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Single production of leptoquarks at the Fermilab Tevatron

0. J. P. Boli* and T. L. LungoV
Instituto de Fsica Tesica — UNESP, Rua Pamplona 145, 01405-90® $@ulo, Brazil
(Received 8 November 1999; published 10 March 2000

We study single production of first generation leptoquarks in associationewitt the Fermilab Tevatron.
We focus our attention on final states exhibitingedre™ pair and jets, and perform a detailed analysis of the
signal and background. The single leptoquark production cross section depends on the leptoquark Yukawa
coupling to lepton-quark pairs and we show that the study of this mode can extend considerably the leptoquark
search for a large range of these couplings. In fact, for Yukawa couplings of electromagnetic strength, the
combined results of the Tevatron experiments can exclude the existence of leptoquarks with masses up to
260-285(370-425 GeV at the run I(run Il), depending on their type.

PACS numbgs): 12.60—i, 13.85.Rm, 14.80-]

. INTRODUCTION e*e” pair using the event generatevTHIA [9]. The signal

was also generated using this package. We devised a series

Leptoquarks are an undeniable signal of physics beyondt cyts not only to reduce the background, but also to en-
the standard modeBM), and consequently, there have beenpanee the signal. Since the available phase space for single
several direct searches for them in accelerators. In fact, ma roduction is larger than the one for double production, we

tsr:i?]”gz ::r:)?; tgesailttequ:]%r(lj(dshag]d t'gg;%?:m% r;[;?eai%mer;?gtm how that a single leptoquark search can extend considerably
P L ' 9 the Tevatron bounds on these particles. Our results indicate

unified theoried4], predict the existence of new particles, . :
called leptoquarks, which mediate quark-lepton transitionstat the combined results of the Tevatron experiments can
xclude the existence of leptoquarks with masses up to 260—

Since leptoquarks couple to a lepton and a quark, they ar ) ;
color triplets under SU(3), carry simultaneously lepton and 85(370-425 GeV at the run (run 1), depending on their

baryon number, have fractional electric charge, and can be §YP&: for Yukawa couplings of electromagnetic strength.
scalar or vector nature. It is mtergstmg to nqnce that pair prodl_quon of sc_alar

From the experimental point of view, leptoquarks posses#€Ptoquarks in a hadronic collider is essentially model inde-
the striking signature of a peak in the invariant mass of dendent since the leptoquark-gluon interaction is fixed by the
charged lepton with a jet, which make their search ratheBU(3)c gauge invariance. On the other hand, single produc-
simple without the need of intricate analyses of several finalion is model dependent because it takes place via the un-
state topologies. So far, all leptoquark searches have led #nown leptoquark Yukawa interactions. Notwithstanding,
negative results. At the hadron colliders, leptoquarks can bthese two signals for scalar leptoquarks are complementary
pair produced by gluon-gluon and quark-quark fusions, adecause they allow us not only to reveal their existence but
well as singly produced in association with a lepton in gluon-also to determine their properties such as mass and Yukawa
quark reactions. At the Fermilab Tevatron, the CDF and DQzouplings to quarks and leptons. In this work, we also study
Collaborations studied the pair production of leptoquarkshe region in parameter space where single leptoquark pro-
which decay into electron-jet paif§]. The combined CDF  duction can be isolated from pair production.
and DOlimit on the leptoquark mass i§l,,>242 GeV([6] The outline of this paper is as follows. In Sec. Il we
for scalar leptoquarks decaying exclusively iné>—jet introduce the SU(3)®SU(2).®U(1)y invariant effective
pairs. At the DESYep collider HERA, first generation lep- | agrangians that we analyze. We also discuss in this section
toquarks are produced in tisehannel through their Yukawa  he main features of the leptoquark signal and respective
couplings, and the HERA experimerifg] placed limits on 5 arounds. We present our results in Sec. Il while our
their masses and couplings, establishing thit, conclusions are drawn in Sec. IV.
=215-275 GeV depending on the leptoquark type.

In this work we study the single production of first gen-
eration leptoquarks$S) in association with a charged lepton

at the Tevatrorig], i.e., Il. LEPTOQUARK SIGNALS AND BACKGROUNDS

pp—Se —e'ejets. (1) We assume that scalar-leptoquark interactions are
SU(3)-®SU(2), ®U(1)y gauge invariant above the elec-
We perform a careful analysis of all possible QCD and electroweak symmetry breaking scate Moreover, leptoquarks
troweak backgrounds for the topology exhibiting jets plus anmust interact with a single generation of quarks and leptons
with chiral couplings in order to avoid low energy con-
straints[10,11]. The most general effective Lagrangian sat-
*Email address: eboli@ift.unesp.br isfying these requirements and baryon numbgy, (lepton
TEmail address: thais@ift.unesp.br number (), electric charge, and color conservation$1g]
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where F=3B+L, g (I) stands for the left-handed quark
(lepton doublet, and we omitted the flavor indices of the
leptoquark couplings to fermions. The leptoquas,)
andS, are singlets under SU(2) while Ryg ) andR, are
doublets, ands; is a triplet.

From the above interactions we can see that first genera-
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TABLE I. Leptoquarks that can be observed through their de-
cays into ane™ and a jet and the correspondent branching ratios
into this channel, assuming that there are no new particles. We also
show the relation between the leptoquark Yukawa coupling and the
parameterx used iNPYTHIA.

Leptoquark Decay Branching ratio T ey

— 2

Su e‘u 50% 9
2
i 2

Sir eu 100% 9ir
~ — 2

Sir e'd 100% 91k
2

efd 100% 92

I 2
tion leptoquarks can decay into paieSq and v.q’, thus e'u 50% %
giving rise to ane™ plus a jet or a jet plus missing energy. )
However, the branching ratio of leptoquarks into these finaRj3, eu 100% ha
states depends on the existence of further decays, e.g., into 2
new particles. In this work we considered only treq de- Rlq e u 100% h_%a
cay mode and that the branching ratio into this chang@l ( 2
is a free parameter. f\s we can see from Egsand(4), only R, o d 100% h_gR
the IeptoquarkR%L, RZ, andS; decay exclusively into a jet 2
and a neutrino, and_ conseque.ntly cannot give rise to the teﬁl d 100% h2,
pology that we are interested in. 2 -

The event generataryTHIA assumes that the leptoquark
interaction with quarks and leptons is described by

e(a+bys)q, (5)

and the leptoquark cross sections are expressed in terms
the parametek defined as

a?+b?
4

(6)

K&em=

leptoquarks also contributes to it. Consequently, the topology
e’e” jets has a cross section larger than pair or single lep-
toquark production alone, increasing the reach of the Teva-
tsen. In principle we can separate single from double produc-
tion, for instance, by requiring the presence of a single jet in
the event. However, in the absence of any leptoquark signal,
it is interesting not to impose this cut since in this case the
signal cross section gets enhanced, leading to more stringent
bounds.

with a,, being the fine structure constant. We present our We exhibit in Table Il the total cross section for single

results in terms of the leptoquark mags, and «, it being
trivial to translatex into the coupling constants appearing in

production of leptoquarks that couple only édu or e*d
pairs, assumingc=1 and8=1 and requiring one electron

Egs.(3) and (4); see Table I. The subprocess cross sectiowith py>50 GeV, another one with+>20 GeV, and| 7|
for the associated production of a leptoquark and a charged 4.2 for bothe™. In our analyses we used the default proton

lepton,
gq+g—S+l, (7)

depends linearly on the parameterdefined in Eq.(6). For

structure function irrYTHIA 5.7 (CTEQ2L). Notice that the
cross sections for single production @&*q and e q
leptoquarks—that i§fF| =0 or 2—are equal at the Tevatron.
Furthermore, the cross section for single production of a lep-
toquark coupling only ta quarks is approximately twice the

the range of leptoquark masses accessible at the Tevatron,
leptoquarks are rather narrow resonances with their width TABLE II. Total cross section in fb for the single production of

given by

m

r(s_>|q)=%|v||q. )

a leptoquark that couples only ig pairs for several leptoquark
masses and center-of-mass energies of 1.8/2.0 TeV. We required
that onee™ have pt>50 GeV, the other onep;>20 GeV, and

| 7] <4.2 for bothe™ and assume@B=1. We indicate by— when

the cross section is negligible

At the parton level, the single production of leptoquarks

leads to a final state exhibiting a paife™ andq (q). After
the parton shower and hadronization the final state usuall

Ig coupling Mjq=200 Gev 250 GeV 300 GeV 350 GeV

¥ u 187/259 59/86 20/30 -2

contains more than one jet. An interesting feature of the finag+g 77/112 22/34 7/11 —/4

state topologye™ e~ and jets is that the double production of
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TABLE I1ll. Total cross section in fb for the pair production TABLE IV. Total cross section in fb of the different background
leptoquarks that couple only tby pairs for several leptoquark classes for center-of-mass energies of 1.8 and 2.0 TeV. We required
masses and center-of-mass energies of 1.8/2.0 TeV. We imposethee™ with p>50 GeV and the othee™ with p;>20 GeVv. We
the same cuts as in Table Il also demanded that the invariant masg6é™ pair differ from the
Z mass by more than 5 GeV.

Iq coupling M|g=200 Gev 250 GeV 300 GeV 350 GeV

Class oiotal(1.8 TeV) (fh) ototal2.0 TeV) (fb)
e*u 153/237 30.9/53.1 6.6/13.0 —/3.23
e*d 153/225 29/50.1  6.2/12.0 —/3.00 QCD 67 129
Electroweak 453 562
Top 3.9 52

one for leptoquarks coupling only thquarks, in agreement
with a naive valence-quark-counting rule. We display in
Table IIl the production cross section of leptoquark pairs forhadronic activity and that the™ transverse momentum spec-
the same choice of the parameters and cuts used in Table thum is peaked at small values.

The small difference between the cross sections for the pro- Electroweak processeshis class contains the Drell-Yan
duction ofe*u ande*d leptoquarks is due to the exchange production of quark or lepton pairs and single and pair pro-
of ane™ in thet channel of the reactiogg—SS duction of electroweak gauge bosons. It is interesting to no-

In our analyses we kept track of tleé (jet) carrying the  tice that the main. backgrounds by far in this class are
largest transverse momentum, which we denotepy(j,),  9i9(di—Zai(g). This suggests that we should veto events
and thee™ (jet) with the second largest;, which we called ~ Where the invariant mass of thes'e” pair is around thez
e, (j,). The reconstruction of the jets in the final state wasmass; however, even after such a cut, these backgrounds re-
done using the subroutineJCELL of PYTHIA, requiring the ~Main important due to the production of off-shfk. .
transverse energy of the jet to be larger than 7 GeV inside a TOP quark productionThe production of top quark pairs
coneAR= A 72+ A $%=0.7. takes place t+hr0ugh quark-quark and gluon-gluon fusions. In

The transverse momentum distributions of theandj, ~ 9eneral, the~ produced in the leptonic top quark decay into
originating from leptoquarks are shown in Fig. 1, where webeve are rather isolated and energetic. Fortunately, the top
required thap$1>50 GeV, p$2>20 GeV, and 5| <4.2 for quark production cross section at the Tevatron is rather

both e*. In this figure, we added the contributions from small.

inal d pai duction afe- leot ks of 81 As an illustration, we present in Table IV the total cross
single and pair production alé leptoquarks ot mastliy  gection of the above background classes requiring the events

=300 GeV fors=2.0 TeV. We can see from this figure 5 eyhibit ane” with p;>50 GeV and a seconel” having

that thee, andj, spectra are peaked approximatelyva/2 >20 GeV with the invariant mass of this pair differing

and exhibit a large fraction of hard leptons, and consequently,; 1, the 7 mass by more than 5 GeV. As we can see from

the py cut one, does not reduce significantly the signal. ;g tapje; the introduction of thigy cut already reduces the
Within the scope of the SM, there are many sources oo packgrounds to a level below the electroweak pro-

backgrounds leading to jets accompanied by a paie”.  (ogses without on-mass-shell productionZés. As we na-

We divided them into three classgk3]. ively expect, the increase in the center-of-mass energy has a

QCD processesThe reactions included in the QCD class graat impact in the top quark production cross section.
are initiated by hard scatterings proceeding excluswel);J

through the strong interaction. In this class of processes, the

main source of hard™ is the semileptonic decay of hadrons . RESULTS

possessing quarks or b, which are produced in the hard . .

scattering or in the parton shower through the splittng | 2King into account the features of the signal and back-
grounds, we imposed the following set of cuts.

—cc (bb). Important features of the events in this class are (C1) We required the events to exhibit a paife- and
that close to the haré~ there is a substantial amount of one or more jets.

(C2) We introduced typical acceptance cuts—that is, the

3 :2 3 e™ are required to be in the rapidity regipn.|<2.5 and the
s u kb jet(s) in the region| z;| <4.2.
& o E (C3) One of thee™ should havep;>50 GeV and the
5" 3 otherpr>20 GeV.
6 E (C4) The e* should be isolated from hadronic activity.
a | We required that the transverse energy deposited in a cone of
z 3 , size AR=0.5 around thee™ direction to be smaller than 10
GeV.
e p,?f-,l’e\,) 0 (C5) We rejected events where the invariant mass of the

pairete” (Mg,.) is close to th& mass; i.e., we demanded
FIG. 1. pr spectrum of the largest transverse momenéin(solid line) 172

and jet(dashed ling We added single and double productionua® lep- that |Mele2_ MZ| <30 GeV. This cut reduces the back-
toquarks with mas#l ;=300 GeV forys=2.0 TeV,x=1, andf=1. grounds coming fronZ decays into a paiee".
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FIG. 2. M spectrum due to the backgrouftdhshed lingand a lepto-
quark of mass 250 GeV witk=1 and 8=1 (solid line) after the cuts

(C1)—(C6) are applied for/s=1.8 TeV.

300

350 400

M‘,(Gev)

(C6) We required thatll the invariant masseile;, (i,

k=1, 2) be larger than 10 GeV.

(C7) We accepted only the events which exhibit a fair

jet with an invariant masdl; in the range|Mg;—My| '
<30 GeV. An excess of events signals the production of deptoquarks assuming=1 andg=1 for the same cuts and

leptoquark.

In Fig. 2 we present thl¢; spectrum after the cut€1)— / _
(C6) originating from the background and the production ofregions of the plan&® My, assuming that only the back-

an e*u leptoquark of mass 250 GeV witk=8=1. The

PHYSICAL REVIEW D 61 075015

toquark masses to be heavier than 2250) GeV at the run

| (run 1l) for B=1 andx=0, assuming that only the back-
ground is observed. When the data of both experiment are
combined, the limit changes to 2%875 GeV. It is interest-

ing to notice that our results for run | are compatible with the
ones obtained by the Tevatron collaborations. Moreover, tak-
ing into account the single production of leptoquarks
changes these constraints only by a few GeVAerl.

B. Single production

We display in Fig. 3 the total background cross section
and its main contributions as a functionMf, after applying
the cuts(C1)—(C7) for center-of-mass energies of 1.8 and 2.0
TeV. We can see from this figure that the number of ex-
pected background events per experiment at rdi)lis 4
(102 for M;=200 GeV, dropping to 0(8) for My
=400 GeV. For the sake of comparison, we display in Fig.
4 the total cross section for the productionesfu ande d

center-of-mass energies.
We estimated the capability of the Tevatron to exclude

ground events were observed. We present in Fig) the

largest invariant mass of the four possible combinations i§rojected 95% C.L. exclusion region fer'u ande™d lep-
plotted both for backgroun¢dashed ling and signal(solid :
line). The signal peak is clearly seen out of the backgroundPer experiment. From our results we can learn that the search

A. Pair production

toquarks at run | with an integrated luminosity of 110 pb

for singlee*u (e*d) leptoquarks in each experiment can
exclude leptoquark masses up to 2885 GeV for kB=1.
Combining the results of CDF and /Dé&xpands this range of

At this point it is interesting to obtain the attainable excluded masses to 28360 GeV, respectively. The corre-
bounds on leptoquarks springing from the search of leptosponding results for run Il with an integrated luminosity of
quark pairs. In this case we required, in addition to cut2 fb~! per experiment are presented in Figb)s Here we

(C1)—(C7), that the events present tved -jet pairs with in-
variant masses satisfyirjylo;— Mq|<30 GeV. Our results

can see that the combined CDF and D&ia will allow us to
rule out e*u (e*d) leptoquarks with masses up to 425

show that CDF and D@hould be able to constrain the lep- (370) GeV, assuming thgB=«x=1.

30
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FIG. 3. Total cross sections of the main backgrounds after cut&fofs= 1.8 and(b) 2.0 TeV. The line labele@g (Zq) stands for the reactioqa
—Zg (qg—Zq) while the line marked top represents the cross section for the production of top quark pairs.
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/-\103_1||||||||||||||||||||||||||||||||||||_ :' LI I L s I LI e B s e B |v||||:
£ @] @ (b)
o RUN | ~ RUNII |
o after cuts |

after cuts
1021 eu _|

102

10 ed _
s by v b v b e Py b P r o P v by g gy 1.I|||I|||I|||I|||I|||I|||I|||I|||I|||
200 210 220 230 240 250 260 270 280 200 220 240 260 280 300 320 340 360 380

M, (GeV
« (CeV) Ma (GeV)

FIG. 4. Total cross sections for the productionedfu ande*d leptoquarks after cuts fai) Vs= 1.8 and(b) 2.0 TeV. We assumeg=1 andB=1.

It is important to stress that events exhibiting a pair of Since the Tevatron can look for quite heavy leptoquarks,
leptoquarks also contribute to our single leptoquark searctthe fraction of the(antjproton momentum carried by the
This is the reason why lighter leptoquarks can be observeduarks and gluons is rather large. In order to assess the un-
even for arbitrarily smalk; see Fig. 5. However, the maxi- certainties in our analyses coming from the choice of proton
mum mass that can be excluded for 0 is smaller than the structure function, we obtained the CDF and B@mbined
limit coming from the search for leptoquark pairs since thelimits coming from single production of*u ande*d lep-
requirement of an additiona™ -jet pair with invariant mass toquarks using the CTEQ4HJ parton distribution function
close toM,, helps to further reduce the backgrounds. For{14]. We found out that the Tevatron will rule oet'u and
instance the single leptoquark search can rule out leptee™d leptoquarks with masses up to 412 and 362 GeV. This
guarks with masses up to 330 GeV for=0 at run Il while  represents a decrease in the reach of the single leptoquark
the search for leptoquark pairs leads to a lower bound of 375earch of the order of 13 GeV. However, this channel still

GeV. has a much larger reach than the search for leptoquark pairs.
T 1 ] [ T T T
14 (0) RUN I i 14 | (B) RUN I
T ey
12 - . 12 |
1+ . 1+
os | excluded ] os | excluded
046 ; - 0‘6 —
o4 | . 04 |
0.2 -— — 02 |
o-lnnnll I...I— o...l...l.‘.l‘..l‘. ..l...l...l...l-
200 220 280 300 240 260 280 300 320 340 360 380 420
My (GeV) M, (GeV)

FIG. 5. 95% C.L. excluded region in the8® M|, for (a) Js= 1.8 and(b) 2.0 TeV. The curves with crosséstarg correspond to the bounds efid
(e*u) leptoquarks, with the uppdfower) one originating from the results of a singleombined experiments).
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E excess of events CDF and/D@dividually should be able to

E probee®u (e*d) leptoquark masses up to 26345 GeV

E for Yukawa couplings of the electromagnetic strength and
= B=1. In the caseB=0.5 these limits reduce to 25@35)

14

FT I
“RUN I
. Eexcluded

os | e GeV. Moreover, combining the results from both experi-
04 E ments can further increase the Tevatron reach for lepto-
02 E quarks. Assuming that leptoquarks decay exclusively into the

known quarks and leptons aad=1, the combined Tevatron
results can excludg,, andsg leptoquarks with masses up to
270 GeV,Sr, R}, , andR}y leptoquarks with masses 285

FIG. 6. 95% C.L. excluded region in theBo M, for ys= 2.0 TeV  GeV, andS;g, Si, R%;, and R} with masses up to 260
when we impose cutéC1)—(C7) and also demand that the events exhibit Ge\/. These results represent an improvement over the
just one jet. The curves with crosséstarg correspond to the bounds on present bounds obtained at the Tevatféﬂ] however. the
e“d (e*u) leptoquarks, with the uppetower) one originating from the bounds are similar to the ones obtained by the HEi?A Col-
results of a singlécombined experimens). Iaborations[?] y

o . At run 1l, the search for the single production of lepto-

In principle we can separate the double production of lepguarks will be able to rule out leptoquarks with masses even
toquarks from the single one. An efficient way to extract thejarger. For instance, the CDF and/D®mbined results can
single leptoquark events is to require that just one jet bgyropee™u (e*d) leptoquark masses up to 42370 GeV
observed. At run | this search leads to an observable effegbr g=1. In the casec3=0.5, these bounds reduce to 385
only for rather large values ok. On the other hand, this (350 GeV. However, even these improved limits will not
search can be done at run II; however, the bounds comingeach the level of the indirect bounds ensuing from low en-
from this analysis are weaker than the ones obtained abov@ygy physics[10,11,19. Direct limits more stringent than

see Fig. 6. We can interpret this figure as the region of thendirect ones will only be available at the LH[13,16] or
kB®M)q where we can isolate single leptoquark productionfytyre e*e~ colliders[17].

and study this process in detail.

200 225 250 275 300 325 350 375 400

M, (GeV)
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