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Using yyJd/ 4, y—ete” andu’ u™ events from a sample of 14QL0° (2S) decays collected with the
BESII detector, the branching fractions fgi(2S)— 7%/, /¢, and ¥(2S)— yxer, YXc2— vYI ¥ are
measured to b8[ (2S) — 7°J/ ] =(1.43+0.14+0.12)x 10 3, B[ ¢(2S)— 5J/ ] =(2.98+0.09+ 0.23)%,

B[ 4(25)— yxe1— Il ] =(2.81+0.05+ 0.23) %, and  B[4(29)— yxco— yyI/¥]=(1.62£0.04
+0.12)%.
DOI: 10.1103/PhysRevD.70.012006 PACS nunierl3.20.Gd, 13.25.Gv, 13.40.Hq, 14.40.Gx

[. INTRODUCTION ent experiments do not agree well, and tf/ ¢ channel is

measured with low precision. In particular, improved branch-
) 0 ing fractions for(2S)— yx.; are very important for the
Experimental data for the processgg2S)—mJ/#,  measurement of.; decay branching fractions using(2S)
nd/¢, and yx., , are scarce and were mainly taken in thedata. All of these are appealing for high statistics measure-
1970s and 1980sl—6]. The branching fractions from differ- ments of these channels.
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In this paper, we report on the analysis @f(2S) =’
— 7%y, Iy and ¥YXc12 decays based on a sample of T I
14.0x10° (2S) events collected with the BESII detector. g 5 |
The first two decays are important to test various theoretical = |
predictions for the ratios = ?
T((29)— 70/ y)
- TW(29)—ndly)’ 3|
. T(Y'—q9Y) iz | -
T T(W(29)— 9ily)’ ;
and ) i 'i'_ i
e TO"=oY) P ST s s 3 b
T (¢(29)— 7dl ) M., un, (GEV)

The ratioR has been calculated by different theoretical ap-
proacheg 7-9], and the ratiosR’ and R” have been pre-
dicted in the framework of the QCD multipole expansion
mechanisnj10,11].

FIG.1. M, versusM., after general selection ofyu " u~
events.

photons, andJ/¢ to lepton pairs. They all have a final

[*17 (I=e,u) event topology.
II. THE BES DETECTOR vy ( M) pology

The Beijing Spectromete(BES) detector is a conven-
tional solenoidal magnet detector that is described in detail in
Ref.[12]; BESII is the upgraded version of the BES detector A neutral cluster is considered to be a photon candidate if
[13]. A 12-layer vertex chambéNC) surrounding the beam it is located within the BSC fiducial regior|qos6|<0.75),
pipe provides trigger information. A forty-layer main drift the energy deposited in the BSC is greater than 50 MeV, the
chamber(MDC), located radially outside the VC, provides first hit appears in the first 6 radiation lengths, and the angle
trajectory and energy lossiE/dx) information for charged between the cluster and the nearest charged track is greater
tracks over 85% of the total solid angle. The momentumthan 14°. Each charged track is required to be well fit by a
resolution isc,/p=0.01%/1+p? (p in GeVic), and the three-dimensional helix and to have a polar anglewithin
dE/dx resolution for hadron tracks is8%. An array of 48  the fiducial region|cos¢|<0.8. To ensure tracks originate
scintillation counters surrounding the MDC measures thdrom the interaction region, we requir®¥,,= Vi +Vy
time-of-flight (TOF) of charged tracks with a resolution of <2 cmandV,|<20 cm, where/,, Vy, andV, are the x, y,
~200 ps for hadrons. Radially outside the TOF system is @nd z coordinates of the point of closest approach of each

A. General selection foryyl*1~ events

scl

S=

~80% of the total solid angle with an energy resolution ofcandidates are subject to further selection criteria. The two
og/E= 22%E (E in GeV). Outside of the solenoidal coil, charged tracks are identified as an electron pair or muon pair
double layers of counters that identify muons of momentum
greater than 0.5 Ge/ p1 P2
tronic channelsis used to simulate the BESII detector. The @ndp andE are the momentum and the deposited energy in
consistency between data and Monte Carlo simulation ha&'® BSC of a charged track.

constrained to thd/ mass is performed, and the fit prob-
. EVENT SELECTION ability is required to be greater than 0.01. For events with
+0.56)x 10° (2S) events[14] collected with the BESII  of the invariant mass of the reconstruct#e and the photon
detector at the center-of-mass energg=M ,,g. The  With higher energy ¥, ;) versus the invariant mass of

12 radiation length, lead-gas barrel shower coufB8C).  track to the beam axis.
This measures the energies of electrons and photons over Events with two charged tracks and two- or three-photon
which provides a 0.4 Tesla magnetic field over the trackingf 0 <S<0.6 orS>0.9, respectively, where
volume, is an iron flux return that is instrumented with three 5 5
E Ese
-1] + -1

A GEANT3 based Monte Carlo program with detailed con-
sideration of the detector performant®ich as dead elec-
been carefully checked in many high purity physics chan- A five—cogstﬁraiqt (5C) kinematic fit to the hypothesis
nels, and the agreement is quite reasonable. #(2S)— vyl 71~ with the invariant mass of the lepton pair

three-photon candidates, the combination of two photons

The data sample used for this analysis consists of (14.0baving the smalleg? is chosen. Figure 1 shows a scatter plot
channels investigated am(2S) decaying into ¢°, 7)J/y
and yxc1.2, With x; » decaying toyJ/, «° and 5 to two

two photons M ,,) for the yyu" u~ final state. The corre-
sponding plot for theyye® e~ state is very similar. They,
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o 0.6 - [15]. The differences in the number of events obtained with
© the two backgroundg5.1% for yye* e~ and 4.3% for
9,;0.5 yyut u”) are included in the systematic errors.
= 0.4 C. Selection of (2S) — I/
03 : gy L : InO tr(l)is channel the main background_s.are frar2S)
: : ‘ —mmJly and  yxcie. By requiring M, 5,
02 : <3.49 GeV/é, most background fromy(2S)— yxcico iS
removed. The resultant plot, shown in Fig. 4, shows a clear
01| signal superimposed on background, mainly fraf2S)
—797%/y. A fit is made using a Breit-Wigner resonance
0 w w w ‘ ‘ convoluted with a mass resolution function for thesignal
34 345 35 355 36 3.65

M (GeV) plus a polynomial background, where the width of thés
iy fixed to its Particle Data GroufPDG) value [16] and the
background function is determined frog(2S)— 7%7%J/
Monte Carlo simulated events that satisfy the same criteria as
the data. Comparing data and Monte Carlo simulated back-

. . . . . ground off-resonance, we obtain a reasonadiéd.o.f., in-
X1, andyc, signals are quite prominent, while the signal

is much less so. The corresponding plot for 200 000 Monted'catIng good agree_merﬁtt?]. The fit yieldsNg'.,- =2465
Carlo simulated #(2S)— 7%/ events, which is the =101 for theyye'e™ state andN ., - =3290+ 148 for the
main background for the studied channels, is shown in Figyyus ' u~ state. The fitted values of thg mass are 547.6
2. +0.1 MeV/@ for the yye'e  channel and 547.7
+0.1 MeV/ for the yyu* u~ channel, consistent with the
PDG value within 2r.
A fit using a fourth-order background polynomial with
To remove the huge background frof(2S)— yxcic2 parameters free is also performed to estimate the systematic
under they(2S)— %3/ signal, we requireV vy 31y 1O be error due to the background shape. This error is negligibly

less than 3.49 or greater than 3.58 G&V/Eigure 3 shows, Small.

after this requirement, the distribution of invariant mass,

M,,, where the smooth background is contributed by D. Selection of(2S)— yxcic2

(29) = yxe1o and ¥(29)—w°wOJ/y. A Breit-Wigner The processes(2S)— %3/, nd/y, andx°=°J/y con-

resonance with a double Gaussian mass resolution functiogyte to the background for this channel. By requiring
. O . .

to descrl.be -the-r resonance plus a thl_rd-(?rdezobackgroundMw<0_53 GeV/_&, _most of th_e background fromg(2S)

polynomial is fitted to the data. The fit gives,. - =123  — »J/¢ and a significant portion fromp(2S) — 7072/ ¢

+18 for the yye'e~ state andN’Ti _=155+20 for the are rejected. Figure 5 shows the, ;, distribution for can-

yyu*u~ state. In the fit, the mass resolution and the aredlidate#(2S)— yxci . events. The remaining background is
ratio of the two Gaussians are fixed to the values determinef@inly due to y(2S)—m°n°J/y. The contribution from

by the Monte Carlo simulation. The fit is also performed #(2S)— m°J/y is negligible due to its tiny branching frac-
with a background function determined by Monte Carlotion. Figure 6 shows theM, ;, distribution for y(2S)
simulatedy(2S) — 7°7%3/ ¢y and(2S) — yxc1 - events that  —m%7°J/y Monte Carlo simulated events before and after
satisfy the selection criteria, where the two processes artheM,,<0.53 GeV/@ requirement; the latter one is taken as
weighted according to their branching fractions. Comparinghe background shape in the fit. Two Breit-Wigner reso-
data and Monte Carlo simulated background off-resonancenances convoluted with mass resolution functions plus a
we obtain a reasonabl¢?/d.o.f., indicating good agreement background function are fitted to the data. The widths for the
Xc12 are fixed to the PDG values, and the mass resolution
functions are determined by Monte Carlo simulation. The fit

FIG. 2. M, 4, versusM,, after general selection for 200 000
$(2S)— 7070/ Monte Carlo events{yu* = final statg.

B. Selection of §(2S)— =%/

o
o

yields

340
B0 Nl —5263+124, N'2 =2512+82
g 30 ete— ’ ete— ’
E 20 |

oy — NY _=6752:178, N'? _=3358+96,

0 0.1 012 0:3 04 0 0.1 012 013 04
M, (GeV) M, (GeV)

with the fitted masses of.; and x., equal to 3510.9
FIG. 3. Two-photon invariant mass distribution for candidate = 1.0 MeV/¢ and 3555.&1.0 MeV/&, respectively, con-
#(2S)— 7%3/ s events for(a) yyete  and(b) yyuu . sistent with the PDG values.
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i 450 |

> 350 > 400 -
D 300 : Q 4
= g = i (b)
N 250 | N 300 -
3 200 | 3 :50 ] FIG. 4. Two-photon invariant mass distribu-
= 150 | = o0 tion for candidatey(2S)— 5J/¢ events for(a)
- E w150 | 4o L
c 100 | S 100 yye'e and(b) yyu'u.
w g Ll

50 ¢ 50 | .

. 05 055 0™ 05 085

M, (GeV) M., (GeV)
IV. BRANCHING FRACTION DETERMINATION of the background shapésstimated in Sec. 1] the number

of ¥(2S) events, and the branching fractions of the interme-
diate states also contribute to the final systematic error.
n°y y(29)—X—Y] To investigate the difference in the lepton track efficien-
Bl 4(25)—X]= Ny 29 BOX—Y) - e[ {25 =X -Y]" cies of the Monte Carlo simulation and the+da_ta, the lepton
pair sample from the decayy(2S)—= 7 3/,
where Y stands for the final state, X the intermediate state—~1*1~, which closely simulates the behavior of the lepton
and e the detection efficiency. The branching fractionXf pair in the channels under study, is used. This study finds the

For ¢(2S)— X, the branching fraction is determined from

—Y is taken from the PDG. tracking efficiency correction factor is 1.0£®.009 for
e"e” pairs and 1.0020.008 foru* u~ pairs. For charged
A. Detection efficiency particle identificationSis used to separats'e” andu™ u~

pairs. The same lepton pair sample is used to determine the
particle identification efficiency difference between Monte
Carlo simulation and data by determining efficiencies for
each with and without this particle identification require-
ment. The correction factor is found to be 0.951.008 for

The detection efficiency is the product of the trigger effi-
ciency €,y and the reconstruction-selection efficiengy.
For the BES detector, the trigger efficiency for hadronic
events is 1.008 0.005[18]. The reconstruction-selection ef-
ficiency is determined by Monte Carlo simulation. For the = = " b
signal channels studied, generators taking into account phaSe € P3!S and 0.9720.006 foru ™~ pairs.

space, angular distributions, and final state radiation are usecqeigr gﬁeegﬁanbse?\lzggﬁn d;faeihzt?ﬁéefﬂggfewcfgﬁé Ti?nﬁrz:
for the event simulations. For the channel(2S) y

e oo
— %93/, the common background for all signals, we uset|on is 2% for each photof20]. We take this difference as

a generator, which gives the correct dipion mass and angul he systematic error in photon _select|on_, a_nd no correction to
distributions[19]. e.efflc,tle_ncy is made. In add|t|<_)n, the rib in the BSC causes

For each of the channels analyzed, 50 000 Monte Carl%nt'k?:frfi'g':fr;%égcphﬁts?g ddiit?r(:é)cl)g.l ngeozi/;tr(‘e;agc gg’rﬁr g:{e
events are subjected to the same reconstruction and Ve ¢ results with h)(/;tons in the rib re, ion removed>\l/vith tr?ose
selection as used for the data to determine the detection ef-2 P 9

ficiencies, which are listed in Table . when they are not remgved. . o
The systematic error due to kinematic fitting comes from

the differences between data and Monte Carlo simulation in
the measurements of track momentum, the track fitting error
Because the Monte Carlo simulation is imperfect, it ismatrix, and the photon energy and direction. For the charged
necessary to correct the detection efficiencies obtained froriack part, the difference is estimated using té2S)
simulations for the differences between the Monte Carlo— 7" 7~ J/¢,J/y—171~ sample. For the photon part, a
simulation and the data. Differences come from the efficiencareful calibration of the neutral cluster information in the
cies of MDC tracking, particle identification, photon identi- BSC is performed, and the difference with and without the
fication, and kinematic fitting. In addition, the uncertaintiescalibration applied to both the data and Monte Carlo simula-

B. Efficiency corrections and systematic errors

700 F
g 800 |
600 | g
> g > 700 b
2 0 2 600 | (b)
N F N . . . .
@ 00 g ? 50 E FIG. 5. Invariant masM,, distribution
2 300 2 400 for candidate $(2S)— yx events for (a)
E r E 300 ; P L clc2
G 200 Wb 200 | yye e and(b) yyu'u.
100 | 00l
r i g N A E . 2 | £ % e
%4 35 36 %4 35 3.6
M"rh. Iy (GeV) Mm iy (GeV)
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160 [
140
%120 FIG. _6._ Ir_lvariant mass
M, gy, distribution for Monte
=100 The T
% Carlo simulated #(29)
o 80 — %70y events Gyu " p fi-
£ 60 nal statg. (a) Before the M.,
T <0.53 GeV/é requirement. (b)
After the M, <0.53 GeV/é re-
50 R YY
20 . quirement.
s 35 36 e 35 36

M, . (GeV) M, . (GeV)

tion is used to determine the systematic error in this part Our B[ (2S)— 7°J/ ] measurement has improved pre-
[21]. cision by more than a factor of two compared with other
Table | summarizes the efficiency correction factors andexperiments, and the BE®(2S) — »J/ s branching fraction
uncertainties from all sources, while Table Il lists the systemis the most accurate single measurement. @[(2S)
atic errors for the channels under study. The branching frac— 7%J/ ] agrees better with the Mark-1I resii] than with
tions and corresponding errors for all intermediate state dethe Crystal Ball resulf6], while B[ 4(2S)— yxc12] agrees

cays are taken from the PD[@2]. well with the Crystal Ball resultf]. Much of the systematic
error on B[ (2S)— yxc1c2] comes from the uncertainties
C. Results and discussion on B(xc1— vJ/ ) andB(xco— yI/ ).

Using Partially Conserved Axial-vector CurretiBCAQ),

Using the fitting results and the efficiencies and correctior]vIiIIer et al. [8] predicts

factors for each channel, we determine the branching frac-
tions listed in Table Ill. We also obtain the product branching T (4(2S)— 703/ ) 27(

3
fracti - 16 ’
ractions T(p(2S)—ndly) 16

P 2 e

Py
where r =(mg—m,)/[mg—0.5-(mg+m,)] and p, and p,
are thew and » momenta in they(2S) rest frame. With the

B(4(2S)— yxe1) - B(xe1— yI/ ) = (2.810.05+ 0.23%),

B(4(2S B 3/ conventionally accepted values ofh,=150 MeV/&, mqy
(¥(29)=> 7xc2) - Blxer—7¥) =7.5 MeV/Z, m,=4.2 MeV/¢ given by Weinberd23], the
=(1.62+0.04+0.12%. ratio R equals 0.0162, which is smaller than our measure-

TABLE |. Efficiency correction factors.

Channel 7031y 7l

Final state yyete” yyput yyete” yyput
Track selection 1.0120.009 1.002-0.008 1.0120.009 1.002-0.008
Particle 1D 0.9510.008 0.972-0.006 0.9510.008 0.972-0.006
5-C fit 1.000£0.014 1.06:0.02 1.006:0.016 1.006:0.038
v efficiency 1.06:0.04 1.06:0.04 1.06:0.04 1.06:0.04
BSC rib 1.006:0.023 1.006:0.034 1.006:0.031 1.006:0.036
Total correction 0.962 0.050 0.9740.057 0.962 0.055 0.9740.067

Channel YXc1 YXc2

Final state yyete yym'uo yyete Yy o
Track selection 1.0120.009 1.002-0.008 1.012-0.009 1.002-0.008
Particle 1D 0.9510.008 0.972-0.006 0.9510.008 0.9720.006
5-C fit 1.000£0.015 1.006:0.049 1.006:0.018 1.06:0.052
v efficiency 1.06:0.04 1.06:0.04 1.06:0.04 1.06:0.04
BSC rib 1.00G:0.043 1.006:0.040 1.006:0.019 1.006:0.024
Total correction 0.962 0.061 0.9740.075 0.962-0.049 0.9740.070
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TABLE Il. Systematic errorg%).

Channel 7031y Il

Final state vyete” yyutu vyete” yyutu
efficiency correction 5.2 5.9 5.7 6.9
Number of /(2S) events 4 4 4 4
B(7°, n—vv) negligible negligible 0.65 0.65
Bl p—ete ,utu”) 1.7 17 17 1.7
background shape 5.1 4.3 negligible negligible
Total systematic errof%) 8.48 8.50 7.20 8.18

Channel YXc1 YXc2

Final state vyete” yyutu” vyete” yyutu”
efficiency correction 6.3 7.7 5.1 7.2
Number of /(2S) events 4 4 4 4
B(xcy— vl ) 8.5 8.5 8.9 8.9
BQly—ete ,utu) 1.7 17 17 1.7
Total systematic errof%) 11.44 12.26 11.14 12.25

ment (0.048 0.005)[24] by a factor of three. Based on an
effective Lagrangian approach, Casalbuenal. [9] obtain

an improved expression

2

. 2B A f,
e 27<p7,)3 , 3A mf], mi_o @
16\ p, 1+B A '
sz,—mfl

in which X characterizes the-»’ mixing, B/A is a not yet
determined parameter in the effective Lagrangidn.
=(130+5) MeV is obtained from PDG. Using the approxi-
mation[25]

A= \/§ my tang 3
~ V2 my+ My ante, ©)
my————

TABLE IIl. Results. Note that much of the systematic errorBny(2S) — yx.1¢.] is due to the uncer-
tainty onB(xc1co— ¥/ ).

Channel w031y Il
Final state yyete” vyt yyete” 27
Number of events 12818 155+ 20 2465+ 101 3290+ 148
Efficiency (%) 11.21 13.34 26.94 34.07
Sys. error(%) 8.48 8.50 7.20 8.18
Correction factor 0.962 0.974 0.962 0.974
BR (%) 0.139-0.020-0.012 0.1470.019-0.013 2.9%0.12+0.21 3.06:-0.14*+0.25
Combine BR(%) 0.143+0.014+0.012 2.98-0.09+0.23
PDG (%) 0.096+0.021 3.17#0.21
Channel YXc1 YXc2
Final state vyete” Yy yyete” yym o
Number of events 5268124 6752-178 2512+ 82 3358+ 96
Efficiency (%) 23.88 29.24 19.70 25.54
Sys. error(%) 11.44 12.26 11.14 12.25
Correction factor 0.962 0.974 0.962 0.974

BR (%)
Combine BR(%)
PDG (%)

8.73+0.21+1.00

8.90+0.16+1.05
8.4+0.6

9.110.24+1.12

7.90:0.26-0.88 8.12-0.23+0.99
8.02:0.17+0.94
6.4-0.6
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where 9~ —20° [16] is the -»" mixing angle, we obtain  our measurements [ #(2S)— /] and PDG values of
A~1.91 GeV. With our measured value Bf we infer the T'(4(29)), T(Y'—=Y ) andT'(Y"—Y 7), we obtainRg,,
parameteB/A equals—1.42+0.12 or —3.11*0.15 in Eq.  <0.0098 andRg,,<0.0065, which are consistent with the
(2). predictions of Eqs(4) and (5).

In terms of QCD multipole expansion, Kuarmeg al. [11]
predict the ratio
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