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We report on a search for second generation leptoqudrks using a data sample corresponding to
an integrated luminosity of 10 pb~! collected at the Collider Detector at Fermilab. We present upper
limits on the production cross section as a functiondaf mass, assuming that the leptoquarks are
produced in pairs and decay into a muon and a quark with branching@atitdsing a next-to-leading
order quantum chromodynamics calculation, we extract a lower mass lidt,of> 202(160) GeV/c?
at 95% confidence level for scalar leptoquarks with= 1(0.5). [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 bottH1 and ZEUS experiments at HERA have reported the
baryon and lepton quantum numbers and mediate interacbservation of an excess of events at h@h[12]. The
tions between quarks and leptons. They appear in manynterpretation of the excess as the production of a first
extensions to the standard model, e.g., grand unified theeneration leptoquark has been ruled out for Igggby
ory, superstring, horizontal symmetry, compositeness, athe Tevatron results [10].
technicolor [1]. Leptoquarks which combine quarks and The CDF detector is described in full detail elsewhere
leptons of different generations result in flavor-changing13]. Only the detector subsystems that are important in
neutral currents, which are known to be highly sup-this analysis are mentioned here. The momenta of muons
pressed [2]. While these flavor-changing neutral-currenaire measured in the central tracking chamber (CTC),
constraints do not exclude such leptoquarks, they restric 2.76 m diameter cylindrical drift chamber. It is sur-
them to very high masses. For example, in the Patirounded by a 1.4 T superconducting solenoidal magnet,
Salam model [3], the masses are expected in the multeovering a pseudorapidityy) range up to 1.1, which al-
TeV range, and indirect searches for such leptoquarkws precision measurements of the transverse momenta
have been made [4]. For this search, we assume th@pr) of charged particles. Inside the CTC a vertex track-
the leptoquarks couple only to leptons and quarks of théng chamber (VTX) allows event vertex reconstruction us-
same generation. This leads to the classification of leptang tracks over the rangpy| < 3.25. Jets are detected
quarks of three generations, denotedlasi = 1, 2, 3in by the calorimeters, which are divided into a central bar-
this paper. rel (|y] < 1.1), end plugs(1.1 < |n| < 2.4), and for-

In pp collisions, leptoquarks can be pair produced byward/backward module®.4 < |n| < 4.2). Outside the
gluon-gluon fusion ogg annihilation [5]. The contribu- calorimeter, central muon drift chambers (CMU) in the re-
tion to the production rate from direcbg/ coupling is gion|n| < 0.6 provide muon identification. Outside the
suppressed relative to the dominant quantum chromodyeMU lie the central muon upgrade chambers (CMP), with
namics mechanisms [5]. The coupling strength to gluonsdditional steel between the CMU and CMP detectors to
is determined by the color charges of the particles, andeduce the background from hadrons in the muon sample.
is model independent in the case of scalar leptoquark&§he region of0.6 < |n| < 1.0 is covered by the central
The production of vector leptoquark pairs is also posinuon extension chambers.
sible. However, vector leptoquarks have model- We use thePyTHIA Monte Carlo generator [14] with
dependent trilinear and quadratic couplings to the gluothe CTEQ4M parton distribution functions [15] and the
field [6]. In typical cases the production cross sectionrenormalization and factorization scales defined)ds=
is orders of magnitude larger than for scalar leptoquarksp?, together with the CDF detector simulation package, to
The acceptance for vector and scalar leptoquark detecticstudy the detailed properties of the signal fbs masses
is similar, resulting in much more stringent limits on the between 100 and240 GeV/c?. The signal selection
vector leptoquark mass. criteria are set according to the kinematic distribution

In this analysis, we report on a direct search for(e.g., thepy of the muons andt; of the jets) of decay
pair produced second generation scalar leptoquarks. Theroducts determined by Monte Carlo studies, optimized to

possible decay channels are eliminate the background with a minimal loss of signal
®, — ¢ou®,  branching ratio3, events [16]. . .

, _ 1) We select events from several different central single-
Dy — qovy, branching ratiol — 8, muon triggers [13] withp; thresholds of 9 o2 GeV/c.

where 8 is the branching ratio to charged lepton decay,From these events an exclusive dimuon sample is selected
and ¢, is a second generation quatk, s). Our search by requiring events with two muons satisfyingr >
for &, production is based on events having a topology30 GeV/c (u;) and pr > 20 GeV/c (u2). We do not
including two muons and at least two jet®,®, —  require the two muons to have opposite charge because
utu~jj). The production rate of this decay mode isat very highp; the charge determination is not reliable.
proportional tog32. One of the muons is required to have a track from the
A previous CDF study [7] excludedMg, < CTC that matches with a stub in the fiducial region of
131(96) GeV/c? for B = 1.0(0.5) using an integrated the central muon detectors (within 2 cm for CMU, and
luminosity of 19 pb~!. A limit has also been published 5 cm for CMU/CMP). The muon satisfying this criterion
by DO [8], which excludesMg, < 119(89) GeV/c? for s defined as a “tight” muon. The other muon can be
B = 1(0.5). Searches at LEP-1 have excluded lepto-either a tight muon or a “loose” muon. A loose muon is
quarks with masses below5 GeV/c? independent of defined as a CTC track that deposits less than 2 GeV of
B [9]. Here we present a new limit using an integratedelectromagnetic energy and less than 6 GeV of hadronic
luminosity of 110 pb™! collected during the 1992—1993 energy in the calorimeter tower that it traverses. To
and 1994-1995 Tevatron runs (including the pb~! ensure good track quality, the track is required to traverse
of the previous CDF study). Searches have also beeat least 75% of the CTC in the radial direction, and be
made for first and third generation leptoquark productiormatched to an interaction vertex determined by the VTX
at the Tevatron [10], LEP [9], and HERA [11]. The to better than 5.0 cm in th# direction. Both muons are
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required to be isolated, defined As< 2 GeV, wherel is  candidates of a pair should have equal mass, within the
the sum of transverse energies of all calorimeter towerexperimental mass resolutian..
(excluding the one traversed by the muon) within a cone We therefore search for leptoquark candidates by se-
of AR = 0.4 around the direction of the muon, where lecting events in 8o, mass resolution region of the,;
AR = /(An)* + (A¢)* and ¢ is the azimuthal angle.  vs M;,; plane around any given mass, as shown in Fig. 1.
The total dimuon identification efficiency, averagedThe mass resolution, estimated from Monte Carlo studies,
over the data sample, lies between 79%Mt®;) =  depends on the event geometry and the total event en-
100 GeV/c? and 74.5% aM (P,) = 240 GeV/c?, with  ergy. Consequently, it varies with the leptoquark mass.
the dependence on mass being due to the efficiency of tieor example, the maximum values for the mass reso-
minimum ionizing requirement. The combined averagéutions areo,(®, = 120 GeV/c?) = 21.2 GeV/c¢? and
identification and trigger efficiency is approximately 70% ¢, (®, = 240 GeV/c?) = 46.5 GeV/c?. The asymmet-
over the mass range)0 < M(®;) < 240 GeV/c?, ric mass resolution (oval-shaped regions shown in Fig. 1)
From this highpr dimuon event sample, we require results primarily from the detector resolution, but also in-
=2 jets with E%l) > 30 GeV andE§2) > 15 GeV, respec- cludes a small probability of misidentifying the jet when
tively. Jets are reconstructed by an algorithm using @dditional jets exist in the collision and cases for which a
fixed cone inn-¢ space. A detailed description of the wrong muon-jet pairing combination is chosen.
algorithm can be found in Ref. [17]. For this analysis a The background for thé, search include higher order
cone of 0.7 is used. Both jets are required to be reconPrell-Yan processes, heavy flavor decay (fram or
structed in the regiofim| < 2.4. Jet energy corrections, ¢ in the dimuon channe)WW, or Z — 7"7=. An
due to the calorimeter nonlinearity, energy depositedddditional background results froii plus multijet events
outside the jet cone, underlying energy from other interwith a fake muon from energetic hadrons penetrating the
actions, and the detector geometrical dependence, are aghielding to reach the muon chambers, or with a hadron
plied to determine thee-jet invariant mass. Th&? and decay to a muon. These background processes are studied
other resonances such as they or Y are removed by re- using relevant Monte Carlo event samples and actual
jecting events with a dimuon invariant mass in the regionglata samples where possible. The major background is
76 < M, < 106 GeV/c*andM,, < 11 GeV/c*. Af-  from Drell-Yan processes (we expeetl2 events for
ter applying these requirements, we are left with a samplé10 pb™!) for which the final state includes a muon
of 11 events. pair (Z°/y — u* u™) plus two or more jets from initial
Cosmic rays can fake highy dimuon events; however or final state radiation. There is a small contribution
such muons take a finite time to traverse the detector, geifrom 7z (~1.3 events). Other backgrounds are negligible
erally entering from the top of the detector and exiting atdue to large muonpr and jet Er requirements b
the bottom. We use the hadronic calorimeter timing in-
formation and a measurement of the opening angle of the
two muons to reject cosmic ray events. None of the 114330 [T T T T
selected events is identified as a cosmic ray event. > H
The numbers of events surviving each selection crite- & 300 |-
rion are listed in Table I. A total of 11 events passing the % r
final selection are shown in Fig. 1, plotted in the muon- \;250 -
jet invariant mass plane\/(Lj VS Mij). From two muons r
and two jets, there are two possible muon-jet pairings. 559 L
We choose the combination having the smallest invari- i
ant mass difference to determine the leptoquark mass for
possible candidate events. The reconstructed leptoquark

TABLE I. The number of events surviving each cut, using 100 |
an integrated luminosity ofi10 pb~! from CDF data. The [
estimated total background from standard model sources is

50 |-

1.4 = 1.8 events. r . CDF (110 pb™")
Number of S S

Type of selection events remaining 0 50 100 150 200 250 300 350
Total number of samples 30934 M(gj)s (Gev/<?)
First muon selection (tight cut) 6844 FIG. 1. Invariant mas9/(uj) distribution for events before
Second muon selection (loose cut) 4153 applying the mass requirement. A total of 11 candidate events
2-jet cuts 937 are displayed on théf(wj), versusM(wj), plane. The oval
JetE; cut 64 configuration shows the limit of the mass requirement dor
|nvariant mass cut 11 masses betWeen 100 am GeV/Cz. M(Mj)| |S the inVariant
Cosmic ray cut 11 mass with the highepy muon, whileM (uj), is that with the

lower pr muon.
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TABLE Il. Results for differentd®, masses for an integrated o

el
luminosity of 110 pb~! from CDF data. No background &
subtraction is made in the cross section evaluation. The &
candidate satisfyingM (®,) > 200 GeV/c> was previously
published [6].

————————
CDF (110 pb™)
Theoretical cross section o
CTEQ4 Q =/, M(¢,)
CTEQ4 Q = 2 M(%,)

10 ¢

o, mass(GeV/cz) 120 160 200 240 CDF upper limit
Total signal detection —— 95%CL
efficiency, g 0.13 0.17 0.20 0.22 1 F —
Systematic error o, 0.019 0.023 0.023 0.023 F
Number of
candidate events 1 0 0 1
Estimated background 3.8 1.1 0.3 0.1

o (at 95% C.L.) in pb 034 016 013  0.19

and Z — 77 77), muon isolation requirementd¥( plus x

jets), and small cross sectig@’W). The total estimated I A R S SR

background is14 = 1.8 for an integrated luminosity 100 120 140 160 180 200 220 240

of 110 pb™' before applying the3o, mass cut. This M(2;) GeV/c

mass requirement reduces the background substantiallg|G. 2. The 95% C.L. cross section limit fab, production

since in the background events the reconstructed muorfer an integrated luminosity of10 pb™'. The theoretical cross

jet invariant masses are not correlated. For example, wgection curves [17] fog = 0.5 and 1.0 are superimposed.

have estimated the background contribution to be only 0.3

events forM(d,) = 200 GeV/c* for the 110 pb™' data  Carlo statistics, are relatively small. The uncertainty on

sample. the luminosity measurement is 7.2%. The total systematic
In the final result, we do not apply a background sub-uncertainty varies with®, mass, and is computed to

traction procedure, giving the most conservative estimatee 15% atMg, = 120 GeV/c? and 10% atMg, =

of the cross section limit. The number of expected event240 GeV/c?2, as listed in Table II.

N, is given by We compute the 95% confidence level (C.L.) limits on

N = L B2 (Mo, 2 olpp— ®,®d,)B?, including systematic uncertainties

. with no background subtraction, as a function of the

leptoquark mass (see Table Il and Fig. 2). The cross

ection limit for a givend®, mass does not depend on

. , - the coupling A, and therefore the mass limit does not

a given mass, and is the overall efficiency. We depend on the choice of the theoretical model but only

evaluate the factors entering the overall efficiency as g B. A theoretical next-to-leading order cross section

function of @, mass using actual event samples where. -, o [20] is also shown in Fig. 2, where the band

Eﬁgs'gle.nangaﬁzhﬁrwfe.nsé?;:fézd n?(\)lﬁg;[orf%gfles. .thAFepresents the main uncertainty of the calculation coming
M((I\;v) ]1 9% tMl(cbl ) = 100 GeV/c? t '2203; V\;' from the Q% value. Comparing the cross section limit to
M(q)z)’_ch’TO G 0V7 S eV/c” 1o °al  this calculation, a limit ofMg, > 202(160) GeV/c? for
2) = ev/ic”. - 8= 1.0(0.5) is derived.
Possible systematic uncertainties of the measured cro S\We thank the Fermilab staff and the technical staffs
section !'m.'t have been Stgd'ed' Th? Major SoUrce COMeg; 4, o participating institutions for their vital contribu-
from a limited understanding of the initial and final state ;e This work was supported by the U.S. Depart-

gluon _radiation. We h_av_e used Mont(_e Carlo samples Wiﬂ?nent of Energy, the National Science Foundation, the
and without gluon radiation to determine the cross section y j

. . . Istituto Nazionale di Fisica Nucleare (ltaly), the Min-
uncirtgnty due to this effect. Th(_a uncertainty decreas(()a try of Science, Culture and Education of Japan, the
?s ;[\/Iibz) n;afgolrgscrflz;sgs,Aand tlt IS (te_stlmate(tj f[otbello Riatural Sciences and Engineering Research Council of
or 2 ) ev/c. Asystemalic uncertainty aiso capaga, the National Science Council of the Republic of
results from the)~ scale and the structure functions used.

W te this effect b ing the? le bet China, the Schwarz A.P. Sloan Foundation and the A.
1 e compute this effect by varying t@* scale between von Humboldt-Stiftung, and the Swiss National Science

7 and 4 of the default valuéQ? = p3), and by using  Eoundation.

other structure functions (CTEQZ2L [18] and MRS(A)

[19]). The jet energy scaling uncertainty, which results

from detector performance limitations, is determined by  xyisitor.

including a 10% energy uncertainty in the Monte Carlo [1] H. Georgi and S.L. Glashow, Phys. Todag, No. 9, 30
reconstruction. Other sources of uncertainty, resulting  (1980); J. Schwarz, Phys. Reg®, 223 (1982); E. Witten,
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