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Based on a sample of (1310.6 + 7.0) x 10°J /y events collected with the BESTII detector, we present
measurements of J /y and 77/ absolute branching fractions using the process J /y — y7'. By analyzing events
where the radiative photon converts into an e e~ pair, the branching fraction for J /s — y#’ is measured to be
(5.27 4 0.03 £ 0.05) x 1073. The absolute branching fractions of the five dominant decay channels of the '
are then measured for the first time and are determined to be B(y' — yz"z~) = (29.90 £ 0.03 £ 0.55) %,
By = natn) = (4124 £0.08 £ 1.24)%, B(y' — na2°) = (21.36 £0.10 £ 0.92)%, B(y' — yw) =
(2.489 £ 0.018 £ 0.074)%, and B(r' = yy) = (2.331 £0.012 £ 0.035)%, where the first uncertainties

are statistical and the second systematic.

DOI: 10.1103/PhysRevLett.122.142002

Even though the main properties of the ' meson are
firmly established and its main decay modes are fairly well
known, it still attracts both theoretical and experimental
attention due to its special role in understanding low energy
quantum chromodynamics (QCD). Decays of the 7/ meson
have inspired the study of a wide variety of physics issues,
e.g., — 1 mixing, the light quark masses, as well as physics
beyond the standard model. Hence considerable theoretical
effort has been devoted to investigate its decay dynamics
and partial decay widths with different approaches [1-6].
However, no absolute branching fractions (BFs) of 7’ decays
have yet been measured due to the difficulty of tagging its
inclusive decays. The exclusive BFs of the ' summarized by
the Particle Data Group (PDG) [7] are all relative measure-
ments. The two most precise measurements so far are from
the BES and CLEO experiments. The BES experiment [8]
reported the relative BFs of B(y' — yy)/B(yf — yn'n™)
and B(y' —» nxtn~)/B(yf —» yxtn~), while the CLEO
experiment [9] measured the branching fractions of its five
decay modes by constraining their sum to be (99.2 + 0.2)%.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

The absolute BF measurement of the five dominant decay
modes are also essential in order to improve the precision
of the BFs for several 7/ decays, which are obtained via
normalization to the dominant 7' decay modes.

In this Letter, we develop an approach to measure the
absolute BFs of the exclusive decays of the ' meson using
a sample of (1310.6 4= 7.0) x 10° J/y events [10] col-
lected with the BESIII detector. The design and perfor-
mance of the BESIII detector are described in detail in
Ref. [11]. Taking advantage of the excellent momentum
resolution of charged tracks in the main drift chamber
(MDC), photon conversions to e™ e~ pairs provide a unique
tool to reconstruct the inclusive photon spectrum from
radiative J/y decays. Take J/w — y1/, e.g., Monte Carlo
(MC) study indicates that the energy resolution of the
radiative photon could be improved by a factor of 3 using
the photon conversion events. This enables us to tag the #’
inclusive decays and then to measure the absolute BF of

J/w — yi', using

obs

B Jy — pf) = ==t (1)
Nj/wgf
where Ngt/)sz’ is the observed #’ yield, ¢ is the detection

efficiency obtained from MC simulation, and Ny, is the
number of J/y events. The photon conversion process is
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simulated with GEANT4 [12], and f is a correction factor to
account for the difference in the photon conversion effi-
ciencies between data and MC simulation.

After the 7/ inclusive measurement, we present precision
measurements of 5’ decays to yztz~, nata~, na’z°, yw,
and yy, again using J/y decays to y#/, but with the radiative
photon directly detected by the electromagnetic calorimeter
(EMC) to improve the statistics. With the help of Eq. (1),
the BF for each 5’ exclusive decay is then calculated using

, Nz/bix £
B(n' — X) = N"Tf’ (2)
Gl =X N pypt

where N 2Pi y 18 the number of signal events obtained from a
fit to data and ¢,/_,x is the MC-determined reconstruction
efficiency.

For the process J/w — yn' where the radiative photon
converts to an e'e~ pair, candidate events are required to
have at least two oppositely charged tracks. Each charged
track is reconstructed using information from the MDC and
is required to have a polar angle in the range | cos 6| < 0.93
and pass within £30 cm of the interaction point along the
beam direction. To reconstruct the photon conversions, a
photon conversion finder [13] is applied to all combinations
of track pairs with opposite charge. The photon conversion
point (CP) is reconstructed using the two charged track
trajectories in the x-y plane, which is perpendicular to the
beam line. The photon conversion length R, is defined as
the distance from the beam line to the CP in the x-y plane.
Photon conversion events accumulate at R,, = 3 and R, =
6 cm corresponding to the position of the beam pipe and
the inner wall of the MDC. The detail studies illustrate that
the distributions of R,, for data and MC simulations are
consistent with each other, as presented in Ref. [13].

To reduce the large combinatorial background from
7% = yy decays where one of the photons converts into
an eTe” pair, the eTe™ pairs that, when combined with a
photon candidate, form a 7z° candidate with an invariant
mass within 20 MeV/c? of the z° mass (corresponding
to £3 times the mass resolution) are not used in the
reconstruction. Candidate events with one photon deposit-
ing more than 1.2 GeV in the EMC are rejected to suppress
background from eTe™ — yy(y). A MC study demon-
strated that a peaking background contribution is from
the electromagnetic Dalitz decay [14] J/w — i'ete™,
which can be effectively removed by requiring R, > 2 cm.

After the above requirements, the recoil mass spectrum
of ete™, Meoi(ete™), is shown in Fig. 1(a), where a clear
1’ peak is observed with low background. To determine the
signal yield of the J/w — yi' decays followed by the
radiative photon converting into an e*e™ pair, an unbinned
extended maximum likelihood fit to M. (eTe™) is
performed. The probability density function (PDF) used
in the fit consists of three components to describe the mass

,q(-; — Total Fit @
= 3000 S
% ---- Signal (a) %
& 2500 15)
2000F Background -
o 4 - o
Jy—n
S 1500 W Jyonee =
@ 1000 3
c f=s
& 500F S o[
@ o i : o 10 . ,
07 08 09 1 11 12 0.9 0.95 1
M,eeoi€'€) (GeV/ )
& &
L L
S S
[0 [+
R 5]
g g
s S
2 2
& 10? &
> % —————— T >
w ~ L L = w
092 094 09 098 1
M(mn) (GeV/c?)
'n 10° —
[$] «
S 85f (e) 2 s
8 3F v 5
0]
o 25F C\l
« 4
o 2F =
S > 3
o 15F =3
& 05F g 1 et
4 o = o ok SR :
0.9 0.95 1 085 09 095 1 105
M(yw) (GeV/c?) Myy) (GeV/c?)
FIG. 1. Unbinned maximum likelihood fit to the invariant mass

spectra. The red solid curve shows the result of the fits, the blue
dashed line represents the contribution of the signal, and the
green dashed line represents the smooth background. The pink
histogram in (a) is the peaking background from J/y — n'e™e™,
and the pink dashed line in (d) is the peaking background
from i/ — 7°72°7°.

spectrum: signal, peaking background from J/y —ete™ 7,
and combinatorial background. The signal component is
modeled by a MC simulated shape convolved with a
Gaussian function to account for the small difference of
the mass resolution between MC simulation and data. The
parameters of the Gaussian function are free in the fit. The
magnitude and shape of the peaking background are
obtained from the MC simulation, while the combinatorial
background is modeled as the sum of the background shape
obtained from an inclusive MC sample of 1.2 x 10° J/y
events, which is generated with the LUNDCHARM and
EVTGEN models [15-17], and a second-order Chebychev
polynomial function, which accounts for the difference
between inclusive MC sample and data. The fit shown in
Fig. 1(a) yields 35980 + 234 J/y — yn' events with the
radiative photon converting into an e*e™ pair.

A MC sample of J/yw — yx' in which the % inclusive
decays are generated in accordance with the world average
BFs of the established modes. We model ' — 7777
and #' — 37 according to the distributions measured in
Refs. [18,19]; the events of # — yxtzn~, ntnete,
atn7%7° and ztznta~ are simulated in accordance
with theoretical models [20-23], which have been validated
in the previous measurements [24-26]; the others, e.g.,
' — yy and ' —> yw, are generated with the phase space
distribution. Then the detection efficiency is determined to
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be 5.15 x 1073 according to the MC simulation. Using
this efficiency, we obtained a BF of J/y — y' of
(5.27 £0.03) x 1073 in which we only present the stat-
istical uncertainty. Moreover, we applied a correction factor
f=edaa / MC— 1.0085 £ 0.0050 [27] to account for the
difference in the photon conversion efficiencies.

For the exclusive measurements of # decays to
yatn~, quta, s’ yw, and yy with z°(y) — yy and

@ — ntn~ 7%, the final states are composed of yyz 7™,

yrym mT, yyyyryys vyyym o, and yyy, respectively.
Candidate events are required to satisfy the following
common selection criteria. (i) Candidate charged tracks
and photons are selected with the same method as Ref. [28]
except that we only use photons hitting the EMC barrel.
Since J/y — yn' is a two-body decay, the radiative photon
from J/y decays is monoenergetic with E = 1.4 GeV,
which makes it easy to distinguish the photons from 7
decays. The photon with the largest energy is then regarded
as the radiative photon from J/w. The other photons
combined with the charged tracks are used for #
reconstruction. (ii) Events must have the correct number
of charged tracks with zero net charge and at least the
minimum number of isolated photons associated with the
different final states. (iii) The selected events are fitted
kinematically. The kinematic fit adjusts the track energy
and momentum within the measured uncertainties so as to
satisfy energy and momentum conservation for the given
event hypothesis. This improves the momentum resolution,
selects the correct charged-particle assignment for the
tracks, and reduces the background. All possible combi-
nations for each signal mode are tested and the combination
with the least y? is retained.

In the case of 5/ — yx"n~, a four-constraint (4C)
kinematic fit on the final-state particle candidates is
performed and the y5- is required to be less than 100.
In order to remove background events with a z° in the final
states, we require that the invariant mass of yy is not in the
7° mass region, |M,, — mo| > 0.02 GeV/c?, where m,p is
the nominal mass of the z° [7]. A MC study of the J/y
inclusive decays reveals that the channels J/y — p°z° and
J/y — ete(y) are the dominant backgrounds, but neither
of them produce peaks in the vicinity of the #’ signal in the
yr"x~ invariant-mass spectrum.

For ' — nx*n~, a five-constraint (5C) kinematic fit is
performed under the yyyn™ 2~ hypothesis with the invariant
mass of the two photons being constrained to the # mass
[7]. After requiring )(%C < 100, the remaining data sample
contains a very small background level of 0.3%, which is
estimated by the events in the 7 mass sideband regions. By
investigating the J/y inclusive MC sample, the dominant
background contributions are found to be from J/y —
yqrta~ and J/w — yyp, but no peaking background
appears in the nz "z~ invariant mass distribution around
the ' signal region.

To detect ' — na°z°, one-constraint (1C) kinematic fits
are performed on the 7° () candidates reconstructed from
photon pairs with the invariant mass of the two photons
being constrained to the z° (1) mass, and ;(%C is required to
be less than 25. Then a seven-constraint (7C) kinematic fit
(two 7° and one 7 mass are also constrained in addition
to the four energy-momentum constraints) is performed
under the hypothesis of J/y — yz°z% and )(%C < 100 is
required. After that the candidate events, as illustrated by
the mass spectrum of 7z°z° in Fig. 1(d), are almost
background free. A MC study shows that the background
events of J/y — yi', i = 71°2°2° contribute to a small
peak in the #2°72° mass distribution around the 5’ signal
region, which is considered in the signal extraction.

To select B = yw candidates, five-constraint (5C) kin-
ematic fits are performed with the invariant mass of all
combinations of any two photons being constrained to the
7° mass, and )fgc is required to be less than 50. We require
the 777~ 72° invariant mass is in the @ signal region,
|M -0 — m,,| < 0.03 GeV/c?, where m,, is the nominal
mass of the w [7]. If the recoil mass of the w satisfies
|M5—m | <0.025GeV/c? or [Mig€ —m, | <0.035GeV/c?,
the events are rejected to suppress background contribu-
tions from J/y — wn and J/y — wz®. According to
a MC study using the J/y inclusive sample, the remaining
background events mainly come from J/y — b;(1235)°2°
with b,(1235)° —» wz°® and J/y — w°2°, but neither of
them produces a peak in the yw mass spectrum near the
7’ mass.

For the decay of ' — yy, a 4C-kinematic fit is applied,
and events with y3- < 60 are selected. Since there is a
small probability that the energy of one photon from the #’
decay is larger than that of the radiative photon, the mass
distributions of the three photon pairs for each event are
plotted in Fig. 1(f), where an #’ signal is clearly observed
above a smooth background due to wrong yy combinations
plus other background sources.

After applying the above requirements, the mass
spectra of yztn~, natn~, na’z°, yw, and yy are shown
in Figs. 1(b)-1(f), where the #' signals for different
exclusive decays are clearly observed. The corresponding
signal yields are obtained by performing the extended
unbinned maximum likelihood fits to the above mass
spectra. The PDF function consists of a signal and various
background contributions. The signal component is mod-
eled as the MC simulated signal shape convolved with a
Gaussian function to account for the difference in the mass
resolution between data and MC simulation. The consid-
ered background components are subdivided into two
classes: (i) the nonpeaking background, which is described
with a first-order or second-order Chebychev polynomial
function; (ii) the peaking background in 5’ — 5z°7°, e.g.,
J/w = yi', i = 2°2°7°, which is described by the shape
determined via a MC simulation and the corresponding
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TABLEI. Summary of the measured BFs for ’ decays. V' ;Pi X
the determined BF.

is the signal yield from the fits, &,/_, x is the detection efficiency, and Bis

B = X)(%)

B/B(y — na*x”)

Decay mode N;’}’ix 6,,/_,X(%) This measurement PDG [7] This measurement CLEO [9]

7 —yrtam 913106 +£1052  44.11 2990+ 0.03+0.55 289+0.5 0.7254+0.002 +0.010 0.677 £0.024 £ 0.011
W - nrtr~ 312275+ 570 27.75 41.24 £0.08 £ 1.24 42.6 +£0.7

7 = naz® 51680+ 238 9.08 21.36 £0.10+0.92 228 +0.8 0.518 +0.003 4+ 0.021 0.555 £0.043 £0.013
7 —yw 22749 + 163 1498 2489 4+0.018 +£0.074 2.62 +0.13 0.0604 £ 0.0005 £ 0.0012 0.055 £ 0.007 £+ 0.001
N —yr 70669 + 349 43,79 2331 4+0.012+0.035 2.224+0.08 0.0565 + 0.0003 £+ 0.0015 0.053 £ 0.004 + 0.001

magnitude is estimated according to the corresponding
branching fraction from PDG [7]. The fit results for the
signal yields are listed in Table I and the projections of the
fit on the mass spectra for different exclusive decays are
shown in Figs. 1(b)-1(f), respectively.

According to Eq. (2), the BFs for these five dominant
decays of ' are presented in Table I, where the first
uncertainties are statistical and the second systematic.

Sources of systematic uncertainties for the BF measure-
ments for 7/ decays can be divided into two categories:
those from the 7’ exclusive measurements and those from
the inclusive measurement.

Systematic uncertainties from the 7’ exclusive measure-
ments are mainly from the MDC tracking efficiency, the
photon detection efficiency, the kinematic fit, and the fit
procedure. The MDC tracking efficiency for the charged
pion is studied with a control sample of J /v — pr, and the
weighted average uncertainties are obtained using bins of
transverse momentum [24]. The systematic uncertainty due
to the photon detection efficiency is studied with a control
sample of J/y — ztz~ 2" [29]. In J/y — y#/, the radiative
photon carries a unique energy of 1.4 GeV. The detection
efficiency of the radiative photon is studied with
J/w =y, ¥ - yxtr~. For the uncertainties in the
reconstruction of the # and z°, we use the result of a study
described in Ref. [30]. The uncertainty associated with the
kinematic fit arises from the inconsistency between the data
and the MC simulation. For decay processes including
charged tracks in the final states and decay processes with
purely neutral particles in the final states, the uncertainties
are estimated with helix parameter correction [31] and
photon energy correction [32], respectively. The sources of
systematic uncertainty in the fit procedures are estimated by
varying the fit ranges, background shapes and signal shapes
in each fit, uncertainty form peaking background in ' —
nx’z° is negligible. To estimate the systematic uncertainty
due to the kinematics of the # three-body decays, we
generate the i/ — yatn~, ¥ = yatx~, and y — yax°
signal MC samples with parameters from different mea-
surements [18,33,34]. The changes in the reconstruction
efficiency are taken as the systematic uncertainties.

In addition to the above exclusive systematic sources, the
uncertainty from the 7’ inclusive measurement is included

in the measurement of the BFs. Note that the efficiencies
of the electron tracking and the photon conversion
reconstruction criteria cancel in the photon conversion
efficiency correction. Thus the uncertainties on the #
inclusive measurement consist of uncertainties in the fit
procedure, the number of peaking background events from
J/w — eteTy, the statistical uncertainty on N?t/’sw_)m, and
the uncertainty in the correction factor applied to the
photon-conversion efficiency. The total systematic uncer-
tainty from the #’ inclusive measurement is 0.9% and it is
indicated as the # inclusive uncertainty in Table II.

In the measurement of the BF for J/y — y#/, the sources
of systematic uncertainty are the same as those for the 7
inclusive measurement except that the uncertainty of the
number of J/y decays [10] is included instead of the
statistical uncertainty of Nj?;/—wn"

Table II summarizes all contributions to the systematic
uncertainties on the BF measurements. In each case, the
total systematic uncertainty is given by the quadratic sum of

TABLE II. Summary of all sources of systematic uncertainties
(in %) in the #' and J/w BF measurements. The ellipses “...”
indicate that the uncertainty is not applicable. I-V represent
W = yata, qgata, na’z®, yw, and yy, respectively, while VI
represents J/y — yn.

Sources I I 1T 1\ \Y VI
Tracking 1.3 23 1.9
Radiative y 02 02 02 02 02

y detection 0.5 1.0 3.0 15 1.0

7° reconstruction e .. 20 10 ...

1 reconstruction 1.0 1.0
Kinematics fit 0.1 0.1 1.7 05 05
Fit range 02 02 02 01 02 03
Signal shape 02 01 01 03 01 02
Background shape 03 04 01 01 02 02
Peaking background 0.2
Physical model 06 07 05
BFs .. 05 05 08 ...
f ... 05
7’ inclusive 09 09 09 09 09
Ny ... 053
Total 1.8 30 43 30 15 09
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TABLE III. Comparison of measured decay widths (keV) with
theoretical calculations.

(' — nrta”) U(y — na'z°)
Reference [1] 77.7 43.8
Reference [5] 83.6 + 0.8 429 +0.3
Reference [4] 81+4 46+ 3
This measurement 80.8 4.4 41.8 £2.6

the individual contributions, assuming all sources to be
independent.

In summary, using a data sample of (1310.6 &+ 7.0) x
10%J/y events collected with the BESII detector, we
present a model-independent measurement of the BF for
J/w — yi' by analyzing events where the radiative photon
converts into an ete~ pair. The BF of J/y — y7 is
determined to be (5.27 & 0.03 £ 0.05) x 1073, which is
in agreement with the world average value [7], but with a
significantly improved precision. Taking advantage of the
sample of #’ inclusive decays tagged by J/y — yi events
with photon conversion, the absolute BFs of five dominant
decays of the 5/ are presented in Table I and are measured
independently for the first time, which are in agreement
with the PDG values [7]. In addition, we give the relative
BFs for # decays as presented in Table I, which are in
agreement with CLEQO’s result [9] within two standard
deviations. The precision of our measurements is a factor 2
to 4 better than that of CLEO. The comparisons of the
decay widths of ¥ = natz~ and ' — na°z° with different
theoretical approaches, including the chiral unitary
approach [1], the chiral perturbation theory [5] and the
chiral effective field theory [4], are presented in Table III.
Here the measured decay widths are obtained using the
i’ total decay width I'(') = 0.196 £ 0.009 MeV [7]. Our
results are in good agreement with the theoretical estima-
tion. The photon conversion method in this Letter can also
be applied in other measurements using J/y radiative
decays, such as the decay J/w — yn.
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