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We report on a search for second generation leptoquarkssF2d using a data sample corresponding to
an integrated luminosity of110 pb21 collected at the Collider Detector at Fermilab. We present upper
limits on the production cross section as a function ofF2 mass, assuming that the leptoquarks are
produced in pairs and decay into a muon and a quark with branching ratiob. Using a next-to-leading
order quantum chromodynamics calculation, we extract a lower mass limit ofMF2 . 202s160d GeVyc2

at 95% confidence level for scalar leptoquarks withb ­ 1s0.5d. [S0031-9007(98)07705-9]
PACS numbers: 13.85.Rm, 12.60.– i, 14.80.– j
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Leptoquarks are hypothetical bosons which carry bo
baryon and lepton quantum numbers and mediate inter
tions between quarks and leptons. They appear in ma
extensions to the standard model, e.g., grand unified t
ory, superstring, horizontal symmetry, compositeness,
technicolor [1]. Leptoquarks which combine quarks an
leptons of different generations result in flavor-changin
neutral currents, which are known to be highly su
pressed [2]. While these flavor-changing neutral-curre
constraints do not exclude such leptoquarks, they rest
them to very high masses. For example, in the Pa
Salam model [3], the masses are expected in the mu
TeV range, and indirect searches for such leptoqua
have been made [4]. For this search, we assume
the leptoquarks couple only to leptons and quarks of t
same generation. This leads to the classification of lep
quarks of three generations, denoted asFi, i ­ 1, 2, 3 in
this paper.

In pp collisions, leptoquarks can be pair produced b
gluon-gluon fusion orqq annihilation [5]. The contribu-
tion to the production rate from directFql coupling is
suppressed relative to the dominant quantum chromo
namics mechanisms [5]. The coupling strength to gluo
is determined by the color charges of the particles, a
is model independent in the case of scalar leptoquar
The production of vector leptoquark pairs is also po
sible. However, vector leptoquarks have mode
dependent trilinear and quadratic couplings to the glu
field [6]. In typical cases the production cross sectio
is orders of magnitude larger than for scalar leptoquar
The acceptance for vector and scalar leptoquark detec
is similar, resulting in much more stringent limits on th
vector leptoquark mass.

In this analysis, we report on a direct search f
pair produced second generation scalar leptoquarks.
possible decay channels are

F2 ! q2m6, branching ratiob ,

F2 ! q2nm, branching ratio1 2 b ,
(1)

whereb is the branching ratio to charged lepton deca
and q2 is a second generation quarksc, sd. Our search
for F2 production is based on events having a topolo
including two muons and at least two jetssF2F2 !
m1m2jjd. The production rate of this decay mode
proportional tob2.

A previous CDF study [7] excludedMF2 ,

131s96d GeVyc2 for b ­ 1.0s0.5d using an integrated
luminosity of 19 pb21. A limit has also been published
by D0 [8], which excludesMF2 , 119s89d GeVyc2 for
b ­ 1s0.5d. Searches at LEP-1 have excluded lept
quarks with masses below45 GeVyc2 independent of
b [9]. Here we present a new limit using an integrate
luminosity of 110 pb21 collected during the 1992–1993
and 1994–1995 Tevatron runs (including the19 pb21

of the previous CDF study). Searches have also be
made for first and third generation leptoquark producti
at the Tevatron [10], LEP [9], and HERA [11]. The
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H1 and ZEUS experiments at HERA have reported t
observation of an excess of events at highQ2 [12]. The
interpretation of the excess as the production of a fi
generation leptoquark has been ruled out for largeb by
the Tevatron results [10].

The CDF detector is described in full detail elsewhe
[13]. Only the detector subsystems that are important
this analysis are mentioned here. The momenta of muo
are measured in the central tracking chamber (CTC
a 2.76 m diameter cylindrical drift chamber. It is sur
rounded by a 1.4 T superconducting solenoidal magn
covering a pseudorapidityshd range up to 1.1, which al-
lows precision measurements of the transverse mome
spT d of charged particles. Inside the CTC a vertex trac
ing chamber (VTX) allows event vertex reconstruction u
ing tracks over the rangejhj , 3.25. Jets are detected
by the calorimeters, which are divided into a central ba
rel sjhj , 1.1d, end plugss1.1 , jhj , 2.4d, and for-
ward/backward moduless2.4 , jhj , 4.2d. Outside the
calorimeter, central muon drift chambers (CMU) in the re
gion jhj , 0.6 provide muon identification. Outside the
CMU lie the central muon upgrade chambers (CMP), wi
additional steel between the CMU and CMP detectors
reduce the background from hadrons in the muon samp
The region of0.6 , jhj , 1.0 is covered by the central
muon extension chambers.

We use thePYTHIA Monte Carlo generator [14] with
the CTEQ4M parton distribution functions [15] and th
renormalization and factorization scales defined asQ2 ­
p2

T , together with the CDF detector simulation package,
study the detailed properties of the signal forF2 masses
between 100 and240 GeVyc2. The signal selection
criteria are set according to the kinematic distributio
(e.g., thepT of the muons andET of the jets) of decay
products determined by Monte Carlo studies, optimized
eliminate the background with a minimal loss of signa
events [16].

We select events from several different central singl
muon triggers [13] withpT thresholds of 9 or12 GeVyc.
From these events an exclusive dimuon sample is selec
by requiring events with two muons satisfyingpT .

30 GeVyc sm1d and pT . 20 GeVyc sm2d. We do not
require the two muons to have opposite charge beca
at very highpT the charge determination is not reliable
One of the muons is required to have a track from th
CTC that matches with a stub in the fiducial region o
the central muon detectors (within 2 cm for CMU, an
5 cm for CMU/CMP). The muon satisfying this criterion
is defined as a “tight” muon. The other muon can b
either a tight muon or a “loose” muon. A loose muon
defined as a CTC track that deposits less than 2 GeV
electromagnetic energy and less than 6 GeV of hadro
energy in the calorimeter tower that it traverses. T
ensure good track quality, the track is required to traver
at least 75% of the CTC in the radial direction, and b
matched to an interaction vertex determined by the VT
to better than 5.0 cm in theZ direction. Both muons are
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required to be isolated, defined asI , 2 GeV, whereI is
the sum of transverse energies of all calorimeter towe
(excluding the one traversed by the muon) within a con
of DR ­ 0.4 around the direction of the muon, where
DR ­

p
sDhd2 1 sDfd2 andf is the azimuthal angle.

The total dimuon identification efficiency, average
over the data sample, lies between 79% atMsF2d ­
100 GeVyc2 and 74.5% atMsF2d ­ 240 GeVyc2, with
the dependence on mass being due to the efficiency of
minimum ionizing requirement. The combined averag
identification and trigger efficiency is approximately 70%
over the mass range100 , MsF2d , 240 GeVyc2.

From this high-pT dimuon event sample, we require

$2 jets withE
s1d
T . 30 GeV andE

s2d
T . 15 GeV, respec-

tively. Jets are reconstructed by an algorithm using
fixed cone inh-f space. A detailed description of the
algorithm can be found in Ref. [17]. For this analysis
cone of 0.7 is used. Both jets are required to be reco
structed in the regionjhj , 2.4. Jet energy corrections,
due to the calorimeter nonlinearity, energy deposite
outside the jet cone, underlying energy from other inte
actions, and the detector geometrical dependence, are
plied to determine them-jet invariant mass. TheZ0 and
other resonances such as theJyc or Y are removed by re-
jecting events with a dimuon invariant mass in the region
76 , Mmm , 106 GeVyc2 andMmm , 11 GeVyc2. Af-
ter applying these requirements, we are left with a samp
of 11 events.

Cosmic rays can fake high-pT dimuon events; however
such muons take a finite time to traverse the detector, g
erally entering from the top of the detector and exiting a
the bottom. We use the hadronic calorimeter timing in
formation and a measurement of the opening angle of t
two muons to reject cosmic ray events. None of the 1
selected events is identified as a cosmic ray event.

The numbers of events surviving each selection crit
rion are listed in Table I. A total of 11 events passing th
final selection are shown in Fig. 1, plotted in the muon
jet invariant mass plane (M1

mj vs M2
mj). From two muons

and two jets, there are two possible muon-jet pairing
We choose the combination having the smallest inva
ant mass difference to determine the leptoquark mass
possible candidate events. The reconstructed leptoqu

TABLE I. The number of events surviving each cut, usin
an integrated luminosity of110 pb21 from CDF data. The
estimated total background from standard model sources
1.4 6 1.8 events.

Number of
Type of selection events remaining

Total number of samples 30 934
First muon selection (tight cut) 6844
Second muon selection (loose cut) 4153
2-jet cuts 937
JetET cut 64
Invariant mass cut 11
Cosmic ray cut 11
rs
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candidates of a pair should have equal mass, within t
experimental mass resolutionsr .

We therefore search for leptoquark candidates by s
lecting events in a3sr mass resolution region of theM1

mj

vs M2
mj plane around any given mass, as shown in Fig.

The mass resolution, estimated from Monte Carlo studie
depends on the event geometry and the total event e
ergy. Consequently, it varies with the leptoquark mas
For example, the maximum values for the mass res
lutions aresr sF2 ­ 120 GeVyc2d ­ 21.2 GeVyc2 and
sr sF2 ­ 240 GeVyc2d ­ 46.5 GeVyc2. The asymmet-
ric mass resolution (oval-shaped regions shown in Fig.
results primarily from the detector resolution, but also in
cludes a small probability of misidentifying the jet when
additional jets exist in the collision and cases for which
wrong muon-jet pairing combination is chosen.

The background for theF2 search include higher order
Drell-Yan processes, heavy flavor decay (frombb or
tt in the dimuon channel),WW , or Z ! t1t2. An
additional background results fromW plus multijet events
with a fake muon from energetic hadrons penetrating th
shielding to reach the muon chambers, or with a hadro
decay to a muon. These background processes are stud
using relevant Monte Carlo event samples and actu
data samples where possible. The major background
from Drell-Yan processes (we expect,12 events for
110 pb21) for which the final state includes a muon
pair sZ0yg ! m1m2d plus two or more jets from initial
or final state radiation. There is a small contributio
from tt (,1.3 events). Other backgrounds are negligibl
due to large muonpT and jet ET requirements (bb

FIG. 1. Invariant massMsmjd distribution for events before
applying the mass requirement. A total of 11 candidate even
are displayed on theMsmjd2 versusMsmjd1 plane. The oval
configuration shows the limit of the mass requirement forF2
masses between 100 and240 GeVyc2. Msmjd1 is the invariant
mass with the higherpT muon, whileMsmjd2 is that with the
lower pT muon.
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TABLE II. Results for differentF2 masses for an integrated
luminosity of 110 pb21 from CDF data. No background
subtraction is made in the cross section evaluation. T
candidate satisfyingMsF2d . 200 GeVyc2 was previously
published [6].

F2 masssGeVyc2d 120 160 200 240

Total signal detection
efficiency,´tot 0.13 0.17 0.20 0.22

Systematic error oń tot 0.019 0.023 0.023 0.023
Number of

candidate events 1 0 0 1
Estimated background 3.8 1.1 0.3 0.1
s (at 95% C.L.) in pb 0.34 0.16 0.13 0.19

and Z ! t1t2), muon isolation requirements (W plus
jets), and small cross sectionsWW d. The total estimated
background is14 6 1.8 for an integrated luminosity
of 110 pb21 before applying the3sr mass cut. This
mass requirement reduces the background substantia
since in the background events the reconstructed mu
jet invariant masses are not correlated. For example,
have estimated the background contribution to be only 0
events forMsF2d ­ 200 GeVyc2 for the 110 pb21 data
sample.

In the final result, we do not apply a background su
traction procedure, giving the most conservative estima
of the cross section limit. The number of expected even
N , is given by

N ­ L b2ssMF2 d´tot , (2)

whereL is the total integrated luminosity of the sample
b is the decay branching ratio to the charged lepto
plus quark channel,ssMF2 d is the cross section for
a given mass, and́ tot is the overall efficiency. We
evaluate the factors entering the overall efficiency as
function of F2 mass using actual event samples whe
possible and otherwise simulated event samples.
shown in Table II, it increases monotonically with
MsF2d, from 9% at MsF2d ­ 100 GeVyc2 to 22% at
MsF2d ­ 240 GeVyc2.

Possible systematic uncertainties of the measured cr
section limit have been studied. The major source com
from a limited understanding of the initial and final stat
gluon radiation. We have used Monte Carlo samples w
and without gluon radiation to determine the cross secti
uncertainty due to this effect. The uncertainty decreas
as theF2 mass increases, and it is estimated to be 10
for MsF2d ­ 160 GeVyc2. A systematic uncertainty also
results from theQ2 scale and the structure functions use
We compute this effect by varying theQ2 scale between
1
4 and 4 of the default valuesQ2 ­ p2

T d, and by using
other structure functions (CTEQ2L [18] and MRS(A
[19]). The jet energy scaling uncertainty, which resul
from detector performance limitations, is determined b
including a 10% energy uncertainty in the Monte Car
reconstruction. Other sources of uncertainty, resulti
from the detector simulation and the limitation of Mont
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FIG. 2. The 95% C.L. cross section limit forF2 production
for an integrated luminosity of110 pb21. The theoretical cross
section curves [17] forb ­ 0.5 and 1.0 are superimposed.

Carlo statistics, are relatively small. The uncertainty o
the luminosity measurement is 7.2%. The total systemat
uncertainty varies withF2 mass, and is computed to
be 15% at MF2 ­ 120 GeVyc2 and 10% at MF2 ­
240 GeVyc2, as listed in Table II.

We compute the 95% confidence level (C.L.) limits on
sspp ! F2F2db2, including systematic uncertainties
with no background subtraction, as a function of the
leptoquark mass (see Table II and Fig. 2). The cros
section limit for a givenF2 mass does not depend on
the couplingl, and therefore the mass limit does no
depend on the choice of the theoretical model but on
on b. A theoretical next-to-leading order cross section
calculation [20] is also shown in Fig. 2, where the ban
represents the main uncertainty of the calculation comin
from theQ2 value. Comparing the cross section limit to
this calculation, a limit ofMF2 . 202s160d GeVyc2 for
b ­ 1.0s0.5d is derived.
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