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Signal and backgrounds for leptoquarks at the CERN LHC. Il. Vector leptoquarks
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We perform a detailed analyses of the CERN Large Hadron CollidelC) 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 paire” 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.[S0556-282(99)00407-5

PACS numbg(s): 12.60—i, 13.85.Rm, 14.80-]

[. INTRODUCTION jets plus a pairete”. We analyze this signal for vector
leptoquarks and use the results for the SM backgrounds ob-

In the standard mode(SM) the cancellation of chiral tained in Ref[17] where careful studies of all possible top
anomalies takes place only when we consider the contribuquark production, QCD, and electroweak backgrounds for
tions of leptons and quarks, indicating a deeper relation bethis topology were performed using the event generator
tween them. Therefore, it is rather natural to consider extenPYTHIA [18]. We restrict ourselves to first generation lepto-
sions of the SM that treat quarks and leptons on the sam@uarks that couple to paies'u ande™d with the leptoquark
footing and consequently introduce new bosons, called leghteractions described by the most general effective Lagrang-
toquarks, which mediate quark-lepton transitions. The clasin invariant under SU(3)® SU(2) @ U(1)y [11].
of theories exhibiting these particles includes composite !N this work, we study the pair production of vector lep-
models[1,2], grand unified theorieg3], technicolor models toquarks via quark-quark and gluon-gluon fusions, i.e.
[4], and superstring-inspired moddls]. Since leptoquarks

couple to a lepton and a quark, they are color triplets under 9+ g—Pigt Pyg, (1)
SU(3)c, carry simultaneously lepton and baryon number, —
have fractional electric charge, and can be of scalar or vector g+ g—digt Py, @)

hature. where we denote the vector leptoquarks®y. These pro-

Fror_n_the e_xperimental point of_view, I_eptoquarks POSSESRasses give rise ®" e~ pairs with large transverse momenta
the striking S|gnat_ure of a pea_k in the mvanant mass of aaccompanied by jets. Using the cuts devised in IRET] to
charged lepton with a jet, which make their search muchieqce the backgrounds and enhance the signals, we show
simpler without the need of intricate analyses of several finaj 4t the LHC will be able to discover first generation vector
state topologies. Certainly, the experimental observation OIEptoquarks with masses smaller than 1.5-2.3 TeV, depend-
leptoquarks is an undeniable signal of physics beyond thg,q on their couplings and on the integrated luminogitg
SM; so there have been a large number of direct searches fg¢ 100 iy 1),
them ine*e™ [6], e*p [7], andpp [8] colliders. Up to now Here, we perform our analyses using a specially created
all of these searches led to negative results, which bound thevent generator for vector leptoquarks. Moreover, we con-
mass of vector leptoquarks to be larger than 245-280—  sider the most general coupling of vector leptoquarks to glu-
325 GeV, depending on the leptoquark coupling to gluons,ons, exhibiting our results for two distinct scenarios. In par-
for branching ratio into a®™ and jet equal to 10.5) [9]. ticular we analyze the most conservative case where the

The direct search for leptoquarks with masses above Reptoquark couplings to gluons is such that the pair produc-
few hundred GeV can be carried out only in the next gention cross section is minim4R6]. While we were preparing
eration ofpp [10], ep [11,12, e"e™ [13], e"e™ [14], ey this paper, a similar study of the production of vector lepto-
[15], and yvy [16] colliders. In this work, we extend our quarks appeardd 9], which uses a different event generator,
previous analyses of the CERN Large Hadron Colliderdistinct cuts, and a less general leptoquark coupling to glu-
(LHC) potentiality to discover scalar leptoquarks to vectorons, which contains only the chromomagnetic anomalous
ones[17]. We study the pair production of first generation coupling to gluons.
leptoquarks that lead to a final state topology containing two Low-energy experiments give rise to strong constraints on

leptoquarks, unless their interactions are carefully chosen
[20,21]. In order to evade the bounds from proton decay,

*Email address: belyaev@ift.unesp.br leptoquarks are required not to couple to diquarks. To avoid
"Email address: eboli@ift.unesp.br the appearance of leptoquark induced flavor changing neutral
*Email address: zukanov@charme.if.usp.br current(FCNO), leptoquarks are assumed to couple only to a
$Email address: lungov@ift.unesp.br single quark family and only one lepton generation. Never-
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theless, there still exist low-energy limits on leptoquarks. TABLE I. Vector leptoquarks that can be observed through their
Helicity suppressed meson decays restrict the couplings dfecays into & and a jet and the correspondent branching ratios
leptoquarks to fermions to be chif@0]. Moreover, residual into this channel.

FCNC [22], atomic parity violation[23], effects of lepto-

quarks on theZ physics through radiative correctiofi24], Leptoquark Decay Branching ratio
and meson deca}?22,23,29 constrain the first generation Vi e d 100%
leptoquarks to be heavier than 0.5-1.5 TeV when the cou- \Z/LZ(R) o u 100%
pling constants to fermions are equal to the electromagnetic ~iR e u 100%
couplinge. Therefore, our results indicate that the LHC can- 2L .
not only confirm these indirect limits but also expand them Vi e’d 50%
considerably. Vir e'd 100%

The outline of this paper is as follows. In Sec. Il we Vir e’u 100%
introduce the SU(Z®SU(2) ®U(1)y invariant effective Vi, etu 100%
Lagrangians that we analyzed. In Sec. Ill we describe in % etd 50%

detail how we have performed the signal Monte Carlo simu-
lation. Section IV contains a brief summary of the back-
grounds and kinematical cuts needed to suppress them. OMp decay exclusively into a jet and a neutrino, and are not

results and conclusions are shown in Sec. V. constrained by our analyses; see Eg$.and (5).
Leptoquarks are color triplets; therefore, it is natural to
Il. MODELS FOR VECTOR LEPTOQUARK assume that they interact with gluons. However, the S|(2)
INTERACTIONS gauge invariance is not enough to determine the interactions

between gluons and vector leptoquarks since it is possible to
In this work we assume that leptoquarks decay excluintroduce two anomalous Coupling@J and Ag which are

sively into the known quarks and leptons. In order to avoidrelated to the anomalous magnetic and electric quadrupole
the low-energy constraints, leptoquarks must interact with anoments, respectively. We assume here that these quantities
single generation of quarks and leptons with chiral cou-are independent in order to work with the most general sce-
plings. Furthermore, we also assume that their interactiongario. The effective Lagrangian describing the interaction of
are SU(3}®SU(2).®U(1)y gauge invariant above the vector leptoquarks®) with gluons is given by26]
electroweak symmetry breaking scale The most general
effective Lagrangian satisfying these requirements and
baryon numberB), lepton numberl(), electric charge, and
color conservations igl1]

1 .
LY== SV VMG o

: : Ng . .
; t v 9 /it vo
LU= Lr oo+ Le_o+Hoc, &) —igg (1 ko) PtEDLGE"+ 2 V] aviEG T,
[0))
EF:ZZQZL(VgL)TEI%YMi 72/L+92Ral(57,ui T26rVAR 6)
+ 0o (VE) Tugy i mor L, (4)  where there is an implicit sum over all vector leptoquatks,

denotes the strong coupling constdftare the SU(3y gen-
erators,Mg, is the leptoquark mass, and, and\, are the
anomalous couplings, assumed to be real. The field strength

(5) t?”TOVS of the gluon and vector leptoquark fields are, respec-
tively,

Le_o=hyq v,/ Vi +higdry.erViR
+h1gURY,ERV Rt N3 O 7Y,/ L - V5,

where F=3B+L,q(/) stands for the left-handed quark
(lepton doublet, andug,dg, andeg are the singlet compo-
nents of the fermions. We denote the charge-conjugated fer-
mion fields byy°=Cy' and we omitted in Eqg4) and(5)
the flavor indices of the leptoquark couplings to fermions.
The IeptoquarkS/‘l‘R(,_) andT/’fR are singlets under SU(2)
while Vb, andV4, are doublets, ani4 is a triplet. Dii=g, 81 —igiA? ®)
p . . o M stavtu

From the above interactions we can see that for first gen-
eration leptoquarks, the main decay modes of leptoquarks aighere A stands for the gluon field.
those into paire™q andv.q'. In this work we do not con- At present there are no direct bounds on the anomalous
sider their decays into neutrinos; however, we take into acparameters, and\ ;. Here we analyze two scenarios: in the
count properly the branching ratio into charged leptons. Irfirst, called minimal cross section couplings, we minimize
Table | we exhibit the leptoquarks that can be studied usinghe production cross section as a function of these parameters
the final statee™ plus a jet, as well as their decay productsfor a given vector leptoquark mass. In the second case, which
and branching ratios. Only the leptoquak$, ,V3, , and we name Yang-Mills couplings, we consider that the vector

Go =0, A= 0, A5+ 9sFP A p A,
Vi;LV:Di/IJ,(cDVk_Din(I)Mki (7)

with the covariant derivative given by
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TABLE Il. Total cross section in pb for the pair production of
vector leptoquarks. The values af, and \4 lead to a minimum
value of the total cross section for a given leptoquark mass.

o [pb]

Yang-Mills Minimal cross section
3
10
e Mass(GeV) o (pb) o (pb) K N
n”* L e 500 28.5 6.0 1.02 —0.0409
500 1000 1500 2000 500 1000 1500 2000 600 93 1.8 1.06 —0.0554
M, (GeV] Mo, [GeV] 700 3.4 0.64 1.09 —0.0691
FIG. 1. Production cross sections of vector leptoquarks pairs at 800 1.4 0.24 112 —0.0832
the LHC for (a) Yang-Mills coupling and(b) minimum coupling 900 0.61 0.099 1.14  —0.0967
1100 0.13 0.019 1.24 -0.153
leptoquarks are gauge bosons of an extended gauge group 1200 0.066 0.0091 124 -0.163
which corresponds tag=\4=0. 1300 0.033 0.0044 1.25 -0.175
1400 0.017 0.0021 1.26 -0.187
IIl. SIGNAL SIMULATION AND RATES 1500 0.0092 0.0011 1.28 -0.197
] 1600 0.0049 0.00056 1.29 -0.208
Although the processes for the production of scalar lepto- 1709 0.0027 0.00029 1.30 —0.218
quarks are incorporated RYTHIA, the vector leptoquark pro- 1800 0.0014 0.00015 130 —0.227
duction is absent. In order to study the pair production of 1900 0.00083 0.00008 131 —0.238
vector leptoquarks via the processd@s and (2) we have 2000 0.00046 0.00004 132 —0.247
created a Monte Carlo generator for these reactions, adding a 2100 0.00026 0.00002  1.32 —0.256

new external user processes to #erHIA 5.70ETSET 7.4
packagd 18]. We have included in our simulation two cases

of anomalous vector leptoquark couplings to gluons, as wel,o e momentum. which we denoted &yj,), and thee

as their decays into fermions. _ _ get) with the second largegt;, which we callede,(j,).
In our analyses, we assume that the pair production Ofthermore, we mimicked the experimental resolution of

leptoquarks is due entirely to strong interactions, i.e., W&pe hadronic calorimeter by smearing the final state quark
neglect the contributions frotachannel lepton exchange via energies according to

the leptoquark couplings to fermioh6]. This hypothesis is
reasonable since the fermionic couplings and h are
. SE 0.5
bounded to be rather small by the low-energy experiments — |had=—=-
for leptoquarks masses of the order of TeV’s. E \/E
The analytical expressions for the scattering amplitudes
were taken from theQPAIR packagd27], which was created The reconstruction of jets was done using the subroutine
using thecoMPHEP package[28]. The integration over the LUCELL of PYTHIA. The minimumE+ threshold for a cell to
phase space was done usiBgSES [29] while we used be considered as a jet initiator has been chosen 2 GeV, while
SPRING for the simulation[29]. An interface between these we assumed the minimum summég for a collection of
programs andYTHIA was specially written. cells to be accepted as a jet to be 7 GeV inside a coRe
In our calculations we employed the parton distribution= /A 772+A¢2:O.7. The calorimeter was divided on (50
functions CTEQ3L{30], where the scal®? was taken to be  x 30) cells in X ¢ with these variables in the range-6
the leptoquark mass squared. Furthermore, the effects of fic y<5)X (0<¢p<27).
nal state radiation, hadronization and string jet fragmentation
(by means ofiIETSET7.4) have also been taken into account.
The cross sections for the production of vector leptoquark
pairs are presented in Fig. 1 for Yang-Mills and minimal
couplings. The numerical values of the total cross sections Within the scope of the SM, there are many sources of
are shown in Table Il along with the values of couplings  backgrounds leading to jets accompanied bg‘@™ pair,
and 4 that lead to the minimum total cross section. As wewhich we classify into three class¢$7]: QCD processes,
can see from this figure, the gluon-gluon fusion mechanisnelectroweak interactions, and top quark production. The re-
(dashed ling dominates the production of leptoquark pairs actions included in the QCD class depend exclusively on the
for the leptoquark masses relevant for this work at the LHGstrong interaction and the main source of hafdin this case
center-of-mass energy. Moreover, quark-quark fusion is lesi the semileptonic decay of hadrons possessing quacdks
important in the minimal coupling scenario. b. The electroweak processes contain the Drell-Yan produc-
Pairs of leptoquarks decaying in&5 and au or d quark  tion of quark pairs and the single and pair productions of
produce a paie*e” and two jets as signature. In our analy- electroweak gauge bosons. Because of the large gluon-gluon
ses we kept track of the™ (jet) carrying the largest trans- luminosity at the LHC, the production of top quark pairs is

IV. BACKGROUND PROCESSES AND
KINEMATICAL CUTS
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2 2 e X u b (@ X =0 (b)
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500 1000 500 1000 Mee [G eV] Me' [G eV]
pp [GeV] pr [GeV] d
E 1 [ %22.5 e FIG. 3. (a) e"e™ invariant mass distributior(b) e*-jet invari-
O 16 S 2 ¢ () ant mass spectrum adding the four possible combinations. We use
g 175 the same conventions as Fig. 2.
&T 12 %T 15
2 10 R'125
L L 1 V. RESULTS AND CONCLUSIONS
: ” In order to access the effect of the cu81)—(C4) we
2 — 25 exhibit in Fig. 2 thept distribution of the two most energetic
o et | RIS 0 leptons and jets originating from the decay of a vector lep-
500 1000 500 1000 toquark of 1 TeV for minimal cross section and Yang-Mills
pr [GeV] pr [GeV] couplings to gluons. As we can see from this figure, phe

distributions are peaked 8 /2 (=500 Ge\j and also ex-
hibit a large fraction of very hard jets and leptons. The pres-
ence of this peak indicates that the two hardest jets and lep-
tons usually originate from the decay of the leptoquark pair.
However, we still have to determine which are the lepton and
important by itself due to its large cross section. These backet coming from the decay of one of the leptoquarks. More-
grounds have been fully analyzed by us in R&f7/] and we  over, we exhibit in Fig. 3a the*e™ invariant mass distri-
direct the reader to this reference for further information. bution associated with 1 TeV vector leptoquark events.
In order to enhance the signal and reduce the SM backclearly the bulk of thee®e™ pairs are produced at high
grounds we have devised a number of kinematical cuts imnvariant masses, and consequently the impact of the cut

FIG. 2. py distribution of(a) e;, (b) &5, (¢) j1, (d) j, in the pair
production of 1 TeV vector leptoquarks with=1. The dashed
(solid) line stands for the minimumYang-Mills) coupling.

Ref. [17] that we briefly present. (C3) on the signal is small. Figure 3b shows the invariant
(C1) We require that the leading jets amd be in the mass distribution for the four possibdgj, pairs combined in

pseudorapidity intervaly|<3. the 1 TeV vector leptoquark case; the d@4) does not
(C2) The leading leptonse; and e,) should havep, affect significantly the signal either. . .

>200 GeV. In our analyses of vector leptoquark pair production we

(C3) We reject events where the invariant mass of the paifPPlied the cutsC1)—(C4) and also required the events to

e*e (M,..) is smaller than 190 GeV. This cut reduces thehave two e -jet palrs'wnh' invariant masses in the range
172 . . L Mg+ AM| with AM given in Table Ill. The pair production
backgrounds coming fror# decays into a paie”e . cross section after cuts is shown in Fig. 4 for minimal cross

(C4) In order to further reduce thet and remaining off-  section and Yang-Mills couplings. For fixed values of
shell Z backgrounds, we required thatl the invariant Mg, kg, andhy, the attainable bounds at the LHC on vector
massesV el be larger than 200 GeV, since pa&g, com- leptoquarks depend upon its branching rati@) (into a
ing from an on-shell top quark decay have invariant massegharged lepton and a jet, which is 0.5 or 1 for the leptoquarks
smaller thanmy,,. The present experiments are able tolisted in Table I. o
search for leptoquarks with masses smaller than 200 Gev; We exhibitin Table IV the 95% C.L. limits on the lepto-
therefore, this cut does not introduce any bias on the leptgduark masses that can be obtained from their pair production
quark search. at the LHC fqr two d|ffe_re.nt integrated Iur_mnosmes_. In the

The above cuts reduce to a negligible level all the SMWOrSe scenario, i.e., minimal cross section couplings, the
background$17]. In principle we could also require the _ ) .
to be isolated from hadronic activity in order to reduce thetionTﬁ‘thl;]E :gbtl(;'(;lsgin:nr;:sss bins used in our analyses as a func-
QCD backgrounds. Nevertheless, we verified that our results )
do not change when we introduce typical isolation cuts in

addition to any of the above cuts. Since the leptoquark My (GeV) AM (GeV)
searches at the LHC are free of backgrounds after these cuts 500 50
[17], the LHC will be able to exclude with 95% C.L. the 1000 150
regions of parameter space where the number of expected 1500 200
signal events is larger than 3 for a given integrated luminos- 2000 250

ity.
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FIG. 4. Cross section after cuts for the production of vector
leptoquark pairs assuming Yang-Mills couplinggcles and mini-
mal cross section couplingriangles.

LHC will be able to place absolute bounds on vector lepto-

guark masses smaller than 1E6) TeV for 8=0.5(1) and
an integrated luminosity of 10 fid. With a larger luminosity
of 100 fb ! this bound increases to 1(8.9) TeV. Moreover,

PHYSICAL REVIEW D 59 075007

TABLE IV. 95% C.L. limits on the leptoquark masses that can
be obtained from the search for leptoquark pairs for two integrated
luminosities£=10 (100 fb~ 2.

Minimal cross section Yang-Mills
Vy andV3 1.5(1.8 TeVv 1.8(2.1) TeV
All others 1.6(1.9 TeV 1.9(2.3 TeVv

five signal events like in Ref19], we obtain that the LHC
will be able to rule out vector leptoquarks with masses
smaller than 1.751.86 TeV for 8=0.5 (1), Yang-Mills
couplings, and an integrated luminosity of 10 fb There-
fore, our cuts are more efficient than the ones proposed in
Ref. [19] which lead to a bound of 1.56..65 TeV in the
above conditions.

In brief, the discovery of vector leptoquarks is without
any doubt a striking signal of new physics beyond the stan-
dard model. The LHC will be of tremendous help in the
quest for new physics since, as we have shown, it will be
able to discover vector leptoquarks with masses smaller than
1.8-2.3 TeV, depending in their couplings to fermions and
gluons, through their pair production for an integrated lumi-
nosity of 100 fby %,
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