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Discovery limits of new extra gauge bosons at the CERN LHC
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We study the Drell-Yan production and corresponding decay signatures at the CERN Large Hadron Collider
(LHC) of extraZ bosons from a superstring-inspireg model characterized by an extra inert SU(g8joup at
electroweak energies, and from the Sp(@)(1)y model. We discuss how to distinguish the models by
examining the extra-boson couplings to fermions through its leptonic decay modes and muon-pair forward-
backward asymmetries.
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In spite of the remarkable experimental successes of theh generation exclusively. Thus, the standard SY(i8)to
standard mode{SM) [1] of electroweak interactions, it is pe identified with the diagonal S2) subgroup of SU(2)]°.

commonly believed that the SM s just the low-energy limit |, terms of the SU(2)gauge bosorfki, the SU(2) gauge

of a more fundamental theory having new physics capable of . o O
addressing the many questions that the SM leaves una%)psons are given b= (1#3)(A1+ Az +Aq). Of the other

swered. Most of these theories predict a host of new parrthogonal  combinations — of A, A'=(16) (A +A,
ticles, including extra gauge bosons, additional fermions, etc—2A3), which exhibits universality only among the first two
However, to date, there is no experimental evidence from thgenerations, can have a mass scale in the TeV rggig&he
Fermilab Tevatron for the existence of any of these particlesadditional gauge boso&’, denoted byZ' andW'*, sug-
It is thus necessary to consider higher collision energies tgest new physicg6] beyond the standard model.
probe higher particle masses. Following the Collider Detec- |n a previous study7], characteristic signals in hadronic
tor at Fermilab(CDF), the Large Hadron CollideLHC) at  collisions, resulting from the neutral memb&t, were ana-
CERN will be the next major research facility in high-energy lyzed and compared with those from the neutral gauge
physics. It will collide hadrons at energies an order of magtosonsz, , occurring in left-right symmetric models, and
nitude hlgher than the Tevatron. Indeed, if an extra gauggx, Z‘P’ andzn, occurring in Superstring_inspirﬁe elec-
boson is discovered at the LHC we will want to learn abOUttroweak models. In this work we extend the previous ana]y_
its gauge couplings and the model from which it originatesses to include a neutral gauge bosd, occurring in a
The cleanest way to identify an extra gauge boson in hadsyperstring-inspireés model(model )), and corresponds to
ronic collisions is through its leptonic decays. In this work an extra inert SU(2)group at electroweak energigs]. The
we are interested in examining expected leptonic distribupreaking ofEg leads to effective strong-electroweak groups
tions produced at the LHC by extra gauge bosons occurringf rank 5 and rank 6 at low energies. Of the rank-6 models,
in extended gauge models. In particular, we consider th¢ye are interested here in the decomposition S(3)
Sp(6) ®U(1)y model[4-7], which predicts a set of hori- & SU(2) ®U(1)y®@SU(2)®U(1)’. This rank-6 low-
zontal gauge bosons, and a superstring-inspigdnodel,  energy group can be reduced further into an effective rank-5
characterized by an extra inert SU{Zjroup at electroweak model through the reduction SU(2)U(1)'—SU(2),. The
energieq8—-10]. _ o SU(2), in this model does not contribute to electromagnetic
The standard model of electroweak interactions is in eXtharge: it is thus “inert.” When SU(2)is broken, its gauge
cellent agreement with existing data on low-energy ”e“tralbosonsz| andW;" become massive. Notice that thesigns

and charged-current processes and on the mass VHred oo 15 the SU(2) charge. All the SU(2)gauge bosons are
Z bosong[2]. Moreover, the precision experiments from the electromagnetically neutral. The members of #eplet rep-

1], MOTE ;
CERN e"e collider have spectacularly confirmed the \oqentation of, form doublets and singlets under SU(2)
model[3]. However, the family repetition of quarks and lep- - =

tons strongly suggests that the electroweak group needs to gé&e left-handed doublets ar%)(i )(::)(Ee), whereh, E,
extended. Instead of an SU(2)nteraction which connects ., N,, andn are exotic fermion§9]. All other particles are
the doublets in one generation, it seems natural to have gnglets under SU(2) Of the ordinary fermionsz, couples
larger flavor group that can interchange fermions in differenfonly to left-handed leptons and right-hande:dype quarks.
generations. The six left-handed quatleptons form three  On the other hand, the/,’s can participate in the production
doublets under the SU(2)flavor group. It is desirable to of exotic particles and rare processes, especially flavor
include them in a single six-dimensional representaé@f  changing neutral currenfd0].

a simple flavor gauge group. It was sho{dj that there is a With one additional neutral gauge boson, the neutral-
unique extension of SU(2® U(1)y into the anomaly free current Lagrangian is modified so as to contain an additional
Sp(6) ®U(1)y. Under Sp(6), the left-handed quarks and term:

leptons transform likés while the right-handed ones are all

singlets. SfB) can be naturally broken intd SU(2)]3 0 0
=SU(2),©SU(2),® SU(2);, where SU(2) operates on the —Lnc=eXmAut 013177, + 923575, D
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whereZ? is the SU(2) ®U(1)y boson andz) is the addi-
tional boson in the weak eigenstate basis. Theare the
gauge couplings withg; =g/cosdy, where g=e/sindy,.
For the Sp(6)®U(1)y model,g,=(1—x)/2g,=g/v2, X
=sir? 9. For model I,g,=g. The neutral currents;, i
=1,2, are given by

2 PeyHLaV (F)+aW(F) yslis . 2
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Drell-Yan process at high-energpyp colliders, if its mass is

in the few TeV range or less. Consider the Drell-Yan process
for colliding hadronsA andB: A+B— Il X. Let 8* be the
angle betweeh andq in the quark-antiquark center of mass
frame for the subprocesgq—ll. The forward-backward
asymmetrieAgg are defined by

F+B’ ®

Agg(y)=

Here g(') (f) are the vector and axial-vector couplings of where

fermion f to Z0 respectively. They are related to the chiral

couplingse{(f) by
gUa(fF)=el)(f)xef)(f). )

After symmetry breaking the weak eigenstate boszﬂware
related to the mass eigenstate bosanby

Z,=2%cosp+2Z)sing,
o 0 (4)
Z,=—7Z7sing+Z,cosg,

where ¢ denotes the mixing angle betwe#f} andz3. The
neutral-current Lagrangian now reads

2
—ﬁwg% Ef Py VO(F)+AD(f )ys]wf}zi“,

5
where
W) A= 5 (1)(f)005¢+g—g M(fsinel,
(6)
V<2>(f),A<2>(f)=l —QVA(f)SInso+g—g (f)COSsv}
(7

d?c

*
d(coso )dy d(cos6*)’

1 0
- [ =] ©
0 -1
here d?a/dy d(cosé#*) is the differential cross section per

unit rapidity [7]. We then find

3 8R(')2_8L(|)2
4 er()?+e (1)?

Argly)=

g [er(a)?— e (0)?]G,
X y
; [er(@)2+e(0)?1G,

(10

where

G§ =fqa(Xa) fge(Xe) £ fga(Xa) fqa(Xs)- (11
Herefqa(Xa) is the parton distribution of quardin hadron

A. The forward-backward asymmet&gg(y) is even(odd)

in y for pp (pp) machines. The integrated forward-backward
asymmetry is defined by

fym
0

if_oym}dy(F—B)

(12

In our analysis, we make the simplifying assumption that
72-7% mixing can be ignored, as it is constrained to be tinywith the + (—) sign relevant forpp (pp) collisions andy,

for the models considered in this wofk1,12.

For the SM, g(P(f)=(T3 —2xQ); and gI(f)
=(Tg)s. Here (T3 )s and Qs are the third component of
weak isospin and electric charge of fermifrrespectively.
For the Sp(6)®U(1)y modelg{?(f )=g@(f )=(T4.); for
the first two generations angl?(f)=g{?)(f)=—2(T);

=In(y/sIM), wherey/s is the total c.m. energy arld is the
gauge boson mass.

Now we turn to our results. The relevant quantity that we
will first consider here isosB: the gauge boson production
cross section times the branching fraction into dileptons. We
calculatedsB for Z' andz, at \/s=14 TeV (LHC), assum-

for the third one. Thus, the fermion couplings in theing that ¢=0. In calculating cross sections, we use the
Sp(6). ®U(1)y model are purely left handed. For model |, Martin-Roberts-Stirling-Thorne 200dIMRST 2001 set of
the couplings of fermions, including exotics, are given inparton distribution function§l6]. For comparison, we also
[13]. consider a gauge bos@with couplings identical to those of
Several articles have dealt with phenomenological effectéhe standardZ, but with mass being a free parameter. We
resulting from the presence of theoretically motivated, addiassume thaZ, is much heavier than any of the fermions. The
tional neutral gauge bosorjd4]. However, up until now, productoB is presented in Fig. 1 as a function of the gauge
there is no experimental evidence from the Fermilab Tevaboson mas for M=0.5 TeV. Experimental direct-search
tron for the existence of any additional neutral gauge bosonbounds on theZ’ and Z, masses have indeed put a lower
[15]. It is now commonly believed that, if an additional neu- limit on M, M =0.5 TeV[17]. Figure 1 shows that the * u
tral gauge boson exists, it should be observed through thproduction rate foZ’ andZ, bosons is lower than the cor-
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FIG. 2. Forward-backward asymmetriés-g(y) for pp—2,
10*2)O YRR T P +—utu” at s=14TeV, with M=1TeV. Also shown is

Agg(y) for the standard model gauge boson
M(TeV) Fe

FIG. 1. Gauge boson production cross section times branchingackward asymmetrA™® is highest forz’ and lowest for
fraction intow ™ .~ pair (¢B), forZ’, Z,, andz, in ppcollisions at ~ Z; -
Js=14TeV as a function of the gauge boson maks Z here
represents a gauge boson with the couplings of the starfjdrat
with mass being a free parameter.

In conclusion, the Sp(§®R U(1)y extension of the stan-
dard model gauge group suggests an extra set of horizontal
gauge bosonZ’, W’'=. A superstring-inspiredEg model,
characterized by an extra inert SU(2jroup at electroweak
responding rate for. AlSO,- thezZ'’ muon-pair prOdUCtion rate energies Suggests an extra set of neutral gauge b(ﬁons
overlaps the corresponding rate fdy. However, we note w: we studied distributions of leptons at the LHC, pro-
that thez’ — 7" 7~ production rate at LHC is higher than the q,ced by the neutral gauge bosatsandz, . We find that

corresponding rate foZ,, allowing Z' to be distinguished 7' is difficult to distinguish through itgs™ x~ production
[7]. The forward-backward asymmetAgg(y) in the gauge

boson leptonic decay is expected to provide crucial “finger-

prints” of the gauge boson couplings. In Fig. 2 we present 0.6 L L L
Arg(y) for the models considered here as a functiony,of
where we takeM =1 TeV. We also consider the standard 04l i
model gauge bosod with massM =91.1882 GeV. Small ' Z'
asymmetries are expected fat becauseaf(e)avgﬁ(e). I
Maximal asymmetries are expected f@f because of its 0.2 =
pure left-handed couplings to fermions. Thus, #r, with
eZ(u)=e?(d)=e2(e), Arg(y) is expected to approach
+0.75 at*+vy,,, respectively. On the other hand, singe i
couples only to right-handeditype quarks and left-handéd
Arg(y) is expected to approach0.75 at¥y,,, respectively.
Maximal forward-backward asymmetries are therefore ex-
pected in botliZ’ andZ, leptonic decays. However, the signs
of the asymmetries iZ’ production are opposite to those in
Z, production, for the same value gf allowing the models

to be distinguished. In Fig. 3 we present the integrated . ) ) . ) ,
forward-backward asymmetriea™ as a function of the 0.0 05 1.0 1.5 2.0 25 3.0
gauge boson mass which is taken as a free parameter. Figure

3 shows that forz’ and M=1 TeV, A"B is fairly constant y

with AFB~0.39. ForZ,, A"B decreases steadily over the

considered range ofl with ATB~ —0.24 atM =0.5 TeV and FIG. 3. Integrated forward-backward asymmet€€ for pp
AFB~—0.35 atM=3.0 TeV. WhenZ, g, Z,, Zy,, andZ, —Zy+-—putu”, at Js=14TeV, as a function of the gauge
are included[7], we find that the integrated forward- boson masi/.
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rate because of the overlapping wi#fy. However, the are expected to exhibit maximal asymmetries. However, the
forward-backward asymmetry in the gauge boson leptonisigns of the asymmetries i@’ production are opposite to
decay,Arg(Y), is very useful for identifying gauge bosons those in theZ, production, yet allowing the models to be
because it is very sensitive to specific forms of the couplingsdistinguished. The integrated forward-backward asymmetry

The Z’ couplings to fermions are purely left handed, while ATB is higher forz’, with AFB~0.39, and lower forZ,,
Z, couples only to left-handed leptons and right-handedanging fromAFB~ —0.24 forM=0.5 TeV toAFB~—0.35

d-type quarks. Because of these couplings, bothand Z,

for M=3 TeV.
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