadrons)

= 6T('BqB„I'~/m~ .

The branching fractions B&-—I (Z- p p)/I' and B„
= I (Z-hadrons)/I of Z, (or Z, ) depend only on
its own mass. Calculations of B& and B„based
on six leptons and six quarks are shown in Fig. 2;
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FIG. l. Excluded regions (shaded areas) for Z andan
Z~ masses from (i) the muon anomalous moment a
(with allowance for I standard deviation from the mean

V

experimental value), and (ii) the QED cutoff parameter
A of e+e —p+p measurements. The dashed curve
denotes the boundary of the corresponding A excluded
region for the model of H,efs. 4 and 5.
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FIG. 2. (a) Branching fractions into p+p (B ) and
V

hadrons (8&) of the Z| or Z2 boson vs its mass and

(b) total width of the Z
&

boson vs its mass.

-2s/A ' & av/o (2s/A, '. (19)

Assuming that the weak contribution saturates
the lower bound in Eq. (19), we have

(20)

these results are insensitive to the precise mass
of the f, quark. The signal for Z, production in
e'e collisions is large and would have been de-
tected at PETRA" if Mz &32 GeV.

Limits on deviations from quantum electrody-
namics (@ED) of the e'e - p, 'p cross section
also provide a lower bound' on Mz for given Mz .
The deviations 40 of the measured cross sections
from the @ED value a are parametrized by cutoff
parameters A, as"

10'.
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The corresponding restriction on the Z„Z,mass-
es with" A =97 GeV are shown in Fig. 1.

To detect the presence of M~, , let us consider
first neutrino-nucleon deep-inelastic scattering.
Instead of the usual (1 —q'M ') ' propagator fac-

FIG. 3. Predicted transverse momentum spectrum
of the lepton (l+) resulting from S;, ~+ and Z, , pro-
duction in pp collisions at c.m. energy «s = 540 Gev.
The QED background from the Drell-Yan process is
represented by the dashed line.
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tor, we now have, using Eq. (10),

I —q'(Mw& '+Mw, —Mw ')

which reduces to I+q'M~ ' for small q' and has
therefore an identical cutoff parameter as in the
standard model. Hence neutrino experiments,
even at moderately high energies are not able to
supply much information on 8',. However, re-
strictions on the mass range on Z, also limit the
mass of W, through Eq. (8).

The only real hope to see the effect of W, (or
W, ) is to produce it in pp or pp collisions. In Fig.
3, we show the pp differential cross section for
observing a high-transverse-momentum e ' or p,

'
from virtual y, W, , +, and Z, , production at vs
= 540 GeV. These calculations are based" on the
Drell-Yan model, with quantum chromodynamics
parton distributions from Owens and Reya. " In
this illustration M~ = 43 GeV, M~, = 45 GeV, M ~
= 91 GeV, and M~ = 100 GeV. Notice that the
single-lepton signal from W, (or Z, ) production
is significantly above the y* background, even if

M~ is as small as 30 GeV.
1

We thank J. Leveille, F. Paige, D. Scott, and
K. Whisnant for helpful discussions.

This research was supported in part by the Uni-
versity of Wisconsin Research Committee with
funds granted by the Wisconsin Alumni Research
Foundation, and in part by the Department of En-
ergy under Contracts No. EY-76-C-02-0881, No.
COO-881-126, and No. DE-AC03-76-ER00511.

'S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967), and

Phys. Rev. D 5, 1412 (1972); A. Salam, in Elementary
I'article Theory: Relativistic Groups and Analyticity,

Nobel Symposium No. 8, edited by N. Svartholm (Alm-
qvist @ Wiksell, Stockholm, 1968), p. 367; S. L.
Glashow, Nucl. Phys. 22, 679 (1961); S. L. Glashow,
J. Iliopoulos, and L. Maiani, Phys. Rev. D 2, 1285
(1970).

See, for example, J. J. Sakurai, in Proceedings of
the Eighth Hawaii Topical Conference on Particle
Physics, 1979, edited by S. Pakvasa and V. Z. Peter-
son (Univ. Press of Hawaii, Honolulu, to be published).

3H. Georgi and S. Weinberg, Phys. Rev. D 17, 275
(1978).

4E. H. De Groot, G. J. Gounaris, and D. Schildknecht,
Phys. Lett. 85B, 399 (1979).

5E. H. De Groot, D. Schildknecht, and G. J. Gounaris,
University of Bielefeld Report No. BI-TP 79/37 (un-
published) .

~E. Ma, in Proceedings of Workshop on Production
of New Particles in Super High Energy Collisions,
edited by V. Barger and F. Halzen (Univ. of Wisconsin,
Madison, Wise. , 1980).

7E. Ma, in Proceedirgs of the 1980 Guangzhou Con-
ference on Theoretical Particle Physics (to be pub-
lished).

8J. Leveille, Nucl. Phys. 8137, 63 (1978); D. Darby
and G. Grammer, Nucl. Phys. Bill, 56 (1976).

~J. Bailey et al. , Phys. Lett. 678, 225 {1977}.
' J. Calmet et al. , Rev. Mod. Phys. 49, 21 (1976).

R. Brandelik et al. , TASSO Collaboration, DES'
Report No. 79/75 (unpublished).

' H. L. Lynch, in Proceedings of the International
Conference on Production of Particles with New Quan-
tum h/umbers, Madison, 2'9&6, edited by D. B. Cline
and J. J. Kalono (Vniv. of Wisconsin, Madison, Wise. ,
1976).

' D. Barber et al. , Phys. Rev. Lett. 43, 1915 (1979).
' See, for example, R. F. Peierls et al. , Phys. Rev.

D 16, 1397 {1977); C. Quigg, Rev. Mod. Phys. 49,
297 (1977); F. Halzen and D. Scott, Phys. Lett. 78B,
318 (1978); F. Paige, in Proceedings of WorkshoP on

Production of New Particles in Supe~ High Energy
Collisions, edited by V. Barger and F. Halzen (Univ.
of Wisconsin, Madison, Wise. , 1980).

' J. F. Owens and E. Reya, Phys. Rev. D 17, 3003
(1978).

1172




