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Based on a sample of 225.3 million J/1¢ events accumulated with the BESIII detector at the
BEPCII, the decays of ' — 771"~ are studied via J/v — yn’. A clear 1’ signal is observed in
the 7t~ ete™ mass spectrum, and the branching fraction is measured to be B(n' — ntn~ete™) =
(2.11 4 0.12 (stat.) £0.14 (syst.)) x 1072, which is in good agreement with theoretical predictions
and the previous measurement, but is determined with much higher precision. No 71’ signal is found

in the 777~ ™ mass spectrum, and the upper limit is determined to be B(’ — 7

2.9 x 107° at the 90% confidence level.

PACS numbers: 25.75.Gz, 14.40.Df, 12.38.Mh

I. INTRODUCTION 112

113

Since the 1’ was discovered in 1964 [1, 2], there has
been considerable interest in its decay both theoretically!®
and experimentally because of its special role in low en-*¢
ergy scale Quantum Chromodynamics (QCD) theory. Tts'
main decay modes, including hadronic and radiative de-'*®
cays, have been well measured [3], but the study of 71
anomalous decays is still an open field. 120

Recently, using the radiative decay J/¢p — ~n' via2
¥(3686) — wrw~J/t¢ as the source of 1’ mesons,2
CLEO [4] reported the first observation of the conver-2
sion decay 1 — w7 ete™, which has been discussed:
for many years based on the Vector Meson Dominance!?s
(VMD) model and Chiral Perturbation Theory [5-7].12
Theoretically this decay is expected to proceed via aix
virtual photon intermediate state, ' — 7T 7 " —s

FropteT) <

mtr~eTe™, and provides a more stringent test of the
theories since it involves off-shell photons. In accor-
dance with theoretical predictions, the two prominent
features expected for this decay are a peak with a long
tail just above 2m, in the eTe™ (M.+.-) mass spec-
trum, and a dominant p° contribution in M,+,-. CLEO
with limited statistics was unable to explore these dis-
tributions, although their measured branching fraction,
B(n' — ntrete™) = (25703 £0.5) x 1073 [4], was
consistent with predicted values around 2 x 1073 [5-7]

In addition, the search for ' — 7t7~u* ™, which
is predicted to be lower by two order of magnitude, was
also performed. No evident signal was observed, and the
upper limit, B(n/ — 777~ putpu~) < 2.4 x 1074, at the
90% confidence level (C.L.), was determined.

At BESIII a sample of (225.3 4 2.8) x 106 [8] J/4
events, corresponding to 1.2 x 10% ' events produced
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through the radiative decay J/1¢ — 1’ [3], was collectedir
in 2009, and offers a unique opportunity to study 7’ de-is
cays. In addition to / — 7tn~ITI™, ' — vyt~ iswm
also studied in order to determine the ratio of B(n' —s
atr=IT17) to B(y — yrtn~). The advantage of mea-iss

. B(n'=rtrn1ti)
surimg W

number of .J/1 events, tracking efficiency from 7+ and™
the radiative photon detection efficiency cancel. e

is that uncertainties due to the!s

187
188

189

II. THE EXPERIMENT AND MONTE CARLO
SIMULATION

191

192

BEPCII is a double-ring eTe™ collider designed for a
peak luminosity of 1033 cm™2s~! at the center of mass
energy of 3770 MeV. The cylindrical core of the BE-***
SIIT detector consists of a helium-gas-based drift cham-'*
ber (MDC) for charged track and particle identification™
(PID) by dE/dz, a plastic scintillator time-of-flight sys-"’
tem (TOF), and a 6240-crystal CsI(T1) Electromagnetic™
Calorimeter (EMC) for electron identification and pho-"*
ton detection. These components are all enclosed in a su-
perconducting solenoidal magnet providing a 1.0-T mag-""
netic field. The solenoid is supported by an octagonal2
flux-return yoke with resistive-plate-counter muon detec-
tor modules (MU) interleaved with steel. The geometri-
cal acceptance for charged tracks and photons is 93% of
47, and the resolutions for charged track momentum and
photon energy at 1 GeV are 0.5% and 2.5%, respectively.
More details on the features and capabilities of BESIII
are provided in Ref. [9].

The estimation of backgrounds and the determinations
of detection efficiencies are performed through Monte
Carlo (MC) simulations. The BESIII detector is mod-
eled with the GEANT4 [10, 11]. The production of the
J/1¢ resonance is implemented with MC event genera-
tor KKMC [12, 13], while the decays are performed with
EVTGEN [14, 15]. The possible hadronic backgrounds are
studied using a sample of J/1 inclusive events in which
the known decays of the J/¢ are modeled with branch-
ing fractions being set to the world average values in
PDG [3], while the unknown decays are generated with
the LUNDCHARM model [16]. For n’ — 7T 7~ [T~ decays,
a model [17] based on theoretical calculations using the
vector meson dominant model with infinite-width correc-**

tions and pseudoscalar meson mixing [7] was developed.®®
206

0

203

207

208

IIT. ANALYSIS

209

210

A, —srtr It .
212
The final state in this analysis is yr 711 ~, with [ be-as
ing an electron or a muon. The charged tracks in the po-214
lar angle range | cos 0| < 0.93 are reconstructed from hitsais
in the MDC. Good charged tracks are required to passzs

within +10 c¢m of the interaction point in the beam direc-a7

tion and +1 c¢m in the plane perpendicular to the beam.
Photon candidates are reconstructed by clustering the
EMC crystal energies. The minimum energy is 25 MeV
for barrel showers (| cos 0| < 0.8) and 50 MeV for end-cap
showers (0.86 < |cos | < 0.92). To eliminate the showers
from charged particles, a photon must be separated by at
least 15° from any good charged track. An EMC timing
requirement is used to suppress noise and energy deposits
unrelated to the event. Candidate events are required
to contain exactly four good charged tracks with zero
net charge and at least one good photon. To determine
the species of the final state particles and select the best
photon when additional photons are found in an event,
the combination with the minimum value of X?wﬁr -

is retained. Here X?yﬁﬂ,lﬂ, = Xic + ijl X (4) is
the sum of the chi-square from the four-constraint (4C)
kinematic fit imposing energy and momentum conserva-
tion, and that from PID, formed by combining TOF and
dE/dx information of each charged track for each par-
ticle hypothesis (pion, electron, or muon). Events with
Xic < 75 are kept as yr T~ 1T~ candidates. A 4C kine-
matic fit under the hypothesis of v2(r"7~) is also per-
formed, and Xi2(7r+7r*) > Xiﬂ'*ﬂ*l*l* is required to reject
possible background events from J/¢ — v2(7 7).

‘gzoo— % 7f
| (a)| 2
1501

‘d, o 50-

~ = a0-

.21007 %)

g ¢ 5o

@ g 2 20
L 10,

8.9 0.92 096 098 1 102 8.2 03 04 05 06 07 08 09 1

M(r*me*e’) (GeVic?) M(r*) (GeV/c?)
FIG. 1: Kinematical distributions for the n’ to mTm eTe™
decay: The invariant mass distributions of (a) 7" 7 e*e™ and

(b) w7 ™. Dots with error bars represent the data; the shaded
area is MC signal shape, the dashed histogram is the ' —
vp° (77 ~) MC line shape, and the solid histogram is the sum
of MC signal and MC background from 1’ — ~p°(7T77).
Both of these MC simulations are normalized to the yields
found in Table I.

A very clear 7/ signal is observed in the 77 eTe™
invariant mass distribution, shown in Fig. 1(a) after
the above event selection. MC study shows that the
dominant background events come from J/v — 1/,
n’ — yr T~ with the ' photon subsequently converted
into an electron-positron pair; this background is dis-
played as the dashed histogram in Fig. 1(a). The di-pion
invariant mass distribution, which is shown in Fig. 1(b),
shows good agreement between data and MC simula-
tion. Figure 2 displays the eTe™ mass spectrum after
requiring |M (77~ eTe™) — m(n')| < 0.02 GeV/c?; the
background from y7+ 7~ conversions can be easily distin-
guished. The enhancement close to ete™ mass threshold
corresponds to the signal from the ' — 77~ eTe™ de-
cay, and the clear peak around 0.015 GeV/c? comes from
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FIG. 2: The e*e™ invariant mass spectrum of data (dots
with error bars) after all selection criteria are applied. The
solid line represents the fit result, the dotted histogram is
the MC signal shape and the shaded histogram is background
obtained from 7’ sideband events.

255
the background events of 1/ — 77~ where the photomnass
undergoes conversion to an eTe™ pair and the electronsss
(positron)’s momentum is improperly reconstructed as-ass
suming that all the charged tracks are from the inter-aso
action point. The background contributions of J/i¢ —a0
atr 7% and J/v — yrtr 70 are estimated from thes
' sideband region (0.88 GeV/c? < M(ntn~ete™) <
0.90 GeV/c? or 1.02 GeV/c? < M(ntrn~eTe™) < 1.04
GeV/cQ). 262

To extract the ' — 7w 7n~eTe™ events, an unbinned
extended maximum likelihood (ML) fit is performed on
the observed ete™ invariant mass distribution with the
signal shape described by the MC generator specifi-
cally developed for this analysis, the dominant back-
ground shape represented with the smoothed MC shape
of = 7T, and the contribution (17 events) ob-
tained from 7’ sideband fixed in the fit to account for
the non-n’ background. The fit, shown in Fig. 2, yields
429 +£ 24 nTnete” events, and the detection efficiency
obtained from MC simulation is (16.94 + 0.08)%; both
are summarized in Table I.

Figure 3 shows the 777~ T~ invariant mass spec-
trum for candidates surviving all selection criteria. The
contribution from background events, mainly coming
from J/¢p — 77t r ntrT and J/p — yrtaoatao
and estimated with the inclusive MC J/v¢ events, is
shown as the dashed histogram. Although a few events
accumulate in the 7’ mass region, they are not significant.

To determine the upper limit on the 7’ signal, a serieszss
of unbinned extended ML fits is performed to the massses
spectrum of 7w~ T~ with an expected 1’ signal. Tnoes
the fit, the line shape of the 7’ signal is determined byaes
MC simulation, and the background is represented with aser
second-order Chebychev polynomial. The likelihood dis-2es
tributions of the fit are taken as the probability densityzeo
function (PDF) directly. The upper limit on the numberano
of signal events at the 90% C.L. is defined as NV'¥, corre-an

7

Events / (3 MeV/c?)
H )]

N

1 1.05
M(tropty’) (GeV/c?)

FIG. 3: The 77~ putp~ invariant mass distributions of data
and MC simulation with all selection criteria applied. Dots
with error bars represent the data, the solid histogram is MC
signal, and the dashed line indicates inclusive MC.

sponding to the number of events at 90% of the integral
of the PDF. The fit-related uncertainties on NV are
estimated by using different fit ranges and different or-
ders of the background polynomial. The maximum one,
NUL = 12, and the detection efficiency from MC simu-
lation, (35.47 £+ 0.11)%, are used to evaluate the upper
limit on the branching fraction.

B. J/Y =y —ntaT

=
-

-

=)

@
I

M(yn*n’) (GeVic?)
T

0.95—

0.9

0.85— ;
)
0.2 03 04

T
0.5 0.6

08 09 1 _ 11
M(r*n) (GeVic?)
FIG. 4: Scatter plot of M (ynt7™) versus M (r" 7~ for data.

The final state is yyn "7~ for this mode. The charged
track and good photon selection are the same as those
described above, but no PID is applied in the event se-
lection. A 4C kinematic fit is performed under the hy-
pothesis of J/¢ — 7t7 ™y, and Xic < 75 is required.
For events with more than two photon candidates, the
combination with the minimum y3. is retained. To re-

ject background events with 7° in the final state, the

invariant mass of the two photons is required to satisfy
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FIG. 5: The yn "7~ invariant mass spectrum for data after all
selection criteria are applied. The solid curve is the fit result,
and the dashed line represents the background polynomial.

TABLE I: Numbers used in the branching fraction calcula-
tions: the fitted signal yields, N (or 90% C.L. upper limit);

the detection efficiency, e. 300

1’ decay mode e (%) N

Tt oete 16.94 £ 0.08 429 + 24 301
ata utu~ 3547 £0.11 <12 302
v’ (rtrT) 4539 £ 0.07 158916 4 425 303

304

305

M(yy) > 0.16 GeV/c?; this removes 94% background™
while the efficiency loss is only 0.73%. The experimen‘cad307
signature of J/¢p — 1/ ( — yrt7~) is given by the™
radiative photon from J/v decays, that carries a unique™”
energy of 1.4 GeV. Consequently it is easy to distinguish310
this photon from those from 7’ decays. In this aunaulysis,311
the combination of Y77~ invariant mass closest to the”
7’ mass is chosen to reconstruct the 7'. w

Figure 4 shows the scatter plot of M (yrt7™) versusss
M(ntn~) for the candidate events, where the distinctas
n’ — p° band corresponds to the decay 1’ — yrTm~. Ass
very clean 1’ peak is observed in the M (yr+7™) distri-sir
bution, as displayed in Fig. 5. The peak is fitted withss
the MC simulated signal shape convolved with a Gaus-sw
sian mass resolution function to account for the differences:
in mass resolution between data and MC simulations,sx
plus a second-order Chebychev polynomial backgroundsz
shape. The fit, shown as the smooth curve in Fig. 533
gives 158916 4+ 425 1/ — y7 7w~ events, and the detec-ss
tion efficiency, (45.39+0.07)%, is obtained from the MCizs
simulation; these are tabulated in Table I. In the simu-sz
lation of 7' — 77w~ since the resonant contributions:
from p® — 77~ is insufficient to describe the data, thess
non-resonant contribution (known as the ”box anomaly” )sx
is also included using a decay rate formula [18] deducedss
from the ones used in Refs. [19-21]. With the parameterss:
tuned with data, the comparison of the simulated dipionss
mass spectrum to data in Fig. 6 shows good agreement. 333
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FIG. 6: The comparison of the simulated 777~ mass spec-
trum with data. Dots with error bars are data within the
7’ region ( [0.938, 0.978] GeV/c? ), the dashed histogram is
background obtained from the 1’ sideband, and the solid his-
togram represents the MC simulation.

IV. SYSTEMATIC ERRORS

In the measurement of the ratio of the branching frac-
tions, the possible systematic error sources and the cor-
responding contributions are discussed in detail below.

e Form factor uncertainty. In the MC generator
used to determine the detection efficiency of 7' —
mtr~=IT1~, the VMD factor defined for the hid-
den gauge model is introduced to account for the
contribution from the p® meson. The detection ef-
ficiency dependence is evaluated by replacing the
factor above with the modified VMD factors de-
noted in Ref. [7]. The maximum change of the
detection efficiencies is assigned as the systematic
error, which is listed in Table II.

e MDC tracking efficiency. Due to the similar
dynamics of 7 — wTn7y* — wTa7ITl™ and
n' — ymtw~, the systematic errors for the two
charged pions cancel in the calculation of the rel-
ative branching fraction of n — 7 7~ IT]~ and
n' — ~mTa~. Thus only the systematic error
caused by the MDC tracking from the leptonic pairs
need be considered. As the momenta of the two
charged leptons are quite low, it is difficult to se-
lect a pure sample from data. In this analysis the
MDC tracking uncertainty of charged pions at low
momentum is determined and used to estimate that
of the leptons by reweighting in accordance with
their momenta. The data sample of J/¢ — 71/,
n' — w7~ is used to evaluate the data-MC dif-
ference of pions at low momentum and finally the
MDC tracking uncertainty is estimated to be 2.1%
for electrons and 1.6% for muons, where the domi-
nant contribution is from the momentum region be-

low 200 MeV/c. Therefore 4.2% and 3.2% are taken

*
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as the systematic errors on the tracking efficiency
for the channels with eTe™ and u* ™, respectively,
in the final states.

Photon detection efficiency. The photon detec-
tion efficiency is studied with three independent
decay modes, ¥(25) — wta=J/ (J/ — p°n0),
»(2S) = ata~J/ (J/Y — 1T17) and J/¢p —
p70 [22]. The results indicate that the difference
between the detection efficiency of data and MC
simulation is within 1% for each photon. Since
the uncertainty from the radiative photons can-
cel by measuring the relative branching fraction of
n — wtr It and ' — yrtw—, 1% is taken
to be the systematic error from the photon in n’
decaying into yr T, 380

Particle ID. The study of the particle ID efﬁciencyzz?
of the pion is performed using the clean control
sample of J/1) — 77~ 7", and indicates that thess
pion particle ID efficiency for data agrees within 1%se
of that of the MC simulation in the pion momentumse,
region. The particle ID efficiency of the electronss
was checked with radiative Bhabha events, and the
difference between data and MC simulation is found?3
to be 1%. In this analysis, 4% is taken as the sys-37
tematic error from the particle ID efficiency of the3®
four charged tracks in ' decaying into 7™ r =[]~ .3
400
Kinematic fit. The clean sample J/¢ — ¢n (¢ —
KtK—, n — wtr~7") selected without a kine-
matic fit is used to estimate the systematic errorsn
associated with the 4C kinematic fit. The differ-
ence between data and MC is determined to be
(0.47 £ 1.45)%, with x? < 75. In this paper, 1.9%
is taken to be the systematic error from the kine-
matic fit for the analyzed decays of J/¢ — ~n/
(n — wtx~I*tI7). For J/vp = ', ' — yntn~
channel, the 4C kinematic fit uncertainty is esti-
mated to be less than 0.7% using the control sam-s.
ple J/¢¥ — pm. Thus, the error from kinematic fitsos
is, 2.0%, the sum of them added in quadrature. s

Background uncertainty. Studies have shown that
the mass resolution of y7 7~ as simulated by the*™
MC, is underestimated. To evaluate the systematic#?
effect associated with this, the invariant mass of4s
~yrta~ in the MC sample is smeared with a Gaus-4°
sian function, where the width of this Gaussian isso
floated in the fit. The change of the result, 0.9%,,,,

is assigned to be the systematic error. o

1’ mass window requirement. Due to the difference
in the mass resolution between data and MC simu-
lation, another source of systematic uncertainty is*3
from the requirement on the 1’ mass window selec-
tion |[M(rTr~ete™) —m(n')| < 0.02 GeV/c?. Toams
account for this effect, we examined the detectionas
efficiency by smearing the MC signal shape with aas
Gaussian function (o = 0.0022 £ 0.0012GeV/c?),ur

TABLE II: Impact (in %) of the systematic uncertainties on
the measured ratios of the branching fractions.

Sources n —wnatnete 0 T putpu
Form factor uncertainty 0.2 0.3
MDC tracking 4.2 3.2
Photon detection 1.0 1.0
PID 4.0 4.0
4C kinematic fit 2.0 2.0
Background uncertainty 0.9 —
1’ mass window 0.1 -
Ny St 0.5 0.5
MC statistics 0.5 0.4
Total 6.3 5.6

which is obtained from the fit to M (7t7~eTe™) as
we did for the fit of M (y7" 7). The change of the
detection efficiency, 0.1% is assigned for this item.

e Uncertainty of the number of  — ynT7~ events
(Ny —ymtr-). The uncertainty from this item,
0.5%, contains the error due to the 7° veto cut
(M (y7y) > 0.16 GeV/c?) and the fit-related error.

Except for the systematic uncertainties studied above,
a small uncertainty due to the statistical error of the effi-
ciencies in ' — 7Tw [T~ and ¥/ — yr T~ is also con-
sidered; all errors are summarized in Table II. The total
systematic error is the sum of them added in quadrature.

V. RESULTS

The ratio (upper limit) of B(n’ — #tx~ITI7) to
B(n' — yrtn™) is calculated with

’ _ _
By = atn 1M7)  Nyontn—it1-/€yosntaiti-

By — yrtn—) - Ny Soymtn— [ € —mymtn—

3

where N/ 4 n—1+;- and N\t~ are the observed
events (or the 90% C.L. upper limit) of ¥ — 7T 7 =TI~
and 7' = yr T, and €+ r—i+- and €y, g - are
the corresponding detection efficiencies. With the num-

f ot et e
bers given in Table I, the ratio % is deter-
mined to be (7.240.4 (stat.) 0.5 (syst.)) x 1073, where
the first error is the statistical error from N,/ i+~ 4~
and Ny tr-. To calculate the upper limit, the sys-
tematic error is taken into account by a factor of #.

sve
Therefore the upper limit, 1.0 x 10~*, on the ratio
B =nta”pt )

B ) 1s given at the 90% confidence level.

VI. SUMMARY

The measurements of ' — 7tz =T~ IT = (e*, uF)
are performed using the sample of 225.3 million J/¢
events collected with the BESIIT detector. A clear
signal is observed in the invariant mass spectrum of
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mTrm~eTe , and the ratio =4 —————— is determinedss
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to be (7.2 £ 0.4 (stat.) £ 0.5 (syst.)) x 1073,  Using"®
the PDG world average of B(n’ — yntx~) and its un-*"
certainty [3], the branching fraction is measured to be*?
B(n' — ntr ete™) = (2.11+0.12 (stat.)£0.14 (syst.)) x**
10~3 which is consistent with the theoretical predictions**
and previous measurement, but with the precision im-*®
proved significantly. The mass spectra of 777~ and*®
eTe™ are also consistent with the theoretical predictions™
that M+ .- is dominated by p%, and M,+.- has a peak™®
just above 2m, with a long tail. No evidence for n'**
decaying into 7#t7~ ptp~ is found, and an upper limit*°

of 1.0 x 10™* on the ratio of B(g’(;f;ﬂ;;;t;;*)

tained at the 90% confidence level. The corresponding,,,
branching fraction upper limit of n’ — 77 uTpu~ is
B — rfr ptp) <2.9x%x 1075,
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