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Multilepton signatures for leptoquarks
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The production of third generation leptoquarks can give rise to multilepton events accompanied by jets and
missingET . In this work we study the signals of these leptoquarks at the CERN Large Hadron Collider and
compare them with the ones expected in supersymmetric models.@S0556-2821~99!07201-X#

PACS number~s!: 12.60.2i, 13.85.Rm, 14.80.2j
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I. INTRODUCTION

Many theories, such as composite models@1,2#, techni-
color @3#, and grand unified theories@4#, predict the existence
of new particles, called leptoquarks, which mediate qua
lepton transitions. In this work we focus our attention
scalar leptoquarks~S! that couple tot-t or b-t pairs. At the
CERN Large Hadron Collider~LHC!, leptoquarks can be
pair produced by gluon-gluon and quark-quark fusion,
well as singly produced in association with a lepton in gluo
quark reactions. Therefore, the production of third genera
leptoquarks can lead to multilepton signals accompanied
jets and missingET(E” T) since the heavy quark decay ca
give rise to further leptons and jets. This means that th
generation leptoquarks can, in principle, mimic multilept
supersymmetry~SUSY! signals@5#. For this reason, we in
vestigated the importance of the multilepton signatures
such leptoquarks at the LHC.

In our analyses we considered the following multilept
topologies: one lepton topology~1L! which exhibits one lep-
ton (e6 or m6) in association with jets andE” T , opposite-
sign dilepton events~OS! which contain a pair of leptons o
opposite charge in addition to jets andE” T , same-sign dilep-
ton topology~SS! which presents a pair of leptons with th
same charge, jets andE” T , and trilepton events~3L! which
possess three charged leptons, jets, andE” T .

Moreover, we employed the cuts of Ref.@5#, which stud-
ied the multilepton signals for supersymmetry in the fram
work of the minimal supergravity model~MSUGRA!. The
use of these cuts not only reduces the standard model~SM!
backgrounds, but also allows us to compare the leptoqu
signals with the MSUGRA ones.

In principle, leptoquark events possess the striking sig
ture of a peak in the invariant mass of a charged lepton
a jet, which could be used to further reduce backgrounds
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to establish that an observed signal is due to leptoqua
This is an important feature of the signals for first generat
leptoquarks @6#. Notwithstanding, third generation lepto
quarks exhibit cascade decays containing heavy quarks
t6, which give rise to neutrinos, and consequently wash
the lepton-jet invariant mass peak.

Since leptoquarks are an undeniable signal of physics
yond the SM, there have been several direct searches
them in accelerators. At the Fermilab Tevatron collider
was established that leptoquarks coupling tob-t pairs should
be heavier than 99 GeV@7#. Moreover, low-energy experi
ments lead to indirect bounds on the couplings and masse
third generation leptoquarks. Leptoquarks may give rise
flavor-changing neutral current processes if they couple
more than one family of quarks or leptons@8,9#. In order to
avoid these bounds, we assumed that the leptoquarks co
only to one quark family and one lepton generation. T
effects of third generation leptoquarks on theZ physics
through radiative corrections lead to strict limits on lept
quarks that couple to top quarks and loose bounds on le
quarks coupling to theb quark@10#. As a rule of a thumb, the
Z-pole data constrain the masses of leptoquarks to be la
than 200–500 GeV when their Yukawa coupling to t
quarks is equal to the electromagnetic couplinge and larger
than about 100 GeV when the Yukawa coupling to botto
quarks is 10 times the electromagnetic coupling@10–12#.

II. ANALYSES

A natural hypothesis for theories beyond the SM is th
they exhibit the gauge symmetry SU(2)L ^ U(1)Y above the
electroweak symmetry-breaking scalev; therefore, we im-
posed this symmetry on the leptoquark interactions. In or
to evade strong bounds coming from the proton lifetime
periments, we required baryon~B! and lepton~L! number
conservation. The most general effective Lagrangian for l
toquarks satisfying the above requirements and elec
charge and color conservation is given by@13#
©1998 The American Physical Society02-1
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Le f f5LF521LF50 , ~1!

LF525g1Lq̄L
c i t2l LS1L1g1RūR

c eRS1R1g̃1Rd̄R
c eRS̃1

1g3Lq̄L
c i t2tW l L•SW 3 ,

LF505h2LR2L
T ūRi t2l L1h2Rq̄LeRR2R1h̃2LR̃2

Td̄Ri t2l L ,

where F53B1L, q( l ) stands for the left-handed quar
~lepton! doublet, and we omitted the flavor indices of th
leptoquark couplings to fermions. The leptoquarksS1R(L)

and S̃1 are singlets under SU(2)L , while R2R(L) and R̃2 are
doublets, andS3 is a triplet.

The multilepton samples due to leptoquarks were
tained using the Monte Carlo event generatorPYTHIA @14#.
We assumed in our analyses that the leptoquarks decay
clusively into a single quark-lepton pair. The general ca
can be easily obtained by multiplying the signal cross sec
by an appropriate branching ratio, which can be read fr
the Lagrangian~1!.

The cross sections for leptoquark (Slq) pair production
via q1q̄→Slq1S̄lq or g1g→Slq1S̄lq are model indepen
dent because the leptoquark-gluon interaction is entirely
termined by the SU(3)C gauge invariance. On the othe
hand, the single production throughq1g→Slq1 l is model
dependent once it involves the unknown Yukawa coupling
leptoquarks to a lepton-quark pair. However, this last proc
is important only for third generation leptoquarks coupling
b quarks since the top quark content of the proton is ne
gible at the LHC energy.

In this work we focused our attention on leptoquarks d
caying intob-t or t-t. For both types we considered the tw
possible mechanisms of pair production, quark and glu
fusion, and for the leptoquark decaying into ab quark we
also considered single production with the value of
Yukawa coupling taken to be equal to the electromagn
one. We assumed three values for the masses: 300 GeV
GeV, and 1 TeV~this last one only for leptoquarks decayin
into a t quark!. Samples containing 10 000 events were g
erated for each of the cases.

In our analyses, we applied the following cuts, whi
were used in Ref.@5# for the study of the MSUGRA multi-
lepton signals and backgrounds: clusters withET
.100 GeV anduh(jet)u,3 are labeled as jets; however, fo
jet-veto only, clusters withET.25 GeV anduh(jet)u,3 are
regarded as jets; muons and electrons are classified as
lated if they havepT.10 GeV, uh( l )u,2.5 and the vis-
ible activity within a cone ofR5ADh21DF250.3 about
the lepton direction is less thenET(cone)55 GeV; jet mul-
tiplicity, njet>2, with ET(jet).100 GeV; transverse sphe
ricity ST.0.2; ET( j 1), ET( j 2).ET

c , andE” T.ET
c , whereET

c

is a parameter that one can vary~see the figures below!; we
required the leptons to havepT( l ).20 GeV andMT( l ,E” T)
.100 GeV for the one lepton signal andpT( l 1(2))
.20 GeV forn52,3 lepton signals.
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In our analyses, we simulated a simple calorimeter us
the subroutineLUCELL, which is part of theJETSET-PYTHIA

package, adopting the same parameters employed in Ref@5#.
We should also point out that the effects of cracks, edg
and other detector inefficiencies have not been taken
account here. The SM backgrounds and the MSUGRA s
nals used in the present work were taken from Ref.@5#.

III. RESULTS

In the following figures we present our results for th
leptoquark cross sections after the above cuts as a functio
the parameterET

c . For the sake of comparison, we also e
hibit in our figures the SM backgrounds~BG’s! and
MSUGRA cross sections for two sets of parameters cho
in Ref. @5#, which correspond to the extreme cases analy
in this work. In case 1, it is assumed thatm05m1/2
5100 GeV,mg̃5290 GeV, andmq̃5270 GeV, while, in
case 6,m054m1/252000 GeV,mg̃51300 GeV, andmq̃
52200 GeV. Both scenarios employA050,tanb52, and
mt5170 GeV.

We show in Fig. 1~a! the leptoquark production cross se
tions into the 1L topology as a function ofET

c for scalar
leptoquarks decaying intob-t with masses of 300 and 50
GeV for a Yukawa coupling equal to the electromagnetic o
(e). We also present in this figure thegq contribution to the
production cross section of 300 GeV leptoquarks for t
value of the Yukawa coupling. Thegg contribution domi-
nates the total cross section as long as the Yukawa coup
is not much larger thane since the single production cros
section scales with the Yukawa coupling squared. We
also see from this figure that theb-t signal is well above the
background for all values of the parameterET

c . Furthermore,
the b-t leptoquarks lead to cross sections with values
tween the two MSUGRA cases forET

c&350 GeV. In Fig.
1~b! we present the results for the 1L topology in the case
t-t leptoquarks with masses of 300, 500, and 1000 GeV
this case, except for the leptoquark with mass of 1 TeV,
signals are always above the background and are also
tween the two MSUGRA cases.

In Fig. 2~a! we exhibit our results for the OS topology i
the case of scalarb-t leptoquarks with masses of 300 an
500 GeV. Here, again, we display thegq contribution to the
cross section for 300 GeV leptoquark production consider
the strength of the Yukawa coupling to be equal toe. In this
topology this contribution is also very much smaller than t
total cross section, which is dominated bygg fusion too. The
b-t leptoquark signals are above the background forET

c

*200 GeV and these leptoquarks lead to cross sections
values between the two MSUGRA cases independently
the ET

c cut applied. In Fig. 2~b! the results for the OS topol
ogy but for t-t leptoquarks with masses of 300, 500, a
1000 GeV are shown. ForET

c&200 GeV the two lower
mass signals are above the expected BG and their cross
tion values are between the two MSUGRA extreme ca
even if one imposes a largeET

c cut. ForET
c*300 GeV the

1000 GeV mass signal is also above the BG.
The production cross sections for third generation lep
2-2
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FIG. 1. Production cross sections of 1L events as a function ofET
c for the SM backgrounds and two sets of MSUGRA parameters~case

1 and case 6!. In ~a! we also exhibit the results forb-t leptoquarks with masses of 300 and 500 GeV, as well as thegq contribution for 300
GeV leptoquarks; see text for further details. In~b! we present the results fort-t leptoquarks with masses of 300, 500, and 1000 GeV

FIG. 2. Same as Fig. 1 for OS events.
035002-3
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FIG. 3. Same as Fig. 1 for SS events.
he
ck-

if
quarks into the SS topology as a function ofET
c are shown in

Fig. 3. Analogously to the previous topologies, thegq con-
tribution to the production cross section is well below t
total cross section for Yukawa couplings equal toe. In Fig.
3~a! we can see that the signal of 300 GeVb-t leptoquarks is
03500
above the backgrounds for 200 GeV&ET
c&430 GeV while

the 500 GeV leptoquark signal is immersed in the SM ba
grounds. Furthermore, theb-t leptoquark of 300 GeV can
probably only be distinguished from the MSUGRA case 6
one demandsET

c.400 GeV. We also show in Fig. 3~b! that
FIG. 4. Same as Fig. 1 for 3L events.
2-4
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MULTILEPTON SIGNATURES FOR LEPTOQUARKS PHYSICAL REVIEW D59 035002
the SS signal oft-t leptoquarks is well above the back
grounds and lay between the MSUGRA cases for masse
300, 500, and 1000 GeV.

Finally in Fig. 4 the behavior of the cross sections for t
3L topology as a function ofET

c is presented for the scala
leptoquarks as well as for the MSUGRA cases and SM ba
grounds. The cross sections forb-t leptoquarks of 300 and
500 GeV shown in Fig. 4~a! are above the background fo
ET

c&100 GeV andET
c&200 GeV, respectively. The pro

duction cross section ofb-t leptoquarks of 300 GeV presen
a flat plateau in the region where 100 GeV&ET

c

&400 GeV. In Fig. 4~b! we see again thatt-t leptoquarks
of 300, 500, and 1000 GeV are above the background
between the MSUGRA extreme cases.

In the above analyses we observe that third genera
leptoquark cross sections are generally above the SM b
ground in all multilepton topologies we have investigate
Moreover, the leptoquark signals are of the same magnit
as MSUGRA cross sections, making it rather difficult to d
tinguish SUSY events from leptoquark ones. It is clear t
one has to investigate more carefully the possibility of m
taken third generation leptoquarks for SUSY in the multile
ton channels. Observation of the signal in several multilep
channels is crucial to try to identify the source of new ph
ics but this may turn out to be a great challenge.

Besides the results presented above, we considered s
other situations, which deserve to be mentioned, altho
they were not included in this work. First of all, we analyz
the signals for leptoquarks heavier than the ones consid
here; however, their signals are very small compared
background even before the cuts are applied. In addition
have studied third generation leptoquarks decaying into n
trinos andb or t quarks, but their cross sections after cuts a
in general, smaller than the background one, due to the
of hard leptons. The only exception is the 1L topology f
which the cross sections after cuts are of the same magn
of the one for the leptoquark decaying intot-t.

We also analyzed the signals of leptoquarks decaying
t-l andb-l , with l 5e,m. In principle these leptoquarks ar
still allowed by the available experimental data provid
they couple to a single quark generation and a single lep
family @12#. In fact the strongest bounds on these leptoqua
l.
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comes from theZ-pole physics, which require them to b
heavier than 200–300 GeV for Yukawa couplings of t
order ofe. Our analyses of these leptoquarks show that th
signals are slightly smaller than the ones fort-t and b-t
leptoquarks.

IV. CONCLUSION

In this work, we analyzed the multilepton signals for thi
generation leptoquarks. We showed that the analyses
signed to discover gluinos and squarks via multilept
events are also rather good to select third generation le
quarks. We concluded that for third generation leptoqua
with masses of several hundred GeV, the leptoquark sign
not only above the standard model backgrounds, but als
the same order of the expected MSUGRA cross sectio
Therefore, the observation of an excess of multilepton eve
accompanied by jets and missingET can be due to lepto-
quarks or supersymmetric particles. Since the leptoqu
mass reconstruction is usually not efficient, due to the pr
ence of neutrinos in many decays, there is no clear indica
of leptoquarks in this class of events. Therefore, the origin
the multilepton events can only be established looking
other topologies, for instance, multilepton events without
presence of jets, which are characteristic ofx0

2–x6 produc-
tion in some regions of the MSUGRA parameter space@15#.
It seems that unless nature is extremely kind to us, exhibi
signals of new physics in many different channels, an
served signal in any of the four discussed channels at
LHC cannot be uniquely interpreted as due to the produc
of SUSY particles. Even if observation is accomplished in
four channels analyzed in this work, it may still not be po
sible to distinguish between leptoquarks and supersymme
particles.
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