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Signal and backgrounds for leptoquarks at the CERN LHC. II. Vector leptoquarks
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We perform a detailed analyses of the CERN Large Hadron Collider~LHC! capability to discover first
generation vector leptoquarks through their pair production. We study the leptoquark signals and backgrounds
that give rise to final states containing a paire1e2 and jets. Our results show that the LHC will be able to
discover vector leptoquarks with masses up to 1.8–2.3 TeV depending on their couplings to fermions and
gluons.@S0556-2821~99!00407-5#

PACS number~s!: 12.60.2i, 13.85.Rm, 14.80.2j
l
ib
b

te
am
le
las
sit

d
er
ct

es
f
c
na

th
s

t

ns

e
en

r
e

to
n

tw

r
ob-
p
for
tor
o-

ng-

p-

ta

how
tor
nd-

ted
on-
lu-

ar-
the

uc-

to-
r,
lu-

ous

on
sen
ay,
oid
tral
a

er-
I. INTRODUCTION

In the standard model~SM! the cancellation of chira
anomalies takes place only when we consider the contr
tions of leptons and quarks, indicating a deeper relation
tween them. Therefore, it is rather natural to consider ex
sions of the SM that treat quarks and leptons on the s
footing and consequently introduce new bosons, called
toquarks, which mediate quark-lepton transitions. The c
of theories exhibiting these particles includes compo
models@1,2#, grand unified theories@3#, technicolor models
@4#, and superstring-inspired models@5#. Since leptoquarks
couple to a lepton and a quark, they are color triplets un
SU(3)C , carry simultaneously lepton and baryon numb
have fractional electric charge, and can be of scalar or ve
nature.

From the experimental point of view, leptoquarks poss
the striking signature of a peak in the invariant mass o
charged lepton with a jet, which make their search mu
simpler without the need of intricate analyses of several fi
state topologies. Certainly, the experimental observation
leptoquarks is an undeniable signal of physics beyond
SM; so there have been a large number of direct searche
them ine1e2 @6#, e6p @7#, andpp̄ @8# colliders. Up to now
all of these searches led to negative results, which bound
mass of vector leptoquarks to be larger than 245–340~230–
325! GeV, depending on the leptoquark coupling to gluo
for branching ratio into ane6 and jet equal to 1~0.5! @9#.

The direct search for leptoquarks with masses abov
few hundred GeV can be carried out only in the next g
eration ofpp @10#, ep @11,12#, e1e2 @13#, e2e2 @14#, eg
@15#, and gg @16# colliders. In this work, we extend ou
previous analyses of the CERN Large Hadron Collid
~LHC! potentiality to discover scalar leptoquarks to vec
ones@17#. We study the pair production of first generatio
leptoquarks that lead to a final state topology containing
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jets plus a paire1e2. We analyze this signal for vecto
leptoquarks and use the results for the SM backgrounds
tained in Ref.@17# where careful studies of all possible to
quark production, QCD, and electroweak backgrounds
this topology were performed using the event genera
PYTHIA @18#. We restrict ourselves to first generation lept
quarks that couple to pairse6u ande6d with the leptoquark
interactions described by the most general effective Lagra
ian invariant under SU(3)C^ SU(2)L ^ U(1)Y @11#.

In this work, we study the pair production of vector le
toquarks via quark-quark and gluon-gluon fusions, i.e.

q1q̄→F lq1F̄ lq , ~1!

g1g→F lq1F̄ lq , ~2!

where we denote the vector leptoquarks byF lq . These pro-
cesses give rise toe1e2 pairs with large transverse momen
accompanied by jets. Using the cuts devised in Ref.@17# to
reduce the backgrounds and enhance the signals, we s
that the LHC will be able to discover first generation vec
leptoquarks with masses smaller than 1.5–2.3 TeV, depe
ing on their couplings and on the integrated luminosity~10
or 100 fb21).

Here, we perform our analyses using a specially crea
event generator for vector leptoquarks. Moreover, we c
sider the most general coupling of vector leptoquarks to g
ons, exhibiting our results for two distinct scenarios. In p
ticular we analyze the most conservative case where
leptoquark couplings to gluons is such that the pair prod
tion cross section is minimal@26#. While we were preparing
this paper, a similar study of the production of vector lep
quarks appeared@19#, which uses a different event generato
distinct cuts, and a less general leptoquark coupling to g
ons, which contains only the chromomagnetic anomal
coupling to gluons.

Low-energy experiments give rise to strong constraints
leptoquarks, unless their interactions are carefully cho
@20,21#. In order to evade the bounds from proton dec
leptoquarks are required not to couple to diquarks. To av
the appearance of leptoquark induced flavor changing neu
current~FCNC!, leptoquarks are assumed to couple only to
single quark family and only one lepton generation. Nev
©1999 The American Physical Society07-1
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BELYAEV, ÉBOLI, FUNCHAL, AND LUNGOV PHYSICAL REVIEW D 59 075007
theless, there still exist low-energy limits on leptoquar
Helicity suppressed meson decays restrict the coupling
leptoquarks to fermions to be chiral@20#. Moreover, residual
FCNC @22#, atomic parity violation@23#, effects of lepto-
quarks on theZ physics through radiative corrections@24#,
and meson decay@22,23,25# constrain the first generatio
leptoquarks to be heavier than 0.5–1.5 TeV when the c
pling constants to fermions are equal to the electromagn
couplinge. Therefore, our results indicate that the LHC ca
not only confirm these indirect limits but also expand the
considerably.

The outline of this paper is as follows. In Sec. II w
introduce the SU(3)C^ SU(2)L ^ U(1)Y invariant effective
Lagrangians that we analyzed. In Sec. III we describe
detail how we have performed the signal Monte Carlo sim
lation. Section IV contains a brief summary of the bac
grounds and kinematical cuts needed to suppress them.
results and conclusions are shown in Sec. V.

II. MODELS FOR VECTOR LEPTOQUARK
INTERACTIONS

In this work we assume that leptoquarks decay exc
sively into the known quarks and leptons. In order to av
the low-energy constraints, leptoquarks must interact wit
single generation of quarks and leptons with chiral co
plings. Furthermore, we also assume that their interact
are SU(3)C^ SU(2)L ^ U(1)Y gauge invariant above th
electroweak symmetry breaking scalev. The most genera
effective Lagrangian satisfying these requirements
baryon number (B), lepton number (L), electric charge, and
color conservations is@11#

L eff
f 5LF521LF501H.c., ~3!

LF525g2L~V2L
m !Td̄R

c gmi t2l L1g2Rq̄L
cgmi t2eRV2R

m

1g̃2L~Ṽ2L
m !TūR

c gmi t2l L, ~4!

LF505h1Lq̄Lgml LV1L
m 1h1Rd̄RgmeRV1R

m

1h̃1RūRgmeRṼ1R
m 1h3Lq̄LtWgml L•VW 3L

m , ~5!

where F53B1L,q(l ) stands for the left-handed quar
~lepton! doublet, anduR ,dR , andeR are the singlet compo
nents of the fermions. We denote the charge-conjugated
mion fields bycc5Cc̄T and we omitted in Eqs.~4! and~5!
the flavor indices of the leptoquark couplings to fermion
The leptoquarksV1R(L)

m andṼ1R
m are singlets under SU(2)L ,

while V2R(L)
m and Ṽ2L

m are doublets, andV3L
m is a triplet.

From the above interactions we can see that for first g
eration leptoquarks, the main decay modes of leptoquarks
those into pairse6q andneq8. In this work we do not con-
sider their decays into neutrinos; however, we take into
count properly the branching ratio into charged leptons.
Table I we exhibit the leptoquarks that can be studied us
the final statee6 plus a jet, as well as their decay produc
and branching ratios. Only the leptoquarksV2L

2 ,Ṽ2L
2 , and
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1 decay exclusively into a jet and a neutrino, and are

constrained by our analyses; see Eqs.~4! and ~5!.
Leptoquarks are color triplets; therefore, it is natural

assume that they interact with gluons. However, the SU(C
gauge invariance is not enough to determine the interact
between gluons and vector leptoquarks since it is possibl
introduce two anomalous couplingskg and lg which are
related to the anomalous magnetic and electric quadru
moments, respectively. We assume here that these quan
are independent in order to work with the most general s
nario. The effective Lagrangian describing the interaction
vector leptoquarks (F) with gluons is given by@26#

L V
g52

1

2
Vmn

i† Vi
mn1MF

2 Fm
i†F i

m

2 igsF ~12kg!Fm
i†t i j

a Fn
j G a

mn1
lg

MF
2

Vsm
i† t i j

a Vn
j mG a

nsG ,

~6!

where there is an implicit sum over all vector leptoquarks,gs
denotes the strong coupling constant,ta are the SU(3)C gen-
erators,MF is the leptoquark mass, andkg and lg are the
anomalous couplings, assumed to be real. The field stre
tensors of the gluon and vector leptoquark fields are, resp
tively,

G mn
a 5]mA n

a2]nA m
a 1gsf

abcAmbAnc ,

Vmn
i 5Dm

ikFnk2Dn
ikFmk , ~7!

with the covariant derivative given by

Dm
i j 5]md i j 2 igsta

i jA m
a , ~8!

whereA stands for the gluon field.
At present there are no direct bounds on the anoma

parameterskg andlg . Here we analyze two scenarios: in th
first, called minimal cross section couplings, we minimi
the production cross section as a function of these parame
for a given vector leptoquark mass. In the second case, w
we name Yang-Mills couplings, we consider that the vec

TABLE I. Vector leptoquarks that can be observed through th
decays into ae6 and a jet and the correspondent branching rat
into this channel.

Leptoquark Decay Branching ratio

V2L(R)
1 e2d 100%
V2R

2 e2u 100%

Ṽ2L
1 e2u 100%

V1L e1d 50%
V1R e1d 100%

Ṽ1R
e1u 100%

V3L
2 e1u 100%

V3L
0 e1d 50%
7-2
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leptoquarks are gauge bosons of an extended gauge g
which corresponds tokg5lg50.

III. SIGNAL SIMULATION AND RATES

Although the processes for the production of scalar lep
quarks are incorporated inPYTHIA, the vector leptoquark pro
duction is absent. In order to study the pair production
vector leptoquarks via the processes~1! and ~2! we have
created a Monte Carlo generator for these reactions, add
new external user processes to thePYTHIA 5.7/JETSET 7.4
package@18#. We have included in our simulation two cas
of anomalous vector leptoquark couplings to gluons, as w
as their decays into fermions.

In our analyses, we assume that the pair production
leptoquarks is due entirely to strong interactions, i.e.,
neglect the contributions fromt-channel lepton exchange vi
the leptoquark couplings to fermions@26#. This hypothesis is
reasonable since the fermionic couplingsg and h are
bounded to be rather small by the low-energy experime
for leptoquarks masses of the order of TeV’s.

The analytical expressions for the scattering amplitu
were taken from theLQPAIR package@27#, which was created
using theCOMPHEP package@28#. The integration over the
phase space was done usingBASES @29# while we used
SPRING for the simulation@29#. An interface between thes
programs andPYTHIA was specially written.

In our calculations we employed the parton distributi
functions CTEQ3L@30#, where the scaleQ2 was taken to be
the leptoquark mass squared. Furthermore, the effects o
nal state radiation, hadronization and string jet fragmenta
~by means ofJETSET7.4! have also been taken into accoun

The cross sections for the production of vector leptoqu
pairs are presented in Fig. 1 for Yang-Mills and minim
couplings. The numerical values of the total cross secti
are shown in Table II along with the values of couplingskg
andlg that lead to the minimum total cross section. As w
can see from this figure, the gluon-gluon fusion mechan
~dashed line! dominates the production of leptoquark pa
for the leptoquark masses relevant for this work at the L
center-of-mass energy. Moreover, quark-quark fusion is
important in the minimal coupling scenario.

Pairs of leptoquarks decaying intoe6 and au or d quark
produce a paire1e2 and two jets as signature. In our anal
ses we kept track of thee6 ~jet! carrying the largest trans

FIG. 1. Production cross sections of vector leptoquarks pair
the LHC for ~a! Yang-Mills coupling and~b! minimum coupling
~cross section!.
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verse momentum, which we denoted bye1( j 1), and thee6

~jet! with the second largestpT , which we callede2( j 2).
Furthermore, we mimicked the experimental resolution
the hadronic calorimeter by smearing the final state qu
energies according to

dE

E
uhad5

0.5

AE
.

The reconstruction of jets was done using the subrou
LUCELL of PYTHIA. The minimumET threshold for a cell to
be considered as a jet initiator has been chosen 2 GeV, w
we assumed the minimum summedET for a collection of
cells to be accepted as a jet to be 7 GeV inside a coneDR
5ADh21Df250.7. The calorimeter was divided on (5
330) cells inh3f with these variables in the range (25
,h,5)3(0,f,2p).

IV. BACKGROUND PROCESSES AND
KINEMATICAL CUTS

Within the scope of the SM, there are many sources
backgrounds leading to jets accompanied by ae1e2 pair,
which we classify into three classes@17#: QCD processes
electroweak interactions, and top quark production. The
actions included in the QCD class depend exclusively on
strong interaction and the main source of harde6 in this case
is the semileptonic decay of hadrons possessing quarksc or
b. The electroweak processes contain the Drell-Yan prod
tion of quark pairs and the single and pair productions
electroweak gauge bosons. Because of the large gluon-g
luminosity at the LHC, the production of top quark pairs

at

TABLE II. Total cross section in pb for the pair production o
vector leptoquarks. The values ofkg and lg lead to a minimum
value of the total cross section for a given leptoquark mass.

Yang-Mills Minimal cross section

Mass~GeV! s ~pb! s ~pb! k l

500 28.5 6.0 1.02 20.0409
600 9.3 1.8 1.06 20.0554
700 3.4 0.64 1.09 20.0691
800 1.4 0.24 1.12 20.0832
900 0.61 0.099 1.14 20.0967

1000 0.28 0.043 1.17 20.111
1100 0.13 0.019 1.24 20.153
1200 0.066 0.0091 1.24 20.163
1300 0.033 0.0044 1.25 20.175
1400 0.017 0.0021 1.26 20.187
1500 0.0092 0.0011 1.28 20.197
1600 0.0049 0.00056 1.29 20.208
1700 0.0027 0.00029 1.30 20.218
1800 0.0014 0.00015 1.30 20.227
1900 0.00083 0.00008 1.31 20.238
2000 0.00046 0.00004 1.32 20.247
2100 0.00026 0.00002 1.32 20.256
7-3
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BELYAEV, ÉBOLI, FUNCHAL, AND LUNGOV PHYSICAL REVIEW D 59 075007
important by itself due to its large cross section. These ba
grounds have been fully analyzed by us in Ref.@17# and we
direct the reader to this reference for further information.

In order to enhance the signal and reduce the SM ba
grounds we have devised a number of kinematical cuts
Ref. @17# that we briefly present.

~C1! We require that the leading jets ande6 be in the
pseudorapidity intervaluhu,3.

~C2! The leading leptons (e1 and e2) should havepT

.200 GeV.
~C3! We reject events where the invariant mass of the p

e1e2(Me1e2
) is smaller than 190 GeV. This cut reduces t

backgrounds coming fromZ decays into a paire1e2.

~C4! In order to further reduce thet t̄ and remaining off-
shell Z backgrounds, we required thatall the invariant
massesMei j k

be larger than 200 GeV, since pairsei j k com-

ing from an on-shell top quark decay have invariant mas
smaller thanmtop . The present experiments are able
search for leptoquarks with masses smaller than 200 G
therefore, this cut does not introduce any bias on the le
quark search.

The above cuts reduce to a negligible level all the S
backgrounds@17#. In principle we could also require thee6

to be isolated from hadronic activity in order to reduce t
QCD backgrounds. Nevertheless, we verified that our res
do not change when we introduce typical isolation cuts
addition to any of the above cuts. Since the leptoqu
searches at the LHC are free of backgrounds after these
@17#, the LHC will be able to exclude with 95% C.L. th
regions of parameter space where the number of expe
signal events is larger than 3 for a given integrated lumin
ity.

FIG. 2. pT distribution of~a! e1 , ~b! e2 , ~c! j 1 , ~d! j 2 in the pair
production of 1 TeV vector leptoquarks withb51. The dashed
~solid! line stands for the minimum~Yang-Mills! coupling.
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V. RESULTS AND CONCLUSIONS

In order to access the effect of the cuts~C1!–~C4! we
exhibit in Fig. 2 thepT distribution of the two most energeti
leptons and jets originating from the decay of a vector le
toquark of 1 TeV for minimal cross section and Yang-Mil
couplings to gluons. As we can see from this figure, thepT
distributions are peaked atMF/2 ~5500 GeV! and also ex-
hibit a large fraction of very hard jets and leptons. The pr
ence of this peak indicates that the two hardest jets and
tons usually originate from the decay of the leptoquark p
However, we still have to determine which are the lepton a
jet coming from the decay of one of the leptoquarks. Mo
over, we exhibit in Fig. 3a thee1e2 invariant mass distri-
bution associated with 1 TeV vector leptoquark even
Clearly the bulk of thee1e2 pairs are produced at hig
invariant masses, and consequently the impact of the
~C3! on the signal is small. Figure 3b shows the invaria
mass distribution for the four possibleei j k pairs combined in
the 1 TeV vector leptoquark case; the cut~C4! does not
affect significantly the signal either.

In our analyses of vector leptoquark pair production
applied the cuts~C1!–~C4! and also required the events
have two e6-jet pairs with invariant masses in the rang
uMF6DM u with DM given in Table III. The pair production
cross section after cuts is shown in Fig. 4 for minimal cro
section and Yang-Mills couplings. For fixed values
MF ,kg , andlg , the attainable bounds at the LHC on vect
leptoquarks depend upon its branching ratio (b) into a
charged lepton and a jet, which is 0.5 or 1 for the leptoqua
listed in Table I.

We exhibit in Table IV the 95% C.L. limits on the lepto
quark masses that can be obtained from their pair produc
at the LHC for two different integrated luminosities. In th
worse scenario, i.e., minimal cross section couplings,

FIG. 3. ~a! e1e2 invariant mass distribution,~b! e6-jet invari-
ant mass spectrum adding the four possible combinations. We
the same conventions as Fig. 2.

TABLE III. Invariant mass bins used in our analyses as a fu
tion of the leptoquark mass.

MF ~GeV! DM ~GeV!

500 50
1000 150
1500 200
2000 250
7-4
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LHC will be able to place absolute bounds on vector lep
quark masses smaller than 1.5~1.6! TeV for b50.5 ~1! and
an integrated luminosity of 10 fb21. With a larger luminosity
of 100 fb21 this bound increases to 1.8~1.9! TeV. Moreover,
the limits are 300 GeV more stringent in the case of Ya
Mills coupling to gluons. At this point it is interesting t
compare our results with the ones in Ref.@19#. Requiring

FIG. 4. Cross section after cuts for the production of vec
leptoquark pairs assuming Yang-Mills couplings~circles! and mini-
mal cross section couplings~triangles!.
l.

-
ru
97
In
p

07500
-

-

five signal events like in Ref.@19#, we obtain that the LHC
will be able to rule out vector leptoquarks with mass
smaller than 1.75~1.86! TeV for b50.5 ~1!, Yang-Mills
couplings, and an integrated luminosity of 10 fb21. There-
fore, our cuts are more efficient than the ones propose
Ref. @19# which lead to a bound of 1.55~1.65! TeV in the
above conditions.

In brief, the discovery of vector leptoquarks is witho
any doubt a striking signal of new physics beyond the st
dard model. The LHC will be of tremendous help in th
quest for new physics since, as we have shown, it will
able to discover vector leptoquarks with masses smaller t
1.8–2.3 TeV, depending in their couplings to fermions a
gluons, through their pair production for an integrated lum
nosity of 100 fb21.

ACKNOWLEDGMENTS

This work was partially supported by Conselho Nacion
de Desenvolvimento Cientı´fico e Tecnolo´gico ~CNPq!, Fun-
dação de Amparo a` Pesquisa do Estado de Sa˜o Paulo
~FAPESP!, and by Programa de Apoio a Nu´cleos de Exce-
lência ~PRONEX!.

r

TABLE IV. 95% C.L. limits on the leptoquark masses that c
be obtained from the search for leptoquark pairs for two integra
luminositiesL510 ~100! fb21.

Minimal cross section Yang-Mills

V1L andV3L
0 1.5 ~1.8! TeV 1.8 ~2.1! TeV

All others 1.6~1.9! TeV 1.9 ~2.3! TeV
n-
@1# For a review see W. Buchmu¨ller, Acta Phys. Austriaca, Supp
27, 517 ~1985!.

@2# L. Abbott and E. Farhi, Phys. Lett.101B, 69 ~1981!; Phys.
Lett. B B189, 547 ~1981!.

@3# See, for instance, P. Langacker, Phys. Rep.72, 185 ~1981!.
@4# S. Dimopoulos, Nucl. Phys.B168, 69 ~1981!; E. Farhi and L.

Susskind, Phys. Rev. D20, 3404~1979!; J. Ellis et al., Nucl.
Phys.B182, 529 ~1981!.

@5# J. L. Hewett and T. G. Rizzo, Phys. Rep.183, 193 ~1989!.
@6# ALEPH Collaboration, D. Decampet al., Phys. Rep.216, 253

~1992!; L3 Collaboration, O. Adrianiet al., ibid. 236, 1
~1993!; OPAL Collaboration, G. Alexanderet al., Phys. Lett.
B 263, 123 ~1991!; DELPHI Collaboration, P. Abreuet al.,
ibid. 316, 620 ~1993!; OPAL Collaboration, S. Soldner
Rembold, presented at the International Conference on St
ture and Interactions of the Photon, Netherlands, 19
hep-ex/9706003; DELPHI Collaboration, presented at the
ternational Europhysics Conference, Jerusalem, 1994, Re
No. DELPHI 97-112 CONF 94.

@7# ZEUS Collaboration, M. Derricket al., Phys. Lett. B306, 173
~1993!; Z. Phys. C73, 613 ~1997!; H1 Collaboration, I. Abt
et al., Nucl. Phys.B396, 3 ~1993!; H1 Collaboration, S. Aid
c-
,
-

ort

et al., Phys. Lett. B369, 173 ~1996!; H1 Collaboration, C.
Adloff et al., Z. Phys. C74, 191~1997!; ZEUS Collaboration,
J. Breitweget al., ibid. 74, 207 ~1997!.

@8# CDF Collaboration, F. Abeet al., Phys. Rev. D48, 3939
~1993!; Phys. Rev. Lett.79, 4327 ~1997!; DO” Collaboration,
S. Abachiet al., ibid. 72, 965 ~1994!; DO” Collaboration, B.
Abbott et al., ibid. 79, 4321 ~1997!; 80, 2051 ~1998!; CDF
Collaboration and DO” Collaboration, C. Grosso-Pilcheret al.,
hep-ex/9810015.

@9# E. E. Boos et al., DO” Collaboration, DO” Note No. 3416
~http://www-d0.fnal.gov/d0pub/d0_private/3416/
m_VLQDO”Note.ps!.
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611 ~1997!; J. Blümlein, ibid. 74, 605 ~1997!.

@13# J. L. Hewett and T. G. Rizzo, Phys. Rev. D36, 3367~1987!; J.
L. Hewett and S. Pakvasa, Phys. Lett. B227, 178~1987!; J. E.
Cieza Montalvo and O. J. P. E´ boli, Phys. Rev. D47, 837
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