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We have searched for the decaysB0
s ! e6m7 andB0

d ! e6m7 using a102 pb21 data sample ofpp
collisions at

p
s ­ 1.8 TeV collected with the Collider Detector at Fermilab. We set upper limits on the

branching fractions ofB sB0
s ! e6m7d , 6.1s8.2d 3 1026 andB sB0

d ! e6m7d , 3.5s4.5d 3 1026 at
90(95)% confidence level. Using these limits, we set lower bounds on the corresponding Pati-Salam
leptoquark masses and find thatMLQsB0

sd . 20.7s19.3d TeVyc2 andMLQsB0
dd . 21.7s20.4d TeVyc2 at

90(95)% confidence level. [S0031-9007(98)08025-9]

PACS numbers: 13.85.Rm, 13.20.He, 14.80.– j
5743



VOLUME 81, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 28 DECEMBER 1998

an
on
to

te,
at

ck
tic
2
er
ith
ed
g

r

d
t

r
s

h

ly
h

in
ed.

e-
gth

ac-
the

c-

u-

e

-
e-
y
g
or-

s

Within the standard model the decaysB0
s ! e6m7 and

B0
d ! e6m7 are forbidden by lepton flavor conservation

observation of either of these decays would be eviden
for new physics. In particular the assumption of a loc
gauge symmetry between quarks and leptons leads
the prediction of a new force of nature that mediate
transitions between quarks and leptons. One of t
simplest models that incorporates this idea is the Pa
Salam model [1] based on the group SUs4dc where the
lepton number is the fourth “color.” At some high
energy scale, the group SUs4dc is spontaneously broken
to SUs3dc, liberating the leptons from the influence o
the strong interaction and breaking the symmetry betwe
quarks and leptons. This model predicts heavy sp
one gauge bosons called Pati-Salam leptoquarks (L
that carry both color and lepton quantum numbers. T
lepton and quark components are not necessarily from
same generation and can mediate the decaysB0

s ! e6m7

and B0
d ! e6m7 [2,3]. The decayB0

s ! e6m7 probes
two types of LQ: (1) a leptoquark coupling the electro
with the b quark and the muon with thes quark; (2) a
leptoquark coupling the electron with thes quark and the
muon with theb quark. Similarly,B0

d ! e6m7 probes
two different types of LQ.

The current best limits on the branching fraction
B sB0

s ! e6m7d and B sB0
d ! e6m7d are 4.1s5.3d 3

1025 at 90(95)% confidence level (C.L.) and5.9 3 1026

at 90% C.L., set by the L3 [4] and CLEO [5] Collab
orations, respectively. We present more stringent lim
on bothB sB0

s ! e6m7d andB sB0
d ! e6m7d, and lim-

its on the corresponding leptoquark massesMLQsB0
sd and

MLQsB0
dd, using a data sample of102 pb21 of pp colli-

sions at
p

s ­ 1.8 TeV collected during 1992–1995 with
the Collider Detector at Fermilab (CDF).

The CDF detector has been described in detail els
where [6]. We briefly describe here those aspects of t
detector relevant to this analysis. The tracking system
immersed in a 1.4 T solenoidal magnetic field. The in
nermost tracking device is a silicon microstrip vertex d
tector (SVX) [7] that provides spatial measurements in t
r-f [8] plane. The impact parameter [9] resolution of th
SVX is 13 1 40ypT mm wherepT is the transverse mo-
mentum of the track in GeVyc.

Surrounding the SVX is the central tracking chamb
(CTC), which extends out to a radius of 1.3 m an
covers the pseudorapidity intervaljhj , 1.0. Com-
bined, the CTC and SVX provide apT resolution of
dpTypT ­

p
s0.9pT d2 1 s6.6d2 3 1023, wherepT is in

GeVyc. Electromagnetic (CEM) and hadronic (CHA
calorimeters coveringjhj , 1.1 are located outside the
solenoid. A layer of proportional chambers (CES) is em
bedded in the CEM near shower maximum and measu
the shower profile and position. Three muon subsyste
in the central region are used. The central muon syst
(CMU) is located outside the hadron calorimeter an
covers the regionjhj , 0.6. The central muon upgrade
5744
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system (CMP) is located outside the CMU behind
additional steel absorber. Finally, the central mu
extension system (CMX) extends the coverage up
pseudorapidityjhj ­ 1.0.

A three-level trigger selects theem candidate events
used in this analysis. To be able to predict the signal ra
we require that our candidates satisfy specific triggers
each level. At level 1 we require the presence of a tra
segment in the CMU or the CMX and an electromagne
energy deposit (EM cluster) in the CEM. At level
we require that the muon track and the EM clust
have matching charged tracks in the CTC found w
the Central Fast Track processor [10]. The combin
efficiency of the level 1 and level 2 trigger for findin
CMU muons rises from 80% atpT smd ­ 3.0 GeVyc to a
plateau efficiency of 87% atpT smd ­ 3.3 GeVyc. The
combined efficiency of the level 1 and level 2 trigge
for finding CMX muons rises from 50% atpT smd ­
3.0 GeVyc to a plateau efficiency of 70% atpT smd ­
5.0 GeVyc. The combined efficiency of the level 1 an
level 2 trigger for finding electrons rises from 15% a
ET sed ­ 5.0 GeV to a plateau efficiency of 90% fo
ET sed . 6.5 GeV. The level 3 software trigger require
the presence of a CEM electron withpT sed . 3 GeVyc
and ET sed . 5 GeV and the presence of a muon wit
pT smd . 3.0 GeVyc in the CMU or CMX (1992–1993
run) or withpT smd . 2.5 GeVyc in the CMU 1 CMP or
CMX (1994–1995 run).

The signature of the signal is an isolated opposite
chargedem pair with an invariant mass consistent wit
a B meson, whereB denotesB0

s or B0
d in this Letter.

The em invariant masssmemd is calculated after con-
straining the two tracks to come from a common point
space. Candidates failing the fit procedure are discard
Figure 1 shows themem distribution for candidates with
5 , mem , 6 GeVyc2. The distribution is flat indicating
a substantial level of combinatorial background. We r
duce the background by applying the proper decay len
sld, pointing anglesDwd, and isolationsId requirements,
which are described below. Table I summarizes the
ceptance, trigger efficiencies, and the efficiencies of
off-line analysis requirements.

We use a Monte Carlo simulation to estimate the a
ceptance listed in row 1 of Table I. We generateb
quarks according to a next-to-leading order QCD calc
lation [11] with minimumb quarkpT . 5.5 GeVyc and
rapidity j ysbdj , 1.3. We use the normalization scal

m0 ­
q

m2
b 1 p2

T , a b-quark massmb ­ 4.75 GeVyc2,
and the MRSD0 parton distribution functions [12]. The
b quarks are fragmented intoB mesons using the Peter
son parametrization [13] with the fragmentation param
ter value of 0.006. TheB mesons are forced to deca
into em. The response of the CDF detector, includin
the triggers, is then simulated. The acceptance is n
malized toB mesons withpT sBd . 6 GeVyc and rapid-
ity j ysBdj , 1.0 for which the production cross section i
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FIG. 1. Invariant mass distribution of opposite-sign (OS) an
like-sign (LS) em pairs before and after thel, Dw, and
I requirements. The arrows indicate the mass windows f
B0

d s5.279 6 0.105 GeVyc2d andB0
s s5.370 6 0.105 GeVyc2d.

measured [14]. The acceptance includes the geometric
ceptance as well as the kinematic requirements:pT smd .

3.0 GeVyc, ET sed . 5 GeV, andpT semd . 6.0 GeVyc,
wherepT semd is the transverse momentum of theem pair.
The overall trigger efficiency is 37.2% for signal event
within the geometrical and kinematical acceptance d
scribed above. This overall efficiency includes a presca
factor of 65%. The efficiency of reconstructing a trac
in the CTC (CTC track) has been estimated by embe
ding two Monte Carlo generated tracks into real dataJyc

events [15].
Muon candidates are selected as follows: the separat

between the track in the muon chamber and the extrap

TABLE I. Efficiencies and their uncertainties (statistical an
systematic uncertainties are added in quadrature). The to
efficiency is the product of the individual efficiencies when ap
plied in that order.

Requirement Efficiency (%)

Geometric and kinematic acceptance for
pT sBd . 6 GeVyc and
rapidity j ysBdj , 1 2.27 6 0.024

Trigger efficiency 37.2 6 1.6
Reconstruction of two tracks in CTC 89.8 6 3.6
Muon selection criteria 99.5 6 0.1
Electron selection criteria 84.8 6 1.1
Track and vertex quality selection criteria 68.3 6 3.1
Proper decay lengthsl . 100 mmd 81.0 6 0.8
Pointing anglesDw , 0.1d 85.2 6 2.3
Isolation sI . 0.7d 85.1 6 3.0
Mass window 98.0 6 0.6

Total efficiency3 acceptancesetotd 0.252 6 0.022
d

or

ac-

s
e-
le

k
d-

ion
o-

d
tal
-

lated CTC track is calculated in both the transverse an
longitudinal planes. In each view, the difference is re
quired to be less than 3.0 standard deviationsssd, where
s accounts for multiple scattering and measurement u
certainties. Electrons are identified by requiring that th
longitudinal profile is consistent with an electron showe
i.e., small leakage in the CHA. The lateral shower profile
as measured with the CEM and CES are required to
consistent with test beam data. The CTC track is require
to match the position of the calorimeter shower. Fur
ther details on electron identification are described in [16
The efficiencies of the electron and muon selection crite
ria are measured usingJyc ! e1e2 andJyc ! m1m2

data, respectively.
We exploit the long lifetime ofB mesons to reject

short-lived combinatorial background. This requires
precise measurement of theB meson decay length. For
this reason, both the electron and muon are required
be reconstructed in the SVX, with hits in at least thre
of the four layers. The uncertainty on the transvers
decay length,Lxy ­ $lxy ? $pT semdypT semd, is required to
be ,200 mm, where$lxy is the vector pointing from the
primary vertex (the interaction point) to the secondar
vertex (the reconstructed decay position) in the transver
plane, and$pT semd is the transverse momentum vector o
the em pair. The mean uncertainty ofLxy is ø60 mm,
which is significantly smaller than the mean transvers
decay length ofø1.1 mm expected for the signal. We
require the proper decay lengthl . 100 mm, wherel ­
Lxy ? mBypT semd, and mB is the mass of theB0

d or B0
s

meson. The efficiency of this requirement is studied usin
Monte Carlo simulation.

The pointing angleDw is defined as the angle between
$lxy and $pT semd. For em pairs coming from the decay of
a B, $lxy should point in the same direction as$pT semd.
Since we requirel . 100 mm, the direction of$lxy is
well defined. The distribution ofDw for opposite-sign
B ! e6m7 Monte Carlo events (signal) and for like-sign
em events (background) with5 , mem , 6 GeVyc2 and
l . 100 mm is shown in Fig. 2a. We requireDw , 0.1.

Because of the hardb-quark fragmentation,B mesons
carry most of the transverse momentum of theb
quark and are isolated. The isolation is defined a
I ­ pT semdypT semd 1

P
pT , where

P
pT is the scalar

sum of the transverse momenta of all tracks exclud
ing the e and m within a cone of DR , 1 [where
DR ­

p
sDhd2 1 sDfd2] around the momentum vector

of the em pair. Thez coordinate of these tracks at the
closest approach to the beam line must be within 5 c
of the B candidate vertex to exclude tracks from othe
pp collisions that can occur during the same bunc
crossing. We requireI . 0.7. The efficiency of the
isolation requirement is obtained using a data sample
fully reconstructedB6 ! JycK6 and B0 ! JycKp0

events. The distribution of the isolation variable fo
(sideband subtracted)B6 ! JycK6 and B0 ! JycKp0
5745
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FIG. 2. (a) Distribution of the pointing variableDw for Monte
Carlo events (signal) and for LSem events (background) with
5 , mem , 6 GeVyc2 and l . 100 mm. (b) Distribution of
the isolation variable for sideband subtractedB6 ! JycK6

and B0 ! JycKp0 events (signal) compared to the isolatio
of LS em events (background) with5 , mem , 6 GeVyc2 and
l . 100 mm. The arrows in both cases indicate the cut value
In both plots the two distributions are normalized to the sam
total number of entries.

events (signal) compared to the isolation of LSem

events (background) with5 , mem , 6 GeVyc2 and
l . 100 mm is shown in Fig. 2b.

Thel, Dw, andI requirements have been optimized b
maximizing the signal-to-background significance,e

2
SyeB,

whereeS is the efficiency forB ! e6m7 events andeB

is the efficiency for background events. To estimateeB

we use LSem pairs in the5 6 GeVyc2 mass range as a
sample of background.

Fully reconstructedB ! e6m7 events from a Monte
Carlo simulation are used to estimate the mass resolut
and the efficiency of the mass window requiremen
We find a resolution of33 MeVyc2 and define the
mass windows of5.279 6 0.105 GeVyc2 for the B0

d and
5.370 6 0.105 GeVyc2 for theB0

s . The uncertainty of the
efficiency of the mass window requirement is estimate
by varying the mass resolution by610%.

Figure 1 shows themem distributions for OS and LS
em pairs before and after thel, Dw, andI requirements.
We observe 422 OS and 262 LS events for5 , mem ,

6 GeVyc2 before the requirements, as we expect mo
OS events frombb pair production. These numbers
are reduced to 85 OS and 58 LS events after thel

requirement, 16 OS and 12 LS events after theDw

requirement, and, finally, 4 OS and 1 LS events aft
the I requirement. One OS event remains in theB0

d
mass window, while no candidates are found in theB0

s
mass window. From LS events we estimate0.2 6 0.2
background events in the signal region and from O
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events outside of theB0 mass window we estimate
0.8 6 0.5 background events.

As there is no evidence for a signal we proceed to s
limits. When setting limits we make no background su
traction and take into account the systematic uncertaint
on theB0

d meson measured cross section (23%) [14], t
efficiency and acceptance (10%), and the integrated lum
nosity (7%). We obtainNlsB0

d ! e6m7d ­ 4.34s5.52d
events and NlsB0

s ! e6m7d ­ 2.52s3.38d events at
90(95%) C.L., whereNl is the upper limit on the number
of events. We determine the limits onBsB ! e6m7d
for B0

s and B0
d using the following relationship between

Nl and the branching fraction:

2ssBdB sB ! e6m7d ,
NlsB!e6m7dR

L dtetot
.

The factor of 2 takes into account that we d
not distinquish B and B decays. We assume
ssB0

sd ­ 1y3 3 ssB0
dd [17] and use ssB0

dd fpT sBd .

6 GeVyc, j ysBdj , 1.0g ­ 2.39 6 0.32 6 0.44 mb [14],R
L dt ­ 102 pb21 and the total efficiencysetotd value

listed in Table I. We obtain the following upper bound
at 90(95%) C. L.:

B sB0
s ! e6m7d , 6.1s8.2d 3 1026 and

B sB0
d ! e6m7d , 3.5s4.5d 3 1026.

The relationship between the branching ratioB sB0
s !

e6m7d [similarly for the B sB0
d ! e6m7d case] and the

correspondingMLQ is as follows [2]:

GsB0
s ! emd ­ pa2

s sMLQd
1

M4
LQ

F2
B0

s
m3

B0
s
R2

where

R ­
mB0

s

mb

µ
assMLQd
assmtd

∂24y7µ assmtd
assmbd

∂212y23

.

We useFB0
d

­ 175 6 30 MeV for the B0
d decay constant

[18]. FB0
s

is derived from FB0
d

using the following
relationship obtained from lattice QCD [18]:FB0

s
yFB0

d
­

1.14 6 0.05 resulting in FB0
s

­ 200 6 35 MeV.
For the other quantities we use values [19
mB0

s
­ 5.3696 6 0.0024 GeVyc2 for theB0

s meson mass,
mB0

d
­ 5.2792 6 0.0018 GeVyc2 for the B0

d meson
mass, mb ­ 4.3 6 0.2 GeVyc2 for the b-quark mass,
tB0

s
­ 1.57 6 0.08 ps for the B0

s lifetime, tB0
d

­
1.55 6 0.05 ps for the B0

d lifetime, and mt ­
175.9 6 6.9 GeVyc2 [20] for the top quark mass.
We use assMZd ­ 0.115 which is evolved to MLQ
using the Marciano approximation [21], assuming n
colored particles lie betweenmt andMLQ. We obtain the
following bounds on the masses of the corresponding L
at 90(95%) C.L.:

MLQsB0
sd . 20.7s19.3d TeVyc2 and

MLQsB0
dd . 21.7s20.4d TeVyc2.
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FIG. 3. Pati-Salam leptoquark mass limits corresponding
the 90(95)% C.L. limits onB sB0

s ! e6m7d. The error band
represents the theoretical uncertainties.

The limits for theB0
s case and the theoretical prediction

for MLQsB0
sd as a function ofB sB0

s ! e6m7d are shown
in Fig. 3.

In conclusion we have searched for the decaysB0
s !

e6m7 and B0
d ! e6m7. No evidence is found for

these decays. We set upper limits on the branchi
fractions and lower limits on the corresponding Pat
Salam leptoquark masses.
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