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Using 106 x10% y(3686) events collected with the BESIII detector, we measure multipole amplitudes
for the decay y(3686) — yyx.12 — yrJ/w beyond the dominant electric-dipole amplitudes. The normalized
magnetic-quadrupole (M2) amplitude for w(3686) — yy.1» — yyJ/y and the normalized electric-
octupole amplitudes for w(3686) — yy., xeoo — yJ/w are determined. The M2 amplitudes for
w(3686) = yy. and y., — yJ/w are found to differ significantly from zero and are consistent with
theoretical predictions. We also obtain the ratios of M2 contributions of y(3686) and J/y decays to
Xe12, by/b3 =1.3540.72 and al/a3 = 0.617 4 0.083, which agree well with theoretical expectations.
By considering the multipole contributions of y.; ,, we measure the product branching fractions for the
cascade decays w(3686) = yx.012 — yyJ/w and search for the process 7.(2S) — yJ/y through
y(3686) — yn.(2S). The product branching fraction for yw(3686) — yy.o — yyJ/w is 30 larger than
published measurements, while those of w(3686) — yy.1» — yyJ/y are consistent. No significant signal
for the decay y(3686) — y1.(2S) — yyJ/w is observed, and the upper limit of the product branching
fraction at the 90% confidence level is determined.

PHYSICAL REVIEW D 95, 072004 (2017)

DOI: 10.1103/PhysRevD.95.072004

I. INTRODUCTION

The processes y(3686) — y1x.12 and y.1 o = yoJ /w are
dominated by electric-dipole (E1) amplitudes but allow for
higher multipole amplitudes as well, such as the magnetic-
quadrupole (M2) and electric-octupole (E3) transitions.
The contributions of these higher multipole amplitudes give
information on the anomalous magnetic moment x of the
charm quark [1,2] and on the admixture of S- and D-wave
states [3]. The normalized M2 contributions for y(3686) —

YiXc12 and y.q 2 = v2J /w, which are referred to as bé’z and
ay with the superscript representing y . », are predicted to
be related to the mass of the charm quark, m,, and x [1,2,4].
By assuming m, = 1.5 GeV/c? and ignoring the mixing
of S- and D-wave states, the contributions bé’z and aé'z,
corrected to first order in E, , /m., where E, , is the energy

*Corresponding author.
gaoq@ihep.ac.cn

Corresponding author.
jingzhi@ihep.ac.cn

“Also at State Key Laboratory of Particle Detection and
Electronics, Beijing 100049, Hefei 230026, People’s Republic
of China.

Also at Bogazici University, 34342 Istanbul, Turkey.

°Also at the Moscow Institute of Physics and Technology,
Moscow 141700, Russia.

'Also at the Functional Electronics Laboratory, Tomsk State
University, Tomsk, 634050, Russia.

€Also at the Novosibirsk State University, Novosibirsk
630090, Russia.

"Also at the NRC Kurchatov Institute, PNPI, 188300,
Gatchina, Russia.

'Also at University of Texas at Dallas, Richardson, Texas
75083, USA.

JAlso at Istanbul Arel University, 34295 Istanbul, Turkey.

of y , in the rest frame of the mother charmonium state, are
predicted [4] to be

E, [w(3686) = y1x.1]

b} = 2. (I4+x) =0.029(1 +«),
o = - Fn bm4; .721/‘/’] (1 +x) = —0.065(1 + ),
b2 = %Eﬁ ["’(364?2_’ 1l |4 — 00201 4 x),
@ = -\%En V"ZL;C“J/ Y1 4 ) = —0.096(1 + x),

(1)
respectively. The ratio of the M2 contributions of
w(3686) = yixe to w(3686) = yixen (rer = 1r2J/y to
X2 = v2J /y) is independent of the m, and x of the charm
quark to first order in E,/m, and predicted to be b} /b3 =
1.000 £ 0.015 and a}/a% = 0.676 & 0.071, respectively
[5], where the dominant uncertainties come from ignoring
contributions of higher order in (E,/m.)*. Higher-order
multipole amplitudes can be obtained by investigating the
angular distributions of the final-state particles [1,6,7].
Several experiments have searched for higher-order multi-
pole amplitudes [5,8—12]. The CLEO experiment reported
significant M2 contributions in y(3686) — 7y, and
Xe12 = 1v2J/w by analyzing 24 x10° y(3686) decays
[5]. Recently, BESIII found evidence for the M2 contri-
bution in y(3686) — yy., with y., » 7tz /KTK™ [12].

The experimentally observed charmonium states and
their decay can be reproduced reasonably well by calcu-
lations based on a potential model and by perturbative
quantum chromodynamics [13]. However, for the El
radiative transitions of w(3686) — y1x.010, there are
significant  discrepancies between different model
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predictions [14—-16] and the Particle Data Group (PDG)
average [17]. The partial widths of y(3686) — y1x.0.12
are predicted to be 26, 29, and 24 keV, respectively, by
using the Godfrey-Isgur model [16], which deviate by
—(13+3.5)%, (1.4+4.6)%, and —(11.8 £3.9)% from
the averages of experimental measurements [17].

In this paper, we report on a measurement of the higher-
order multipole amplitudes in the processes of
w(3686) = yixc12.Xc10 = 72J /w, where the J /y is recon-
structed in its decay modes J/y—¢T¢(£=e/u). The
measurements make use of the joint distributions of the five
helicity angles in the final state. Using the invariant mass of
voJ/w, we obtain the product branching fractions of
w(3686) = y1xc0.12 = ¥172J/yw and search for 5.(25) —
¥>J /w produced through w(3686) — y,7.(2S). In the meas-
urement of the product branching fractions of y(3686) —
Y1Xc012 = Y172J /v, the multipole contributions of y ., , are
considered for the first time. The results presented in this
manuscript supersede the ones in Ref. [18]. The analyses are
based on a sample of 156 pb~! taken at a center-of-mass
energy 3.686 GeV, corresponding to 106 x 10° y(3686) [19].
A 928 pb~! data sample taken at 3.773 GeV [20] and a
44 pb~! data sample taken at 3.65 GeV are used to estimate
the backgrounds from QCD processes.

II. BESIII DETECTOR AND MONTE
CARLO SIMULATION

The BESIII detector is described in detail in Ref. [21]. It is
an approximately cylindrically symmetric detector which
covers 93% of the solid angle around the collision point. The
detector consists of four main components: (a) a 43-layer
main drift chamber provides a momentum resolution of 0.5%
for charged tracks at 1 GeV/c in a 1 T magnetic field; (b) a
time-of-flight system (TOF) is constructed of plastic scin-
tillators with a time resolution of 80 ps (110 ps) in the barrel
(end caps); (c) a 6240 cell CsI(T1) crystal electromagnetic
calorimeter (EMC) provides an energy resolution for photons
of 3.0% (5.0%) around 0.3 GeV in the barrel (end caps) [22];
(d) a muon counter consisting of nine (eight) layers of
resistive plate chambers in the barrel (end caps) within the
return yoke of the magnet with a position resolution of 2 cm
provides muon/pion separation. A GEANT4 [23] based
detector simulation package has been developed to model
the detector response used in Monte Carlo (MC) generated
events.

A MC simulated sample of 106 x10° generic y(3686)
decays (“inclusive MC”) is used for general background
studies. The y(3686) resonances are produced by the event
generator KkMmcC [24]. The known decays are generated
by BESEVTGEN [25] with branching fractions taken from
the PDG [17], while the remaining decays are generated
according to the LUNDCHARM model [26]. Exclusive
MC samples for signal decays are generated to optimize
the selection criteria and to determine the detection
efficiencies. The y(3686) — yyx.0.12 — yrJ/w decays are

PHYSICAL REVIEW D 95, 072004 (2017)

generated with angular distributions determined from data,
and the 17.(2S) — yJ/y decay is generated according to the
HiELAMP model in EVTGEN [25]. To estimate the back-
ground contributions from y(3686) decays, the exclusive
MC samples y(3686) — nJ /yr, 2°J )y, 7°2°T )y, yyJ |w
are generated according to the HELAMP, JpiPI [25], and
PHSP models, respectively. To investigate QED processes
backgrounds, radiative Bhabha and dimuon events
(eTe” — ete  /utu~) simulated with BABAYAGA V3.5
[27], as well as w(3770) = yy.; and yry(3686) —
Yxes»7°J Jyr produced by Kkmc [24], are used together
with the experimental data at 3.773 GeV.

III. EVENT SELECTION

The signal decay y(3686) = 7170121 (25)) = 7172J /w,
J/y = 76 (¢ = e, u) consists of two charged tracks and

two photons. Events with exactly two oppositely charged
tracks and from two up to four photon candidates are
selected. Charged tracks are required to originate from the
run-dependent interaction point within 1 cm in the direction
perpendicular to and within £10 cm along the beam axis and
should lie within the polar angular region of | cos 8| < 0.93.
The momentum p of each track must be larger than
1 GeV/c. The energy deposit E in the EMC and E/p of
each track are used to identify muon or electron candidates.
Tracks with E < 0.4 GeV are taken as muons, and those with
E/p > 0.8c are identified as electrons. Events with both
tracks identified as muons or electrons are accepted for
further analysis. Photons are reconstructed from isolated
showers in the EMC, where the angle between the positions
in the EMC of the photon and the closest charged track is
required to be larger than 10 deg. The energy deposited in the
EMC is corrected by the energy loss in nearby TOF counters
to improve the reconstruction efficiency and the energy
resolution. The energy of each photon shower is required to
be larger than 25 MeV. The shower timing information is
required to be in coincidence with the event start time with a
requirement of O < ¢ < 700 ns to suppress electronic noise
and showers unrelated to the event.

A four-constraint (4C) kinematic fit is performed for the
two lepton candidates and all possible two photon combi-
nations with the initial y/(3686) 4-momentum as a constraint.
If more than one combination is found in one event, the one
with the smallest y% value is kept. The y?. is required to be
)(ic < 60, where the requirement is determined by optimiz-

ing the statistical significance S/+/S + B for the 7.(2S5)
channel. Here, S is the number of events in the 7, (2S) signal
region 3.60 < M*C(y,¢*¢~) <3.66 GeV/c? (y, denotes
the photon with larger energy, and M*C is the invariant
mass with the energies and momenta updated with the 4C
kinematic fit) obtained from the exclusive MC sample, and B
is the number of corresponding background events deter-
mined from the 106 x10% inclusive MC sample and a
continuum data sample collected at a center-of-mass energy
of 3.65 GeV. The latter is normalized to the luminosity of the
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w(3686) data sample. The branching fraction of the decay
7.(2S) = y,J /w is assumed to be 1%.

To select events including the J/y intermediate state, the
invariant mass of the lepton pair is required to be in the
region of 3.08 < M*“(£+£~) < 3.12 GeV/c?. In addition,
to remove y(3686) — z°J /y and yw(3686) — nJ /y back-
grounds, events with an invariant mass of the photon pair in
the regions 0.11 < M*“(yy) < 0.15 GeV/c? or M*“(yy) >
0.51 GeV/c? are rejected. A MC study shows that this
removes 97.9% of the 7°J/y events and almost 100%
of the nJ/y events, while the efficiencies of the signal
channels for y.o, ¥c1» X2, and 7.(2S) are 74.7%, 90.0%,
93.9%, and 88.0%, respectively.

IV. MEASUREMENT OF HIGHER-ORDER
MULTIPOLE AMPLITUDES

Figure 1 shows the M*C(y,#*#~) invariant-mass distri-
bution for the selected y., , candidates. The signal regions
for y.; and y., are defined as 3.496 < M*C(y,/¢7) <
3.533 GeV/c? and 3.543 < M*C(y,¢+¢7) <3.575GeV/c?,
respectively. We find 163922 y.; candidates and 89409 y .,
candidates. The background is estimated from the inclusive
MC sample. The total number of background events is found
tobe 1016 (0.7%) within the y.; signal region and 883 (1.0%)
in the y., region. For the y.; (y.,) channel, the dominant
background is the contamination from y., (y.;). Some
backgrounds stem from y(3686) — yyJ/w and 7°2°J [y
decays. The QED process e*e™ — £7¢ ysg/psr contrib-
utes about 109 events for y., and 135 events for y..
Non-J/y background is negligibly small according to the
sideband analysis.

Events in the signal regions are used to determine the higher-
order multipole amplitudes in the w(3686) — 7 y.10 —
7172J /y radiative transitions. The normalized M2 contribu-
tions for the channels y(3686) — 71y 12 and y .1, = v2J /y

are denoted as bé’z and ay, respectively. In the y., decays,
the E3 transition is also allowed. The corresponding normal-
ized E3 amplitudes are indicated as b3 and a3 for y(3686) —

YiXe2 and y .o — yoJ [y, respectively.
A. Fit method

We perform an unbinned maximum likelihood fit to
obtain the higher-order multipole amplitudes following the
procedure as described in Ref. [12]. The log-likelihood
function is built as InL; =InL —1InL,, where L=
[I¥,F, (i) denotes the product of probability densities

for all candidates in the signal region, N is the number of
the candidates, and F is the probability density functions
(PDFs). The contribution to the likelihood from background
events, L, is estimated using the inclusive MC sample and
continuum data.

The PDFs F for the joint angular distributions of the y . ,
Wy (01 ’92"/’2’93*‘153’“;.3*174.3)' The

Wy, (@35633)

term in the numerator, W, (0;.6,. ¢,. 05, ¢;, a§’3, béﬁ), is

decay sequences are defined as
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FIG. 1. Mass distributions of M*C (y,¢£~) for events in the 1 ,
region. Black dots correspond to data, and red histograms are
obtained from the signal MC samples scaled by the maximum bin.
The green dashed histogram is the background contribution obtained
from the inclusive MC samples. The arrows denote the signal regions.

derived from the helicity amplitudes and the Clebsch-
Gordan relation [1], while W, (a3 3.b3 ) is used for the
normalization. 0, is the polar angle of 7, in the y(3686)
rest frame with the z axis in the electron-beam direction. 6,
and ¢, are the polar and azimuthal angles of y, in the y.;
rest frame with the z axis in the y; direction and ¢, = 0 in
the electron-beam direction. 5 and ¢; are the polar and
azimuthal angles of " from J/yw — "¢~ in the J/y rest
frame with the z axis aligned to the y, direction and ¢35 = 0
in the y; direction.

The formula W, (0.60,.¢,.05,¢5,a}5,b}5) for
the helicity amplitudes has been discussed in
Refs. [5,11,12,28]. Using the same method as reported
in Refs. [5,11,12], the joint angular distributions W, = can
be expressed in terms of aj; and bj 5 as

W)m(gl’ 02, 2,03, s, aé,Sv bés)
— J A pJ J
= D_aALAL Bl Bl 2
n
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where B‘ | and B\jz\ [28] are the helicity amplitudes for
w(3686) = rixess Al

vl fy. V(@) +(@)=1, (a})*+(@)+(a)’=1,
and similarly for b, s. The coefficients a, (")

and A‘JI;‘ [28] are those for y,., —

n=1,....36fory .
are functions of 6y, 0,, ¢,, 03, ¢5. For the normalization,
high-statistics phase-space (PHSP) MC samples are
generated.

The normalization factor is expressed as

w, (a{g,b£3)

Z W,.,(01(i),0,(i). ¢ (i),
Ny

_Za Al Al Bl Bl (4)

[£1

05(i), 3(i), aég’ bég)

where Np is the number of selected events. In such a way,
the detector efficiency is considered in the normalization.

B. Fit results

By minimizing —1In L, the best estimates of the high-
order multipole amplitudes can be obtained. To validate the
fit procedure, checks are performed with MC samples for
Xc1.2, separately, where the MC samples are generated

PHYSICAL REVIEW D 95, 072004 (2017)

based on a pure E1 transition model (a2 5=0, béé =0)or
an arbitrary higher-order multipole amplitude (aé:% #0,

b;% # 0). The fit values are consistent with the input values
within 1o of statistical uncertainty. An unbinned maximum
likelihood fit to the joint angular distribution for data is
performed, and the corresponding angular distributions
are depicted in Fig. 2 together with the relative residual
spectra. The fit results are listed in Table I, where the first
uncertainties are statistical and the second ones are sys-
tematical as described in Sec. VL.

The statistical significance of a nonpure El transition is
calculated to be 24.5¢ (13.50) for y.; (y.») by taking the
difference of the log-likelihood values for the fits with
higher-order multipole amplitudes included and fits based
on a pure E1 transition, taking the change in the number of
degrees of freedom, Andf =2(4), into consideration.
Similarly, the statistical significance of the E3 contribution
for y ., is 2.30, as obtained by comparing the log-likelihood
values between the nominal fit and a fit based on the
assumption that E3 contribution is zero. A Pearson-y? test
[29] is performed to validate the fit result. Each angular
dimension (i.e., cosf;, cosb,, ¢,, cosbs, ¢3) is divided
equally into eight bins. This leads to a total of 8 = 32768
cells. The y? is defined as

4000F ]
- Ty ]
3000 ]

2000H ]
[ -=-Data ]
1000F —FitMC
[ --pure E1

--Data --Data --Data
—Fit MC —Fit MC 4 F —Fit MC
- pure E1 - pure E1 - pure E1

T 05 0 05 11 05 0 05 11 05 0 05 10 1 2 3 475760 12345 s
cos0, cosb, coso, ¢2 0

FIG. 2. Results of the multidimensional fit on the joint angular distribution and the projections on cos 6y, cos 6,, cos 63, ¢,, ¢ of the
final-state particles. The upper ten plots show the angular distributions for the y.; channel, and the lower ones are for the y., channel.
The black dots with error bars represent data subtracted by background, and the red histograms are the fit results blue dashed lines are
pure E1 distributions. The lower plots depict the relative residual ¥ = (Ngya — Nii)/v/Naa Of the fit.
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TABLE 1. Fit results for a§,3 and b§,3 for the process of w(3686) — 7112 = 7172J/y; the first uncertainty is

al=-0.0740+0.003340.0034, b} = 0.0229 4 0.0039 + 0.0027
Xel /)(llzb2 =0.133
Xe2 a3 = —0.120 £ 0.013 + 0.004, b3 = 0.017 + 0.008 = 0.002

a3 = -0.013 £ 0.009 £ 0.004, b3 = —0.014 + 0.007 £ 0.004

Pasp, = —0.605, pfq, = 0733, 7, = ~0.095
P2y, =—0422, p2 , =0384, p2 , =-0.024

DT _ ,,BKG _ ,,MC\2
22 = Z (n?" =n?"% = m'%)
nPT 4 pBKG ’

i

(5)

where nPT is the number of events in the ith cell for data,
nPKG is the number of the background contribution
determined by the inclusive MC sample, and nMC€ is the
number of events for the luminosity-normalized MC
sample produced according to the best fit values for aj ,
and b 5. The number of events of the MC sample is 40
times larger than of the data. For cells with fewer than ten
events, events in adjacent bins are combined. The test
results in y?/ndf =9714.7/9563 = 1.02 for y., and
x%/ndf = 5985.2/5840 = 1.02 for y,,, demonstrating that
the fit gives an excellent representation of the data.

V. MEASUREMENT OF B(y(3686) — 7x.; — 17J/w)
AND SEARCH FOR THE PROCESS 7,(2S) — 7J/y

With the selected eTe™ — y,7,J/w candidates, we
measure the product branching fractions of the decay
w(3686) — y1xc0.12 — 7172J/y and search for the process
1(28) = y,J /. For the J/y — e*te™ channel, additional
requirements are applied to suppress the background from
radiative Bhabha events [eTe™ — ygr/psre €™, where
yisr/rsr  denotes  the initial-/final-state radiative (ISR/
FSR) photon(s)]. Since the electron (positron) from radi-
ative Bhabha tends to have a polar angle cos 0,+ (.- close to
+1 (1), we apply a requirement of cosf,+ < 0.3 and
cos,- > —0.3. These requirements suppress 77% of the
Bhabha events with a reduction of the signal efficiency by
one-third. The corresponding MC-determined efficiencies
are listed in Table IL

A 4C kinematic fit has the defect that the energy of
a fake and soft photon will be modified according to the
topology of a signal event due to relatively large uncer-
tainty, which results in a peaking background signature in

TABLEIL

the M*C(y,J /y) invariant-mass spectrum. To remove the
peaking background, such as radiative Bhabha and radia-
tive dimuon (e*e™ — yigr/rsrpTH7), a three-constraint
(3C) kinematic fit is applied, in which the energy of the
soft photon (y;) is left free in the fit. The detailed MC
studies indicate that the 3C kinematic fit does not change
the peak position of the invariant mass for signals and the
corresponding resolutions are similar to those with the 4C
kinematic fit.

A. Background study

The backgrounds mainly come from y(3686) transitions
to J/y and from ee” — £* ¢ nysg/psr (£ = e/p). The
other background, including w(3686) — nJ/w, yisrJ/y
and non-J/y backgrounds, is only 0.3% of that from
w(3686), which is neglected.

The backgrounds from w(3686) transitions to J/y
include w(3686) — yyJ/y, #°z°J/y, z°J/y. High-
statistics MC samples of these decays are generated to
determine their distributions and contributions. With the
published branching fractions [17], which have been
measured precisely by different experiments, the estimated
number of events for y(3686) — z°z°J /y, 2°J /y and the
efficiency for y(3686) — yyJ/y are obtained as summa-
rized in Table II.

The second major source of background includes
radiative Bhabha and dimuon processes, eTe” —
£ yisryesr (Vis/esr) - and  w(3686) — £ ypsg X
(yesr)(I = e/p). To precisely describe the shape, the
background is divided up into two parts: £~ with one
radiative photon and #*#~ with two radiative photons.
For the background from w(3686) — "¢ yrsr (YEsr),
the ratio of event yields between the two parts
(Ng+ 4=y, /Ng+g-,) is obtained by a MC simulation. For
the background from radiative Bhabha/dimuon processes,
the ratio N+4-,,/N ¢+ .-, is obtained by a fit to a 928 pb~!

Detection efficiencies (¢) for channels of y(3686) — yx.0.12, 71.(2S). yyJ/y and the number (N) of estimated background

for channels y(3686) — 7°J/y, 2°2°J /y scaled by the decay branching fraction and the total y(3686) number.

Channel €)(u<> (%) GZCI (%) e)((-z (%) 1e(25) (%) 67}’1/111 (%) N”OJ/'I/ Nﬂoﬂoj/w
ete” 15.1 20.1 20.3 16.9 17.1 26.8 £0.7 246.5 £ 4.5
urp 32.7 44.1 44.0 37.0 38.0 652+ 1.7 500.9 £9.1
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data sample taken at a center-of-mass energy of 3.773 GeV.
After the event selection imposed on the data, the remain-
ing events are mainly radiative Bhabha/dimuon events,
and a small contribution originates from w(3770) — yy.,
and decays of w(3686) produced in the ISR process. In
the fit, the shapes of the M3C(y,Z+¢~) distributions for
the Bhabha/dimuon processes are determined from a
w(3686) — £ ¢ yrsr(yrsr) MC sample by shifting the
M3C(y,+¢7) from w(3686) to w(3770) according to
the formula m' =ax* (m—my)+ my, where my=
3.097 GeV/c? is the mass threshold of yJ/w, and the
coefficient a = (3.773 — mg)/(3.686 — mg) = 1.15 shifts
the events from 3.686 to 3.773 GeV. The shapes of the
backgrounds are based on MC simulation, while the
amplitude of each component is set as a free para-
meter. Thus, the cross section weighted ratio of the back-
grounds e*e” — £7 ¢ ygr/psr (isr/psr) and w(3686) —
"¢ yrsr(yrsr) for the two parts is Nyip-) /Nyt =
1.203 +0.081 (Ny+ -y, /Ny, = 0.689 £ 0.044) for the
ete” (utu™) channel. The quantitative results and shapes
will be used in the simultaneous fit.

B. Simultaneous fit to M3C(y,£¢7)

Figure 3 shows the M3C(y,/*¢~) distributions for
selected candidates of the two channels of J/y — eTe™
and J/w — putp~, where clear signals of y.;, can be
observed. No evident 7.(2S) signature is found. A simul-
taneous unbinned maximum likelihood fit is performed to
obtain the signal yields. The common parameter for
the two J/y decay channels is the product branching
fraction (BPI<t) of the cascade decays w/(3686) —
¥Xc0.12(1M(2S)) = yrJ/w. The number of signal events
for each channel is N¥(3080) x Bproduct s B( ] /ys — £+ £7) xe.
In the fit, the branching fractions for J/yw — ete™/utu~
and the total number of y(3686) events are fixed to the
values in Refs. [17] and [19], respectively. The efficiency e
is obtained from the signal MC sample with the higher-
order multipole amplitudes considered as listed in Table II.
The fit contains three y.;, components, the #.(2S), and
the background. The signal line shapes of the y ., are
parametrized as

(E}, x E}, x (BW(m) ® R x e(m))) ® G(u.0).  (6)

where BW (m) is the Breit-Wigner function for y 1, with
the masses and widths fixed at their world average values
[17]. R represents the mass resolution, and e(m) is the
mass-dependent efficiency. The product [BW(m) ® R x
€(m)] can be directly determined from the MC simulation,
where the MC events are generated with the simple Breit-
Wigner function using the higher-order multipole ampli-
tudes with the angular distributions of the final-state
particles. E,; is the energy of the radiative photon y; of
w(3686) = 7., in the y(3686) rest frame, and E, is the

PHYSICAL REVIEW D 95, 072004 (2017)

energy of the y, of y.; — y»J/w in the y., rest frame.
The factor E;Lz stems from the two-body PHSP and the
El-transition factor, and the Breit-Wigner function
modified by the E;m factor is for the y.; invariant-mass
distribution. The line shape is convoluted with a Gaussian
function (denoted as G) accounting for differences in the
invariant mass and mass resolution between the data and
the MC simulation. The mean g and standard deviation ¢ of
the Gaussian functions are obtained from the fit to the data
in a region of [3.36 < M3C(y,¢*¢7) < 3.61 GeV/c?] by
assuming no dependence between the eTe™ and ptu~
decay modes as well as between y . . The results indicate
u <0.35MeV/c? and 6 <0.73 MeV/c?. Similarly, the
signal line shape of the 7,.(2S) is described by

(E}; x E}, x (B(m) ® R x e(m))) ® G(u.0). (7)

where Eil represents the two-body PHSP and the MI-
transition factor for y(3686) — y,1.(2S) and EZZ is the
two-body PHSP and hindered M1 transition factor [16,30]
for 5.(2S) = yoJ/w. The [B(m)® R xe(m)] is also
determined by MC simulation with the mass and width
of 17.(2S) set to the world average values [17]. Since the
mass of 7.(2S) is close to those of y,,, the 4 and o of the
Gaussian are fixed to the values obtained from a fit to
the y.0.1, signals only.

The shapes of backgrounds y(3686) — z°J /y, n°2°J /y,
yrd/w and e*e”(— w(3686)) — £ yisr/rsr (Visr/ksr)
are taken from MC simulations. The numbers of y(3686) —
72%J /w and y(3686) — 7°7°J /w events are fixed to the
expectations as given in Table II. For the background
from e*e™(— w(3686)) = £ ¢ nygr rsr. the ratios of
Nyt pyy /Ny, are fixed to 1.203 for the ee™ channel
and to 0.689 for the u™u~ channel as described above.
In the fit for the final results in the region (3.36 <
M3C(y,7¢7) <3.71 GeV/c?), the parameters of the
smearing Gaussians for y.;, and 75.(2S) are fixed,
while the numbers of events for y.;, and 7.(2S),
w(3686) — yyJ/y, ete” = "¢ yisp/psr(Visr/rsr)  are
free parameters. Figure 3 shows the M3 (y,£+¢~) distribu-
tions, the results of the unbinned maximum likelihood fit,
and the relative residuals. The y*/ndf of the fit is 1.88
for the u™p~ channel and 1.83 for the e™e™ channel.

The product branching fractions from the fit are
(158 +0.3) x 107, (351.8 £ 1.0) x 10™*, and (199.6 +
0.8) x 10~* for Xc0.12 With statistical uncertainty only,
respectively. The branching fraction of w(3686) —
yrJ/w is determined to be (3.2 40.6) x 1074, All mea-
sured branching fractions are consistent with the previous
measurement of BESIII [18]. Since no significant #.(2S5)
signal is found, an upper limit at the 90% C.L. on the
product branching fraction is determined by a Bayesian
approach using a uniform prior, i.e., finding the values
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The results of a simultaneous maximum likelihood fit (top) and corresponding relative residual (Ngua — Niit)/vVNata

(bottom). The left panel is for the e* ¢~ channel, while right one is for the u ™y~ channel. The black dots are the data, the blue curves are
the fit results, and the red long-dashed lines are for y.0, 1, 2 signals. The gray dashed, orange dot-dashed, and pink dotted lines are for
backgrounds of y(3686) — yyJ/y, 2% /y, and 7°2°J /y, respectively. The light-blue dot-dot-dashed and green dot-long-dashed lines
are for backgrounds with final-state particles composed of ¢~y and £+¢ yy.

corresponding to 90% of the probability distribution in the
positive domain.

VI. SYSTEMATIC UNCERTAINTIES

The main sources of systematic uncertainty for the
measurements of higher-order multipole amplitudes are
the uncertainties in the efficiency, the kinematic fit pro-
cedure, the fit procedure of the combined angular distri-
butions, statistical fluctuations of the MC sample, and the
background contamination.

A simulated sample of events distributed uniformly in
phase-space PHSP is used to normalize the function W, ..
A difference of detection efficiencies between the MC
sample and the data will result in a shift in the measure-
ment, which is taken as the systematic uncertainty. From
the studies of the tracking efficiency for electrons and
muons with the control samples of y(3686) — zz~J /y,
J/w — ete” /utu decays, and the photon efficiency with
the control samples from (3686) — 2(z* 77 )z" decays
and radiative dimuon events, the difference in the detection
efficiencies between the data and MC is found to be polar
angle dependent with the largest value 0.006 4 0.003,
which may change the helicity angular distribution. The
corresponding effect on the higher-order multipole
measurement is estimated by varying the efficiency with
an asymmetric function of cos 6+ and cos 6, as p(cos6,;,

cos 0y+) = (1.0 + 0.003 cos §,; — 0.006cos?6,;) x (1.0 +

0.003 cos A+ — 0.006c0s*@,+) [which corresponds to a
0.9% (0.3%) difference for cos @ = —1 (1); ,; is the polar

angle for one photon, and 6.+ is for one charged track].
Twice the difference with respect to the nominal result is
taken as a systematic uncertainty. For the kinematic fit, the
track helix parameters are corrected to reduce the difference
in the yj. distribution between the data and the MC
simulation according to the procedure described in
Refs. [31,32]. These PHSP MC samples without and with
the helix correction are used to normalize W, ., respec-
tively, and the resultant difference is taken as the systematic
uncertainty.

To estimate the uncertainty from the fit procedure, 200 MC
samples using the high-order multipole amplitudes are
generated, followed by a complete detector simulation.
Each sample has 165 (90) thousand selected events for
Ye1(xe2), and the same multipole analysis procedure is
applied for each sample. The differences in al, b} (a3, a3,
b3, b3) between the input and fitted values are Gaussian
distributed. The mean values of the Gaussians are
Pao = (2£3)x 107,y = (=6£3) <107 (uz =
(1I7£13)x107%  pe=(-4£8)x 107, pp =
(16 £6) x 107%, pj2 = (=32£7) x 107) and are taken as

the systematic uncertainty. The statistics of the MC sample
for the normalization, about 3.6 (1.8) Million events, may
affect the fit results. For the normalization function, Eq. (4),

the variance for a, (Zj:::::gé‘;gf o )i
V(a_,,) — l Zf'vzlaizl(i) _ Z?J:lan(i) 2 )
N N N
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TABLE III. The different sources of systematic uncertainties for the measurement of higher-order multipole
amplitudes for the y.;, channels.
Xel X2

Source al(x10™)  bL(x107%) a3 (x107%)  bI(x107*)  a3(x107%)  b3(x107%)
Efficiency of PHSP MC 17 14 2 4 27 18
Kinematic fit 8 12 20 9 10 3
Fitting procedure 2 6 17 16 4 32
Statistics of PHSP MC 2 3 4 2 3 4
Background 28 18 23 4 26 4
Total 34 27 36 20 40 38

The standard deviation for each coefficient is o(a,) =
\/V(a,). The largest change in parameters a} and b} by
varying the coefficient by +1¢ for the y.; channel (a3, a3,
and b3, b3 for the y., channel) is taken as the systematic
uncertainty.

The main backgrounds for the y.; channel come from
w(3686) = 7xc0» Vi e2» B°7°J Jwr, yyJ Jw, which contribute
about 0.7% of the candidates according to a MC study.
For the y. channel, the main backgrounds come from
w(3686) = vxco» ¥xe1» 7°7°J Jy, yyJ/w, and the contri-
bution is about 1%. In the nominal fit, the contribution of
background is estimated by the inclusive MC samples. To
estimate the systematic uncertainty, high-statistics MC
samples for backgrounds are generated to redetermine
the shape and the contribution according to previous
measurements [17,18,33]. The difference in the fit results
is taken as the systematic uncertainty. All the systematic
uncertainties are summarized in Table III. The total
systematic uncertainties are calculated by adding the
individual values in quadrature, thereby assuming that they
are independent.

The systematic uncertainties of the branching fractions
measurement include uncertainties from the number of
w(3686) events (0.9%) [19], the tracking efficiency (0.1%
per lepton) [34], the photon detection efficiency (1.0% per
photon) [35], the kinematic fit, the J/y mass window, the
other selection criteria (N, <4, veto 7°, and 5, particle
identification, cosf,+ < 0.3 & &cosd,- > —0.3), the branch-
ing fraction of J/y — eTe™ /utu~ (0.6%) [17], the inter-
ference between y(3686) — y.o — yyJ/w and nonresonant
w(3686) — yyJ /y processes, and the fitting procedure.

The uncertainty from the kinematic fit is estimated by the
same procedure as described in the multipole amplitude
measurements. To estimate the uncertainty caused by the
J /y mass requirement, a control sample in the . , region
3.49 < M*C(y£+¢7) < 3.58 GeV/c? is used. For data, the
only background is from y(3686) — 7°2°J /y, which is
determined in fitting with the exclusive MC shape. The
efficiency of selection M*C(¢+¢7) €(3.08,3.12) GeV is
evaluated by comparing the number of signal events before
and after the requirement, and the corresponding difference
between the data and MC sample is 0.6% for the ete™

channel and 0.1% for the u"u~ channel. To be
conservative, we take 0.6% as the systematic uncertainty.
With the same sample, the systematic uncertainties related
to the selection criteria N, < 4, 7° veto, i veto, and leptons
identification are also determined. The overall difference in
the efficiency between the data and MC sample for these
criteria is 1.6% and is taken as a systematic uncertainty. The
additional systematic uncertainty due to the polar angle
selection for the e* e~ channel is determined by varying the
selection with £0.05 and fitting simultaneously again. The
largest changes on the fit results are taken as the systematic
uncertainty.

To estimate the possible uncertainty from the interference
between y(3686) — yyJ /w and y(3686) — yy.o = yrJ /v,
we repeat the simultaneous fit, taking the interference into
account. The interference phase is found to be 1.58 £ 0.05.
The changes in the signal yields are taken as the systematic
uncertainty. Since the signal shapes are determined from MC
simulation, the corresponding systematic uncertainty is
estimated by an alternative fit with varying the mass and
width of y. 1, with =16 of the world average values [17]
for the signal MC shape. To estimate the uncertainty due to
the background of w(3686) — 7°J/y, 7°2°J/w and the
ratio of Ny+s-,,/Ns+,-, for Bhabha and dimuon back-
grounds, alternative fits are performed in which the
numbers of expected background events (see Table II)
and the ratio of N,,+s-/N,s+,~ are varied by *lo.

TABLE IV. Summary of all systematic uncertainties for the
branching fractions measurement.

Source Xeo (%) xe1 (%) xeo (%) nc(25) (%)
Ny (3686) 0.9 0.9 0.9 0.9
Tracking efficiency 0.2 0.2 0.2 0.2
Photon detection 2.0 2.0 2.0 2.0
Kinematic fit 0.6 0.5 0.5 0.4
J/y mass window 0.6 0.6 0.6 0.6
Other selection 24 2.2 2.3 24
B(J/y = ete /utu~) 0.6 0.6 0.6 0.6
Interference 0.7 - - -
Signal shape 0.7 0.9 1.0 -
Background 0.1 0.1 0.1 -
Total 3.6 34 35 34
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For y.9.1., the largest differences in the signal yields from
the nominal values are taken as the systematic uncertainty.
For the 7. (2S) case, to be conservative, the one correspond-
ing to the largest upper limit is taken as the final result. All
systematic uncertainties of the different sources are sum-
marized in Table I'V. The total systematic uncertainties are
obtained by adding the individual ones in quadrature,
thereby assuming all these sources are independent.

VII. RESULT AND SUMMARY

Based on 106 x10° w(3686) decays, we measure
the higher-order multipole amplitudes for the decays
w(3686) = y1x.12 = 7172J/w channels. The statistical
significance of nonpure El transition is 24.3¢ and 13.4¢
for the y.; and y,., channels, respectively. The normalized
M2 contribution for y.,, and the normalized E3 contri-
butions for y., are listed in Table I. Figure 4 shows a
comparison of our results with previously published
measurements and with theoretical predictions with m, =
1.5 GeV/c? and k = 0. The results are consistent with and
more precise than those obtained by CLEO-c [5] and
confirm theoretical predictions [1,2]. The M2 contributions
for w(3686) — yixc1(b3), xer = r2J/w(ay), and ye —
v2J/w(a3) are found to be significantly nonzero. The
ratios of M2 contributions of y,.; to y., are independent
of the mass m, and the anomalous magnetic moment k of
the charm quark at leading order in E,/m.. They are
determined to be

bl/b2 = 1.35+0.72,

al/a3 = 0.617 £ 0.083. (8)

The corresponding theory predictions are (b)/b3)y, =
1.000 £ 0.015 and (al/ad), = 0.676 +0.071 [5]. By
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using the most precise measurement of the M2 amplitudes
a} and by taking m, = 1.5 £ 0.3 GeV/c?, the anomalous
magnetic moment x can be obtained from Eq. (1),

4m,. !
- a
Eyz b(cl - 72J/W] ?
= 1.140 £+ 0.051 4+ 0.053 £ 0.229,

1+x=

©)

where the first uncertainty is statistical, the second
uncertainty is systematic, and the third uncertainty is from
m, = 1.54+0.3 GeV/c%.

Based on the multipole analysis, we measure the product
branching fractions for y(3686) — yy.0.12 — ryJ/y to be
(158 +0.3+0.6) x 1074, (351.8 £ 1.0+ 12.0) x 1074,
and (199.6 £ 0.8 4= 7.0) x 107*, respectively, where the
first uncertainty is statistical and the second is systematic.
In Fig. 5, the product branching fractions are compared to
previous results from BESIII [18], CLEO [36], and the
world average [17]. The world average refers to the product
of the average branching fraction of y(3686) — yx., and
the average branching fraction of y.; — y,J/y, where the
results of BESIII and CLEO are not included in the world
average values. For all y.;, our results exceed the precision
of the previous measurements. Compared to the previous
BESIII result, the results are consistent within 1o, but we
have considered the higher-order multipole amplitudes and
improved the systematic uncertainty due to a more precise
measurement of the total number of produced w(3686)
[19]. In addition, our measurement for the y ., channel is 36
larger than the result from CLEO and 3¢ larger than the
world average value, while for the y.,,, our results are
consistent with previous measurements. There are theo-
retical predictions for the branching fraction w(3686) —
YXc0.12 by several different models [14-16] without con-
sideration of higher-order multipole amplitudes, which

BEsi™ A BESHI2011 " e This work -- Theory

P B '
10°F ' - 3 - » 3 —e—! -
Lo ay? :
H - ——
10 F H 3 ,,' 3 H
: . .
s 10°F — L © L
= e :
A 0.1 -005 0 005 0.l 0.4 02 0 -0.05 0 0.05
= H H H
E‘) 105 3 ..'E bJ:] E < bJ=2 E —— b]:2
2 4 2 : 2 : 3
104 : L i L ——h—
103 F ——F T 3 H
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Magnetic Quadrupole Amplitude

FIG. 4. Normalized M2 and E3 amplitudes from this analysis compared with previous experimental results and theoretical predictions
[4] with m. = 1.5 GeV/c? and k = 0. The y axis shows the number of signal events of each experiment. *Measured by the process of

w(3686) = vy with yoo > nta~ /KTK™.
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FIG. 5.

Comparison of the product branching fraction B(w(3686) — yix.;) X B(xe; = v2J/y) with previously published

measurements. *The average “Ave” is the product between the individual world average of B(w(3686) — yix.;) [17] and

B(xes = v2d /w) [17].

agree with each other poorly. The results in this measure-
ment will provide a guidance for the theoretical
calculations.

We also search for the decay 7.(2S) — yJ/y through
w(3686) — yn.(25). No statistically significant signal is
observed. Considering the systematic uncertainty, an upper
limit on the product branching fraction is determined to be
B(w(3686) = yn.(2S)) x B(n.(2S) = yJ/w) <9.7x107°
at the 90% C.L., where the systematic uncertainty is
incorporated by a factor 1/(1 — o) for conservative.
Combining the result of B(y(3686) — yn.(2S)) obtained
by BESIII [37], the upper limit of the branching fraction
for n.(28) — yJ/y is B(n.(2S) — yJ/y) < 0.044 at the
90% C.L. Using the width of 7.(2S) of 113733 MeV/c?
[17], our wupper limit implies a partial width of
T'(n.(2S) = yJ/w) < 0.50 MeV/c?. Although this result
agrees with the prediction of LQCD (0.0013 MeV/c?)
[38], it clearly has a very limited sensitivity to rigorously
test the theory.
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