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Can SU(2)f, &( U(1) and SU(2)L )& SU(2)It )& U(1) gauge theories be distinguished at high Q P
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It is known that the low-energy weak-interaction experiments do not distinguish between the standard
SU(2)i )& U(1) and SU(2)L X SU(2)„&(U(1) gauge theories. In this paper, we investigate the question of
distinguishability of the two classes of gauge theories in high-Q weak-interaction experiments which are
planned for the future.

I. INTRODUCTION

Weak-interaction experiments during the last
few years have given considerable support to the
unified-gauge theory view of weak and electromag-
netic interactions. The first unified gauge model
based on the SU(2)~ xU(1) gauge group' (hereafter
called the standard model) has had a remarkable
success so far. Its prediction of a new neutral
force in e& interactions which violates parity has
been confirmed in polarized-electron-deuteron
scattering experiments' at SLAC. Recent model-
independent determinations' of the neutrino-quark
weak-neutral-current couplings also agree with
the predictions of the standard model. It has been
shown recently by one of us (D. P.S.) that an ap-
propriately constructed unified gauge model based
on the SU(2)~ x SU(2)z x U(1) gauge group can es-
sentially duplicate all the low-energy predictions
of the standard model and that no low-energy weak-
interaction experiment gives the hope of distin-
guishing between the two models. In this paper,
we investigate whether it would be possible at all
to distinguish between the two rival gauge theo-
ries inf uture high-Q' weak-interaction experiments.

In the calculation reported in this paper, we
need the weak couplings of quarks and leptons and
the neutral-gauge-boson masses in the two classes
of models which are gi.ven below.

SU(2)L X U(1) gauge theory

The neutral-current Lagrangian of this model is

Z„,= -iZ, J, —ieA„C y, 4,

where

( g2 +gt&)l/2

&=&a~'e"e4e ~ ~ ~

—Q'sin 8~

The electric charge e and the Vfeinberg angle 8~
are defined through the relations

e =g sin8~ =g'cos8~,

where g (g') is the coupling constant of the SU(2)
[U(1)] subgroup. In (1.2), Q' is the charge on the
fermion 4, measured in units of the electric
charge e. Note that in the standard model 73~ =0
for all i since all the right-handed chiral fields
are assigned to the singlet representations of the
group. The neutral-Z-boson mass is given by

M~'= 3V GeV/sin8~cos8N, .

SU(2)z X SU(2)& X U(1) gauge theory

For details of this model, we refer the reader to Ref. 4. The neutral-current Lagrangian of this
model is

ieA„@y„-@—. . (cosPZ~„- sinPZ~„) g 4'&y„y, (T~3~ + T,'z)4,2 sin8 $&B~ &yffy4 ~ ~

1

(cosPZ» + sinPZ») Cy„[cos 8(T',~ + T',~) -2 sin'8F']4, ,s 4...
where P'= F"= -', and 7 = 7"= ——,'. The electric charge e and the mixing angle 8 are defined through the
relations

g~ =g„=2e/sin8, g' = e/cos8,
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where g~, gz, and g' are the coupling constants for SU(2), , SU(2)R, and U(1) subgroups respectively. The
masses of the two neutral bosons of the model are

((1 —e)sec'8+ (1+~) + {[(1+e) —(1 —s)sec'8]'+4(1 —e)'K'sec'8)),,Me ~ . 2[1 —1 —e g

where 0«&1 and -1 &g &+1 are the parameters
of the model. Note that in the limit e- 0 and g

-+I, the structure of low-energy weak-neutral
currents becomes identical to that of the standard
SU(2)~ x U(1) model provided sin'8= 2 sin'8~. The
consistency with the present experiments does not
call for going to this extreme limit. Good agree-
ment with these experiments is achieved for e =0,

-sin'0=0. 50, and f ~ 0.70. In the subsequent
discussion, we set q =0 for simplicity.

II. ELECTRQN-NUCLEQN INTERACTIQNS

In an effort to distinguish between the predictions
of the SU(2) x U(1) Weinberg-Salam model and the
SUI (2) x SUe(2) x U(1) left-right-symmetric model
we need to examine a Q range where the effects
of the gauge-boson propagator(s) will be felt. One

way to do this is to examine high-energy deep-
inelastic interactions such as v+- vX and e&- eX;
it is the second of these processes that we will
examine in this section.

To contrast the two models under discussion
here we must extract from the total cross section
for e&- eX that part which is due to the weak in-
teractions; at low Q', this process is, of course,
completely dominated by single-photon exchange.
A convenient way to do this is to examine various
asymmetries' produced by the parity and charge
conjugation violating neutral currents of both of
these theories. Assuming that we can easily pro-
duce electrons and positrons of either helicity,
there are four possible total cross sections which
can be measured:

R„+—:Ai R/A~ (2. 5)

for two values of f. As can be easily seen, both
R„.and R„- for & = 0.7 differ from unity by -20%
for Q' & 10' GeV'/c', for & =0.9, the difference is
only -6% for the same. Q' range. For Q' & 10'
GeV'/c' both sets of ratios begin to deviate from
their low-Q value due to the interference of the
two Z bosons. Since, for &=0.9, Z, is very
heavy, the turnover for this g value occurs at
higher Q' values than when g =0.7.

Figure 3 shows the ratios

f~e -=&i e/&ws (2. 6)

recent SLAC-Yale experiment' at low Q' (&2 GeV'/
c').

Given the various couplings of the gauge boson(s)
to the fermions, the calculation of the cross sec-
tions (2. 1) is straightforward using the quark-par-
ton model. In the results presented here we have
used the quantum-chromodynamics (QCD) cor-
rected distribution function of Buras and Gaemers'
in the Q' region between 10 and 104 GeV'/c'.

Our results are as follows: We first examine
the Q' dependence of one of these asymmetries to
show their rough numerical magnitude. Figure 1
shows the Q' dependence of A /Q for Q' in the
above range using a typical set of values of x, y,
f, and sin'8 in the left-right-symmetric (I. x 8)
model. For definiteness, we consider only ep
reactions in what follows. A similar figure can
be drawn for the Weinberg-Salam (WS) model. In

Fig. 2, we plot the ratios

a(er. ,z+ ez, z + ~ (2. 1)

a(e R) —a(e~ )

a(e~) + a(e~ )
'

o (eg —a(e~)

a(e~) + a(e~)

a(eI, z) —a(e~ „)
a(e~ „)+a(e~ „)

(2.2)

(2. 3)

(2.4)

To extract the weak contributions, we consider
the following asymmetry parameters':
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Note that although there are six of these parame-
ters, only four are independent since there are
only four cross sections actually being measured.
The asymmetry A. is exactly that measured by the
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FIG. l. -A/Q as a function of Q for ep deep-inel-
astic scattering in the left-right-symmetric model.
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FIG. 2. The ratio Rz+ and Rz- as functions of Q;
the Weinberg-Salam calculations were performed with
g~= 0.2.

for the same set of parameters as used in Fig. 2.
Here, for &=0.7, R~. and R~-differ from unity
by -10% and -25% respectively at low Q' with a
slight turnover beginning near 10' GeV/c'. For
g =0.9, both Rs and Rs- differ from unity by &7/o
until the high-Q' range is reached.

Can any distinction be made by examining the y
dependence of these ratios? To answer this
question we plot the ratio C~~""/CP as a function
of y for two sets of Q' values in Fig. 4. As can
be easily seen, the greatest deviation from unity
occurs near y = 0 independent of the Q' value (or
the value of g). This would suggest, for example,
that knowledge of C~ in the low-y region would
provide a much cleaner test than data averaged
over the entire y range.

In Fig. 5 we examine the quantity C„/Q; we
have not plotted the ratio in this case since both
C~ and C„go through a zero near y=0. 4.
Again we see that the values of this quantity in the
steinberg-Salam and left-right-symmetric model

0.7—
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y

FIG. 4. The ratio C~"n/Cz~s as a function of y. A:
)=0.9, Q =1.0 GeV/c; 8: f= 90, q =5000 GeV/c2;
C: &=0.7, Q =10 GeV /c; D: &=0.7, Q =5000 GeV /c .
The Weinberg-Salam calculations assumed g &

——0.2.

differ most for the two extreme values of y (y =0
and 1).

Unfortunately, the measurements we propose
here are, at present, impossible because of the
large values of Q' which are needed and are prob-
ably unobtainable using a fixed target machine.
(One could, possibly, use cosmic-ray muons. )
For an electron-proton collider, Q =4E,E~xy
such that we need something like E, -30 GeV/c
and E~ -400 GeV/c to analyze the Q' range near
10 GeV'/c'. Such machines are possible and
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FIG. 3. The ratios R&+ and Rz- as functions of Q;
the Weinberg-Salam calculations were performed with
x~= 0.2.
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FIG. 5. Cz/Q as a function of y. A: WS with Q
= 5000 GeV /c2; 8:L x R with g= 0.9 and Q = 5000 GeV /c;C: L x R with $ = 0.7 and Q = 5000 GeV2/c2; D: WS
with Q = 10 GeV /c ' E:L x R wj.th & = 0.9 and Q = 10
GeV /c2. F: L x R with )=0.7 and Q =10 GeV /c . The
Weinberg-Salam calculations assumed xz = 0.2.
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proposals already exist at CERN (CHEEP)' and
at ISABELLE' for iristalling an electron ring for
purposes such as the'se. These machines, how-.

ever, are not expected to be running before the
mid-I980's.

III. NEUTRINO INTERACTIONS 0.986

(-)
vp
x=0.3
y=o;5
sin 8= 0.4

~R",R" ()=0.9)

I I I I I I I I II I I I I I I I II I I I I I I I II

Another deep-inelastic process we can study is(-)
~r &- v X which is, of course, a purely weak in-
teraction. Hence, we do not need to examine
asymmetries here and shall only examine the
total cross sections. %e will assume that the
'hadronic target N is just a proton since, for v en-
ergies 21 TeV, the only v source is cosmic rays
and we are in the region to be studied by the deep
underwater muon and neutrino detector (DU-
MAND). " The "target" for DUMAND is 1 km' of
water. )

As has already been shown, the low-energy ef-
fective v coupling to quarks (and leptons) is inde-
pendent of the value of f. Even at high energies
this is a very good approximation; in fact, we find
that the v (or v) cross section for the two values of
g (0.7 and 0. 9) considered above differ only at the
0. 1% level even for E" = 10 TeV.

Vfe have calculated the total cross sections

o(v p-I X) (3.1)

for the Vtfeinberg-Salam model as well as for the
left-right-symmetric model (with both values of
&); we then constructed the ratios

gPyP —gV ~
P /gV ~ P

+X+ ~ e

Our results can be found in Fig. 6; as can easily be
seen, the two models differ in their predictions
only at the 1-2% level for the entire energy range
10-10~ GeV/c. (We have included QCD correc-
tions in our calculations as described in the pre-
vious section. ) We can thus conclude that v inter-
actions do not provide a good testing ground to
distinguish between these two models.

IV. CONCLUSION

In this paper we have investigated the possibility
that high-energy deep-inelastic experiments can

R"(5= 0.7)

0.985—
~t
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FIG. 6. The ratios R"~" as functions of E"; the WS
calculations assumed gz,= 0.2.

distinguish between the standard model based on
SU& (2) & SU~(2) && U(1). We have found that high-
energy (E"-10 TeV) neutrino experiments, such
as those to be performed at DUMAND, are incap-
able of distinguishing between the two models for
the range of model parameters studied here.

One possible means to differentiate the two
models is to examine vari. ous asymmetries in
deep-inelastic eN interactions at very high Q~

values (Q'&10' GeV'/c'). These asymmetries
are much more sensitive to the various weak neu-
tral currents than are the total cross sections
such that even small variations are noticeable.
We find that for Q' & 10' GeV'/c' we can reason-
ably expect the predictions for the various asym-
metries to differ between the two models by ~10%;
this can be increased somewhat by looking in the
extreme regions of y (near 0 or 1). To produce
the needed Q', machines such as CHEEP or ISA-
BELLE are needed.

We conclude that high-Q measurements of weak-
interaction asymmetries may distinguish between
these models.

ACKNOW( LEDGMENT

This research has been performed under Con-
tract No. EY-76-C-02-0016 with the U. S. De-
partment of Energy.

~S. L. Glashow, Nucl. Phys. 22, 579 (1961);A. Salam
and J. C. Ward, Nuovo Cimento 11, 568 (1959);
S. Weinberg, Phys. Hev. Lett. 19, 1264 (1967); A. Sal-
am in Elementary Particle Theory: Relativistic
Groups and Analyticity (Nobel Symposium No. 8),
edited by N. Svartholm (Almqvist and Wiksell,
Stockholm, 1968), p. 367; S. L. Glashow, J. Ilio-
poulos, and L. Maiani, Phys. Hev. 012, 1285 (1970).

C. Y. Prescott et al. , Phys. Lett. 77B, 347 (1978);
84B, 524 (1679); C. Y. Prescott, invited talk at the
General Meeting of the American Physical Society,
New York, N. Y., 1979 (unpublished).
L. M. Sehgal, Phys. Lett. 71B, 99 (1977); G. Ecker,
ibid. 72B, 450 (1978); P. Q. Hung and J.J. Sakurai,
ibid. 72B, 208 (1977); D. P. Sidhu and P. Langacker,
Phys. Hev. Lett. 41, 732 (1978); Phys. Lett. 74B, 233



CAN SU(2)i XU(l) AND SU(2)i XSU(2)s XU(l). . .

(1978); M. Roos and I. Liede, ibig. 882, 89 (1979);
J. E. Kim, P. Langacker, M. Levine, D. P Sidhu,
and H. H. Williams (unpublished).

D. P. Sidhu, BNL Beport No. BNL-26192, 1979 (un-
published) .

B. N. Cahn and F. J. Gilman, Phys. Rev. D 17, 1313
(1978); W. J. Marciano and A. I. Sanda, ib&. 18, 4341
(1978). For earlier work on this subject, see A. Love,
G. G. Ross, and D. V. Nanopoulos, Nucl. Phys. 849,
513 (1972); M. Suzuki, ibM. 870, 154 (1974); S. M.
Berman and J.R. Primack, Phys. Rev. D 9, 2171
(1974); 10, 3895(E) (1974); W. J. Wilson, ibid. 10,
218 (1974); C. H. Llewellyn Smith and D. V. Nano-
puolos, Nucl. Phys. 878, 205 (1974); 883, 544(E)

(1974); M. A. B.Beg and G. Feinberg, Phys. Rev. Lett.
33, 606 (1974).

~T. G. Bizzo, Phys. Rev. D 20, 2207 {1979).
~See Ref. 2.
sA. J. Buras and K. J. K. Gaemers, Nuol. Phys. B192,

249 (1978).
CERN Yellow Report No. 78-02, 1978 (unpublished).
See, for example, R, Wilson, in Proceedings of the
1977 Isabelle Summer Workshop, BNL Report No.
50721, 1977, p. 399 (unpublished).
See A. Roberts, Fermilab Report No. Fermilab-Conf-
79/32-EXP, 1979 and references therein (unpub-
lished).


