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Search for 7,.(2S) - ww and w¢ and measurements of y.; > ww
and w¢ in y(2S) radiative processes
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Using (2712 % 14) x 10% y(2S) events collected with the BESIII detector at the BEPCII collider, we
search for the decays 7.(2S) — ww and 1,.(2S) — w¢ via the process y(2S) — yn.(25). No statistically
significant signals are observed. The upper limits of their product branching fractions at the 90%
confidence level are determined to be B(w(2S) — y1.(2S),7.(2S) = ww) < 1.04 x 107 and B(y(2S) —
:(28),1.(28) = wep) < 1.85 x 1077, respectively. We also update the branching fractions of y.; — o
and y.; — w¢ via the w(2S) — yy.; transition. Their branching fractions are determined to be
By — ww) = (10.66+0.11+£0.57) x 1074, B(y.; = ww) = (6.43£0.074+0.31) x 107, By, = 0w) =

(8.75+0.08£0.42) x 1074,

By = op) = (1.18 £ 0.03 £0.07) x 1074,

B(y. — wp) = (2.04 +

0.154+0.11) x 107, and B(y. — w¢) = (9.58 & 1.07 £ 0.76) x 1076, where the first uncertainties

are statistical and the second are systematic.
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I. INTRODUCTION

As bound states of cc pairs, charmonia are an ideal
laboratory for testing the interplay between perturbative
and nonperturbative quantum chromodynamics (QCD) [1].
Except for the J/y and w(2S) states, charmonium states
below the open charm production threshold, such as the
P-wave state h., the S-wave ground state #,(1S), its first
radial excitation #.(2S), and the P-wave states y.; (/ =0,
1, 2), are not fully understood.

The decays of 7.(1S) and 5.(2S) into VV, where V
stands for a light vector meson, are expected to be sup-
pressed by the helicity selection rule (HSR) [2-4].
However, the measured branching fractions of #.(1S) —
VV are typically of the order of 10~ to 1072. Such large
branching fractions imply that the perturbative description
of 5.(1S) decays is inadequate and that nonperturbative
mechanisms may play a crucial role [5]. Various non-
perturbative models, such as the intermediate meson
exchange model [6] and the charmonium light Fock
component admixture model [7], have been proposed. In
Ref. [8], the authors exploited the 3P, quark-creation
mechanism model to calculate the decay width of #.(15)
into vector meson pairs (¢¢, pp, K*K*, ww, we), and the
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obtained results are compatible with the experimental
measurements.

In addition, the relative ratios I'(5.(2S) — VV)/
I'(n.(1S) - VV) are predicted to be around 19% in
Ref. [8]. Other predictions for the relative rate 5(1.(2S5) —
L.h.)/B(n.(1S) — Lh.) have been made within the frame-
work of perturbative QCD. Here, 1.h. denotes the light
hadron channel. One model suggests [9]

B(n.(2S) - Lh.) B(w(2S) - Lh.)

Bn(18) = 1h) ~ By = 1ny = 2% (1)

based on the assumption that the decays of J/y and w(25)
into light hadrons proceed through valence c¢ annihilation
into three gluons at a typical distance scale of 1/m.. An
alternative analysis predicts

B(n.(2S) - Lh.) N
B(n.(1S) - Lh.) ~

1, (2)

as the dominant decay dynamics of the 7.(1S) and 7.(2S)
involve the annihilation of charmed quark pairs into two
gluons [10]. Using the available experimental data, the
authors of Ref. [11] examined the branching fraction ratios
of 17.(18) and 7.(2S) in several decay modes, and found
that the values are different from both theoretical expect-
ations, albeit with large uncertainties. In experiments, the
Belle Collaboration determined the branching fraction of
7:.(1S) > ww to be (1.62+0.57) x 1073 [12]. And the
BESIII Collaboration set the upper limit on the branching
fraction of ,.(1S) — w¢ at the 90% confidence level (CL)
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as 2.5 x 107 [13]. However, the 7.(2S) decays into these
two final states have not been studied yet.

On the other hand, the measured branching fractions of
the y.; — VV decays [14] are significantly larger than the
predictions based on perturbative QCD calculations [15].
Especially, the BESIII experiment observed the y.; — w¢
decays [14], which violate the HSR and are expected to be
doubly OZI suppressed. Recently, the branching fractions
of y., — w¢ were updated using 448 x 10° (25)
events [16], in which the .o .; = w¢ decays are confirmed
and the y., — w¢ decay is reported with a statistical
significance of 4.8¢. The mechanism behind this unex-
pectedly large branching fraction remains unclear and
needs further investigation.

In 2009, 2012, and 2021, a data sample of (2712 +
14) x 10°% y(2S) events has been collected by the BESIII
experiment [17], providing a good opportunity to study the
17.(2S) decays. In this study, we search for the 7.(25) —
ow and 1.(2S) > w¢ decays via the w(2S) - yn.(2S)
process, with @ and ¢ mesons reconstructed through o —
atn~ 7% and ¢ — KK, respectively. Using the same data
sample, we update the branching fractions of y.; - ww
and y.; —» w¢ with improved precision. An additional
dataset recorded at the center-of-mass energy of 3.65 GeV
is utilized to determine the contributions from the con-
tinuum processes.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESII detector [18] records symmetric e'e”
collisions provided by the BEPCII storage ring [19] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
with a peak luminosity of 1.1 x 103 cm™s~! achieved at
\/s =3.773 GeV. The cylindrical core of the BESIII
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 Csl
(T1) electromagnetic calorimeter (EMC), which are all
enclosed in a superconducting solenoidal magnet, provid-
ing a 1.0 T magnetic field. The solenoid is supported by an
octagonal flux-return yoke with resistive plate chamber
muon identifier modules interleaved with steel. The
charged-particle momentum resolution at 1 GeV/c is
0.5%, and the dE/dx resolution is 6% for the electrons
from Bhabha scattering. The EMC measures photon
energies with a resolution of 2.5% (5%) at 1 GeV in the
barrel (end cap) region. The time resolution of the TOF
barrel section is 68 ps, while that of the end cap section is
110 ps. The end cap TOF system was upgraded in 2015
with multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps, which benefits about 85% of
the data used in this analysis [20].

Monte Carlo (MC) simulated data samples produced
with a Geantd-based [21] software package, which includes

the geometric description of the BESIII detector [22] and
the detector response, are used to determine the detection
efficiency and to estimate the background contributions.
The simulation includes the beam energy spread and initial-
state radiation (ISR) in the e*e™ annihilations modeled
with the generator KKMC [23]. The inclusive MC sample,
which is used to study the background contribution,
includes the production of the y(2S) resonance, the ISR
production of the J/y, and the continuum processes
incorporated in KKMC [23]. All particle decays are modeled
with EvtGen [24] using branching fractions either taken from
the Particle Data Group (PDG) [25], when available, or
otherwise estimated with LUNDCHARM [26]. Final state
radiation from charged final state particles is incorporated
with the PHOTOS package [27].

The exclusive decays y(2S) — yX are generated accord-
ing to the angular distribution (1 + Acos®6), where X
refers to the n.(2S) or y.; state, 6 is the polar angle of the
radiative photon in the rest frame of the y/(25); the value of
Aissetto 1 for the n,.(2S),and to 1, —1/3, and 1/13 for y .,
(J =0, 1, 2) [28], respectively. The X — ww and X — w¢
decays are generated using HELAMP [24], the helicity
amplitude model where the angular correlation between
the vector meson decays has been considered. Furthermore,
two exclusive MC samples are generated to describe the
background contributions, including y/(2S) — 7z°2°J /y,
J/w — n"x~w generated with the jpip1 [24] and phase
space (PHSP) models and w(2S) - wK K~ generated with
the PHSP model. The pHSP model represents the generic
phase space for n-body decays, averaging over the spins of
both initial and final states.

III. EVENT SELECTION

Candidate events for y(2S) - yn.(2S) with 7.(2S) -
ww are required to contain at least five photons and four
charged tracks, while candidate events for w(2S) —
n.(2S) with 7.(2S) — w¢ must contain at least three
photons and four charged tracks. For each charged track,
the distance of closest approach to the interaction point (IP)
is required to be less than 10 cm along the z-axis (the
symmetry axis of the MDC), and less than 1 cm in the
plane perpendicular to the z-axis. The polar angle (6) of
the track must be within the fiducial volume of the MDC
(|cos | < 0.93). Charged-particle identification (PID) is
based on the combined information from the specific
ionization energy loss in the MDC (dE/dx) and the flight
time measured by the TOF, forming a y3;,(h) variable for
each track, where & represents the charged-particle hypoth-
esis (z, K, or p).

Photons are reconstructed from isolated showers in the
EMC. The deposited energy of each shower is required to
be at least 25 MeV in both barrel region (|cos 8| < 0.80)
and end cap region (0.86 < |cosf| < 0.92). To suppress
electronic noise and showers unrelated to the event, the
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difference between the EMC time and the event start time is
required to be within [0, 700] ns.

The 7° candidate is reconstructed from a photon pair with
an invariant mass satisfying M, € (0.10,0.15) GeV/c*. A
one-constraint (1C) kinematic fit is performed to improve
the energy resolution, constraining the invariant mass of the
two photons to the nominal z° mass [25].

In the selection of y(2S) — yww candidate events, the
four charged tracks are assumed to be pions. A six-
constraint (6C) kinematic fit is applied, constraining the
total reconstructed four-momentum to that of the initial
state and the invariant masses of each photon pair to the
nominal z° mass [25]. If there are additional photons and 7°
candidates in the event, the combination with the minimum
X2c is chosen. To suppress the background, the results from
a four-constraint (4C) fit are used, constraining only the
total four-momentum. The requirement of y3 is optimized
by maximizing the figure of merit (FOM) defined as
S/(3/2 ++/B) [29], where the number of 3 indicates
three standard deviations, S and B are the numbers of
signal and background events in the #.(2S) signal region
€ (3.60,3.66) GeV/c?, respectively. Here, S is
calculated under the branching fraction assumption
B(1n.(28) - ow) = B(n.(1S) - ww) [25]; and B is esti-
mated from the inclusive MC sample. The candidate events
satisfying ¥ < 15 are kept. The two w candidates with the
minimum (ij}ﬂ_”o -M,)?+ (Mfi)”_ﬂo —M,)?* are taken
as the signal, where M,

M2(ﬂ+7r’ﬂ0)

is the nominal @ mass [25].
The mass windows for both @ candidates are set as
M, .0 €(0.737,0.826) GeV/c?, and they are randomly
labeled. After these selections, no fake w-pair peak is found
in the MC simulation of the 1.(2S) = 2(z*z~z°) decay.
The distributions of Mfrlfﬂ,ﬂo versus Mfi)n,ﬂo for the signal
MC simulation and data are shown in Fig. 1, where a clear
ww signal can be seen as indicated by the central red box.
The peaking background events from the ywz*z~7° and
y2(z*z~x°) final states are evaluated with the sideband
regions labeled by a, b, and c. These two peaking back-
ground contributions are referred to as the yw3z and y6x
events in the following discussion. The method used to
estimate the peaking background contributions will be
introduced in Secs. IV and V.

In the selection of y(2S) — yw¢ candidate events, the
four charged tracks are assumed to be two pions and two
kaons. A five-constraint (5C) kinematic fit is applied,
constraining the total reconstructed four-momentum to that
of the initial state (4C) and the invariant mass of the yy pair
to the nominal z° mass [25]. We define y* = y2. +
S2 xbn(®) + D2 xdip(K) as the sum of the y* from
the 5C kinematic fit and the y? from PID for the 7 or K
particle hypothesis. To determine the types of final state
particles and to select the best combination when additional
photons or 79 candidates are found in an event, the
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FIG. 1. Distributions of M< 3 o versus M( 2 0 in the ww

mode for signal MC sample (top) and data (bottom) The red box
represents the yww signal region, the green boxes represents the
yorntn~z° sideband regions (a) and (b), and the orange boxes
represents the y2(z "z~ 2%) sideband regions (c). The cyan, blue,
violet and pink dotted boxes in the bottom figure represent four
alternative sideband regions used in the systematic uncertainty
study (Sec. IV).

combination with the minimum y? is chosen, and addi-
tionally y3- < 17 is required.

Similarly, the FOM is optimized under the branching
fraction assumption B(1.(2S) = w¢p) = B(n.(1S) - wep)
[25] and the upper limit on the branching fraction of
n.(1S) = w¢ is used. The mass windows for the @ and ¢
candidates are set to be M+, € (0.737,0.826) GeV/c?
and Mg g- € (1.005,1.035) GeV/c?, respectively. The
distributions of M - -0 versus Mg+~ for the signal MC
simulation and data are shown in Fig. 2, where the
w— a2’ and ¢ — KTK~ signals are clearly
seen. The peaking background contributions from the
yata n’p, yoK*K~, and yxtn~2°K K~ final states are
evaluated with the sideband regions labeled by a, b, and c,
and are referred to as the y¢p3z, yw2K, and y3722K events,
respectively.

Nonradiative decays y/(25) — V'V can form a peak in the
My distribution around the #,.(2S) mass. To suppress this
peaking background, a modified kinematic fit is applied to
the candidate events, where the energy of the radiative
photon is allowed to vary in the fit (3C fit) and the obtained
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FIG. 2. Distributions of M+ -0 versus M g+ g~ in the w¢ mode
for signal MC sample (top) and data (bottom). The red box
represents the yw¢ signal region, the green boxes represent the
yatx~ 7% (a) and ywK+ K~ (b) sideband regions, and the orange
boxes represents the yz*z~ 7K+ K~ sideband regions (c). The
cyan, blue, violet and pink dotted boxes in the bottom figure
represent four alternative sideband regions used in the systematic
uncertainty study (Sec. VI).

invariant mass (M35, distributions are used to extract the
signal yields. The M35, distributions offer a resolution
similar to the V'V invariant mass from the 4C kinematic fit,
but the background level is reduced since the nonradiative
peak is shifted toward the y(2S) mass region [30].

IV. BACKGROUND ESTIMATION

The study of the w(2S) inclusive MC sample
indicates that the dominant peaking background contributions
in the M35, distributions come fromy/(2S) — ywz* z~z° and
w(28) = y2(x* 2~ 2°) for the ww mode (referred to as yw3x
and y6m, respectively), and from w/(2S) — yz* 2 7¢,
w(2S) - yoK*K~, and y(2S) — yxt 2 2K K~ for the
w¢ mode (referred to as y¢p3z, yw2K and y37z2K, respec-
tively). Several decay modes contribute in the M3y, and M},
distributions as nonpeaking background events, with small
contributions at the level of about 1.4%.

A. Peaking background

The peaking background contributions are estimated
from the 2-dimensional (2D) sideband regions defined in
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FIG. 3. Projections of the 2D fit to MZSI(TI_)HO and M fﬁf_)ﬂo. The

dots with error bars are data, the red solid lines are the fit results,
the red dashed lines are the fits of the signal (yww) events, the
green and blue dashed lines are the fits of the yw3z events, and
the pink dashed lines are the fits of the y6x events.

Figs. 1 and 2, and the signal yields are extracted from
the fits to the M35, distributions as discussed in Sec. V. The
scale factors between the 2D signal and sideband regions are
determined from a 2D fit to the 2D invariant mass distri-
butions and calculated according to the integral of each
components in the defined regions. In the 2D fit, the product
of two double Gaussian functions is used to describe the V'V
signal events, a double Gaussian multiplied by a second-
order polynomial is used to describe the events with only one
V in the final state, and the product of two second-order
polynomials is used to represent the events with no V
resonance in the final state. The projections of the 2D fits on
Migﬂ,ﬂo and Mfffﬂ,ﬂo/ M35 - are shown in Fig. 3 for the
yww mode and in Fig. 4 for the yw¢ mode in the region
(3.35,3.60) GeV/c?. The scale factors (f) for the events
between the V'V signal and sideband regions are summarized
in Table I. The factors are determined separately for the three
Xy states. The M35, signal regions of y g, 11, and y,, states
are defined as (3.35,3.47) GeV/c?, (3.47,3.53) GeV/c?,
and (3.53,3.60) GeV/c?, respectively.

B. w(2S) - x|y

The fraction of the background events from y(2S) —
zrJ /y is approximately 1.0% for the yww mode, primarily
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FIG. 4. Projections of the 2D fit to Mffﬂ_”U and M?g x-- The
dots with error bars are data, the red solid lines are the fit results,
the red dashed lines are the fits of the signal (yw¢) events, the
green and blue dashed lines are the fits of the yw2K and y¢3n
events, and the pink dashed lines are the fits of the y372K events.

stemming from y(2S) — 7°2°J /y, and less than 0.4% for
the yw¢ mode. By examining the recoil mass distributions
of the 7z system in data, no distinct J/y peak is observed
in the J/y mass region of (3.05,3.15) GeV/c?. Since
these events are smoothly distributed in the M3y, distribu-
tion, no specific requirement is imposed to veto the minor
contribution from w(2S) — zzJ/y. For the yww mode, a
dedicated w(2S) — #°2°J /y MC sample is generated and
the MC line shape is used to describe this background.

TABLE I. The scale factors (f) of each y.; decay between the
VV signal and sideband regions, where the uncertainties are
statistical.

@w mode ot a’ tr lw, 2(zt 72

fixeo 0.554 £0.005 0.547 £0.005  0.303 £ 0.006
F1xe 0.469 £0.003  0.471 £0.003  0.220 £ 0.003
fixe 0.447 £0.005 0.448 £0.006  0.200 + 0.005
¢ mode oKTK~ % Varar ) o &
fixeo 0.401 £0.005 0.684 +0.005  0.273 £ 0.005
fixe 0.510 £0.005 0.811 £0.005  0.413 £ 0.005
1 7 0362 +0.005 0.628+0.005  0.231 + 0.005

C. Wrong yww combinations

The w(2S) = yxes.xc; — ®o decays contaminate the
n.(2S) signal region in case of a misassignment of the
radiative photon. These events account for 61% of
the background in the mass region (3.60,3.70) GeV/c>.
In Fig. 5(a) the comparison of the M3C distributions
between data and the three summed y.; signals in the
inclusive MC sample is illustrated. The inclusive MC line
shape is used to describe this background in the fit to data.

D. y(2S) > wK* K~

The fraction of the background events from y(2S) —
wK* K~ in the region (3.60,3.70) GeV/c? is 64% for
the yw¢ mode, derived from the inclusive MC sample. The
comparison of the M} distributions between data and the
w(28) > K"K~ MC sample is shown in Fig. 5(b).
Around the w(2S) peak, the distribution of data can be
well described by the MC simulation. Therefore, the MC
line shape is used to describe this background in the fit
to data.
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FIG. 5. (a) Comparison of the M.C distributions between data
(black dots with error bars) and y(2S) — 7y, from the inclusive
MC sample (green histogram); (b) Comparison of the Mﬁfﬁ
distributions between data (black dots with error bars) and
yw(2S) - @K 'K~ from the signal MC sample (green histogram).
(a) ww mode. (b) w¢ mode.
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E. Continuum contribution

The background from the continuum processes is esti-
mated using the data sample collected at the center-of-mass
energy of 3.650 GeV. After applying the selection criteria,
the contribution from surviving events is minimal.
Considering the difference in production cross sections
and integrated luminosities between the w(2S) and con-
tinuum data samples, a scale factor of 9.48 is applied to the
data sample at 3.650 GeV. The estimated numbers of
continuum background events are 39 £ 20 for the yww
mode and 30 + 17 for the yw¢ mode.

V. SIGNAL EXTRACTION

The number of signal events is extracted by an unbinned
maximum likelihood fit of the M3, distributions within the
range from 3.35 to 3.70 GeV/c?, which includes the y,;
signals. Figures 6 and 7 display the My, distributions and
the best fit results for the yww and yw¢ modes, respectively,
across the entire fit range and in the range only containing
the 7.(2S) signal. The y?/ndf values of the fits are
218.8/167 = 1.3 for the yww mode and 111.9/167 =
0.7 for the ymw¢ mode, where ndf is the number of degrees
of freedom.

In the fit, the line shape of the 7.(2S) is described by

[(BW(m) x E; x fa(E,)) ® DG x e(m)] ® G, (3)

3C _ 1 r :
where m represents Myy,, BW(m) = 5-- nma o741 the

Breit-Wigner function for the #.(2S) or y.; resonance, with
mq and ' representing the mass and width fixed to

M2 —m?
individual PDG values [25]; E, = Z(Afi)m) is the energy
wi

of the transition photon in the rest frame of y/(25) [M,, 2

is the nominal mass of the y(25)]; f4(E,) = #ﬁl_w

is the function to damp the diverging tail raised by E3, as
used by the KEDR experiment [31] for a similar process,

M2, - )
where E :W is the nominal energy of the

transition photon; DG = DG(m;my,6,,m,,0,,r) is a
double Gaussian function used to describe the mass
resolution, and the parameters are estimated by using
signal MC samples and fixed in the fit to data; e(m) is
the detection efficiency as a function of m, parametrized by
fitting the efficiencies determined at each m using an
ARGUS function multiplied by a polynomial [32]; G =
G(m;m3, 03) is a single Gaussian function describing the
difference of the mass resolution between data and MC
simulation. For the y.; signals, the parameters of the single
Gaussian function are left free in the fit to data, while for
the #.(2S) signal they are fixed to the values extrapolated
from the values determined at the y,.; signals following a
linear assumption, which are m; = —1.85 MeV/c? and
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=}
S L
S
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» \
€ Feooo L e -~
[ DU RPN -
> \‘ ...... ‘o, = -
] ro.- ‘I—' """""
OH::-.-‘.I‘F-‘;:..:-:.:;‘:;:.:.:'A--.~ P ] AT S T R S
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FIG. 6. The M3C distributions in the whole fit range (a) and in
the range only containing the 7.(2S) signal (b). The dots with
error bars are data, the red solid curves are the fit results, the blue
dashed lines are the y.; signal shapes, the red dashed lines are the
n.(2S) signal shapes, the pink dotted line are the contributions
from w(2S) — 7%2°J /y, the green dashed lines are the back-
ground contributions from wrong yw® combinations (in which
the radiative photon is misassigned), and the orange dotted lines
are the nonpeaking background contributions.

0=034 MeV for the yww mode; and my=
—0.77 MeV/c? and 6 = 1.31 MeV for the yw¢ mode.
For the yw®w mode, three background components,
w(25) = 2°2°T /y, w(25) = rxeses —~ @, and non-
peaking background contributions, are included in the
fit. The line shape and the number of background events
of y(28) — n°2°J /y are fixed according to MC simulation
and the branching fractions taken from the PDG [25]. The
second component comes from w(2S) = yy ., xey = @0,
where the radiative photon is wrongly assigned. The line
shape from the inclusive MC sample extracted with
RooKeysPdf [33] is used. An additional ARGUS function
is added in the fit to describe the nonpeaking background
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FIG. 7. The M?,Sp distributions in the whole fit range (a) and in
the range only containing the 7.(2S) signal (b). The dots with
error bars are data, the red solid curves are the fit results, the blue
dashed lines are the y.; signal contributions, the red dashed lines
are the 7.(2S) signal shapes, the green dotted lines are the
contributions from y(2S5) — @K K, and the orange dotted lines
are the nonpeaking background contributions.

contribution from unknown processes. The yields of the
second and third components are free in the fit. For the yw¢
mode, two background components are used: one to
describe the y(2S) —» @K+ K~ contribution, with the line
shape fixed according to the MC simulation [25]; the other
is an ARGUS function used to describe the smoothly
distributed background events.

The peaking background contributions from y.; —
orta 7’ and y.; — 2(z* 2~ 2°) for the yww mode, and
from y. — wKtK~, y.,—=atn2’p, and y. —

~7°K*TK~ for the yw¢ mode, are estimated by using
the events from the 2D sideband regions as shown in Figs. 3
and 4, respectively. The same formula as used for the VV
signal region is adopted to fit the M3Y, distributions in the
sideband regions. The fit results of the wrtz~ 2" and

s data v(28) - 'n’Ihy
fitresults ~ -.-..- wrong y®m combination
== Ay signal  «..o0e non-peaking background

(@)

200
x%/ndf = 0.9

100

150

x%/ndf = 0.8
100

50

Events / (0.002 GeV/ c?)

100 s
¥*/ndf = 0.9

50

M (GeV/c?)

FIG. 8. The M.C distributions in the sideband regions:
(a) yw3z, (b) yw3x, and (c) y6x. The dots with error bars are
data, the red solid curves are the best fit results, the blue dashed
lines illustrate the y.; signal shapes, the pink dotted lines
represent the contribution from w(2S) — 7°2°J/y, the green
dot-dashed lines show the background contribution from wrong
ywo combinations, and the orange dot-dashed lines are the
nonpeaking background.

2(z* 7~ 2") contributions and of the wK*K~, n*n7¢,
and 7tz 7°K*K~ contributions are shown in Figs. 8
and 9, respectively.

The number of y. — VV signal events (N, is
calculated by

Nnet  — fnted
data

f (@) X N{ltt)ed

_f(b) X N{llgt)ed +f(c) X Nﬁtted’ (4)

(c)
where f, ;. are the scale factors between the V'V signal and
sideband regions as listed in Table I, and N™¢ are the
numbers of events in the corresponding VV sideband
regions. The obtained results are summarized in Table II.
The statistical significance is calculated from the differ-
ence of the logarithmic likelihoods [34], =2 1n(Ly/Lpax)
where L., and £ are the maximized likelihoods with and
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FIG. 9. The Mic distributions in the sideband regions:
(a) y¢p3r, (b) yw2K, and (c) y37z2K. The dots with error bars
are data, the red solid curves are the best fit results, the blue
dashed lines show the y.; signal shapes, the green dashed lines
represent the contribution from w(2S) > wK*K~, and the
orange dot-dashed lines are the nonpeaking background.

without the signal component, taking into account the
difference in the number of degrees of freedom. The
statistical significances of 7.(2S) - ww and 7.(2S) -
w¢ are 1.60 and 1.20, with signal yields of 44 426 and
6.0 & 3.2, respectively. The decay y., — @w¢ is observed
with a statistical significance of 12.9¢.

An input/output check is performed using the inclusive
MC samples to validate the fitting procedure. The output
numbers determined from the fit are found to be consistent
within one standard deviation with the input ones, indicat-
ing no bias.

We set the upper limits on the signal yields for ,.(2S) —
ww and 77.(2S) = w¢ at the 90% CL with the likelihood
scan method as shown in Fig. 10. For each signal decay, the
upper limit of N, is determined by solving the equation

fév"ig L(x)dx/[y"® L(x)dx = 0.9, where x is the assumed
1n.(2S) signal yield, and £(x) is the corresponding maxi-
mized likelihood of the fit.

VI. SYSTEMATIC UNCERTAINTY ESTIMATION

Table III summarizes the sources of systematic uncer-
tainties, which are described in details as follows.

(1) MDC tracking. The systematic uncertainty of the z
tracking is studied via the control sample J/y —
atn~ 7% [35]. A 2D systematic uncertainty matrix is
provided with 11 intervals along P;(z) and 10
intervals along cos@. The systematic uncertainty
of each pion track is determined using a weight
method according to the Py (x) and cos @ distribu-
tions in the signal MC process. The systematic
uncertainty for kaon tracking is estimated to be
1.0% per K track using the control sample J/y —
KOK*z¥ [36].

(i1) Photon reconstruction. The photon detection effi-
ciency is studied by using the control sample
ete” - yuty~ in the photon energy region
(0.1, 1.2) GeV.

(iii) Mass window. The systematic uncertainty from the
7% mass window is assigned as the difference

between the efficiencies of data and MC simulation
caused by the M,, requirement. This uncertainty has
been assigned as 1.0% by using the control sample
of J/yw — n°pp [37].

The systematic uncertainties from the @ and ¢
mass windows are estimated by fitting the M+ -0
or Mg+~ distributions in data and examing the
mass resolution difference. The difference in the

TABLE II. The numbers of signal events for the y.; in signal and sideband regions, where the uncertainties are statistical.
Channel Nftted NBS o NI NS o) N,
Yoo = OO 19120 £ 171 2106 £+ 59 1940 £ 57 1867 £ 56 17458 £ 178
Xel = OO 12993 £+ 124 1644 £ 46 1612 £ 46 963 + 40 11674 £+ 128
Xer = OO 15678 £+ 131 1894 £ 49 1832 £48 1331 £ 46 14276 £ 135
Channel N glqtbed N gttKef K- N friit;d'ﬂogb N gt*tfﬁn“m K- Ngg{a

Xeo = 0P 1989 £ 50 58£10 116 £ 14 25+7 1893 £ 51
Xel = 0P 468 £ 23 64+£9 156 £ 14 115 £ 12 356 £ 26
X2 = 0 198 £ 15 45+8 70 +£9 60+ 9 151+ 17
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N = 149.0 at 90% CL
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FIG. 10. Likelihood distributions as a function of the number of
signal events for the two decay modes, where the black lines
represent the likelihood distribution for data, and the red lines are
the normalized likelihood distribution including the systematic
uncertainties. (a) w(2S) - yn.(2S) - yow. (b) w(2S) -
:(28) = yog.

acceptance efficiencies for each mass window be-
tween data and MC simulation is taken as the
systematic uncertainty.
Kinematic fit. The systematic uncertainty from the
kinematic fit is estimated by correcting the helix
parameters of the charged tracks in the MC simu-
lation [38]. The differences in the detection effi-
ciencies with and without correcting the helix
parameters is taken as the uncertainty.
(v) Helicity angle. For the y.; - ww decay, the cos,
distributions differ between data and MC simulation.
To take into account this difference into the un-
certainty estimation, the cos@, distributions are

(iv)

(vi)

(vii)

(viii)

(ix)

x)

(xi)

(xii)

032001-9

divided into 100 bins, and an averaged efficiency
is calculated from the signal MC sample, by weight-
ing the efficiency obtained for each bin by the
fraction of generated events within that bin; in
analogous way, the averaged efficiency is calculated
for the data sample, by weighting the selected events
using the bin-dependent efficiency obtained from
signal MC sample. The difference between the
averaged efficiencies for data and MC simulation
is taken as the systematic uncertainty.

Sideband. The systematic uncertainty from the
choice of the sideband regions is estimated by
changing the ranges as shown in Figs. 1(b) and
2(b), and the maximum difference of the fitted signal
yield is taken as the systematic uncertainty.

The scale factors listed in Table I are calculated
with parameters fixed to the results from the 2D fit;
the uncertainties introduced by the fit parameters are
estimated by generating multidimensional Gaussian
random numbers using the covariance matrix values
from the fit as input. The standard deviation of the
resultant number of the y.; events is taken as the
systematic uncertainty.

Detection efficiency. In the estimation of the detec-
tion efficiencies of the 7.(2S) — VV decays, the
contribution from the 2D V'V sideband regions is not
considered. The change of the detection efficiency
after considering the 2D V'V sideband contributions
is taken as the systematic uncertainty.

Total number of y(2S) events. The total number of
w(2S) events in data is determined to be (2712 +
14) x 10° [17]; and its relative uncertainty is 0.5%.
Input branching fractions. The systematic uncer-
tainties from the branching fractions of y/(2S5) — yX
(where X is the y,;), ® = 2727 7°, ¢ - K*K~ and
7% — yy decays are quoted from the PDG [25].
Damping function form. An alternative damping
function used by the CLEO Collaboration [39],
fa(E,) = exp(—E;/8f%) where f is a free param-
eter, is chosen to estimate the related uncertainty.
The difference in the fitted signal yields between the
nominal and alternative damping functions is taken
as the systematic uncertainty.

Efficiency curve. The efficiency curve is fitted by an
ARGUS function multiplied by a polynomial. As an
alternative choice, we describe the efficiency curve
derived with RooHistPdf [40], and take the differ-
ence in the branching fraction with these two
efficiency curves as the systematic uncertainty.

MC resolution and detector resolution. The system-
atic uncertainties related to the modeling of the MC
resolution is estimated by using RooKeysPdf [33] to
replace the double Gaussian resolution function. The
change of the branching fraction is taken as the
systematic uncertainty.
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TABLE III. Systematic uncertainties (in %) for the branching fraction measurements.

Source 1:(28) = 0w 0 = 00 fo > 00 x> 00 1(25) > 0P fo > 0P fo > 0P yao— 0
MDC tracking 0.5 0.4 0.5 0.4 2.2 2.2 2.2 2.2
Photon reconstruction 2.5 2.5 2.5 2.5 1.5 1.5 1.5 1.5
Mass window-7° 2.0 2.0 2.0 2.0 1.0 1.0 1.0 1.0
Mass window-w, 0.0 0.0 0.0 0.0 e e e e
Mass window-w, 0.0 0.0 0.0 0.0 e e e e
Mass window-w e e e e 0.0 0.0 0.0 0.0
Mass window-¢ e e e e 0.1 0.1 0.1 0.1
Kinematic fit 1.8 1.5 1.5 1.7 3.1 2.6 29 2.6
Helicity angle 0.5
Sideband region 0.2 0.2 0.2 0.7 1.7 22
Sideband factor e 0.0 0.1 0.1 e 0.1 0.3 0.5
Detection efficiency 0.7 e e e 1.4 e e e
Total number of y(2S) events 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
B(w(2S) = vxer) 2.0 2.5 2.1 2.0 2.5 2.1
B(w - zta a0 1.6 1.6 1.6 1.6 0.8 0.8 0.8 0.8
B(¢p - KTK™) 1.0 1.0 1.0 1.0
B(z° = yy) 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0
Damping function form 0.2 0.1 1.3 0.1 0.4 0.9
Efficiency curve 0.0 0.1 0.1 0.0 0.4 0.3
MC resolution 0.3 0.2 0.4 0.1 1.0 1.7
Resolution between data and MC e e e e e e
Continuum background 0.0 0.0 0.0 0.1 1.2 2.5
Shape of y(2S) — 2%2%J /yr 0.0 0.0 0.0 - - _
Number of y(2S) — 7°2°J /w 0.0 0.0 0.0

Shape of inclusive MC 0.4 0.3 0.2 ‘e o e
Shape of y(2S) - oK K~ . . e 0.0 0.4 0.3
ARGUS function 2.8 0.3 0.5 3.8 0.7 54
Total 4.1 54 4.8 4.8 4.6 6.1 5.6 7.9

The detector resolution difference between data
and MC simulation for the 7.(2S) signal is obtained
by fitting the y.; signals and extrapolating to the
7.(2S) mass. The resolution difference for the line
shape of the 7,.(2S) signal is varied by +10, and the
largest variation of the branching fraction is taken as
the systematic uncertainty.

(xiil) Background shape. The main background contribu-
tions are from continuum, y(2S) — z°2°J/y and
w(2S) » K"K~ In the nominal fit, the continuum
contribution is not included since it is very small.
The change of the branching fraction after taking
this contribution into account is taken as the sys-
tematic uncertainty.

The systematic uncertainty from the fixed
w(2S) — 7°72° /y background yield is estimated
by varying it within 1o of the quoted branching
fractions [25], and refitting the M35, distributions.
The uncertainties from the line shapes of y(2S) —
72°72°7 )y and w(2S) = yxes xe) = @ for the ww
mode, and y(2S) - wK*K~ for the w¢ mode are
estimated by changing RooKeysPdf [33] into
RooHistPdf [40]. The uncertainty from the non-
peaking background contribution is determined by

replacing the ARGUS function with a 1st-order
polynomial multiplied by a truncation function,
which is used to set the PDF to zero in the mass
region above 3.69 GeV/c? (as it exceeds the phase
space). For each case, the difference in the signal
yields is taken as the systematic uncertainty.

The systematic uncertainty on the upper limit of signal
yield N‘;i‘;g at the 90% CL includes additive and multipli-
cative sources. The additive systematic uncertainty includes
the damping function form, the efficiency curve, the MC
resolution, the resolution difference between data and MC
simulation, and the background shape. They are considered
separately. For each decay and each case, the largest upper
limit of the signal yield is selected. The sources of
multiplicative systematic uncertainty are listed in
Table III. It is incorporated by convolving a Gaussian
function to the likelihood distribution in which the total
multiplicative systematic uncertainty is taken as the stan-
dard deviation [41]. This is accomplished via

032001-10
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TABLE IV. Net signal yields, detection efficiencies, and branching fractions of the y.; - ww and y.; — w¢ decays. The branching

fractions of y.; from the world average values [25] are also shown.

Channel Nt e(%) Bineasured (X1074) Bppg (x1074)
Yoo — 0 17458 + 178 7.94+ 024 10.66 & 0.1 % 057, 9.7+ 1.1,
Yot = 0w 11674 + 128 8.83 + 0.26 6.43 £ 0.07 4 & 031, 57407,
Y2 = w0 14276 + 135 8.13 +0.25 8.75 4 0.08 4 = 0.42,, 8.4+ 1.9,
" 1893 + 51 13.93 + 031 118 4 0,034 % 007y, 141 40.13,,
Yot = 356 + 26 1527 +0.32 0.20 £ 002, % .01, 0.27 + 0.04,,
Yer = 0 151+ 17 14.18 + 0.31 0.10 £ 0.01 g £ 001 0.10 % 0.03,,,

where S is associated with the nominal efficiency, oy is its
multiplicative systematic uncertainty, and L£(N) is the
likelihood distribution obtained from fitting the likelihood
of the signal yields as shown in Fig. 10.

VII. RESULT AND SUMMARY

Using (2712 =+ 14) x 10° y(2S) events collected by the
BESIII detector, we search for the hadronic decays
n.(28) > ww and 7n.(2S) > wp via the w(2S)—
yn.(2S) process, and update the branching fractions of
the y.; = ww and y.; — w¢ decays.

The upper limits of the product branching fractions of
w(2S) = yn.(25),n.(28) = VV at the 90% C. are deter-
mined using

N
B(y(28) = yn.(285).7.(28) > VV) < —— 2
N;/EZS) 1B - €
(6)

where N I‘/‘/’EZ 5) is the total number of w(2S) events, B; are the

branching fractions taken from the PDG [25], € is the
detection efficiency, which is (6.78 £ 0.23)% for the yow
mode and (12.10 4 0.29)% for the yo¢ mode, and N, is
the upper limit of the number of signal events, which are
149.0 and 26.3 for the ww and w¢ modes, respectively. The
branching fraction of y(2S) — yn.(2S) is not divided out,
B(w(2S) = yn.(28)) = (5.2172) x 107 [42], as it is with
large uncertainty. Thus, the upper limits of the product
branching fractions of w(2S) — y1.(25),1.(2S) - ww
and y(2S) = y1.(25),1.(2S) —» w¢ are 1.04 x 107 and
1.85 x 1077 at the 90% CL, respectively.

The branching fractions of #.(2S)/x.;(1P) = ww and
Xes(1P) = @@ are calculated by

Nnet
B.(28)/xes = VV) = o0 (7)
Nys) - 11 Bi-e

where Njo, represents the number of signal events.
The branching fractions of #.(25) - VV decays
are determined to be B(1.(2S) - ww) = (593 £

3.57(stat) £ 6.57(syst)) x 10~ and B(5.(2S) - w¢) =

(8.11 = 4.34(stat) £ 12.03(syst)) x 107>, The statistical
significances of the #.(2S) > ww and 7.(2S) > w¢
are 1.40 and 1.1o after considering systematic uncertain-
ties, respectively. Combining our branching fraction of
1.(28) = ww and that of 7.(1S5) - ww [12], we calculate
the branching fraction ratio to be

B(1.(25) - o)
B(n:(18) — o)

= 0367035, (8)

The precision of the current measurement does not allow to
distinguish between the theoretical predictions of the three
models [8-10].

For the branching fractions of y.; — V'V, the detection
efficiencies in Eq. (7) are determined with the same fit
procedure used in data. The peaking contributions esti-
mated using the 2D sideband regions are subtracted.
Table IV lists the detection efficiencies and calculated
branching fractions. The y,., — @w¢ decay is observed with
a statistical significance greater than 10s. The measured
branching fractions of the y.; decays are consistent with the
world average values [25], with precision improved by at
least a factor of two. These measurements provide better
constraints for the theoretical models used to explain the
decay dynamics of charmonium states.
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