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We have searched for the decaBfs— ¢* ™ andBy — ¢ 1™ using al02 pb~' data sample opp
collisions at\/s = 1.8 TeV collected with the Collider Detector at Fermilab. We set upper limits on the
branching fractions ofB(B — ¢* ) < 6.1(8.2) X 1076 andB(B) — e¢* ™) < 3.5(4.5) X 107¢ at
90(95)% confidence level. Using these limits, we set lower bounds on the corresponding Pati-Salam
leptoquark masses and find thi o (B?) > 20.7(19.3) TeV/c? and M o(BY) > 21.7(20.4) TeV/c? at
90(95)% confidence level. [S0031-9007(98)08025-9]

PACS numbers: 13.85.Rm, 13.20.He, 14.80.—j
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Within the standard model the deca§’$— ¢*u™ and  system (CMP) is located outside the CMU behind an
BY — =™ are forbidden by lepton flavor conservation; additional steel absorber. Finally, the central muon
observation of either of these decays would be evidencextension system (CMX) extends the coverage up to
for new physics. In particular the assumption of a localpseudorapidityn| = 1.0.
gauge symmetry between quarks and leptons leads to A three-level trigger selects theu candidate events
the prediction of a new force of nature that mediatesused in this analysis. To be able to predict the signal rate,
transitions between quarks and leptons. One of thave require that our candidates satisfy specific triggers at
simplest models that incorporates this idea is the Patieach level. At level 1 we require the presence of a track
Salam model [1] based on the group @Y where the segmentin the CMU or the CMX and an electromagnetic
lepton number is the fourth “color.” At some high- energy deposit (EM cluster) in the CEM. At level 2
energy scale, the group ®). is spontaneously broken we require that the muon track and the EM cluster
to SUQ3)., liberating the leptons from the influence of have matching charged tracks in the CTC found with
the strong interaction and breaking the symmetry betweethe Central Fast Track processor [10]. The combined
quarks and leptons. This model predicts heavy spinefficiency of the level 1 and level 2 trigger for finding
one gauge bosons called Pati-Salam leptoquarks (LQZMU muons rises from 80% atr(u) = 3.0 GeV/c to a
that carry both color and lepton quantum numbers. Thelateau efficiency of 87% apr(u) = 3.3 GeV/c. The
lepton and quark components are not necessarily from theombined efficiency of the level 1 and level 2 trigger
same generation and can mediate the deBdys> e“u*  for finding CMX muons rises from 50% apr(u) =
andBY — e* ™ [2,3]. The decayB? — ¢*u* probes 3.0 GeV/c to a plateau efficiency of 70% gir(u) =
two types of LQ: (1) a leptoquark coupling the electron5.0 GeV/c. The combined efficiency of the level 1 and
with the » quark and the muon with the quark; (2) a level 2 trigger for finding electrons rises from 15% at
leptoquark coupling the electron with thequark and the Er(e) = 5.0 GeV to a plateau efficiency of 90% for
muon with theb quark. Similarly,BS — e*u* probes Er(e) > 6.5 GeV. The level 3 software trigger requires
two different types of LQ. the presence of a CEM electron wigly(e) > 3 GeV/c

The current best limits on the branching fractionsand E7(e) > 5 GeV and the presence of a muon with
B(B(s) — etﬂi) and B(Bg — eiMI) are 41(53) X pT(/.L) > 3.0 GeV/C in the CMU or CMX (1992—1993
10~% at 90(95)% confidence level (C.L.) asd x 106  run)or withpr(u) > 2.5 GeV/c inthe CMU + CMP or
at 90% C.L., set by the L3 [4] and CLEO [5] Collab- CMX (1994-1995 run).
orations, respectively. We present more stringent limits The signature of the signal is an isolated oppositely
on bothB(B? — ¢*u*) and B(BY — e* ™), and lim- chargede . pair with an invariant mass consistent with

. . 0 ;
its on the corresponding leptoquark masaas, (%) and @ B meson, whereB denotesB{ or B, in this Letter.

MLQ(Bg), using a data sample db2 pb~! of p7 colli- The ep invariant mass(m,.,) is calculated after con-
sions at/s = 1.8 TeV collected during 1992—1995 with straining the two tracks to come from a common point in
the Collider Detector at Fermilab (CDF). space. Candidates failing the fit procedure are discarded.

The CDF detector has been described in detail elséFigure 1 shows thex,, distribution for candidates with
where [6]. We briefly describe here those aspects of thé < Meu < 6 GeV/c?. The distribution is flat indicating
detector relevant to this analysis. The tracking system i& Substantial level of combinatorial background. We re-
immersed in a 1.4 T solenoidal magnetic field. The in-duce the background by applying the proper decay length
nermost tracking device is a silicon microstrip vertex de-(4), pointing angle(A¢), and isolation(/) requirements,
tector (SVX) [7] that provides spatial measurements in théVhich are described below. Table | summarizes the ac-
r-¢ [8] plane. The impact parameter [9] resolution of theCePtance, trigger effl_C|enC|es, and the efficiencies of the
SVX is 13 + 40/pr um wherepy is the transverse mo- Off-line analysis requirements. _
mentum of the track in Gexé. We use a Mon_te Carlo simulation to estimate the ac-

Surrounding the SVX is the central tracking chamberceptance listed in row 1 of Table |. We generate
(CTC), which extends out to a radius of 1.3 m andquarks acco_rdlng_ to a next-to-leading order QCD calcu-
covers the pseudorapidity intervdly| < 1.0. Com- lation [11] with minimumb quark pr > 5.5 GeV/c and
bined, the CTC and SVX provide ar resolution of rapidity |y(b)| < 13. We use the normalization scale
8pr/pr = J09pr)? + (6.6)2 X 1073, wherepr is in  uo = A/m? + p%, a b-quark massn, = 4.75 GeV/c?,
GeV/c. Electromagnetic (CEM) and hadronic (CHA) and the MRS parton distribution functions [12]. The
calorimeters coveringn| < 1.1 are located outside the b quarks are fragmented int® mesons using the Peter-
solenoid. A layer of proportional chambers (CES) is em-son parametrization [13] with the fragmentation parame-
bedded in the CEM near shower maximum and measuresr value of 0.006. The? mesons are forced to decay
the shower profile and position. Three muon subsystemisito ex. The response of the CDF detector, including
in the central region are used. The central muon systerthe triggers, is then simulated. The acceptance is nor-
(CMU) is located outside the hadron calorimeter andmalized toB mesons withpy(B) > 6 GeV/c and rapid-
covers the regiorin| < 0.6. The central muon upgrade ity | y(B)| < 1.0 for which the production cross section is
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CDF: 102 pb™ lated CTC track is calculated in both the transverse and
longitudinal planes. In each view, the difference is re-
quired to be less than 3.0 standard deviatiang where
o accounts for multiple scattering and measurement un-
certainties. Electrons are identified by requiring that the
longitudinal profile is consistent with an electron shower,
i.e., small leakage in the CHA. The lateral shower profiles
| as measured with the CEM and CES are required to be
! consistent with test beam data. The CTC track is required
10 i ! ! to match the position of the calorimeter shower. Fur-
ther details on electron identification are described in [16].

10
: The efficiencies of the electron and muon selection crite-
i ria are measured usinyyy — e*e” andJ /i — utu”

data, respectively.

10

Opposite sign eu pairs

-
T

Events per 25 MeV/c?

1 F Bd B. , Like si . We exploit the long lifetime ofB mesons to reject
3 ! ike sign eu pairs . . . . :
: | | short-lived combinatorial background. This requires a
[ | | precise measurement of tliemeson decay length. For
10 -1 iy \ , , this reason, both the electron and muon are required to
5 5 be reconstructed in the SVX, with hits in at least three

5.4 5.6 .
Mey (GeV/CZ) of the four layers. The uncertainty on the transverse

FIG. 1. Invariant mass distribution of opposite-sign (OS) anddecay length., = l’&" '_pT(e'U“)/pT(e'u)[ 'S. required to
like-sign (LS) en pairs before and after the, Ap, and be <200 um, wherel,, is the vector pointing from the
IOrequirements. The arrows indicate the mass windows foprimary vertex (the interaction point) to the secondary
Bg (5279 £ 0.105 GeV/c?) and B (5.370 = 0.105 GeV/c®).  vertex (the reconstructed decay position) in the transverse

) _ plane, andpr(eu) is the transverse momentum vector of
measured [14]. The acceptance includes the geometric age ¢, pair. The mean uncertainty df,, is ~60 um,
ceptance as well as the kinematic requiremepigiu) > \yhich is significantly smaller than the mean transverse
3.0 GeV/c, Er(e) > 5 GeV, andpr(en) > 6.0 GeV/c,

i ¢ decay length of=1.1 mm expected for the signal. We
wherepr (e ) is the transverse momentum of the pair.  require the proper decay length> 100 xm, wherex =

The overall trigger efficiency is 37.2% for signal eventsny - mp/pr(epn), andmy is the mass of thes) or B

within the geometrical and kinematical acceptance demeson. The efficiency of this requirement is studied using
scribed above. This overall efficiency includes a prescal§onie Carlo simulation.

factrc])r of 65%. The eLficir(]ancyb of reconstruc(;int)g] a tr%d;e The pointing angle\ ¢ is defined as the angle between
in the CTC (CTC track) has been estimated by embe l,, andpr(en). Forepu pairs coming from the decay of
ding two Monte Carlo generated tracks into real data > o o S
events [15]. a B, I, should point in the same direction @&Se,u).
Muon candidates are selected as follows: the separationince we requireA > 100 um, the direction ofl,, is
between the track in the muon chamber and the extrapdvell defined. The distribution ofA¢ for opposite-sign
B — ¢* u* Monte Carlo events (signal) and for like-sign
TABLE I. Efficiencies and their uncertainties (statistical and ¢4 events (background) with < m., < 6 GeV/c? and
systematic uncertainties are added in quadrature). The total > 100 xm is shown in Fig. 2a. We requitee < 0.1.
efficiency is the product of the individual efficiencies when ap-  Because of the hard-quark fragmentation3 mesons
plied in that order.
carry most of the transverse momentum of the

Requirement Efficiency (%) quark and are isolated. The isolation is defined as

Geometric and kinematic acceptance for I = pr(ep)/pr(ep) + X pr, where pr is the scalar

pr(B) > 6 GeV/c and sum of the transverse momenta of all tracks exclud-

rapidity | y(B)| < 1 227 + 0.024 ing the e and u within a cone of AR <1 [where
Trigger efficiency 372 = 1.6 AR = \/(An)? + (A¢)?] around the momentum vector
Reconstruction of two tracks in CTC 89.8 £ 3.6 of the ex pair. Thez coordinate of these tracks at the
Muon selection criteria 99.5 = 0.1 closest approach to the beam line must be within 5 cm
Electron selection criteria S 84.8 = 1.1 of the B candidate vertex to exclude tracks from other
Track and vertex quality selection criteria 68.3 = 3.1

pp collisions that can occur during the same bunch

Eg?ﬁt?rz gdgﬁz)l’e(lirft@;)mo ) 2;:(2) i gg _cross_ing. We_z require_r > 07 The_efficiency of the
Isolation (I > 0.7) ’ 851 + 3.0 isolation requirement is obtained using a data sample of
Mass window 98.0 = 0.6 fully reconstructedB= — J/¢K* and B’ — J/yK*
Total efficiencyx acceptancée.,) 0252 « 0022  Events. The distribution of the isolation variable for

(sideband subtractedy™ — J/¢ K= andB® — J/yK*°
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events outside of theB’ mass window we estimate

« 40
S A) EZmz B, —> ep Monte Carlo 0.8 + 0.5 background events.
§30 == Like sign eu Data As there is no evidence for a signal we proceed to set
§ : limits. When setting limits we make no background sub-
Q 20 | traction and take into account the systematic uncertainties
2 10 l on_theBS meson measured cross section _(23%) [14], th(_e
2 = efficiency and acceptance (10%), and the integrated lumi-
0 EL TRl nosity (7%). We obtainV!(B) — e* %) = 4.34(5.52)
0 0.2 0.4 0.6 08 1 events and N/(B? — e*u™) = 2.52(3.38) events at
A (radians) 90(95%) C.L., whereV! is the upper limit on the number
S 60 '—Ef:ﬁWKﬂWg'tDGtﬁ of events. We determine the limits dB(B — ¢ ™)
s | ke sign ep Lata for B and BY using the following relationship between
% a0 - B) N' and the branching fraction:
>
L _ (B o™ 1,7
20 | 20(B)B(B — ¢“pu”) < %
I L i il 1 The factor of 2 takes into account that we do
05 0.2 0.4 0.6 0.8 1 not distinquish B and B decays. We assume
Isolation o(B%) = 1/3 X o(BY)) [17] and use o (BY)[pr(B) >

FIG. 2. (a) Distribution of the pointing variablee for Monte 6 GeV/c,|y(B)| fll.o] =239 +0.32 £ 0.44 ub [14],
Carlo events (signal) and for L&u events (background) with J £ dt = 102 pb™! and the total efficiencye,,) value
5<m,, <6GeV/c* and A > 100 um. (b) Distribution of listed in Table I. We obtain the following upper bounds
the isolation variable for sideband subtracted — J/¢K*  at 90(95%) C. L.:

and B — J /¢ K" events (signal) compared to the isolation

of LS eu events (background) with < m,, < 6 GeV/c* and BB’ — e u™) <6.1(82) X 10°° and
A > 100 um. The arrows in both cases indicate the cut values. o T 6
In both plots the two distributions are normalized to the same B(B; — e~ ™) <3.5(4.5) X 107°.

total number of entries. ) ) )
The relationship between the branching raB¢B? —

events (signal) compared to the isolation of LG e ™) [similarly for the B(B) — ¢* ™) case] and the
events (background) withs < m,, < 6 GeV/c? and corresponding/yq is as follows [2]:
A > 100 um is shown in Fig. 2b. |

The A, Ag, and! requirements have been optimized by T(B) — en) = ma(Myq) —— FaompR*
maximizing the signal-to-background significaneg/es, Miq
whereeg is the efficiency forB — e*u™ events anckg  \where
is the efficiency for background events. To estimage _ B

X X 2 R0 a(M ) 4/7 ( ) 12/23

we use LSeu pairs in the5-6 GeV/c? mass range as a R = _B< s\WLQ ) (“s m ) .
sample of background. my \ ag(m;) ag(mp)

FuIIy.recon_structecB — e u” events from a Monte _We useFy = 175 + 30 MeV for the BY decay constant
Carlo simulation are used to estimate the mass resolutlo[rlg] P fd is derived from Fy using the following
. B B,

and the efficiency of the mass window requirements.” .. . i !
We find a resoll)J/tion of33 MeV/c¢? and de?‘ine the relationship obtained from lattice QCD [18Fs0/F iy, =
+ 0 = +

mass windows 08.279 + 0.105 GeV/¢? for the BS and 1.14 _h0.05 hresultlng _n Fy =200 = 3|5 MeV. 9
5.370 = 0.105 GeV/c? for the BY. The uncertainty of the For :t5e3692t +er0 og;fggl\?/s 2 ;lg?theu;g me\?oLr;erias[sl ]
efficiency of the mass window requirement is estimated’#" ’ - Cz 5 '
by varying the mass resolution by10%. mpgo = 52792 = 0.0018 GeV/;: for the B; meson

Figure 1 shows then,, distributions for OS and LS Mass,m, = 43 02 GeV/c forothe_ b-quark mass,
eu pairs before and after the, A, and/ requirements. 78 = 1.57 £ 0.08 ps  for tg]e By lifetime, 7z =
We observe 422 OS and 262 LS events 30K m,, < 155 +0.05ps for the B; lifetime, and m, =
6 GeV/c? before the requirements, as we expect mord75.9 = 6.9 GeV/c? [20] for the top quark mass.
OS events frombb pair production. These numbers We use a (Mz) = 0.115 which is evolved toM.q
are reduced to 85 OS and 58 LS events after the Using the Marciano approximation [21], assuming no
requirement, 16 OS and 12 LS events after the.  colored particles lie between, andM;q. We obtain the
requirement, and, finally, 4 OS and 1 LS events aftefollowing bounds on the masses of the corresponding LQ
the I requirement. One OS event remains in tAg  at 90(95%) C.L.:

mass window, while no candidates are found in B{e 0 2

b > . .
mass window. From LS events we estimété = 0.2 Muq(B;) > 20.7(19.3) Tev/c™  and
background events in the signal region and from OS Myiq(BY) > 21.7(20.4) TeV/c?.
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