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Determination of gg/gL, in Left-Right Symmetric Models at Hadron Colliders
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Recently proposed rare decays Z' f~f2V (with V=W or Z and f~ 2 ordinary fermions) aud the

forward-backward asymmetry are found to be sensitive diagnostic tests for the gauge coupling ratio

gn/gL in left-right symmetric models (SU2L XSU2n &U~&n L&). At projected luminosities of the CERN
Large Hadron Collider and the Superconducting Super Collider, gR/gL can be determined statistically to
—1% for Mz = I TeV. The absence of related decays W' — f~f2W —would be a clean signature that
W' couples to right-handed currents. Once gn/gL is determined, the ratio Mz/Mn and the decays
Z' W+W (W' — W —Z) provide probes for the symmetry breaking sector.

PACS numbers: 12.15.Cc, 13.38.+c

Left-right symmetric models [1] encompass a class of
theories with the extended gauge structure SUzL &&SU2R

XUi~g-L~, and gL, gg, gg —L as the respective gauge cou-
plings. They are the simplest extended gauge groups
which introduce charged current interactions for the
right-handed fermions. In a class of such models parity is
a Lagrangian symmetry, which is spontaneously broken
at a lower scale. In addition, the left-right gauge symme-

try is a part of grand unified gauge groups such as
SO(10) and E6 and of a class of heterotic superstring
vacua.

The left-right symmetry is spontaneously broken to the
standard electroweak gauge group SUzLXUty at a high
scale with a constraint on the hypercharge Y=T3R
+Ytt L/2. At this stage three gauge bosons, W' — and
Z', acquire a mass. For the models with gL =gR and

equal magnitude of the left-handed and the right-handed
quark-mixing matrix elements, the bound on the mass of
the heavy charged W' is Mn & 1.4 TeV, based on the
Ks-Kt. mass difference [2], and the W-W' mixing angle is

I8+I (0.003, from universality [3]. For general left-
right symmetric models these bounds are much weaker
[4]~ gLMw'/gR & 300 GeV and gR I 8+ I/gt&0 01 3. .
Analyses of the Z pole, weak neutral current, and collider
data put lower bounds [5-8] on the Z' mass in the range
of 400-1000 GeV and on the Z-Z' mixing angle
18NI & 0 008.

After the discovery of the Z' and/or W' —
by their lep-

tonic decays (Z' I+I, W' lv, where v is a "right-
handed" neutrino, which could be heavy or light), the
next goal would be to determine the symmetry-breaking
structure and the gtt/gL ratio. The first candidate for
such a test is the Mz/Mu mass ratio, which can be writ-
ten as [9]

2- 21+ 2+ 2
(2)

gL, &, ge L

and e /gt ~sin 8u -0.23 imply that x must satisfy
x cot Ow —1 ~ 0, and thus a ~ 0.55 for the theory to be
consistent with experiment.

Once x is determined from experiments discussed
below, the ratio in Eq. (1) yields information about the
Higgs sector of the theory. For example, for the Higgs
sector with P-(2, 2,0), bL =(3,1,2), d, R =(1,3,2), and
(AR)» (pl» (ht. l (see the first model in Table I), one ob-
tains pR= q and thus for «=1 (0.7), Mz/Mn =1.7
(2.3). Other mutually exclusive values for the mass ratio
can be obtained for other Higgs sectors (see Table I).

Other probes of the symmetry breaking structure are
the decays [11,12] Z' W+W and W' — W —Z,
which are diagnostic tests for the Z-Z' mixing angle 8tv

and the W-W' mixing angles 8+, respectively. Although
such decays are suppressed by 8tv+ (~Mz, w/Mz', n'),
the longitudinal components of gauge bosons give an
enhancement cx: Mz n /Mz n, thus yielding sizable decay
rates:

aOw Mz2

48tan ~ Mw

4

(3)

with t~tt and t3;R being SU2tt quantum numbers of the

Higgs fields p;. The parameter pR efficiently parame-
trizes the Higgs sector and has a limited range for a large
class of models.

The parameter a. is often assumed to be unity. Howev-

er, xel in models [10] with D parity broken at a large
scale (&10 GeV); for a typical class of such models
a &1. Note also that the constraint

Mz x cot Ow

Mw' K' cot Ow —
1 pR

where «.=gtt/gL, sin8u =e/gL, and

~ «'n+t n t3;R)I(e;)I'—
Z;2t 3;R I(e;) I

'

where

a 18+ I Mn t

48 sin 28 Mw

isn8n(1 +xcot 8~tr3)

(x cot 8u I) / (Mz/Mz2')

(4)
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and (8~( =x(cry((Miy/Miy ). Parameters

Zi ri3Lri3R I(it' &I

and

2; (ei I T L-T+R Iei)

Z, (r,'L+ I,L —r 3'„)((&,)('

again efficiently pararnetrize a Higgs sector and have a
limited range for a large class of theories. (See Table I

for the value of cx3+ parameters for three typical Higgs
sectors ).Here t;3&L R& are the SU2&L R& quantum num-

bers of the Higgs field p;, T+ &L R& are the raising and
lowering operators of SU2&L R&, and a=e /4ir. Once x is
determined, the mixing angles 8N + can then yield infor-
mation on the Higgs sector. For example, for the first
model in Table I, one has cr3= —1 and 0& (cr+( ~ l.
Thus, for x =I (0.7), CN—= 8iv/(Mz/Mz )=0.73 (0.38)
and C+=—(8+(/(Miy/Mu ) ~ 1 (0.7). Note that a3= —

1

has a fixed value for the first and the third models of
Table I and therefore Civ is fixed for these two models for
a given K. For the second model 0~ o3~ —I, and thus
for x =1 (0.7), one has —0.31 ~ Civ ~0.73 ( —0.60
~ Civ ~0.38). On the other hand, 0~ (cr+(~ 1, and

thus 0 ~ (C+( ~ x for all three models.
Another important set of experiments are those that

would provide a diagnostic study of the gauge coupling
ratio x =gR/gL. One possibility would be the measure-
ment of crB Howev. er, while the production cross section
cr could be calculated for a given set of V'=—(W' —,Z')
couplings to within a few percent, the theoretical branch-
ing ratio, 8= I (V' ff)—/I (V' gf f;) is model depen-
dent because it depends on whether exotic fermions con-
tribute to the V' width, which could easily change rJB by
a factor of 2. Thus, aB is not a reliable way to measure
x. However, once x is known, oB would be a useful in-

direct probe for the existence of exotic fermions.
In this Letter we describe two important probes for

studying the gauge coupling ratio K. Both rely on the
fact that the heavy Z' coupling depends on x, and both
are independent of absolute production rates or branching

ratios. The first test consists of the recently proposed
[13] rare decays Z' f~f2V, with V=W or Z and f~ 3

the ordinary fermions. For V =Z the combination

gi g2 (gi igL3+gR igR7) is measured, while for V = W such
decays project out gI 2 couplings. Here, g] and gq are the
gauge coupling constants of the V and Z', respectively,
while g&L R&i and g&L R&q correspond to the (left, right)
charges of the V and Z', respectively. Although such de-
cays are suppressed by a factor a/2z compared to
Z' ff, they have a logarithmic enhancement propor-
tional to ln (Mz/MY), due to collinear and infrared
singularities of QED [14]. The second probe for gauge
couplings is the forward-backward asymmetry AI:p for
the process pp Z' e+e or p+p

In the left-right symmetric model the neutral current
gauge interaction term can be written as

—LNc =eJem~u+g] Ji Z]„+g2J2Zzu (5)

Z2 gy(W3RlgB —L BlgR) .

Here, I/gy —= I/gR+ I/gB L. The currents are defined as

~(=2 Zi) y"[g'v, g~i)s]y;—, j=1,2,

where the sum runs over fermions and the g~i ~~, corre-
spond to the vector and axial-vector couplings of Zj to
the ith flavor. The corresponding chiral couplings are
g&L R&/ —,

'
(gy, ~g~, ). With the above definition of the

gauge bosons one can show [15] that JR2 =v'3/5[PJ(R
—(1/2p)JN L], where p=(x cot 8iy —1)', and thus

g~L g~2 can be readily obtained from the SUFI &SU2g

Here gi =gL/cos8iy and gq=gi (5sin 8iy/3)' . The
photon A, the SU2XUiy boson Zi, and the additional Z2
gauge boson in the weak eigenstate basis are related to
the neutral gauge bosons W3q, W3g, and 8 in the
SU2L &SU2g x U~(p-L) basis by

e (W 3i /gL + W3R/gR +8/gB —i )

Z i e [W3Llgy (gYlgL ) (W3R/gR +BlgB —
I ) ]

and

TABLE I. The Higgs multiplets [beside the Higgs field p —(2,2,0)l, the hierarchy of their

vacuum expectation values (VEV's), the values for the pR parameter and a3, + parameters, and

the values for Mz'/Mw' (for a. 1,0.7). The two diagonal vacuum expectation values of the

Higgs field p are denoted k and k'.

Higgs sector VEV's 03 Mz/Mw

AI. —(3, 1,2)
()32)(hg)))(y)))(AIL)AR-(1,3,2)

2k k'

Il I'+ Ik'I'
1.7,2.3

2k*k'
Ik I'+ Ik'I'+ I&sL&I' Il I'+ Ik'I'+ I&b &I'

).2, 1.6

~, —(3, &,0)
&zR&»&it»» &zL&zR-(1,3,0)

2k*k'
Ikl'+ Ik'I'

0,0
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x U)(g —L) quantum numbers of the ith fermion.
Because of existing limits one can safely neglect Z]-Z2

mixing, and thus the weak eigenstates Z~ and Z2 can be
identified with the mass eigenstates Z and Z', respective-
ly. The decay rate for the process Z' ffZ can be writ-
ten for p =Mz/Mz && 1 as [13]

0.07
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/

/
/

/
/

0.04,

1ffz = [(lnp) +31np+5 —
3 n +0(/t)}, (7)

192m

which clearly indicates the collinear and infrared singu-
larity. Here Cffz =g~g2 (g~g2+ggggq). The decay
rate for Z' f~ f2W has the same form as Eq. (7) with
the corresponding changes in the gauge couplings (i.e.,
gL f =cos8&/ J2, gtt ~ 0), and Mz replaced by Mu/. De-

cay rates W' f ~ f2V with V=Z or W can be studied in

an analogous manner.
Rare decays Z' f ~ f2V should be compared with the

basic process Z' ff. In particular, the ratio of branch-
ing ratios r~2v=B(Z' f~ fqV)/B(Z' ll) can be de-
termined cleanly. The I in the denominator refers to the
sum over leptons e and p.

We first evaluate cJB(Z' e+e ) for the CERN
Large Hadron Collider (LHC) and the Superconducting
Super Collider (SSC) for different values of Mz and x.
We assume the branching ratios 8 from decays into 16-
plets. This is just an example for estimating statistical
errors; the actual values for r's are independent of the ex-
otic decay modes. The number of events for Z' e+e
(or p+/t ) for a one-year run (10 s) at the expected
LHC luminosity X 10 cm s ' is 2.8&&104, 170, and
4 for x= 1 and Mz =1, 3, and 5 TeV, respectively. The
corresponding numbers for the SSC with X =10
cm s ' are 1.1X10, 220, and 22. For the projected
luminosities and Mz I TeV, LHC is better by a factor
of 2, while the SSC is better for higher values of Mz.

We studied the following leptonic ratios:

rttz—=8(Z ~ / I Z)/8(Z ~ I I )

rtvw=B(Z ~ / vtW )/B(Z / I

r„„z=B(Z' vtvtZ)/—8(Z' I+/

where I refers to the summation over e and /t and vt in

r„„z refers to the summation over v„v„, and v, . The
above ratios can be measured by either leptonic or ha-
dronic W or Z decays. Ratios where f~ 2 are hadrons,
i.e., rh.,d z and rg,du, are define analogo. usly. We do not
include the t quark in the definition of rq, dt's/z~. .

The detection of leptonic and semileptonic decays for
r's has been discussed in Ref [13] for a.class of extended
gauge structures, including the left-right symmetric mod-
el with x= l. Here we would like to explore r's as a func-
tion of a-. In Fig. I the r's are plotted as a function of a
along with typical error bars. It turns out that the r's are
sensitive functions of x for 0.8 (x ( 1.1 (with thc excep-
tion of riiz which is insensitive due to gL] gg) for
l=e, p). In particular, rt„z and r„„z would yield in-
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ppp I I I I I
""T

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
K

F16. 1. Ratios r as a function of x gg/gL Th.e error bars
are for the LHC with Mz' 1 TeV. For rnz, rl„~, and r„z, the
error bars include both leptonic and hadronic decays of W and

Z, while the error bars for rh, «and rz,dz include only leptonic
decays.

dependent determinations of x, each with a statistical
precision of & 1% for Mz 1 TeV. Also, the comparison
of r's [13] for a general E6 gauge boson with the range of
r's in the left-right symmetric models indicates that r's

can provide a useful tool to distinguish between the two

types of models.
Backgrounds associated with the above ratios have

been discussed in Ref. [13] for the left-right symmetric
model with x 1 and a class of E6 models. The same ar-
guments apply to the case with x&1. Purely leptonic de-
cays Z' Z/+I with Z I+I are clean events with

good statistics. On the other hand, Z' Zvt vt has a seri-
ous background [13]pp ZZ, with Z vtvt. The most
promising signal is for Z' W —e ~v, with W
rons. The background from pp W+ W can be clean-

ly eliminated at a loss of only -4% of the signal by re-
quiring the transverse mass mTt„, of the lvt system to be
larger than 90 GeV. These events also have a compara-
ble rate with Z' W+ W events, which probe the sym-

metry breaking scheme. The latter can again be elim-
inated by an mT„cut.

Semileptonic decay modes Z' V/~/2 with V decaying
hadronically have a completely different kinematic distri-
bution [13] from the QCD background [16,17] pp V

+jet+jet where V decays leptonically. However, the ki-
nematics of semihadronic decays Z' V+hadrons with
V I~/2 suffer from the strong QCD background pp

V+jet+jet where V decays leptonically.
The forward-backward asymmetry [18,19] A Fa for

pp Z' e+e or p+p serves as another diagnostic
test for Z' gauge couplings. Let 8 be the e angle with

respect to the beam in the Z' rest frame and y be the Z'
rapidity. Then AFa(y) =[F(y) —8(y)]/[F(y)+8(y)],
with F(y) ~ B(y) =[f0~ f ~]dcos8d cr/dy dcose. For
pp colliders AFa(y) = —AFa( —y). The integrated for-
ward-backward asymmetry is then defined as
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FIG. 2. AFg at the LHC with Mz'= l TeV, plotted as a func-
tion of x -gR/gL.
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The statistical error is hA Fa = [(1 —AFa)/N] ', where N
is the total number of events.

In Fig. 2 AFg is plotted as a function of ~ as well as a
typical error bar. Again AFp is a sensitive function of rc

in the physically interesting region 0.8 & x & 1.1, and it
serves as an excellent complement to the rare decays. For
Mz =1 TeV it would yield an independent determination
of x with a statistical precision better than 1%.

The forward-backward asymmetry AFa for the process

pp W' ev or pv yields information about the

[(gLz) —(gtt2) j x [(gt.2) —(gtt2) ] combination of the
W' gauge couplings, and thus it cannot distinguish be-

tween pure left-handed or pure right-handed coupling of
a W'. On the other hand, the rare decay W' ff W (for
fermions f much lighter than Mtv) directly probes the

(gt 2)2, and thus it should be highly suppressed (by the

square of the W W' mixing a-ngle or by trtj/Mtv) in the

left-right symmetric models. The absence of such events

would thus provide a good check that the coupling of W'

is right handed. (W' ff W events can in principle be

distinguished from W' Wz events by appropriate kine-

matic cuts. )
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