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Using 4.48 x 10® y(3686) events collected with the BESIII detector, we search for the decays y.;, —
wu~J/y through the radiative decays y/(3686) — yy,;, where J = 0, 1, 2. The decays y.;, — u"u~J/y
are observed, and the corresponding branching fractions are measured to be B(y., — p u~J/y) =
(2.514+0.18 £0.20) x 107™* and B(y., = u*p~J/y) = (2.33 £0.18 - 0.29) x 1074, where the first
uncertainty is statistical and the second one systematic. No significant y,, — upu~J /y decay is observed,
and the upper limit on the branching fraction is determined to be 2.0 x 1073 at 90% confidence level. Also,
we present a study of dimuon invariant mass dependent transition form factor for the decays
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I. INTRODUCTION

The electromagnetic (EM) Dalitz decays M| - M,£+ ¢~
(M for meson, £ = e or pu) provide information on the
internal structure of the mesons and the interactions of the
mesons with the electromagnetic field [1-4]. Such decays
are well studied in light-quark meson sector [5], but very
rare in charm sector, let alone in the bottom sector. The
g-dependent transition form factor (TFF), where ¢ is the
invariant mass of the lepton pair, serves as a sensitive probe
to the inner structure of the mesons involved, thus provides
crucial tests to the theoretical models developed to describe
the nature of the mesons, especially the charmoniumlike
states which manifested exotic properties compared with
conventional charmonium states. One example is the
X(3872); while it is a candidate for the radial excitation
of the P-wave charmonium state y.;, it is also a good
candidate of the DD* molecule. Precision measurement of
its EM Dalitz decays and comparison with those of y.;
decays and the relevant theoretical models may eventually
reveal its nature.

The branching fractions for y.; - utu~J/y are pre-
dicted in Ref. [6] (Throughout this paper, y.; refers to y .,
Xe1» and y), and it is demonstrated that the uu~ decay
channels are more suitable for the investigation of y.; —
y*J/y decay vertices than e'e™ decay channels, which
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have been observed at BESIII [7]. Very recently, LHCb
reported the observation of y., — u"p~J/y [8] and
measured the y.; , resonance parameters. At BESIII, since
the branching fractions of y(3686) — yy.; can be calcu-
lated very precisely, we can measure the absolute branching
fractions of y.; = u"u~J/w. The branching fractions in
theoretical calculations are related to the TFF, so the
measurements can provide more constraints on theoretical
calculations about TFF correction [6].

In this work, we report the branching fraction measure-
ments of y.; = u*u~J/w by analyzing the cascade decay
w(3686) = yyess xey = ' u~J/w. Here, the J /y is recon-
structed in its decay to an e™e™ or yTpu~ pair. This analysis
uses a data sample of (4.481 £ 0.029) x 108 y(3686)
events [9] taken with the BESIII detector [10] operating
at BEPCII [11] in 2009 and 2012. In addition, a data sample
corresponding to an integrated luminosity of (44.49+
0.02 +0.44) pb‘l, taken at \/E = 3.65 GeV [12], is used
to estimate the background from continuum processes.

I1. BESIII DETECTOR AND
MONTE CARLO SIMULATION

The BESIII detector is a magnetic spectrometer [10]
located at the BEPCII [11]. The cylindrical core of the
BESIII detector consists of a helium-based multilayer drift
chamber (MDC), a plastic scintillator time-of-flight system
(TOF), and a CsI(TI) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal
magnet providing a 1.0 T magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identifier modules interleaved with
steel. The acceptance of charged particles and photons is
93% over 4z solid angle. The charged-particle momentum
resolution at 1 GeV/c is 0.5%, and the dE/dx resolution is
6% for the electrons from Bhabha scattering. The EMC
measures photon energies with a resolution of 2.5% (5%) at
1 GeV in the barrel (end cap) region. The time resolution of
the TOF barrel part is 68 ps, while that of the end cap part
is 110 ps.

Simulated samples produced with the GEANT4-based [13]
Monte Carlo (MC) package which includes the geometric
description of the BESIII detector and the detector response,
are used to determine the detection efficiency and to estimate
the backgrounds. The simulation includes the beam energy
spread and initial state radiation (ISR) in the eTe™ annihi-
lations modelled with the generator KkMC [14]. The signal
MC samples are generated using EVTGEN [15] with a g-
dependent decay amplitude based on the assumption of a
pointlike meson, as described in Refs. [6,16]. The inclusive
MC sample consists of the production of the (3686)
resonance, the ISR production of the J/w, and the con-
tinuum processes incorporated in KKMC [14]. The known
decay modes are modeled with EVTGEN [15] using branching
fractions taken from the Particle Data Group [5], and the
remaining unknown decays from the charmonium states

with LUNDCHARM [17]. The final state radiations (FSR)
from charged final state particles are incorporated with the
PHOTOS package [18].

III. EVENT SELECTION

Candidate events are required to have four charged
tracks, with zero net charge, and at least one photon.
For each charged track, the distance of the closest approach
to the interaction point (IP) is required to be smaller than
1 cm on the radial direction and smaller than 10 cm along
the beam axis. The polar angle (¢) of the tracks must be
within the fiducial volume of the MDC (|cos 8] < 0.93).

Photons are reconstructed from isolated showers in the
EMC which are at least 20° away from the nearest charged
track. The photon energy is required to be at least 25 MeV
in the barrel region (|cos 8| < 0.8) or 50 MeV in the endcap
region (0.86 < |cos@| < 0.92). In order to suppress elec-
tronic noise and energy depositions which are unrelated to
the event, the time after the collision at which the photon is
recorded in the EMC is required to satisfy 0 < ¢ < 700 ns.

According to the study of signal MC, the tracks with
momentum larger than 1 GeV/c are assumed to be leptons
from J/y decay, otherwise they are considered as muons
from y.; decay. The EMC deposited energy is used to
separate electrons and muons from J/y, leptons from the
J/y decay with energy deposited in EMC larger than
1.0 GeV are identified as electrons, less than 0.3 GeV as
muons. The J/y signal is selected by requiring the
invariant mass of the lepton pair to be in the mass region
[3.085,3.110] GeV/c?. A vertex fit is performed on the
four charged tracks to restrict the tracks originated from the
IP. In order to reduce backgrounds and improve the mass
resolution, a four-constraint (4C) kinematic fit is performed
by constraining the total four momentum to that of the
initial beams. All the photons are looped with the four
tracks in the kinematic fit and only those with a y* < 40 are
retained. If there is more than one photon candidate in an
event, only the one with the least y? is retained for further
analysis.

A study of the y(3686) inclusive MC sample shows that,
after applying the above selection criteria, the main back-
grounds come from the four processes: Cat. I: w(3686) —
YXers Xes = vy, J/y = ¢~ Cat. 1. w(3686) —
3w, 1) —yy, 25 —>yy, J/y - Y67, Cat 1T
w(3686) = 2]y, a) —yy, ) —yeter, Jly -
£Y¢~ and Cat. IV: w(3686)—>nt/w, n-oyutu,
J/w = ¢,

To suppress the backgrounds from Cats. I and II, where
one photon is converted into two electrons, a photon-
conversion finder [19] is used to reconstruct the photon-
conversion vertex. There are no additional requirements in
the photon-conversion finder. The distance from the recon-
structed conversion vertex to the z axis, R,,, is used to
distinguish the photon conversion background from the
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FIG. 1. Distribution of R,, for the decay y. — utu=J/w,
where R,, is the distance from the reconstructed conversion
vertex to the z axis calculated from the photo-conversion finder
[19]. The points with error bars are data, the red histograms are
for the signal MC simulations and the blue dotted lines are for the
background MC simulations.
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FIG. 2. Distribution of M(u*u~J/w) in data (dots with error
bars). The solid curve is the overall fit result, the dashed curve is
for background contribution.

signal. Figure 1 shows the R,, distribution of the decay
Ye1 = uu~J/w as an example. By studying the MC
samples of Cats. I and II, the peaks around R,, = 3 and
6 cm match the positions of the beam pipe and the inner
wall of MDC [10], respectively. For the background
from Cat. III, it enhances around R,, =0 cm. In order
to remove all these backgrounds, a requirement R,, >
8.5 cm is applied. For the signal events, the reconstructed
R, is almost proportional to the opening angle of the two y
tracks, so if the angle of the two tracks is large, the variable
R,, is also large.

To remove the background from Cat. IV, which has
the same final state as the signal event, a requirement

TABLE 1.

M(yutp~) < 0.535 or > 0.560 GeV/c? is applied, where
M (yu*u~) is the invariant mass of yu™*u~. The requirement
removes almost all the Cat. IV background events (it
accounts for about 60% of the remaining background, is
about 140 events), with an efficiency loss of about 15% for
signal events.

After applying all the above criteria for y(3686) inclu-
sive MC sample, which does not include the signal
processes, only a few events are left, and the overall
contribution from w(3686) decays in the M(u*pu=J/y)
distribution is found to be smooth. Here M (u*u~J/y) =
M(ptu¢t¢™) =M ¢™) + m(J/y) is used to reduce
the resolution effect of the lepton pairs, and m(J/y) is the
nominal mass of J/y [5]. The continuum background is
studied by using the data collected at /s = 3.65 GeV, and
the contribution is found to be negligible.

IV. BRANCHING FRACTION MEASUREMENT

Figure 2 shows the M(u"p~J/w) distribution for
selected events from data. Clear enhancements at the
masses of y.;, are seen, corresponding to the decays
Xe1o = Wu~J/y, while no significant signals for the
Xeo = #u~J/w decay are found. An unbinned maximum
likelihood fit is performed to the M (u*u~J /y) distribution
to extract the signal yields. We use the MC-determined
shapes to describe the y.; signals, where the magnitudes are
free parameters. The background is described by a linear
function with the number of events as free parameter.
The fit result is shown in Fig. 2 and the corresponding
signal yields are summarized in Table I. The significances
for y.;, are larger than 10c by comparing the likelihood
values for the fits with or without y.; , signals and taking
the change of the number of degrees-of-freedom into
account. Since no significant signal is observed for y ., —
utu~J/y decay, we give the upper limit at 90% confidence
level (C.L.) using Bayesian method. With the fit function
described before, we scan the number of y . signal yield to
obtain the likelihood distribution, and smear it with the
systematic uncertainty. The upper limit of the number of
Xeo signal yield N,° at 90% C.L. is obtained via

up
o0 F(x)dx/ [ F(x)dx = 0.90, where F(x) is the prob-
ability density function of the likelihood distribution.

The branching fractions B(y.; — utu~J/y) are calcu-
lated according to

Signal yields, detection efficiency, branching fraction (or upper limit at 90% C.L.) and ratio of the branching fractions for

each decay channel. Here the first uncertainty is statistical and the second systematic.

Bes=u pJ/y)

Decay mode Yields Efficiency (%) Branching fraction Blame eI ly)

Xeo = W Ty <95 9.40 <2.0x107 <0.14

X1 = U Iy 2219+ 153 16.94 (2.51 £0.18 £0.20) x 107* (6.73 £0.51 £ 0.50) x 1072
Yoo = piu Ty 218.9 +16.1 18.42 (2.33+£0.18 £0.29) x 107* (9.40 £0.79 & 1.15) x 1072
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FIG. 3. Comparison of ¢ distributions between data and MC
simulation. The distributions are not efficiency corrected for the
decays y.; = puu~J/w (a) and y., — putu~J/y (b). The points
with error bars are data and the red histograms are for the signal
MC simulations. The MC distributions are normalized by the
total number of events for data.

N
Ny (3686) “Brag - BJ/I//—>Z+1_ "€

Blyey = ptpJ/y) = . (1)

where N is the signal yields obtained from the fit, N, 36g6)
is the number of y(3686) events [9], € is the average
selection efficiency of the decays J/y — eTe™ and J/y —
u*p~ determined from the signal MC samples, B,,q is the
branching fraction of the radiative transitions w(3686) —
YXcs» @and By, _ s+~ is the sum of branching fractions of
J/w — ete” and J/yw — utpu~. All the branching fractions
used are taken from Ref. [5]. The results of y. —
utp~J/y are listed in Table 1.

V. TRANSITION FORM FACTOR MEASUREMENT

Figure 3 shows comparisons of the observed ¢ distri-
butions without efficiency correction in data and MC
simulation for the decays y.;, — u"pu~J/w, where the
xe1 and y ., signals are extracted by requiring a mass within
[3.500, 3.520] and [3.545,3.565] GeV/c?, respectively;
with these criteria the backgrounds are expected to be
about 5%. The data are in reasonable agreement with the
MC simulation generated by using the pointlike model
described in Refs. [6,16].

5 5
(a) (b)
4F 4
o 3F <~ 3F
s s
= ;?bj £ +
1F 1}
0 1 1 1 0 1 1
02 025 03 035 04 0.2 0.3 0.4

q (GeV/c?) q (GeV/c?)

FIG. 4. TFF distributions for the decays y.; — pu"u~J/y (a)
and y., — utu~J/w (b). The solid curves are the fit results.

To measure the TFF, the ¢ distributions in the decays
Y12 = pp~J/y are divided into 4 and 5 regions, respec-
tively. The bin-by-bin signal yields and corresponding
branching fractions are listed in Table II. The quantum
electrodynamics (QED) predicted branching fraction
results of y.;, = u*u~J/y are obtained from Eq. (2) in
Ref. [6], and the uncertainty is from the branching fractions
of yc12 = yJ/w. The TFFs are the ratios of measured
branching fractions and QED predicted branching fractions
in each bin, which are also listed in Table II. Figure 4 shows
the TFF distributions for the decays y.j» — utu~J/y.
If we use the parametrization F(gq) = I—JW [3] to fit

TFF distributions, the fit results are also shown in Fig. 4.
The A values for the decays y. i, = u"u~J/y are A, =

(0.76 4 0.18) GeV/c? and A, = (0.71 £ 0.10) GeV/c2.

VI. SYSTEMATIC UNCERTAINTY

The systematic uncertainties for the branching fraction
measurement arise from the following sources: track
reconstruction, photon detection, kinematic fit, J/y mass
criteria, M (yu" u~) requirement, R,, requirement, fit pro-
cedure, angular distribution, number of y(3686) events,
and the branching fractions of the cascade decays. All
uncertainties are discussed in detail below.

The difference between data and MC simulation on the
tracking efficiency of high momentum tracks is estimated
to be 1% [20] using control sample y(3686) — nt 7~ J /y,

TABLEIL Signal yields, measured branching fraction B, QED predicted branching fraction Bogp, [6] and TFF |F(g)|? for the decays
Xe12 — whu™J/w in each bin. Here the first uncertainty is statistical and the second systematic.

Channel q (GeV/c?) Yields B (1079) Boep [6] (1072) |F(q)|?

Yot = Ty 2m,,.0.25] 26.9 + 5.4 432 +0.87 +035 3.8140.11 1134023 +0.10
[0.25, 0.30] 74.4 4+ 8.9 8.87 +1.06 +0.71 591 +0.17 1.50 £0.18 = 0.13
[0.30, 0.35] 63.44+8.3 6.51 +0.85 +0.52 4.64+0.14 1.40 £0.19 +0.12
[0.35, 0.40] 595+79 5.17 £0.69 £0.42 2.83 +0.08 1.83 £0.25 £0.16

Yer = W J )y [Zm”, 0.25] 29.1+£59 420+ 0.85 +0.52 2.20 £0.06 1.91 £0.39 + 0.24
[0.25, 0.30] 50.7 £7.8 5.32 £0.82 £ 0.66 3.51£0.09 1.52£+£0.24 +0.19
[0.30, 0.35] 474 +7.7 5.02 £0.82 £ 0.62 2.93 +0.08 1.71 £0.28 £ 0.22
[0.35, 0.40] 56.9+79 5.61 £0.78 £0.70 2.16 £0.06 2.60 £0.37 £ 0.33
[0.40, 0.45] 3834+6.8 3.454+0.624+0.43 1.25 £0.03 2.76 £ 0.50 £ 0.35
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J/w — ¢£7¢~. To study the difference on the low momen-
tum muon tracking efficiency between data and MC
simulation, we select a sample of y(3686) — 7~ J/y,
J/w — uTp~y. The weighted difference between data and
MC simulation is about 4% for the low momentum g*u~
pair. We also checked cos 8 dependence of low momentum
tracking efficiency using control sample J/y — ppr*n~.
The = tracking efficiency is cos# dependent, and we use
these results to correct the efficiency for y ™y~ pair, while the
weighted difference between data and MC simulation is also
about 4%. Totally, a 6% systematic uncertainty on tracking
efficiency is attributed to all channels. The uncertainty on the
photon detection efficiency is derived from a control sample
of J/w — p°z° and is 1.0% per photon [21].

In the 4C kinematic fit, the helix parameters of charged
tracks are corrected to reduce the discrepancy between data
and MC simulation as described in Ref. [22]. The correc-
tion factors are obtained by studying a control sample of
w(3686) —» ntnJ/w, J/w — ¢£7¢~. To determine the
systematic uncertainty from this source, we determine
the efficiencies from the MC samples without the helix
correction; the resulting differences with respect to the
nominal values are taken as systematic uncertainties.

The uncertainty associated with the J/w mass require-
ment is 1.0%, which is determined by studying a control
sample of y(3686) — nJ/y, n — yy (where one y under-
goes conversion to an e™ e~ pair) ory — yete™ decays. The
systematic uncertainty related to the M(yu"p~) require-
ment is studied by removing the requirement and then
repeat the analysis to get the result. The difference from the
nominal result is taken as systematic uncertainty from this
source. Likewise to estimate the systematic uncertainty
from R,, requirement, we also remove the requirement to
get the result and the difference is taken as systematic
uncertainty. Due to the absence of y,., signal, the uncer-
tainties for y. channel on M(yu"u~) requirement and R,
requirement are taken from the larger one in the y,.; and y .,
channels.

The sources of uncertainty in the fit procedure include
the fit range, the signal shape, and the background shape.
The uncertainty related to the fit range is obtained by
varying the limits of the fit range by +5 MeV/c% The
largest difference in the signal yields with respect to the
nominal values is taken as systematic uncertainty. In the
nominal fit, the signal shapes are described with the MC
simulated signal shapes. An alternative fit is performed
with the signal MC simulated shapes convolved with a
Gaussian function. The resulting change in the signal yields
is taken as systematic uncertainty. The uncertainty asso-
ciated with the background shape is estimated by an
alternative fit replacing the first order polynomial function
with a second order polynomial function. The change in the
signal yields is taken as systematic uncertainty. About the
uncertainty from fit procedure for y ., channel, we try to use
different combinations of fit range, signal shape, and

TABLE IIIl. Summary of systematic uncertainties (in %). - - -
means that the results are not applicable.

ey = WipJ w

XcO Xel X2
Tracking 6.0 6.0 6.0
Photon 1.0 1.0 1.0
Kinematic fit 2.6 2.5 2.5
J/y mass window 1.0 1.0 1.0
M (yu" ™) requirement 6.0 1.8 6.0
R, requirement 7.6 2.7 7.6
Fit range e 0.5 2.1
Signal shape e 0.1 0.4
Background shape e 0.2 2.3
Angular distribution 2.7 1.1 0.1
Number of y(3686) 0.7 0.7 0.7
Branching fractions 2.1 2.5 2.1
Sum 12.3 8.0 12.4

background shape to get the upper limits, and choose
the largest one as nominal upper limit.

The helicity angle distribution 1 + @ - cos?6 of the ™~
pair in y.; rest frame may affect the detection efficiency,
where « is angular distribution parameter. We fix the
angular distribution of y*pu~ pair in y., = ptu~J/y at
the measurements from processes y.1, = ete J/y [7],
a,, =00+02and a,, =0.5+0.2, and vary lo to get
the systematic uncertainty. For the decay y., — u"u=J /v,
the angular distribution of p*u~ pair is set to be flat, and
varied to 1 £ cos?@ to get the systematic uncertainty.

The number of y(3686) events is measured with an
uncertainty of 0.7% by using the inclusive hadronic events
[9]. The uncertainties of the branching fractions in the
cascade decays are taken from Ref. [5].

Table III summarizes all individual systematic uncer-
tainties, and the overall uncertainties are the quadrature
sums of the individual ones, assuming they are indepen-
dent. The overall uncertainties are also taken as the
systematic uncertainties of the branching fraction measure-
ments for the decays y., = p"pu~J/w in each bin in
Table IL

VII. RESULTS AND DISCUSSION

In summary, we observe the decays y.j,—pu pu J/y
through the radiative transitions y(3686) — yy.,. The cor-
responding branching fractions are measured for the first
time to be B(y. = utu~J/w)=(2.51£0.184+0.20) x 10~*
and B(yn — utp~J/w) = (2.33 £0.18 £ 0.29) x 1074,
where the first uncertainty is statistical and the second
systematic. We do not observe significant y.,— u"u~J/w
events, and an upper limit at 90% C.L. on the branching
fraction is set to be Bly., — u'puJ/y) < 2.0 x 107,

B(yes=uuJ/w)

Blr~ereijy) WC also

The ratios of branching fractions

051101-7



M. ABLIKIM et al.

PHYS. REV. D 99, 051101 (2019)

obtained by incorporating the BESIII measurements of the
branching fractions B(y.; — ete™J/y) in Ref. [7], as listed
in Table I. The common systematic uncertainties related to
efficiency and branching fractions cancel in the calculation.
From the measured TFF distributions, the |F(q)|* values
deviate from one significantly. This indicates that the TFF
should be considered in the branching fraction calculation. If
we use the parametrization F(q) = T%/AZ to parametrize

TFF with A = m, = 0.77 GeV/ 2, the calculated branch-
ing fractions [6] for y.;, — utu~J/y agree well with the
measured results.
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