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Using 106 million 1(3686) events collected with the BESIII detector, we measure multipole am-
plitudes for the decay 1(3686) — yxc1,2 — 7yJ/1 beyond the dominant electric-dipole (E1) ampli-
tudes. The normalized magnetic-quadrupole (M2) amplitude for 1 (3686) — vxc1,2 — ¥yJ/¢ and
the normalized electric-octupole (E3) amplitudes for 1(3686) — yxc2, Xc2 — vJ/¢ are determined.
The M2 amplitudes for ¥(3686) — ~yxe1 and Xe1,2 — vJ/¢ are found to differ significantly from



zero and are consistent with theoretical predictions. We also obtain the ratios of M2 contributions
of ¥(3686) and J/v decays to Xe1,2, bs/b3 = 1.35 4+ 0.72 and a3 /a3 = 0.617 % 0.083, which agree
well with theoretical expectations. By considering the multipole contributions of x.1,2, we measure
the product branching fractions for the cascade decays ¥ (3686) — Yxco,1,2 — 77J/¥ and search
for the process 1nc(2S) — vJ/¢ through 1(3686) — n.(2S). The product branching fraction for
1(3686) — vxco — yyJ/¢ is 30 larger than published measurements, while those of ¢ (3686) —
YXe1,2 — 7YJ /1 are consistent. No significant signal for the decay ¥(3686) — vn.(2S) — yvyJ/¥
is observed, and the upper limit of the product branching fraction at the 90% confidence level is

determined.

PACS numbers: 14.40.Pq, 13.20.Gd, 13.40.Hq

I. INTRODUCTION

The processes ¥(3686) — v1Xc1,2, and xc1,2 — Yo J /¥
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 contri-
butions for (3686) — v1Xc1,2 and Xe1,2 — 72 /1, which
are referred to as bé’Q and a;’2 with the superscript rep-
resenting X.1,2, are predicted to be related to the mass
of the charm quark, m., and k [1, 2, 4]. By assuming
me = 1.5 GeV/c? and ignoring the mixing of S- and D-
wave states, the contributions by? and ay?, corrected to
first order in E,, ,/m., where E,, , is the energy of v; o
in the rest frame of the mother charmonium state, are
predicted [4] to be

by = EnlPB686) = vixe] 4y 0991 4 ),
4me
al = _M(l + k) = —0.065(1 + k),
me
1)
2 _ i By, [1(3686) — y1xc2] _
b= e o (1+r) =0.029(1 + &),
2__iE'Y2[X02 — y2J /1] _
a5 = S F— (1+k)=-0.096(1 + ),
respectively.  The ratio of the M2 contributions of

¥(3686) — Yixe1 to Y(3686) — yiXe2 (Xer = v2J/t
t0 Xe2 = Y2J/¥) is independent of the m, and & of the
charm quark to first order in E,/m. and predicted to
be b /b3 = 1.000 + 0.015 and ai/a3 = 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 multipole amplitudes [5, 8-12]. The
CLEO experiment reported significant M2 contributions
in ¥(3686) = y1xc1 and Xe1,2 — y2J/¢ by analyzing 24
million 1(3686) decays [5]. Recently, BESIII found evi-
dence for the M2 contribution in 1 (3686) — yx.2 with
Xe2 = 7ra~ /JKTK™ [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 (pQCD) [13]. However, for
the E1 radiative transitions of ¢/(3686) — v1xco0,1,2, there
are significant discrepancies between different model pre-
dictions [14-16] and the Particle Data Group (PDG) av-
erage [17]. The partial widths of (3686) — v1Xc0,1,2
are predicted to be 26, 29 and 24 keV respectively, by
using the Godfrey-Isgur model [16], which deviate by
—(13 £35)%, (1.4 +£4.6)%, —(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
P(3686) — Y1Xe1.2s Xel,2 — Yo/, where the J/v is
reconstructed in its decay modes J/v — (T4~ ({ =¢e/p).
The measurements make use of the joint distributions of
the five helicity angles in the final-state. Using the invari-
ant mass of v2J /1, we obtain the product branching frac-
tions of ¥(3686) — v1Xc0.1,2 = 1172/ and search for
1:(2S) = ~v2J /9 produced through 1(3686) — v11.(25).
In the measurement of the product branching fractions
of 1(3686) — Y1Xc0,1,2 — T17Y2J/1, the multipole con-
tributions of x.1,2 are considered for the first time. The
results presented in this manuscript supersede the ones in
Ref. [24]. The analyses are based on a sample of 156 pb™*
taken at a center-of-mass energy 3.686 GeV, correspond-
ing to 106 million v(3686) [25]. A 928 pb~! data sample
taken at 3.773 GeV [26] 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 BESIIT detector is described in detail in Ref. [27].
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 (MDC) provides a mo-
mentum 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 scintillators with a time resolu-
tion of 80 ps (110 ps) in the barrel (endcaps); (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 (endcaps) [28]; (d) a muon
counter (MUC) consisting of 9 (8) layers of resistive plate
chambers in the barrel (endcaps) within the return yoke



of the magnet with a position resolution of 2 cm pro-
vides muon/pion separation. A GEANT4 [29] based de-
tector simulation package has been developed to model
the detector response used in Monte Carlo (MC) gener-
ated events.

A MC simulated sample of 106 million generic ¢ (3686)
decays (‘inclusive MC’) is used for general background
studies. The (3686) resonances are produced by the
event generator KkMC [30]. The known decays are gener-
ated by BESEVTGEN [31] with branching fractions taken
from PDG [17], while the remaining decays are gen-
erated according to the LUNDCHARM model [32]. Ex-
clusive MC samples for signal decays are generated to
optimize the selection criteria and to determine the
detection efficiencies.  The 9(3686) — ~YXc01,2 —
vvJ /¢ decays are generated with angular distributions
determined from data, and the 7.(2S) — ~J/¢ de-
cay is generated according to the HELAMP model in
EVTGEN [31]. To estimate the background contribu-
tions from 1)(3686) decays, the exclusive MC samples
¥(3686) — nJ /1, 70T /1, 7070 T /ah,yyJ /1) are generated
according to the HELAMP, JpIPI [31] and PHSP mod-
els, respectively. To investigate QED processes back-
grounds, radiative Bhabha and di-muon events (ee™ —
ete™/uTp~) simulated with BABAYAGA V3.5 [33], as
well as ¥(3770) — yxes and Y1srY(3686) — Yxer, T0J /9
produced by KxkMc [30], are used together with the ex-
perimental data at 3.773 GeV.

IIT. EVENT SELECTION

The signal decay ¥(3686) — Y1xc0,1,2(n:(25)) —
yiveJ /1, J/p — £YE (£ = e, 1) consists of two charged
tracks and two photons. Events with exactly two op-
positely charged tracks and from two up to four photon
candidates are selected. Charged tracks are required to
originate from the run-dependent Interaction Point (IP)
within 1 cm in the direction perpendicular to and within
410 cm along the beam axis, and should lie within the
polar angular region of |cosf| < 0.93. The momentum
p of each track must be larger than 1 GeV/c. The en-
ergy deposit E in the EMC and E/p of each track are
used to identify muon or electron candidates. Tracks
with £ < 0.4 GeV are taken as muons, and those with
E/p > 0.8 c 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 posi-
tions in EMC of the photon and the closest charged track
is required to be larger than 10 degrees. The energy de-
posited in the EMC is corrected by the energy loss in
nearby TOF counters to improve the reconstruction ef-
ficiency 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 coinci-
dence with the event start time with a requirement of
0 <t < 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
combinations with the initial ¢ (3686) four-momentum
as a constraint. If more than one combination is found
in one event, the one with the smallest y3- value is
kept. The x%q is required to be x3, < 60, where the
requirement is determined by optimizing the statistical
significance S/v/S + B for the 7.(2S) channel. Here,
S is the number of events in the 7.(25) signal region
3.60 < M*C(ypltl™) < 3.66 GeV/c? (y2 denotes the
photon with larger energy, 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
determined from the 106 million 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 1(3686) data sample. The branching
fraction of the decay 7.(25) — ~v2.J/4 is assumed to be
1%.

To select events including the J/4 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 addi-
tion, to remove 1(3686) — 7°.J /v and (3686) — nJ /¢y
backgrounds, events with an invariant mass of the pho-
ton pair in the regions 0.11 < M4C(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 /¢ events and
almost 100% of the 1.J/1 events, while the efficiencies of
the signal channels for .0, Xc1, Xc2 and 7.(295) 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
distribution for the selected x.1,2 candidates. The
signal regions for x. and x.2 are defined as
3.496 < MAC(y0t47) <3.533 GeV/c? and 3.543 <
MA*C(yolte~) < 3.575 GeV/c?, respectively. We find
163922 x.1 candidates and 89409 y.o candidates. The
background is estimated from the inclusive MC sam-
ple. The total number of background events is found
to be 1016 (0.7%) within the y.; signal region and
883 (1.0%) in the y.2 region. For the x. (xc2) chan-
nel, the dominant background is the contamination from
Xe2 (Xe1)- Some backgrounds stem from (3686) —
yyJ /1 and 7070 J/4) decays. The QED process ete™ —
(0" visrrsr contributes about 109 events for x.; and
135 events for y.o. Non-J/1 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 ¢ (3686) —
YiXel,2 — Y172J/% radiative transitions. The normal-
ized M2 contributions for the channels ¢ (3686) — 71 xc1,2

and xc1,2 — 7Y2J/¢ are denoted as bé’Q and aé’z, re-
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FIG. 1. (color online). Mass distributions of M*(y2£1¢7)
for events in the x.1,2 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.

spectively. In the x.o decays, the E3 transition is also
allowed. The corresponding normalized E3 amplitudes
are indicated as b3 and a? for ¥ (3686) — 7y1xc2 and
X2 — Yo /1), respectively.

IV.A. Fit method

We perform an unbinned maximum likelihood fit to ob-
tain the higher-order multipole amplitudes following the
procedure as described in Ref. [12]. The log-likelihood
function is built as InL; = InL — In L, where £ =
Hivzl Fy., (i) denotes the product of probability densi-
ties for all candidates in the signal region, IV is the num-
ber of the candidates, and F' is the probability density
functions (PDF). The contribution to the likelihood from
background events, Ly, is estimated using the inclusive
MC sample and continuum data.

The PDF F for the joint angular distribu-
tions of the x.,2 decay sequences are defined as
Wiy, (01,02,62,05,¢3,a3 5.,b3 3)

ch,](aé],svsz,s) .
Wiy, (01,02, ¢2,03, ¢3, a3 5,b3 ), is derived from the he-
licity amplitudes and the Clebsch-Gordan relation [1],

The term in the numerator,

while Wy, (as 3,b4 3) is used for the normalization. 6; is
the polar angle of vy in the ¢ (3686) rest frame with the
z-axis in the electron-beam direction. #5 and ¢o are the
polar and azimuthal angles of 75 in the x.; rest frame
with the z-axis in the 7; direction and ¢ = 0 in the
electron-beam direction. #3 and ¢3 are the polar and az-
imuthal angles of £ from J/v — £T¢~ in the J/1 rest
frame with the z—axis aligned to the 7o direction and
¢3 = 0 in the v, direction.

The formula WXCJ (91, 92, ¢2, 93, ¢3, agﬁ, biS) for the
helicity amplitudes has been discussed in Refs. [5, 11,
12, 34]. Using the same method as reported in Refs. [5,

11, 12], the joint angular distributions W, can be ex-
pressed in terms of aj 5 and by 5 as

WXcJ (91 ) 927 ¢2; 937 ¢37 a/ig, big)

=2 andiy Al Bl B, )
with
AN (V05 V05 [(al
Ar) T W05 —05) \ay )’
BY (V05 V05 (b}
Bi) — \V05 —v05) \b3)"
2 Vi VI 23\ [d?
9 1 } (3)
All=—1| 3 V5 —4 as |,
30 2
A2 3v2 =10 V2 as
B\, (V3 VD 23\ [
Bl=—| 3 V6 -4 AR
B3) V3O \svz2 v va) \3
where B\{JI and B‘Jm [34] are the helicity ampli-

tudes for (3686) — Y1Xes, Ai{'\ and A‘ng [34] are
those for xc; — 72J/¢. (a})? + (ad)? = 1,

V(@32 + (a3)2 + (a2)2 = 1, and similarly for bIJu‘s.

. —1,...,9 for e .
The coefficients an(::l...BG?Qr)rxxlcg) are functions of

01,02, 02,03, ¢3. For the normalization, high-statistics
phase-space (PHSP) MC samples are generated.
The normalization factor is expressed as

Wi (agﬁ, bé’,a)
o le\;Pl WXcJ (91 (1)7 02 (z)a ¢2 (7’)7 03 (1)7 ¢3 (1)7 ail,37 bg,:%)
= Ny
= @Al Al Bily Bib

(4)

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

IV.B. Fit results

By minimizing — In L, the best estimates of the high-
order multipole amplitudes can be obtained. To validate
the fit procedure, checks are performed with MC sam-
ples for xc12, respectively, where the MC samples are

generated based on a pure E1 transition model (aéﬁ =

0, b%jg = 0) or an arbitrary higher-order multipole am-
plitude (aég #0, bég # 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, the
second ones are systematical as described in Section VI.

The statistical significance of a non-pure E1 transition
is calculated to be 24.50 (13.50) for x.1 (xc2) by tak-
ing 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 consid-
eration. Similarly, the statistical significance of the E3
contribution for x.o 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-x? test [35] is performed to validate the fit result.
Each angular dimension (i.e., cos 1, cosfa, da, cos O3, ¢3)
is divided equally into 8 bins. This leads to a total of
8% = 32768 cells. The x? is defined as

=3

%

DT BKG MC)\2
ny = —ny -n">)

, 5
nPT + n?KG ( )

where nPT is the number of events in the i-th cell for

data, nPKY is the number of background contribution
determined by inclusive MC sample, and n}¢ is the num-
ber of events for the luminosity-normalized MC sample

produced according to the best fit values for a‘2’73 and

by 5. The number of events of the MC sample is 40 times
larger than of the data. For cells with fewer than 10
events, events in adjacent bins are combined. The test
resulted in x?/ndf = 9714.7/9563 = 1.02 for x.; and
X2 /ndf = 5985.2/5840 = 1.02 for .2 demonstrating that
the fit gives an excellent representation of the data.

V. MEASUREMENT OF
B(¢(3686) — vxcs — vvJ/¢¥) AND SEARCH FOR
THE PROCESS n.(25) — vJ /v

With the selected ete™ — 7172J/1 candidates, we
measure the product branching fractions of the decay
P(3686) — YiXeo1.2 — y2J/v and search for the
process 1.(25) — v2J/v. For the J/¢p — ete™ chan-
nel, additional requirements are applied to suppress the
background from radiative Bhabha events (ete™ —
Yisr/Fsre’ €, where yigr/psr denotes the initial /final-
state radiative (ISR/FSR) photon(s)). Since the electron
(positron) from radiative Bhabha tends to have a polar
angle cos 0+ () close to 41 (-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 II.

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 the M*©(y.J /1) invariant-mass spectrum. To remove

the peaking background, such as radiative Bhabha and
radiative di-muon (eTe™ — 7gr/psrpt ), a three-
constraint (3C) kinematic fit is applied, in which the en-
ergy of the soft photon (v;) is left free in the fit. The
detail MC studies indicate that the 3C kinematic fit do
not change the peak position of invariant mass for signals
and the corresponding resolutions are similar to those
with 4C kinematic fit.

V.A. Background study

The backgrounds mainly come from (3686) transi-
tions to J/1¢ and from ete™ — (T nygrpsr(f =
e/ ). The other background, including ¢ (3686) — n.J /1,
visrJ/% and non-J/v backgrounds, is only 0.3% of that
from 1(3686), which is neglected.

The backgrounds from (3686) transitions to J/¢ in-
clude (3686) — yvJ /¢, w070J /v, 7T /1. High statis-
tics MC samples of these decays are generated to de-
termine their distributions and contributions. With the
published branching fractions [17], which have been mea-
sured precisely by different experiments, the estimated
number of events for ¥(3686) — 77%J/v,7%J /1 and
the efficiency for ¢ (3686) — ~.J/1 are obtained as sum-
marized in Table II.

The second major source of background in-
cludes radiative  Bhabha and di-muon pro-
cesses, ete”  — (YU ygr/psr(Visr/rsr)  and

¥(3686) — LT yrsr(vrsr) (I = e/p). To pre-
cisely describe the shape, the background is divided up
into two parts: 7/~ with one radiative photon and £T¢~
with two radiative photons. For the background from
(3686) — £T0 yrsr(yrsr), the ratio of event yields
between the two parts (Np+y—-/Ne+¢-) are obtained
by a MC simulation. For the background from radiative
Bhabha/di-muon processes, the ratio Nyt~ /Neto-y
is obtained by a fit to a 928 pb~! data sample taken at
a center-of-mass energy of 3.773 GeV. After the event
selection imposed on the data, the remaining events
are mainly radiative Bhabha/di-muon events, and a
small contribution originates from ¥ (3770) — ~yxcs
and decays of 1(3686) produced in ISR process. In
the fit, the shapes of the M3C(yofT¢~) distributions
for the Bhabha/di-muon processes are determined
from a (3686) — (T psr(yrsr) MC sample by
shifting the M?3C(yo0t¢~) from (3686) to 1 (3770)
according to formula m’ = a * (m — mg) + mg, where
mo = 3.097 GeV/c? is the mass threshold of v.J /9, and
the coefficient a = (3.773 — my)/(3.686 — mg) = 1.15
shifts the events from 3.686 GeV 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
parameter. Thus, the cross-section weighted ratio of
the backgrounds ete™ — éJréi”YISR/FSR(FYISR/FSR)
and 1/)(3686) — éJrgiﬂYFSR('YFSR) for the two

parts is  Neie-yo/Nete—r = 1203 £ 0.081
(Nytp=vy /Nyt = = 0.689 & 0.044) for the ete”



TABLE I. Fit results for a‘2’4’3 and bi;; for the process of 1(3686) — y1Xxc1,2 — Y1v2J/%, the first uncertainty is statistical and
the second systematic. The p;{z 4by 5 are the correlation coefficients between a‘2],3 and b‘2],3.

as = —0.0740 £ 0.0033 = 0.0034, b3 = 0.0229 £ 0.0039 =+ 0.0027
Doy, = 0.133
a3 = —0.120 & 0.013 % 0.004, b3 = 0.017 =+ 0.008 £ 0.002
Ye2 | @3 = —0.013 £0.009 + 0.004, b3 = —0.014 = 0.007 + 0.004
o, = —0.605, p, ., = 0.733, p2,,, = —0.095
Posby, = —0.422, pp . = 0.384, p2_, = —0.024
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FIG. 2. (color online). Results of the multi-dimensional fit on the joint angular distribution and the projections on cos 61,
cos 02, cosOs, ¢2, ¢ps of the final-state particles. The upper ten plots show the angular distributions for the y.1 channel and
the lower ones are for the x.2 channel. The black dots with error bars represent data subtracted by background and the red
histograms are the fit results. The lower plots depict the relative residual x = (Ngata — Nat)/v/Ndata of the fit.

TABLE II. Detection efficiencies (e) for channels of (3686) — vXco0,1,2,77:(25),vyJ/¢ and the number (N) of estimated
background for channels ¢(3686) — ©°.J /v, 7°7°.J /4 scaled by the decay branching fraction and the total 1(3686) number.

Channel €xco (%) €xe1 (%) €xc2 (%) Em~,(2S)(%) EynJ/y (%) Nﬂ'OJ ) N7r07'r0J P

ete” 15.1 20.1 20.3 16.9 17.1 26.84+0.7 246.5+4.5
wpT 32.7 44.1 44.0 37.0 38.0 65.24+1.7 500.9+9.1
(uTp~) channel. The quantitative results and shapes V.B. Simultaneous fit to M3C(y2£1£7)

will be used in the simultaneous fit.

Figure 3 shows the M?3“(y,¢*¢~) distributions for se-
lected candidates of the two channels of J/¢ — ete™
and J/¢ — ptp~, where clear signals of X012 can
be observed. No evident 7.(2S5) signature is found. A



simultaneous unbinned maximum likelihood fit is per-
formed to obtain the signal yields. The common pa-
rameter for the two J/¢ decay channels is the prod-
uct branching fraction (BPT9ut) of the cascade decays
)(3686) — Yxc0,1,2(ne(25)) — vyyJ/9. The number of
signal events for each channel is N¥(3686) 5 pgproduct
B(J/¢ — £T07) x e. In the fit, the branching fractions
for J/v — eTe™ /utpu~ and the total number of 1(3686)
events are fixed to the values in Ref. [17] and Ref. [25],
respectively. The efficiency € is obtained from the signal
MC sample with the higher-order multipole amplitudes
considered as listed in Table II. The fit contains three
Xc0,1,2 components, the n.(25), and the background. The
signal lineshapes of the x.0,1,2 are parameterized as

(13, x By x (BW(m) @ R x (m))) ® G(1,0),  (6)

where BW (m) is the Breit-Wigner function for x.o 1,2
with the masses and widths fixed at their world aver-
age 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 simple Breit-Wigner function using the higher-order
multipole amplitudes with the angular distributions of
the final state particles. F.; is the energy of the radia-
tive photon 1 of ¥(3686) — 1 xcs in the ¥ (3686) rest
frame, and E,» is the energy of the v5 of xc7 = 72J/% in
the x.s rest frame. The factor E"?;l,? stems from the two-
body PHSP and the El-transition factor, and the Breit-
Wigner function modified by the E3172 factor is for the
XeJ invariant mass distribution. The lineshape is convo-
luted with a Gaussian function (denoted as G) account-
ing for differences in the invariant mass and mass res-
olution between the data and the MC simulation. The
mean p and standard deviation o of the Gaussian func-
tions are obtained from the fit to the data in a region of
(3.36 < M3C(y90T¢~) < 3.61 GeV/c?) by assuming no
dependence between the ete™ and uTu~ decay modes
as well as between x.0,1,2. The results indicate ;1 < 0.35
MeV/c? and o < 0.73 MeV /c?. Similarly, the signal line-
shape of the 7.(25) is described by

(B3, x EI, x (B(m) & R x e(m))) ® Glu,0),  (7)

where Ef’;l represents the two-body PHSP and the MI1-
transition factor for ¢(3686) — v17.(25) and EZ, is the
two-body PHSP and hindered M1 transition factor [16, 21]
for n.(2S) — ~2J/1. The (B(m) ® R x €(m)) is also
determined by MC simulation with the mass and width
of 1.(2S) setting to the world average values [17]. Since
the mass of 7.(295) is close to those of x.;, the p and o
of the Gaussian are fixed to the values obtained from a
fit to the xco,1,2 signals only.

The shapes of backgrounds (3686) —
70T/, 7070 T b, vy I/ and ete (—  (3686)) —
éJréiFYISR/FSR(”YISR/FSR) are taken from MC sim-
ulations. The numbers of (3686) — 7YJ/¢ and

¥(3686) — 7wO70J/1 events are fixed to the expec-
tations as given in Table II.  For the background
from ete™(— (3686)) — {70 nygr/rsr, the ratios
of Np+p—n /Nyt~ are fixed to 1.203 for the ete~
channel and to 0.689 for the u™p~ channel as described
above. In the fit for the final results in the region
(3.36 < M3C(yo0T¢7) < 3.71 GeV/c?), the parameters
of the smearing Gaussians for xco.1,2 and 7.(25) are
fixed, while the numbers of events for xo,1,2 and 7.(25),
P(3686) — vJ/Y, eTem — LT yigr/rsr(Visr/FSR)
are free parameters. Figure 3 shows the M3C(yof*¢7)
distributions, the results of the unbinned maximum
likelihood fit, and the relative residuals. The x?/ndf
of the fit is 1.88 for the "y~ channel and 1.83 for the
ete™ channel.

The product branching fractions from the fit are
(15.84:0.3) x 1074, (351.841.0) x 10~* and (199.640.8) x
107% for x.0,1,2 with statistical uncertainty only, respec-
tively. The branching fraction of ¥)(3686) — v~v.J/v is de-
termined to be (3.240.6) x 10~%. All measured branching
fractions are consistent with the previous measurement
of BESIII [24]. Since no significant 7.(2S) signal is found,
an upper limit at the 90% confidence level (C.L.) on the
product branching fraction is determined by a Bayesian
approach using a uniform prior, i.e., finding the values
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 func-
tion W, ,. A difference of detection efficiencies be-
tween the MC sample and the data will result in a
shift in the measurement, which is taken as the system-
atic uncertainty. From the studies of the tracking ef-
ficiency for electrons and muons with the control sam-
ples of (3686) — wTn~J/¢,J/Y — ete™ /uTu~ de-
cays, and the photon efficiency with the control sam-
ples from (3686) — 2(nt7~)m" decays and radiative
di-muon events, the difference in the detection efficien-
cies between the data and MC is found to be polar angle
dependent with the largest value 0.006+0.003, which may
change the helicity angular distribution. The correspond-
ing effect on the higher-order multipole measurement is
estimated by varying the efficiency with an asymmet-
ric function of cos 0+ and cos 61 as p(cos 01, cosbp+) =
(1.040.003 cos B,1 —0.006 cos? f.1) x (1.04-0.003 cos @+ —
0.006 cos? 0+ ) (which corresponds to a 0.9% (0.3%) dif-
ference for cosd = —1 (1), 1 is the polar angle for one
photon, ,+ is for one charged track). Twice the differ-
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FIG. 3. (color online). The results of a simultaneous maximum likelihood fit (top) and corresponding relative residual (Naata —
Nst)/vV Ndata (bottom). The left panel for the e”e™ channel, while right one for the up~ channel. The black dots are data,
the blue curves are the fit results, the red long-dashed lines are for x.0, 1, 2 signals. The grey dashed, orange dot-dashed, pink
dotted lines are for backgrounds of 1 (3686) — yyJ/v, 7°J/1, n°7°J /¢, respectively. The light-blue dot-dot-dashed and green
dot-long-dashed lines are for backgrounds with final state particles composed of £7¢~~ and £ ¢~ ~.

ence with respect to the nominal result is taken as a sys-
tematic uncertainty. For the kinematic fit, the track helix
parameters are corrected to reduce the difference in the
X3¢ distribution between the data and the MC simulation
according to the procedure described in Refs. [36, 37].
These pasP MC samples without and with the helix cor-
rection are used to normalize W, , , respectively, and
the resultant difference is taken as the systematic uncer-
tainty.

To estimate the uncertainty from the fit procedure,
200 MC samples using the high-order multipole ampli-
tudes are generated, followed by a complete detector sim-
ulation. Each sample has 165 k (90 k) selected events
for xe1(xe2), and the same multipole analysis procedure
is applied for each sample. The differences in al, b3
(a3, a2, b3, b3) between the input and fitted values are
Gaussian distributed. The mean values of the Gaus-
sians are p,1 = (2 £ 3) x 1074, pyy = (=6 £ 3) x 1074
(Mag = (17+£13) x 1074, Ha2 = (—4£8) x 1074, ez =
(16 +6) x 1074, fy = (—32£7) x 10~*) and are taken
as the systematic uncertainty. The statistics of the MC
sample for the normalization, about 3.6 (1.8) M events,
may affect the fit results. For the normalization function,

. —m=1,...,9 for xc1 y :
Eq.(4), the variance for @, ()/_;’ 'gﬁ cg)rxxlz) is
R c

___ =N a2 @ =N an (1
V(ay) = %{ 1_1Nn() — =18 ()]2}'

The standard deviation for each coefficient is o(a@,) =

\/V(@,). The largest change in parameters a} and bl by

varying the coefficient by +10 for the x.1 channel (a3, a3

and b3, b3 for the y.2 channel) is taken as the systematic
uncertainty.

The main backgrounds for the x.; channel come
from ¥ (3686) — X c0, VX2, T70T /1), vy /1, which con-
tribute about 0.7% of the candidates according to a MC
study. For the x.o channel, the main backgrounds come
from (3686) — Yxco, YXe1, 7070/, vy I [¢p and the
contribution is about 1%. In the nominal fit, the contri-
bution of background is estimated by the inclusive MC
samples. To estimate the systematic uncertainty, high-
statistics MC samples for backgrounds are generated to
re-determine the shape and the contribution according
to previous measurements [17, 24, 38]. The difference
in the fit results is taken as the systematic uncertainty.
All the systematic uncertainties are summarized in Ta-
ble 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
1(3686) events (0.9%) [25], the tracking efficiency (0.1%
per lepton) [39], the photon detection efficiency (1.0%
per photon) [40], the kinematic fit, the J/¢ mass win-
dow, the other selection criteria (N, < 4, veto 7° and n,
particle identification, cosf.+ < 0.3&& cosf,- > —0.3),
the branching fraction of J/v — ete™/u™p~ (0.6%) [17],
the interference between 1(3686) — xc0o — yyJ/% and
non-resonant ¢ (3686) — yv.J /v process, the fitting pro-
cedure.

The uncertainty from the kinematic fit is estimated
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TABLE III. The different sources of systematic uncertainties for the measurement of higher-order multipole amplitudes for the

Xe1,2 channels.

Source . Xel X2
az(x107%) b3 (x10~ %) [a3(x 10~ %) b3(x10~*)[az(x10~ %) b3(x10~7)

Efficiency of pusp 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

by the same procedure as described in the multipole
amplitude measurements. To estimate the uncertainty
caused by the J/i¢ mass requirement, a control sam-
ple in the x.1 2 region 3.49 < MAC(y/T¢~) < 3.58
GeV/c? is used. For data, the only background is from
¥(3686) — wO70J /1), which is determined in fitting
with the exclusive MC shape. The efficiency of selection
MAC(+07) €(3.08,3.12) GeV is evaluated by comparing
the number of signal events before and after the require-
ment, the corresponding difference between the data and
MC sample is 0.6% for eTe™ channel, and 0.1% for p™p~
channel. To be conservative, we take 0.6% as the system-
atic uncertainty. With the same sample, the systematic
uncertainties related to the selection criteria N, < 4, 70
and 7 vetoes, 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 uncer-
tainty due to the polar angle selection for eTe™ 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 interfer-
ence between 1(3686) — yv.J/¢ and 1(3686) — vx.0 —
vvJ/¥, we repeat the simultaneous fit, taking the in-
terference 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 corre-
sponding systematic uncertainty is estimated by alter-
native fit with varying the mass and width of x.0,1,2
with £10 of the world average values [17] for signal MC
shape. To estimate the uncertainty due to the back-
ground of ¥(3686) — 7°J /v, m°7%J /1 and the ratio of
Nt ¢~ /Ny+¢-~ for Bhabha and di-muon backgrounds,
alternative fits are performed in which the numbers of
expected background events (see Table II) and the ratio
of Nyypt¢-/Nypro- are varied by £1o. For xeo,1,2, the
largest differences in the signal yields from the nominal
values are taken as the systematic uncertainty. For the
1:(2S5) case, to be conservative, the one corresponding
to largest upper limit is taken as the final result. All
systematic uncertainties of the different sources are sum-
marized in Table IV. The total systematic uncertainties
are obtained by adding the individual ones in quadrature,
thereby, assuming all these sources are independent.

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

Source Xco (70) Xe1 (%) Xe2 (%) me(2S) (%)
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/¢ mass window 0.6 0.6 0.6 0.6
Other selection 2.4 2.2 2.3 2.4
B(J/¢p —eTe  /utu™) 06 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 3.4 3.5 3.4
VII. RESULT AND SUMMARY

Based on 106 million t(3686) decays, we measure
the higher-order multipole amplitudes for the decays
1)(3686) — Y1 Xe1,2 — Y172/ channels. The statistical
significance of non-pure E1 transition is 24.30 and 13.40
for the x.1 and x.2 channel, respectively. The normalized
M2 contribution for x.1,2 and the normalized E3 contri-
butions for y.o are listed in Table I. Figure 4 shows a
comparison of our results with previously published mea-
surements 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 contribu-
tions for 1(3686) — vixe1 (03), Xe1 — Y2J/¥ (a3), and
Xe2 — Y2J/9 (a3) are found to be significantly nonzero.
The ratios of M2 contributions of x.1 to x.2 are indepen-
dent of the mass m. and the anomalous magnetic mo-
ment x of the charm quark at leading order in E./m..
They are determined to be

by /b3 = 1.35 £+ 0.72,

8
a3 /a3 = 0.617 4 0.083. (®)

The corresponding theory predictions are (b3/b3)n

1.000+0.015 and (ad/a2)en = 0.676£0.071 [5]. By using

the most precise measurement of the M2 amplitudes a3

and by taking m. = 1.5 + 0.3 GeV/c?, the anomalous



magnetic moment s can be obtained from Eq. (1),

14 4m.. 1
R = — a
Eyyxer = 72 J/Y] 2 (9)

=1.140 £ 0.051 £ 0.053 £ 0.229,

where the first uncertainty is statistical, the second is
systematic, and the third uncertainty is from m, = 1.5+
0.3 GeV/c2.

Based on the multipole analysis, we measure the prod-
uct branching fractions for ¥(3686) — vyxco,1,2 = YyJ/¥
to be (15.840.340.6) x 1074, (351.8 +1.04+12.0) x 10~*
and (199.6 + 0.8 & 7.0) x 10, respectively, where the
first uncertainty is statistical and second is systematic.
In Fig. 5, the product branching fractions are compared
to previous results from BESIII [24], CLEO [41], and the
world average [17]. The world average refers to product
of the average branching fraction of (3686) — 1 Xxecs
and the average branching fraction of y.; — v2J/1,
where the results of BESIII and CLEO are not included
in the world average values. For all x.s, our results ex-
ceed the precision of the previous measurements. Com-
pared to the previous BESIII result, the results are con-
sistent 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 (3686) [25]. In addition, our
measurement for the y. channel is 30 larger than the
result from CLEO and 3¢ larger than the world average
value, while for the x.1,2, our results are consistent with
previous measurements. There are theoretical prediction
for the branching fraction 1(3686) — yxc0,1,2 by several
different models [14-16] without consideration of higher-
order multipole amplitudes, which agree with each other
poorly. The results in this measurement will provide a
guidance for the theoretical calculations.

We also search for the decay n.(25) — ~J/v through
¥(3686) — y1.(25). No statistically significant signal is
observed. Considering the systematic uncertainty, an up-
per limit on the product branching fraction is determined
to be B(¥(3686) — n.(25)) x B(n.(2S) — ~J/¢¥) <
9.7 x 1076 at the 90% C.L., where the systematic uncer-
tainty is incorporated by a factor 1/(1—ogyst.) for conser-
vative. Combining the result of B(1(3686) — yn.(25))
obtained by BESIII [42], the upper limit of the branch-
ing fraction for 1.(2S) — vJ/¥ is B(n.(2S) — vJ/¢¥) <
0.044 at the 90% C.L. Using the width of 7.(2S) of
11.3732 MeV/c? [17], our upper limit implies a partial
width of T'(1.(2S) — ~J/v¥) < 0.50 MeV/c?. Although
this result agrees with the prediction of LQCD (0.0013
MeV/c?) [23], it clearly has a very limited sensitivity to
rigorously test theory.
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*Measured by the process of ¥(3686) — yxc2 with xe2 — 777 /KTK ™.

e Thiswork & BESIN2012” = cLEO 2008 ™" Ave "
XCO Xcl c2
—— —. —.—
— . .,
—.— L . —.—
1IO 12 i4 iG IZI.8 3(I)O 320 ?:40 é60 I38( 1(I50 180 éOO 2I20

B(W(3686) -y X_)*B(X_, ~Y,J/W) (x 10)

FIG. 5. (color online) Comparison of the product branching fraction B(¢(3686) — viXcs) X B(xcs — 72J/v) with previously
published measurements. *The average ” Ave” is the product between the individual world average of B(1(3686) — v1xcs) [17]

and B(xes — v2J/1) [17].



13

[1] J. L. Rosner, Phys. Rev. D 78, 114011 (2008).

[2] K. J. Sebastian, H. Grotch and F. L. Ridener, Phys. Rev.
D 45, 3163 (1992).

[3] P. Moxhay and J. L. Rosner, Phys. Rev. D 28, 1132
(1983).

[4] G. Karl et al., Phys. Rev. Lett. 45, 215 (1980).

[5] M. Artuso et al. [CLEO Collaboration], Phys. Rev. D 80,
112003 (2009).

[6] P. K. Kabir and A. J. G. Hey, Phy. Rev. D 13, 3161
(1976).

[7] C. Edwards et al., Phys. Rev. D 25, 3065 (1982).

[8] M. Oreglia et al. [Crystal Ball Collaboration]|, Phys. Rev.
D 25, 2259 (1982).

[9] T. Armstrong et al. [E760 Collaboration], Phys. Rev. D
48, 3037 (1993).

[10] M. Ambrogiani et al. [E835 Collaboration], Phys. Rev. D
65, 052002 (2002).

[11] M. Ablikim et al. [BES Collaboration], Phys. Rev. D 70,
092004 (2004).

[12] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D
84, 092006 (2011).

[13] S. Godfrey, N. Isgur, Phys. Rev. D 32, 189 (1985).

[14] E. Eichten et al. Phys. Rev. D 21, 203 (1980).

[15] N. Brambilla et al. [QWG Collaboration], hep-
ph/0412158.

[16] T. Barnes, S. Godfrey, E. S. Swanson, Phys. Rev. D 72,
054026 (2005).

[17] K. A. Olive et al. [Particle Data Group], Chin. Phys. C
38, 090001 (2014).

[18] R. E. Mitchell et al. [CLEO Collaboration], Phys. Rev.
Lett. 102, 011801 (2009).

[19] D. Cronin-Hennessy et al. [CLEO Collaboration], Phys.
Rev. D 81, 052002 (2010).

[20] M. Ablikim et al. [BESIII Collaboration]|, Phys. Rev.
Lett. 109, 042003 (2012)

[21] J. J. Dudek, R. Edwards, C. E. Thomas, Phys. Rev. D
79, 094504 (2009).

[22] G. Li, Q. Zhao, Phys. Rev. D 84, 074005 (2011).

[23] D. Becirevic, F. Sanfilippo, JHEP 1301 (2013) 028.

[24] M. Ablikim et al. [BESIII Collaboration], Phys. Rev.
Lett. 109, 172002 (2012).

[25] M. Ablikim et al. [BESIII Collaboration], Chin. Phys. C
37, 063001 (2013).

[26] M. Ablikim et al. [BESIII Collaboration], Chin. Phys. C
37, 123001 (2013).

[27] M. Ablikim et al. [BESIII Collaboration], Nucl. Instrum.
Meth. A 614, 345 (2010).

[28] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D
85, 112008 (2012).

[29] S. Agostinelli et al. [GEANT4 Collaboration], Nucl. In-
strum. Meth. A 506, 250 (2003).

[30] S. Jadach, B. F. L. Ward, and Z. Was, Comput. Phys.
Commun. 130, 260 (2000); Phys. Rev. D 63, 113009
(2001).

[31] D. J. Lange, Nucl. Instrum. Meth. A 462 152 (2001); R.
G. Ping, Chin. Phys. C 32, 599 (2008).

[32] J. C. Chen, G. S. Huang, X. R. Qi, D. H. Zhang, and Y.
S. Zhu, Phys. Rev. D 62, 243 (2000).

[33] G. Balossini, C. M. Carloni Calame, G. Montagna,
O. Nicrosini and F. Piccinini, Nucl. Phys. B 758, 227
(2006).

[34] G. Karl et al. Phys. Rev. D 13, 1203 (1976).

[35] R. L. Plackett, Karl Pearson and the Chi-Squared Test,
International Statistical Review 51, 1 (1983): 59-72.

[36] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D
87, 012002 (2013).

[37] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D
91, 112005 (2015).

[38] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D
86, 092008 (2012).

[39] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D
88, 032007 (2013).

[40] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D
88, 112001 (2013).

[41] H. Mendez et al. [CLEO Collaboration], Phys. Rev. D
78, 011102 (2008).

[42] M. Ablikim et al. [BESIII Collaboration], Phys. Rev.
Lett. 109, 042003 (2012).



