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Based on a data sample of (2712.4 4 14.3) x 10%(3686) events collected with the BESIII detector at the
BEPCII collider, the M1 transition y(3686) — y5,(2S) with 1.(2S) — KKr is studied, where KKz is
K*K=7" or KYK*2F. The mass and width of the #.(2S) are measured to be (3637.8 & 0.8(stat) &
0.2(syst)) MeV/c? and (10.5 & 1.7(stat) 4 3.5(syst)) MeV, respectively. The product branching fraction
By (3686) — yn.(25)) x B(n.(2S) — KKr) is determined to be (0.97 4 0.06(stat) 4= 0.09(syst)) x 1073,

PHYS. REV. D 109, 032004 (2024)

Using B(n.(2S) - KKz) = (1.867)%)%, we obtain the branching fraction of the radiative transition to

be B(w(3686) — yn.(25)) =
due to the quoted B(1.(2S) - KKn).

DOI: 10.1103/PhysRevD.109.032004

I. INTRODUCTION

Charmonia, comprising bound states of a charmed quark
and its antiquark (cc), provide a unique opportunity to
study the strong interactions in the z-charm energy regime,
where nonperturbative contributions are comparable to
perturbative ones. In the low energy region, the large
coupling of the strong interaction (a,) makes first-principle
calculations extremely difficult. Thus, various theoretical
models have been developed [1-4], and good agreement
has been achieved for the mass spectrum of charmonia
below the open-charm threshold. However, long-standing
puzzles in charmonium physics still exist, such as the p — 7
puzzle [5-7] and substantial non-DD decays of the
w(3770) [8,9]. Further studies of the charmonium system
are desired, both theoretical and experimental, to resolve
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(5.2 4 0.3(stat) £ 0.5(syst) 7|7 (extr)) x 107#, where the third uncertainty is

these puzzles and consequently better understand the strong
interaction.

The charmonium spin-singlet state 7.(2S) was first
observed by the Belle collaboration in the B meson decay,
B* — K*1.(25), with .(2S) - KSK*zF in 2002 [10].
However, knowledge about this particle is still very
limited. For example, the sum of its branching fractions
(BFs) measured experimentally is only about 6% [11].
Since the 7,.(2S) is a pseudoscalar particle with quantum
numbers JP¢ = 0=F, it cannot be produced directly via
electron-positron annihilation. The production of the
1.(28) through w(3686) radiative transition requires a
charmed-quark spin flip and, thus, proceeds via a magnetic
transition. The partial width I'(y(3686) — y7.(25)) [1-3]
and the BF B(y(3686) — y1.(2S)) [12] have been calcu-
lated in different theoretical frameworks, as shown in
Table 1. These include the nonrelativistic potential model
(NR model) [1,2], the Godfrey-Isgur relativized potential
model (GI model) [1,2], the light-front quark model [3],
and the other models [12]. Significant discrepancies exist
among the predictions.

On the experimental side, the first observation of the
M1 transition y(3686) — yn.(2S) with n.(2S) decaying
into KKz was reported by BESII [13]. With a data
sample of 106 x 10%/(3686) events, BESIIl measured
the BF B(y(3686) —yn.(25))=(6.84+1.14+4.5)x 1074,
where, here and hereafter, the first uncertainty is statistical
and the second is systematic. The authors of Ref. [7]
extracted B(w(3686) — yn.(2S)) = (7733) x 107 by a
global fit to many experimental measurements and is in
good agreement with the world average value of (7 +5) x
10~* [11]. It is difficult to validate the theoretical calcu-
lations with the current measurements, since the relative
uncertainties are as large as 70%.

The mass of the 7.(2S) was predicted to be 3.630,
3.623, and 3.637 GeV/c? according to the NR model [1],
the GI model [1], and in Ref. [3], respectively. Recently,
the LHCb collaboration reported the mass of the 7.(2S5)
to be m, o5y = (3637.90 & 0.54 & 1.40) MeV/c* and its
width to be I, o) = (10.77 £1.62 £ 1.08) MeV, via

032004-4


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.032004&domain=pdf&date_stamp=2024-02-09
https://doi.org/10.1103/PhysRevD.109.032004
https://doi.org/10.1103/PhysRevD.109.032004
https://doi.org/10.1103/PhysRevD.109.032004
https://doi.org/10.1103/PhysRevD.109.032004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

UPDATED MEASUREMENTS OF THE M1 TRANSITION ...

PHYS. REV. D 109, 032004 (2024)

TABLE L
partial width T'((3686) — y1.(25)).

A comparison of theoretical calculations for the 7.(2S) mass, the BF B(y(3686) — yn.(2S)), and the

Mass (MeV/c?) By (3686) — y5,(28))(x107*) T (w(3686) — y5,(25)) (keV)

NR model [1] 3630
GI model [1] 3623
Meson loop correction [2] N/A
Light-front quark model [3] 3637
Other models [12] N/A

7.14 £0.19 0.21
5.80 +£0.16 0.17

2.72 + 1.00 0.08 =+ 0.03
3.9 0.11
0.6-36.0 N/A

B = Kn.(25),n.(2S) — K}K=x [14]. The experimental
averages of its resonant parameters are m, (,5) = (3637.5 £
1.1) MeV/c? and T, (25) = (11.3135) MeV [11].

The BESIII experiment has collected (2712.4 & 14.3) x
10%(3686) events [15], which is 25.5 times larger than the
dataset used in the previous measurement [13]. Using this
enlarged data sample, we present a comprehensive analysis
of the MI transition y(3686) — yn.(2S) with 7.(2S)
decaying into KK final states. The resonant parameters
of the #.(2S) and the BF of y(3686) — yn.(2S) are
reported with improved precision.

II. DETECTOR AND MONTE CARLO
SIMULATION

The BESII detector [16] records symmetric e'e”
collisions provided by the BEPCII storage ring [17] in
the center-of-mass energy range from 2.0 to 4.95 GeV,
with a peak luminosity of 1 x 10** cm™2s~! achieved at
/s = 3.77 GeV. BESIII has collected large data samples
in this energy region [17]. The cylindrical core of the BESIIT
detector covers 93% of the full solid angle and consists of a
helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(TIl)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoid magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identi-
fication modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/dx resolution is 6% for 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 in the TOF barrel region is
68 ps, while that in the end cap region is 110 ps. The end cap
TOF system was upgraded in 2015 using multigap resistive
plate chamber technology, providing a time resolution of
60 ps [18].

Simulated data samples produced with a Geant4-based [19]
Monte Carlo (MC) package, which includes the geometric
description of the BESIII detector [20] and the detector
response, are used to determine the detection efficiencies and
to estimate backgrounds. The simulation models the beam
energy spread and initial state radiation (ISR) in the e™e™

annihilation with the KKkMC generator [21]. The inclusive
MC sample includes the production of the y(3686) reso-
nance, the production of J/y via ISR, and the continuum
processes incorporated in KKMC. All the known particle
decays are modeled with EvtGen [22] using the BFs either
taken from the Particle Data Group [11], when available, or
otherwise estimated with LUNDCHARM [23]. The final state
radiation (FSR) from charged final state particles is incor-
porated using the PHOTOS package [24]. We generate the
w(3686) — yn.(2S) decay using helicity amplitudes [25]
and the 1,.(2S) — KKr decays with a phase space model.

III. EVENT SELECTION

Here and hereafter, KK represents only K*K~z° and
KYK*z¥ in Secs. III, IV, and V for simplicity except
explicitly stated. In selecting signal events for the process
yKYK* 7T, we require each candidate event to contain four
charged tracks with zero net charge, and at least one
photon; for the yK+ K~ 7" mode, we require each candidate
event to contain two charged tracks with zero net charge,
and at least three photons. We form K9 (z°) candidates
using pairs of z 7~ (yy).

Photon candidates are identified using showers in the
EMC. The deposited energy of the shower must be more
than 25 MeV in the barrel region (| cos 8| < 0.80) or more
than 50 MeV in the end cap region (0.86 < | cos 8| < 0.92).
To exclude showers that originate from charged tracks, the
angle subtended by the EMC shower and the position of
the closest charged track at the EMC must be greater than
10 degrees as measured from the interaction point (IP). To
suppress the electronic noise and the showers unrelated to
the event, the difference between the EMC time and the
event start time is required to be within [0, 700] ns.

A charged track is reconstructed from the hits in MDC.
We require each charged track not used to reconstruct K% to
satisfy |cos@| < 0.93, and the distance of the closest
approach to the IP to be within 10 cm along the z axis,
and less than 1 cm in the transverse plane. Particle
identification (PID) for charged tracks combines measure-
ments of the energy deposited in the MDC (dE/dx) and the
flight time in the TOF to form likelihoods L(h)(h =
p, K, ) for each hadron & hypothesis. Tracks are identified
as K* or 7 by comparing the likelihoods for the kaon and
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pion hypotheses, requiring £(K) > L£(z) and L(x) > L(K),
respectively.

Each K(S) candidate is reconstructed from two oppositely
charged tracks which are assigned as z'z~ without
imposing further PID criteria. They are constrained to
originate from a common vertex and are required to have an
invariant mass within [M ;- —mgo| <7 MeV/c?, where
myo is the K§ nominal mass [11]. Here the K signal has a
mass resolution of 3.5 MeV/c?. The decay length of the K’ g
candidate is required to be greater than twice the vertex
resolution away from the IP.

For yKYK*z¥ candidate events, we perform a four-
constraint (4C) kinematic fit to all the final state particles
with the constraints provided by four-momentum conser-
vation, where the Kg candidate information is from the
secondary-vertex fit. We discriminate the KgKﬂr‘ and
KYK~n" charge-conjugate combinations and select the best
photon candidate by minimizing 2, = xc + 1o (K) +
Joip(7), where x5 is from the 4C kinematic fit. For the
yK* K~ 7" mode, we use a five-constraint (5C) kinematic fit
with an additional constraint on the z° nominal mass and
select the combination with the minimum )(gc. To suppress
backgrounds from /(3686) — KKz and w(3686) —
yyKKz, we require the y> of the kinematic fit of the
yKKr hypothesis to be less than that from both the KKz
and yyK Kz hypotheses.

IV. BACKGROUNDS ANALYSIS

For the KK*7T mode, there are significant background
contributions  from w(3686) » 7z~ J/y with J/w
decaying into eTe™ and putu~, w(3686) — nJ/y with 5
decaying into #* 7z~ 2" and from y(3686) — yK3K$ events
with the K* being misidentified as z*. The other back-
grounds are from w(3686) — z°J/y or w(3686) —
72°72%J Jw with J/y decaying into e*e™, utu~, or KT K-,
w(3686) — nJ/y with 5 decaying into yy, yw(3686) —
wKtK~ with @ — yn° — 3y for the K*K~z° mode. To
suppress these backgrounds, we require the recoil mass of
any 77z~ pair to be less than 3.05 GeV/c? to suppress
relevant J /y backgrounds, and the two charged tracks other
than those from the Kg candidate must have an invariant
mass differing from m o by at least 10 MeV/ c? for yK3KY
backgrounds in the K3 K*z¥ mode. We require the invariant
mass of the two charged tracks with 4= hypothesis to be less
than 2.90 GeV/c? for the K* K~z° mode. We suppress the
background from (3686) > wKTK~,® — yn° - 3y
using an @ veto in the K™K~ z” mode, i.e., the invariant
mass (M3,) of the 3y must satisfy Mj, <0.74 or
My, > 0.82 GeV/c?. In this case, one y from w decays
could be misidentified as the radiative photon from y(3686)
decays.

After imposing the above requirements, the analysis of
the inclusive MC sample for w(3686) decays with
TopoAna [26] indicates that the remaining dominant back-
ground sources are: (1) y(3686) — KK events with a fake
photon (y¢y.) or a photon from FSR in the final state;
(2) events with an extra photon, primarily from y(3686) —
°KKrn with 7° = yy; and (3) events from continuum
process e*e™ = ysr (ypsr ) K K7 with the photon from ISR
or FSR.

A. w(3686) — KKz with a yg,,. or FSR

We show the distributions of the invariant mass of KKz
M KOK* 2+ and M g+ x-,0) after the kinematic fits in Fig. 1,

where the backgrounds from y(3686) — KKr with a yg,.
incorporated into the kinematic fit, appear as peaks close to
the expected 77.(2S) mass, with a sharp cutoff due to the 25-
MeV photon-energy threshold. Since the yg,. adds no
information to the fit, its inclusion distorts the mass
measurement. A modified kinematic fit is therefore
imposed by allowing the energy of the photon to float,
i.e., using a 3C kinematic fit for yK3K*z¥ candidates and a
4C kinematic fit for yK*K~ 2" candidates. We find the

4000_...,...0,...,...,...,..._
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o ¢ a 3
3500:---- n(28) - KgK'n* 4C Il ( ) E
5 3000 F - - (3686) — KK*n* m3C Il 3
F — — (3686) — K'K*1" 4C Il 3
$2500F — ¥ s =
S £Y r|-I E
N - .
g 2000~ 4k I| =
S E 1 I ) E
2 1500 l .5 E
g E IE E
> 1000 A" =
= E = 3
500 | 3

o s e ! A
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400 ]
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FIG. 1. A comparison between the 4C (5C) and the modified
3C (40) kinematic fits of the MC samples. (a) and (b) are the
invariant mass distributions of K$K*zF and K*K~ 2" from
n.(2S) or w(3686) decays, respectively.
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energy of the y from the kinematic fit tends to be zero if it is
a fake photon, which is useful for better separating such
kinds of backgrounds from the signal. We require the y? in
the modified kinematic fits to satisfy y2;- <20 and
Auc < 15 for the yKOK*z¥ mode and the yK™K~z°
mode, respectively. We use the invariant mass distributions
from the modified fits for further study.

The above requirement cannot remove backgrounds
from w(3686) » KKz with a ypgg, which could po-
tentially contaminate the signal channel with a long tail
in the distribution of Mgg,. The contribution depends
on the FSR ratio Rpsg = Npsr/Npopsr ignoring any de-
pendence on the momentum and angle of the charged
tracks, where Ngsg and N,,,rsg are the numbers of
events with and without yrgr, respectively. Control
samples of w(3686) — yx. — yKSK*n¥ (ypsg) and
w(3686) = yx.0 > yKTK K"K (ypsg) are selected to
study the difference of Rpsg between data (RR) and
MC sample (RMG) in the yK9K*zT and yK*K-z°
channels, respectively. We use the same method as de-
scribed in Ref. [13] to determine frsg = RR&/RMG =
(1.53 £ 0.05) and (1.34 +0.12) from two different con-
trol samples. We tune the ratio of w(3686) —» KK«
and y(3686) — ypsg KKz in the MC simulation ac-
cording to fgsr to determine the Mgk, line shape of
w(3686) — (ypsg) KKz, which will be used to describe
the corresponding background contribution in the fit.

B. w(3686) — KKz

To account for y(3686) — 7K Kx backgrounds, we use
the same data-driven method as applied in Ref. [13]. We
first select w(3686) — 7KKz events in data and then
estimate their rate of contamination in the Mg, spectrum
by passing the selected events through the yK K selection
criteria and correcting with efficiencies determined from
MC simulation.

This background contributes a smooth component
around the y. , mass region with a small tail in the
1.(28) signal region that is shown in Fig. 2. We fit these
backgrounds with a Novosibirsk function [27], and fix its
shape and size in the Mg, spectra fits.

C. ISR and FSR events from e*e~ annihilation

We use data collected at /s = 3.65 GeV with a lumi-
nosity of 401.00 4= 4.01 pb~! [15] to estimate the back-
grounds from the continuum processes e*e™ — ypsr KK7
and e*e” — ygr KKr. After event selection, we shift the
mass of KK7(M gigeq) to 3.686 GeV by the rule

Mt = a X (Mg, — mg) + my, (1)

where a = (3.686 — my)/(3.65 — my) with m being the
mass threshold for generating K K. We then normalized the
number of continuum backgrounds according to the cross

sections and the integrated luminosities of the data samples
at /s =3.65 GeV and at the w(3686) peak [15]. We
determine the number of continuum events after the
selection in the y(3686) data sample to be 516 (360) in
the yK3K*nF (yK"K~ ") final state.

V. BRANCHING FRACTION DETERMINATION

We perform a simultaneous fit to the mass spectra of
KKz in the range of (3.45-3.70) GeV/c? to extract the
yield of signal events and the mass and the width of the
n.(2S), as shown in Fig. 2. There are y., and y,, signals
besides the 7,.(2S) signals. We use the following line shape
of the 7.(2S) produced by an M1 transition:

(E} x BW(Mg,) % fa(E,) x e(Mkg,)) ® DGaus, (2)

where E, = (mi(%gé) — M3 )/ (2my,3656)) is the energy

of the transition photon in the rest frame of the y(3686),
BW is a Breit-Wigner function with floating width and
mean, f4(E,) = E}/(E,Ey+ (E, — Ey)?) is a damping
function proposed by the KEDR experiment [28] to
suppress the diverging tail raised by the term of Ei with
E, = (mi/(%%) - mic(m) /(2m,,(3636)) denoting the mean
energy of the transition photon, e(Mgg,) is the efficiency
as a fitted polynomial function of Mgk, from the MC
simulation, DGaus is a double Gaussian function, i.e.
f - Gaus(my,0y) + (1 — f) - Gaus(m,, 6,), which is uti-
lized to describe the resolution. In fact, there are two types
of resolutions that need to be taken into account. The first
type is based on the detector resolution, which is repre-
sented by a double Gaussian function. The parameters of
this function are directly determined through MC simu-
lation. The second type of resolution is based on the
discrepancy between the data and MC simulation, and is
represented by a single Gaussian function. The parameters
of this function are obtained through a linear extrapolation
from those of y,. . To consider both types of resolutions, a
new double Gaussian function, DGaus, is constructed by
convoluting the original double Gaussian function with the
single Gaussian function. All parameters of DGaus are then
determined and fixed during the fitting process.

The line shapes of the y., are described with the
simulated MC shapes convoluted with a single Gaussian
function for the difference in resolution of Mg, between
data and MC simulation, and their parameters are floated in
the fit.

We use a Novosibirsk function [27] to parametrize the
backgrounds of y(3686) — 7°K Kz events from data, with
the shape of the function and the number of background
events fixed. For the background of y(3686) — KKz with
and without ygsr, the shape is extracted from MC simu-
lation, with the FSR and non-FSR components reweighted
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FIG.2. The distributions of the invariant mass spectra of KKz. The fit results in the whole fit range [(a) and (b)] and in the range only
containing 7,.(2S) signal [(c) and (d)]. Plots (a) and (c) are for the K(S’K *77F mode, (b) and (d) are for the K K~z° mode. Dots with error
bars are data, blue solid curves are the best results from the simultaneous fits. The blue dashed lines are the 7.(2S) signals, and the other
dashed lines are backgrounds, among which the pink, red, black, green and cyan ones are from the y/(3686) — 7z° + KKz events, the
w(3686) — KKr events, the (3686) — yy., ., events, other contributions, and continuum contribution, respectively. For plots (a) and
(c), the data statistics is summed over the two charge conjugated modes.

by corrected frsr. We add the continuum backgrounds
contribution with shifted mass spectrum shape, and the
numbers of continuum backgrounds are fixed. We describe
all other smooth backgrounds with the shape fixed to that
from the inclusive MC sample while the number of events is
floated.

The yields of the 7.(2S) signal are 692 +42 in the
K*K=7z° mode and 963 +58 in the K{K*zT mode.
From the signal MC simulations, we obtain the effi-
ciency egigx-, = 16.02% in the K*K=z° mode and
exokns = 15.93% in the KSK*27 mode, respectively.
In the MC simulation, the mass and width of the
1n.(28) are quoted from the world averaged values [11].
Therefore, we determine the products of the BFs

to be B(w(3686)—yn.(25))xB(n.(25) —» KIK "z~ +
c.c.)=(3.2340.20) x 107 and B(y(3686) — y3.(25)) x
B(n.(2S) - K*K=z%) = (1.61 £0.10) x 107°. The ratio
of the BFs agrees well with the isospin symmetry expect-
ation of 2:1 between KYK*z¥ and K"K~ z°. We de-
termine the mass and width of the 7,.(2S) to be M, (5) =
(3637.8 £ 0.8) MeV/c? and I, 55) = (10.5 £ 1.7) MeV.
The uncertainties are statistical only.

Considering isospin conservation, the product BF for
w(3686) — yn.(2S) with .(2S) - KKz can be obtained
by doubling the sum of the K9K*zF and K*K~z° BFs
to obtain B(y(3686) — y5.(25)) x B(n.(2S) - KKrx) =
(0.97 £0.06) x 1075, where the uncertainty takes into
account the correlation between the two measured BFs
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from the simultaneous fit. Here KKx indicates the sum of
seven channels K™Kz, KO9K%2°, KYK)z", KOK"n~,
KYK 7", K)K"n~, and KK n". If only considering
the isospin symmetry, the ratios of the BFs between them
should be 2:1:1:2:2:2:2.

VI. SYSTEMATIC UNCERTAINTIES

There are multiple sources of systematic uncertainties
in determining the resonant parameters of the #.(2S5)
and the product of branching fractions B(w(3686) —
v1:(25)) x B(n.(25) - KKx).

Systematic uncertainties associated with event selection,
such as tracking, PID, photon reconstruction, Kg recon-
struction, and kinematic fit are all estimated using control
samples. To account for each source’s uncertainty, we vary
the efficiency accordingly and calculate the difference in the
final BE. This difference represents the systematic uncer-
tainty attributed to tracking, PID, and photon reconstruction,
respectively. From the study with two control samples,
J/w — pprntan~ and ete” — nta K+tK~, the uncertain-
ties of tracking and PID are 1%, respectively, for each pion
and kaon track [29,30]. According to a study with the control
sample J/w — pr, the uncertainty due to photon detection
efficiency is 1% per photon and is additive [31]. The
systematic uncertainty from the K9 reconstruction is studied
using two control samples, J/y — K**(892)KT with
K**(892) —» K97* and J/y — ¢KIK=xF [32]. We esti-
mate the systematic uncertainty from Kg reconstruction
to be 1.2% for the K§K*zT mode. To study the uncertainty
associated with the kinematic fit, we correct the track helix
parameters in the MC simulation [33]. The efficiency

difference 2.8% and 5.1% before and after the correction
is taken as the systematic uncertainty related to the kinematic
fit for the K*K~z° mode and the KYK*z¥ mode, respec-
tively. The resonance parameters of 7,.(2S) and the inter-
mediate resonances also impact the event selection
efficiency. We estimate the systematic uncertainty associated
with the resonance parameters of 77,(2S) by varying its mass
and width by one standard deviation relative to the world
average values [11]. Additionally, we consider the influence
of intermediate resonances by generating new mixed MC
samples with additional decay channels, namely 7.(2S) —
K;(1430)K and 7.(2S) — K5(1430)K, using fractions
inspired by the LHCb study [14]. The difference in
efficiency between the new mixed MC samples and the
nominal MC samples is taken as the corresponding system-
atic uncertainty, which is estimated to be 2.9%.

The uncertainties related to the simultaneous fit include
those due to the signal resolution function, the efficiency
curve, the line shapes of the backgrounds, and the damping
function. We estimate the systematic uncertainty due to the
resolution function by changing the parameters of the mass
and the mass resolution in the single Gaussian function and
the convolved double Gaussian function by 16. The largest
difference is 0.6%, and we take it as the uncertainty due to
the resolution function. The uncertainty from the efficiency
curve is estimated by comparing the difference in results
with and without the efficiency curve. We find a difference
of 0.1% and take it as the systematic uncertainty due to the
efficiency curve. We estimate the systematic uncertainties
due to the line shapes of the backgrounds by using the
shapes from alternative ones. The line shape of one back-
ground component is changed each time, and the largest

TABLEIL The systematic uncertainty of the 77.(2S5) mass and width, and the systematic uncertainty of the product
BF B(y(3686) — y1.(2S)) x B(.(2S) — KK=), represented by B3 in this Table.
Source Mass (MeV/c?)  Width (MeV) BB (%)
KK event selection Tracking 2.0
PID 2.0
Photon reconstruction e e 2.7
Kinematic fit 4.3
KY reconstruction 0.8
Resonance parameters of 7,.(25) e e 1.8
Intermediate resonance e e 2.9
Simultaneous fit Resolution function 0.1 0.3 0.6
Efficiency curve 0.0 0.0 0.1
Background line shape 0.0 29 32
Damping function 0.1 1.9 4.5
Isospin constraint 0.0 0.1 e
w(3686) data sample 0.5
Number of continuum events 0.0 0.2 1.0
Shape of continuum 0.1 0.5 2.0
Combined 0.2 35 9.1

032004-9



M. ABLIKIM et al.

PHYS. REV. D 109, 032004 (2024)

TABLE III.

A comparison of the experimental measurements in this work with previous BESIII values and world average values for

the 7.(2S) mass and width, the BF B(y(3686) — y1.(2S)), and the partial width I'(w(3686) — y5.(25)).

Mass (MeV/c?) Width (MeV)

B(y(3686) — yn.(25))(x107)

['(y(3686) — yn.(25)) (keV)

This work 3637.8 £0.8+0.2 105 £1.7+35
BESIII (2012) 3637.6 29+ 1.6 169 +64+48
World average 3637.6 +1.2 113733

52+034+0577
6.8£1.1£45
7+5

0.1570%¢
0.20+£0.14
0.21 £0.15

difference is used for the uncertainty. We change the
relative ratio frsg by lo to evaluate the systematic
uncertainty due to FSR. We change the Novosibirsk
function to a Gaussian function to estimate the uncertainty
due to the shape of the 7°K Kz backgrounds, and change
the shape from the inclusive MC sample to the Argus
function [34] to estimate the uncertainty due to the shape of
other backgrounds. We assume isospin symmetry between
K*K~7° and K§K*7F channels in the nominal fit, and take
the difference to the result without isospin conservation as
the uncertainty associated with the isospin conservation
assumption. The systematic uncertainty associated with the
damping function is estimated in two ways. One is varying
the parameter m, (,5) by 1o in KEDR’s damping function
[28]. The other one is modifying the function from the
default KEDR'’s formula [28] to the alternative CLEQO’s
exp(—E2/86%) [35], where f=0.033. The maximum
differences from the nominal results are taken as the
relevant systematic uncertainties.

The uncertainty due to the number of y(3686) events in
the data sample is determined with inclusive hadronic
w(3686) decays. The 0.5% is determined to be the
systematic uncertainty associated with the number of
w(3686) events [15].

The uncertainty due to the continuum process includes
the number of events and the line shape. We vary the
number of continuum events assuming it satisfies a Possion
distribution, and take the difference to the nominal fit result
as the corresponding uncertainty. We also vary the smooth
parameter of RooKeysPdf [36], which is extracted from the
continuum line shape, from 1 to 6, and take the largest
difference to the nominal fit result as the corresponding
uncertainty.

We summarize the systematic uncertainties in Table II.
We assume that all sources of systematic uncertainties are
independent and combine them in quadrature to obtain the
overall systematic uncertainty.

VII. RESULT AND DISCUSSION

Using a sample of (2712.4 + 14.3) x 10%(3686) de-
cays collected by the BESIII detector, we measure the
resonant parameters of the #.(2S) and the product

branching fraction B(w(3686) — yn.(25)) x B(1.(2S) -
KKr) through the hadronic 7.(2S) decays K9K*zF
and K*K~z° with improved precision. We measure the
mass and width of the 7.(2S) to be (3637.8+0.8+
0.2)MeV/c? and (10.5+1.743.5) MeV, respectively, and
B(w(3686) — yn.(2S)) x B(n.(2S) - KKx) = (0.97 +
0.06 £ 0.09) x 107>, in which isospin symmetry is as-
sumed. Combining our result with B(5.(2S) - KKx) =
(1.86°08)% [7], we obtain B(y(3686) — yn.(2S) =
(52+£03+£0.577) x 107, where the last uncertai-
nty is from the quoted B(5.(2S) — KKx). The partial
width T'(y(3686) — yn.(25)) is also determined to be
0.1575:9° keV by using the total width of the w(3686) [11].

Compared with previous measurements [11,13], listed
in Table III, our results for the mass and width of the
n.(2S) and B(y(3686) — yn.(2S)) are of comparable
precision to the world average values. There is an improve-
ment compared to the previous BESIII result reported in
2012 [13], while the last systematic uncertainty is not
significantly reduced due to the large uncertainty of the
quoted BF of .(2S) — KKz, which is changed from
1.9+ 1.2% [37] to 1.8670%% [7]. Compared with the
theoretical calculations [1-3] listed in Table I, our meas-
urement of the partial width T'(w(3686) — yn.(2S)) is
consistent with all the theoretical predictions [1-3] within
two standard deviations. Therefore, to distinguish various
theoretical models, the precision of the experimental meas-
urement needs further improvement. It will be achieved by
combining our results to an updated B(,(2S) — KKr) that
may be obtained via two-photon fusion or B decay
processes in the B factories.
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