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First measurement of the branching fraction of the decayc„2S…\t¿tÀ
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The branching fraction of thec(2S) decay intot1t2 has been measured for the first time using the BES
detector at the Beijing Electron-Positron Collider. The result isBtt5(2.7160.4360.55)31023, where the
first error is statistical and the second is systematic. This value, along with those for the branching fractions
into e1e2 andm1m2 of this resonance, satisfy well the relation predicted by the sequential lepton hypothesis.
Combining all these values with the leptonic width of the resonance, the total width of thec(2S) is determined
to be (252637) keV.
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I. INTRODUCTION

Thec(2S) provides a unique opportunity to compare t
three lepton generations by studying the leptonic dec
c(2S)→e1e2, m1m2, and t1t2. The sequential lepton
hypothesis leads to a relationship between the branc
fractions of these decays,Bee, Bmm , andBtt given by

Bee

ve~
3
2 2 1

2 ve
2!

5
Bmm

vm~ 3
2 2 1

2 vm
2 !

5
Btt

vt~
3
2 2 1

2 vt
2!

~1!

with v l5@12(4ml
2/Mc(2S)

2 )#1/2, l 5e, m, t. Substituting
mass values for the leptons and thec(2S) gives

Bee.Bmm.
Btt

0.3885
[Bll . ~2!

Previous experiments have provided measurements ofBee
andBmm for the c(2S) @1,2#. We present here the first mea
surement ofBtt for thec(2S) and compare it to the existin
measurements ofBee andBmm for this resonance. Combinin
these values with previous results for the leptonic width
this resonance@3,4#, we determine the total width of th
c(2S).

II. BES DETECTOR AND DATA SAMPLE

The data were taken with the Beijing Spectrometer~BES!
at the Beijing Electron-Positron Collider~BEPC!. BES, a
general-purpose magnetic detector, has been described i
tail elsewhere@5#. Briefly, a central drift chamber surround
ing the beam pipe is used for trigger purposes. The m
drift-chamber system measures the momentum of cha
tracks over 85% of the 4p solid angle with a resolution o
sp /p51.7%A11p2 ~p in GeV/c!. Complementary mea
surements of specific ionization (dE/dx) and time of flight
are used for particle identification. ThedE/dx resolution for
minimum ionizing particles is 9%. Scintillation counte
measure the time of flight of charged particles over 76%
4p with a resolution of 330 ps for Bhabha events and 450
for hadrons. A cylindrical 12-radiation-length Pb/gas elect
magnetic calorimeter operating in self-quenching strea
mode and covering 80% of 4p provides an energy resolutio
of sE /E522%/AE ~E in GeV! and spatial resolutions o
sf57.9 mrad, and sz53.6 cm. Endcap time-of-fligh
counters and shower counters are not used in this analys
conventional solenoid encloses the calorimeter, providin
0.4 T field. The outermost component is a three-layer i
flux return instrumented for muon identification which yiel
spatial resolutions ofsz55 cm ands rf53 cm over 68% of
4p for muons with momenta greater than 550 MeV/c.

This analysis is based on a total integrated luminosity
about 6.1 pb21 at a center-of-mass energy corresponding
the c(2S) resonance,As53686.36 MeV, with an uncer
tainty of 0.29 MeV. The spread in the center-of-mass ene
of the collider isD5(1.460.1) MeV. The data, a total o
3.96 million c(2S) events, were collected in two separa
running periods. Because of the difference in running con
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tions of the detector in the two periods, the two distinct d
sets, I and II, are analyzed separately.

III. EVENT SELECTION

The t1t2 events are identified by requiring that onet
decays viaenn̄ and the other viamnn̄. To select candidate
t1t2 events, it is first required that exactly two opposite
charged tracks be well reconstructed. For each track,
point of closest approach to the beam line must haveur u
,1.5 cm, anduzu,15 cm, wherez is measured along the
beam line from the nominal beam crossing point. The aco
earity angle,uacol, defined as the angle between the outgo
charged tracks, is required to satisfy 10°<uacol<170° to re-
ject Bhabhas, muon pairs, and cosmic rays. The acoplan
angle,uacop, defined as the angle between the planes defi
by the beam direction and the momentum vector of e
charged track, is required to satisfyuacop>20° to suppress
radiative Bhabhas and radiative muon pairs. Furtherm
each track is required to satisfyucosuu<0.65, whereu is the
polar angle, to ensure that it is contained within the fiduc
region of the barrel electromagnetic calorimeter.

Next, it is required that the transverse momentum of e
charged track be above the 70 MeV/c minimum needed to
traverse the barrel time-of-flight~TOF! counter and reach the
outer radius of the calorimeter in the 0.4 Tesla magne
field. In addition, the momentum must be less than the ma
mum kinematically allowed value for at decay at the c.m.
energy of thec(2S) within a tolerance of 3 standard devia
tions in momentum resolution.

The search fort1t2 production events is restricted t
final states which do not containp0’s or g’s. Consequently,
there should be no isolated photon present in the calorime
which is defined as an electromagnetic shower having ene
greater than 60 MeV and a separation from the nea
charged track of at least 12°.

A particle identification procedure is applied to the s
lected events. Using the information provided by the m
drift chamber (dE/dx), the scintillation counters~time of
flight!, the electromagnetic calorimeter~shower energy!, we
defineXseas thedE/dx separation,Tseas the TOF separa
tion, andSseas the shower energy separation, all assum
the electron hypothesis. Here, separation me
$(measured value2expected value!/resolution%. Then, to
identify a track as a electron we require24<Tse<0.5,
21<Xse<2, 24<Sse<4 if its momentum is less than
0.35 GeV/c; 24<Tse<1.5, 22<Xse<2, 21.5<Sse<4
if its momentum is between 0.35 GeV/c and 0.7 GeV/c; or
24<Tse<4, 21.5<Xse<2, 22<Sse<4 if its momen-
tum is greater than 0.7 GeV/c. A track is assigned as a muo
if there are at least two hits in the muon counters. Figure
and 2 show distributions of the sum of the lepton energ
and the acoplanarity angle for data and Monte Carlo eve
passing the selection criteria. The numbers of events sele
for the first, second, and combined data sets are 77, 140,
217, respectively, as shown in Table I.

The same requirements are applied to 5 million eve
from a control sample taken at theJ/c energy to estimate the
expected contributions of backgroundsnbg to be subtracted
4-2
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FIRST MEASUREMENT OF THE BRANCHING FRACTION . . . PHYSICAL REVIEW D65 052004
from the selectedem eventsnem . Only one event meets th
criteria for theem topology, which corresponds to a bac
ground of 0.27 events for data set I and 0.49 events for d
set II. Because of possible small systematic differences
tween theJ/c andc(2S) samples, we also applied our s
lection criteria to a 4 million eventc(2S) Monte Carlo
sample withtt production turned off@6#. No events passed
our selection criteria. A Monte Carlo study on the tw
photon process has also been performed; its contaminati
estimated to be negligible.

IV. DATA ANALYSIS AND RESULTS

To obtain the number of resonantt-pair events, the QED
contribution including the interference effect is subtrac
from the total number oft1t2 events.B(tt) is calculated
from

B~tt!5
~nem2nbg!/~Be triged!2sQ1IL

Nc~2S!
. ~3!

HereB is the fraction oft1t2 events yielding theem topol-
ogy, which is equal to 0.06194@7#; e trig is the trigger effi-
ciency, which forem events within fiducial volume is esti
mated to be approximately 100%;ed is the detection
efficiency, which is determined by using 43105 Monte
Carlo–simulated events that are generated byKORALB @8#.
The results areed514.49% for data set I and 14.39% fo

FIG. 1. The distributions of the sum of the lepton energies
data and Monte Carlo events passing the selection criteria.
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data set II~the luminosity-weighted average ofed for the
whole data is 14.42%!. sQ1I is the QEDt-pair production
cross section including interference;Nc(2S) is the number of
producedc(2S) events; andL is the accumulated luminosity
at the resonance.

Including the c.m. energy spreadD, the initial state radia-
tion correction@9# F(x,W), and the vacuum polarization co
rections@10# P(W), the totalt-pair production cross sectio
nearc(2S) threshold is@11#

s~W!5
1

A2pD
E

0

`

dW8e2~W2W8!2/2D2

3E
0

12~2mt /W8!2

dxF~x,W8!s1~W8A12x! ~4!

wheres1 is given by

s1~W!5
4pa2

3W2

b~32b2!

2

Fc~b!Fr~b!

@12P~W!#2

3H 11
3M3

as
Gee

2 1

11
2me

2

M2

1

S 12
4me

2

M2 D 1/2

3
2~W22M2!

~W22M2!21M2G2

r FIG. 2. The distributions of the acoplanarity angle for data a
Monte Carlo events passing the selection criteria.
TABLE I. Numbers used to calculateBtt . The first error is statistical and the second is systematic.

Data set nem nbg ed L ~pb21! NppJ/c(106) Nc(2S)(106)

I 77 0.27 0.1449 2.12360.01560.051 0.429360.001760.0076 1.38560.00560.127
II 140 0.49 0.1439 3.92960.01960.098 0.798060.002360.0092 2.57460.00760.234

Total 217 0.76 0.1442 6.05260.02460.149 1.22760.00360.017 3.95960.00960.362
4-3
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1S 3M3

as
D 2

Gee
2 1

S 11
2me

2

M2 D 1/2

1

12
4me

2

M2

3
1

~W22M2!21M2G2J
5s1

QED1s1
int1s1

c~2S! . ~5!

W is the c.m. energy,M is the mass ofc(2S), and b
5A12(2mt /W)2. The Coulomb interaction and final sta
radiation corrections are described by the functionsFc(b)
andFr(b) @12#.

The total cross section, which includes QED producti
c(2S) resonance production, and interference, is shown
Fig. 3. For this experiment,W53686.36 MeV and D
51.4 MeV, and we getsQ1I52.230 nb.

The number of producedc(2S) event Nc(2S) is deter-
mined from a study of inclusiveJ/c produced inc(2S)
decays in the topologyc(2S)→p1p2J/c @13#. To estimate
Nc(2S) , the Particle Data Group~PDG! value for B(c(2S)
→p1p2J/c)5(31.062.8)% @7# is used.

The luminosity L is determined by using wide-angl
Bhabha events at thec(2S) in the BES detector and is give
by

L5
NQED

sQEDe ted
, ~6!

where NQED, sQED, e t , and ed refer, respectively, to the
observed number of Bhabha events at thec(2S), the Bhabha

FIG. 3. The production cross section ofe1e2→p1p2 @1 indi-
cates the QED process, 2 indicatesc(2S) production, 3 indicates
interference, and 4 indicates the total#.
05200
,
in

cross section corrected for interference at the resonance
trigger efficiency, and the detection efficiency for Bhab
events. In order to obtain pure Bhabha events, thee1e2

events from c(2S)→e1e2 as well as from c(2S)
→neutralJ/c,J/c→e1e2, should be subtracted from th
total number of events. These events are symmetric in cu
while the Bhabha events are asymmetric in cosu. Using the
cosu distribution fore1e2 production relative to cosu50, a
relation for the number of Bhabha events can be obtaine

NQED5
A12A2

122a
, ~7!

whereA1 andA2 are the total number ofe1e2 events found
for cosu,0 and cosu.0, respectively, anda is the fraction
of Bhabha events with cosu,0, which is determined by a
Monte Carlo simulation.

The results of this measurement are summarized in Ta
I and II. Combining the results from the two different run
ning periods, the branching fraction of thec(2S) decaying
into t1t2 is calculated to be

Btt5~2.7160.4360.55!31023, ~8!

where the first error is statistical and the second is syst
atic. The overall relative systematic error of 20.2% includ
contributions from the luminosityL ~3.1%!; the number of
c(2S) events,Nc(2S) ~9.1%!; the selection criteria forem
topology ~11.3%!; and the calculated value ofsQED due to
uncertainties in the c.m. energy scale and the spread in
energy ~10.8%!. The luminosity systematic error is dete
mined from the cross section uncertainty and from
changes found when varying the selection criteria.

V. CONCLUSION

In Table III we summarize the existing measurements
the leptonic decays of thec(2S). Our value ofBtt , cor-
rected by a factor of 0.3885, as indicated in Eq.~2!, agrees
with the values ofBee andBmm @7#. Assuming lepton univer-
sality, the average valueBll is determined to be (8.461.0)
31023. The leptonic width (Gee) of the c(2S) has been
determined to be (2.1260.18) keV @7#. From the relation-
ship G tot5Gee/Bll we find G tot5(252637) keV, which is

TABLE II. Branching fractionBtt /Bp1p2J/c and final branch-
ing ratio Btt .

Data set Btt /Bp1p2J/c(1023) Btt(1023)

I 8.8962.3561.61 2.7660.7360.56
II 8.6361.7261.63 2.6860.5360.56

Total 8.7361.3961.57 2.7160.4360.55

TABLE III. Leptonic branching fractions of thec(2S) in 1023.

Bee Bmm Btt/0.3885

8.861.3 @7# 10.363.5 @7# 7.061.161.4
4-4
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consistent with the direct measurement value (3
639) keV by the E760 Collaboration@14# within about one
standard deviation.

In conclusion, we have measuredBtt for thec(2S). This
result, along with the previous data ofBee andBmm , satisfy
well the relation predicted by the sequential lepton hypo
esis. Combining these values we have calculated the
width for this resonance.
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