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We apply a tag-and-probe method to precisely measure the absolute branching fraction of the decay
n. — yy with the BESIII experiment at BEPCIL. Starting with a large initial sample of (2712.4 + 14.3) x
10° y(3686) events, a sample of 0.16 x 10° 5, events is tagged via the golden channel y(3686) — 7°h,,
h. — yn., effectively avoiding interference effects. The absolute branching fraction of 7, — yy is measured
for the first time to be B(17, — yy) = (2.45 & 048, & 0.09,,) x 107*. Using the world average value of

the total width of the 7., the partial
(7. = yr) = (7.48 & 1,48, £ 0.30y) keV.

DOI: 10.1103/whyk-ykjw

As the simplest decay mode of the ground state of
charmonium, the decay 7. — yy plays a special role as a
benchmark to test theoretical models. The electromagnetic
annihilation of the c¢ pair provides access to the decay
constant and the wave function of the #,.. Compared to
hadronic decays of the 7., the decay . — yy provides a
much cleaner environment in which to treat the non-
perturbative effects that arise in c¢ annihilation, especially
those related to charm loops in lepton anomalous magnetic
moments, both for hadronic light-by-light scattering [1,2]
and electroweak contributions [3]. Because of the complex-
ity of these nonperturbative effects, considerable effort has
historically been devoted to calculations of the 7. two-
photon decay width using methods that include nonrela-
tivistic quantum chromodynamics (QCD) [4-12], the
relativistic quark model [13-16], Schwinger-Dyson and
Bethe-Salpeter equations [17-19], sum rules [20], heavy
quarkonia spin symmetry [21], and soft-gluon factorization
[22]. Recently, ab initio calculations with unprecedented
accuracy have been provided by lattice QCD [23-29],
among which the most precise result so far is from the
HPQCD group, finding I'(5. — yy) = (6.788 + 0.045;;, +
0.041) keV [28].

At the same time, nonperturbative uncertainties can be
canceled by forming ratios of various observables, allowing
for clean perturbative QCD predictions [4]. To leading
order in ay, the ratio of the decay rates for the simplest
decays of the lowest-lying charmonia states,
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decay width of #5.—>yy is

071802-1

calculated to be

[(J/y - ete)

R =
C(n. = yy)

(1)

is predicted to be about 3/4, and is free from any
nonperturbative uncertainties.

Experimental measurements, which serve to examine the
theoretical predictions, have, in contrast, long been tech-
nically difficult. The first explorations of the 7, two-photon
width began using the two-photon fusion process
y®)y) = y. with the 5, decaying to hadronic final states
[30]. This method introduces uncertainties that arise from
the form factor of the virtual photon and the branching
fractions of 7, decays. Subsequently, the branching fraction
of 5, = yy was measured using the decay B — 5. K™
at Belle [31] and the process pp — 5. in pp collisions
[32—-34]. In 2008, CLEO reported the first hint of . — yy
via the radiative decay J/w — yn. [35]. The product
branching fraction was measured to be B(J/y — yn.) X
B(n. — yy) = (1.273] £0.3) x 107°. Following a similar
method, BESIII reported the same product branching
fraction in 2013 [36] and updated it using a larger data
sample in 2025 [37], obtaining B(J/y — yn.) x B(n. -
vy) = (45+£1240.6) x 107 and (523 £0.26+
0.30) x 107°, respectively. Recently, with combining the
updated B(J/w — yn,) from BESIIL, B(5. — yy) is recal-
culated to be (2.28+£0.01,+0.04 +0.185ppr) x 1074
[38]. Strong interference effects complicate the radiative
decays of the J/y or y(3686) to an 7, at electron-positron
colliders. In addition, all of the previous measurements
involved product branching fractions.

In this Letter, a tag-and-probe method is introduced that
allows for a determination of absolute 7, branching fractions
at BESIIL. The golden channel y(3686) — 7°h,, h, — y1.
that has been exploited in a previous BESIII analysis [39] is
used to produce the 7,.. This channel effectively avoids com-
plications from interference and significantly suppresses
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background, a feature that was not fully exploitable in earlier
studies due to limited statistics. By tagging the 7, in a larger
sample of (2712.4 + 14.3) x 10° y(3686) events [40,41]
collected with the BESIII detector at the Beijing Electron
Positron Collider (BEPCII) collider, we measure the abso-
lute branching fraction of 5. — yy for the first time.

The BESIII detector is a magnetic spectrometer [42]
located at the BEPCII [43]. The cylindrical core of the
BESIII detector consists of a helium-based multilayer drift
chamber (MDC), a plastic scintillator time-of-flight system
(TOF), and a CsI(TI) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal
magnet providing a 1.0 T magnetic field. The trigger and
event start time of BESIII are provided by MDC and TOF if
there are charged tracks in an event; otherwise, they will be
obtained via the information from EMC once the recorded
showers satisfy the trigger conditions, such as minimum
number (usually 1 or 2) or energy of the showers and so on,
which guarantees the ability to record all-neutral events.

To obtain the absolute branching fraction, the analysis is
divided into a tag side and a signal side. For the tag side, we
only reconstruct 7y combinations to identify the decay
w(3686) — 7°h,, h, — yn.. We use the recoiling system to
obtain the total efficiency-corrected yield of 7, inclusive
decays denoted as N,'® = Nyt /etee. For the signal side, we
also use the two photons from the 7. decay to get the
efficiency-corrected yield of exclusive decays #, — yy
denoted as N,S;g = NS£ /82 Here, NE/SE and glag/sie
represent the reconstructed yield and efficiency for the
tag or signal side, respectively. The absolute branching
fraction of the decay n. — yy can be calculated from
Ny NE/eE N

tag — aslag ; tag — ardag g£°
Ny, rec / Erec rec &

Bn. —yy) =

. . . si ¥
where £ is the efficiency ratio eree/erec.

Using a Geantd-based [44-46] software package [47],
Monte Carlo (MC) simulated data samples are produced
incorporating the geometric description of the BESIII
detector [48-50] and the detector response. An inclusive
MC sample containing 2747 x 10° y(3686) events is used
to investigate the potential backgrounds. In addition, a
semiexclusive MC sample with 24 x 10° events of
w(3686) — n°h,, h. — yn, is generated to determine the
signal shape and signal efficiency for the tag side, where the
n. is allowed to decay inclusively. An exclusive MC sample
containing 1.19 x 10° events of y(3686) — 7°h., h. —
YWe, M. — yy 1s produced for the signal shape and the
signal efficiency for the signal side.

The reconstructed particles from the tag side are the
7’ and y. Both are reconstructed from the showers
collected in the EMC. The minimum energy deposited
in the EMC is required to be larger than 25 and 50 MeV
for the barrel region (|cosf| < 0.8) and end cap region

(0.86 < |cos@| < 0.92), respectively, where 6 refers to
the polar angle of a certain shower. To further suppress
the electronic noise and other showers unrelated to the
event, the EMC time of the selected shower (7') must be
within [0,700] ns after the event start time if charged
tracks are reconstructed in the event. In the case of no
charged tracks, we require |T — T| < 500 ns, where T
refers to the time of the most energetic EMC shower.
Moreover, the angle between the selected shower and its
nearest charged track is required to be larger than 10°.

The 7° candidates are reconstructed by combining two
showers with some further requirements. Both showers are
required to be in the barrel region (|cosf| < 0.8) to
suppress the higher background in the end cap region
induced by the beam noise. The energy of each shower is
also required to be larger than 40 MeV. Then the two
showers, for which the yy invariant mass M (yy) must fall
within [0.120,0.145] GeV/c?, are further selected by a
kinematic fit that constrains their invariant mass to the
world average value of the z° mass [30]. The resulting
residual sum of squares is required to be yj- < 5. This
criterion is optimized using the figure of merit S//S + B,
where § and B represent the numbers of signal and
background events, respectively, in the h, signal region
RM(z°) €[3.52,3.53] GeV/c?. The variable RM(z°) is

defined as RM(z%) = , /(p”

. —p’;o)z, where p, _ and
Pl denote the four-momenta of the e*e™ in the collision
and the two showers of the #° after the kinematic fit.
Meanwhile, candidate events falling inside the mass win-
dow of the h,, defined as RM(z°) € [3.48,3.57] GeV/c?,
are retained for further analysis. If multiple z° candidates
are found, we keep the one with the smallest y%. value.

The reconstructed z° candidates are then combined with
other bachelor photons, which are further selected by
identifying the photon from the electric dipole (El)
transition /. — yn,.. First, the bachelor photon is excluded
from being assigned as the El photon if it can be paired
with any other photon to reconstruct a z° candidate that
meets the following criteria: the invariant mass falls within
[0.115,0.150] GeV/c? and y3: < 200. Considering that
the energy of the E1 photon is expected to peak around
500 MeV in the center-of-mass system of the 4, and taking
the width I';, ~ 30 MeV [28] into account, the energy of
the bachelor photon in the recoiling system of the z° is
required to be within [0.46,0.58] GeV. If there are still
multiple 7% candidates after all the above criteria, we
randomly pick one of them as the best candidate to avoid
the statistical correlation due to the multiple candidates in
one event.

To suppress the background from y(3686) — 7"z~ J /y,
all possible combinations of ztz~ after the probability-
based particle identification are reconstructed. The recoil
mass of z7z~ is required to be outside of the interval
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m(J/y)—7MeV/c*, m(J/w) +7 MeV/c?. Similarly,
to exclude background from y(3686) — 7z°7z°J /y, events
are rejected if the recoil mass of any possible 7°7°
combination falls in [m(J/y) — 15 MeV/c?, m(J /y)+
25 MeV/c?]. A background contribution may also arise
from misidentifying the z° from the decay  — 7"z~ z° as
the 7° from y(3686) — 7°h,, which is suppressed by
rejecting events where the invariant mass of any 7"z~ 7°
combination lies within [m(n) — 12 MeV/c?, m(n)+
12 MeV/c?]. The masses of the J/y and 7 are taken from
the Particle Data Group (PDG) [30].

The absolute 7, yield on the tag side is determined
applying a binned extended maximum-likelihood fit to the
recoil mass spectrum of the selected z° candidates, RM (7).
The fit result is shown in Fig. 1(a). The signal shape is
extracted from the signal MC sample using a kernel-
estimated probability density function (PDF) and is con-
volved with a free Gaussian modeling the discrepancy
between simulation and real data, and the background is
described by a fourth-order Chebyshev polynomial.
The mean and standard deviation of the Gaussian distribu-
tion are obtained to be m = (1.93 +2.46) x 1072 MeV/c?

and o= (4.284+1.51) x 107> MeV/c?, demonstrating
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FIG. 1. Distributions of (a) RM(z") from the tag side and
(b) M (yyy) from the signal side with the best fit overlaid. The dots
with error bars are data, the blue line is the best fit, the red line is
the background, the green line is the signal, and the black line is
the peaking background from h. — yyy.

excellent agreement between the experimental data and
the MC simulation. The reconstructed signal yield on the
tag side is determined to be Np§ = (158.3 = 2.1) x 10°.
On the signal side, the signal events are reconstructed
using the selected events from the tag side. The two
photons from the decay 5. — yy are picked from the
showers that are not used on the tag side. A kinematic
fit is further performed on all possible (7%),.ry combi-
nations by constraining the total four-momentum (4C) to
that of the initial e"e™ collision. A requirement of y3- < 70
is applied to suppress background. No requirement on the
number of photons or charged tracks is applied. Only one
candidate survives in each event after the above selections
in both signal MC sample and experimental data. To
suppress peaking backgrounds from the same three-photon
final states of h. — yn and h. — yi/, we combine the
El1 radiative photon with each of the two final-state photons
from 5, and reject all events where the invariant mass of
any photon pair falls within the ranges [0.50, 0.56] or
[0.88,0.98] GeV/c?. Then, the reconstructed signal yield
from the signal side is extracted from an unbinned extended
maximum-likelihood fit on the M(yyy) distribution from
the final states of h. — yn.,n. — yy after requiring the
invariant mass of the yy from 7. decay M(yy) be within
[2889.1,3066.8] MeV/c? as determined by a fit to the
M(yy) spectrum of the signal MC sample after selection.
Figure 2(a) is the two-dimensional scattering plot of M(yy)
versus M (yyy) for the experimental data, where the signals
of n. — yy are clearly observed, while no peaking back-
ground in the signal region according to the inclusive MC
sample in Fig. 2(b). As shown in Fig. 2(c), the signal-to-
noise ratio is relatively high, and the background shape is
complex in the invariant mass spectrum of the 7.. We
therefore choose to apply the fit to the invariant mass
spectrum of the /.. The signal shape is obtained from the
signal MC sample using a kernel-estimated PDF, and the
background is described by a first-order Chebyshev poly-
nomial. According to Fig. 2(d), a peaking background
originating from %, — yyy is observed in the A, invariant
mass spectrum, but it is not significant. In order to estimate
the background of three-photon decays of the 4., the
branching fraction of 4, — yyy is estimated using the same
w(3686) data sample. The candidates for w(3686) —
7°h,, h, — yyy are reconstructed by combining the z°
candidates using the same selection criteria as those used
on the tag side with all possible combinations of three
photons. A kinematic fit is implemented to constrain the
four-momentum of the final-state particles to that of the
initial eTe~ system, and the candidate with the smallest y?
is retained. Furthermore, backgrounds from the two-body
decay h.—yn, h.—yy', and h. — yn. are rejected
by requiring that no combination of any two photons
has an invariant mass within [0.5,0.6] GeV/c?,
[0.9,1.0] GeV/c?, or above 2.8 GeV/c?. The branching
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FIG. 2. Two-dimensional scattering plots of M(yy) versus
M(yyy) for the experimental data (a) and the inclusive MC
sample (b). The signal region of &, is M(yyy)€
[3.52,3.53] GeV/c? marked as the blue dashed line. The red
dashed line denotes the signal region of 7., and the sideband
region of 7, is the part outside [2.800, 3.155] GeV/c? marked as
the green dashed line. Plot (c) shows the M(yy) distribution for
signal candidates in the /. signal region, and plot (d) is the
M (yyy) distribution for events in the 7, sideband region. The E1
photon selection criteria are not applied in all these cases.

fraction is  calculated to be  B(h. — yyy)x
Bly(3686) — 7°h.] = (3.5 +1.7) x 1073, Thus, B(h. —
yry) = (4.8 4+£23)x 107 is calculated by taking
Blw(3686) — 7°h.] from the PDG [30], where only the
statistical uncertainty is considered. The yield from the
three-body background is calculated to be 1.4 £ 0.7 using
the efficiency obtained from the exclusive MC sample,
where the central value is taken as a fixed component in the
fit. The shape of the background is extracted from an MC
sample of 4. — yyy. The reconstructed signal yield on the

signal side is determined to be N;e = 32.5 4 6.4 with a
statistical significance of 7.60.

The nominal values of the efficiencies of the tag side and
signal side are both estimated using the signal MC sample
to be et = 12.78% and e = 10.68%, respectively. Then
the ratio of the efficiencies & is calculated to be
(83.57 £2.33)%, where the efficiency-related systematic
uncertainty is provided. After taking into account all the
systematic uncertainties, the branching fraction is calcu-
lated to be B(n. — yy) = (2.45+0.48 +0.09) x 10~
using Eq. (2), where the first and second uncertainties
are statistical and systematic, respectively.

The sources of systematic uncertainty include 7, yields
and the efficiency of the tag side, as well as signal
extraction and efficiency of the signal side. Since the
events from the signal side are selected from the events
of the tag side, the systematic uncertainties on the selection
of final particles from the tag side are basically canceled in
obtaining B(#,. — yy). The systematic uncertainty from the

reconstruction of the two photons from the 7, on the signal
side remains relevant. It has been studied thoroughly in a
previous BESIII analysis [51] and evaluated to be no larger
than 1.0% per photon; hence, this item of systematic
uncertainty is assigned to be 2.0%. In the selection of
the tag side, the energy of the E1 photon is constrained. The
systematic uncertainty associated with this requirement is
tested with the Barlow test [52] by varying the criterion
around the baseline settings to obtain an alternative
measured branching fraction. The changes of the branching
fraction are denoted as A = |B — By, where B and Byyy.
refer to the baseline results and the results after changing
the criterion. Also calculated are the uncorrelated uncer-

. . _ 2 2
tainties wy. = /|wp — wp | Where @ and wp gy cor-

respond to the fit uncertainties of the baseline and
systematic test results, respectively. Since the ratio
A/w,. does not show a trending behavior and is less than
2, the possible systematic uncertainty is considered to be
negligible [52]. Similarly, the systematic uncertainties
caused by the exclusion of the backgrounds from
w(3686) = 7°2% /y and n — 2t2 2" are tested with
the Barlow test and both are negligible. The systematic
uncertainty from y(3686) — z*z~J/y has been studied in
detail in a previous BESIII analysis [53] and is determined
to be 0.4%.

The systematic uncertainty caused by the background
shape used in the fit of the tag side is studied by changing
the order of the Chebyshev polynomial in the nominal fit
from four to five. The difference from the nominal result is
taken as the systematic uncertainty, which is estimated to be
0.3%. The reconstructed signal yield on the tag side is
determined by fitting the recoil mass spectrum of the 7°
[RM(z°)], since it has a much better resolution than the
recoil mass spectrum of 7% [RM(z%)]. However, the
background description is complicated by other decays of
the &, besides h. — yn.. An alternative way to determine
the 7, yield from the tag side is implemented by fitting the
E" spectrum, in which the background model becomes
different from that in the nominal fit. This issue is treated as
an item of systematic uncertainty, which is estimated as the
difference between the nominal fit and the fit to RM(z%)
and is finally determined to be 1.9%. The systematic
uncertainty associated with the signal side efficiency from
the requirement of y3- < 70 is found to be negligible. To
evaluate the systematic uncertainty arising from the
requirement on M(yy), the mass interval is widened by
increasing the upper bound and reducing lower bound by
5 MeV/c? each time for three iterations, and the largest
change of the branching fraction from the nominal result is
assigned as 1.9%.

The systematic uncertainty in the signal extraction
arising due to the background shape used in the fit is
evaluated by replacing the first-order Chebyshev polyno-
mial with an ARGUS function [54]. The resulting deviation
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from the nominal value is determined as 0.3%.
Additionally, the systematic uncertainty associated with
the signal shape in the fit is assessed by comparing the
cases with and without the convolution of a Gaussian
distribution with free parameters. This contribution is found
to be negligible. Furthermore, the systematic uncertainty
stemming from the number of peaking background events
of h. — yyy is estimated by varying N(h. — yyy) within
lo, namely, N(h.— yyy)€[0.7,2.1], and fitting the
M (yyy) distribution again. The maximum deviation from
the nominal result is taken as the systematic uncertainty,
which is 1.6%. The potential peaking backgrounds from
h. = yn(") (') = yy] are evaluated using the known
branching fractions from the PDG [30] and the detection
efficiencies from the exclusive background MC sample.
The number of remaining background events after all
selections are found to be negligible, and the resulting
systematic uncertainty on the branching fraction measure-
ment is 0.9%. With negligible interference between the
background processes and signal process, the total system-
atic uncertainties from the three-photon final states
are 1.8%.

All systematic uncertainties considered in our analysis
are listed in Table 1. By adding all systematic uncertainties
in quadrature, the total systematic uncertainty of the
measured branching fraction of #, — yy is computed to
be 3.8%. The significance is estimated to be 7.4¢ after
considering the systematic uncertainties.

In summary, we report the first measurement of the
absolute branching fraction of the electromagnetic decay
1. — yy. This is based on a sample of about 0.16 x 10° 7,
events tagged via the process w(3686) — 7°h., h, — y.
using (2712.4 4+ 14.3) x 10% w(3686) events recorded
with the BESIII detector. The absolute branching fraction
measurement is B(r. — yy) = (2.45 £0.48, +0.09,,4) ¥
10~*. Taking the total width of the 7, to be I, =305+
0.5) MeV from the PDG [30], the partial width of 7. — yy
is calculated to be T(y.—yy) = (748 £ 1.48,, +
0.304y5) keV. Our result is consistent with most theoretical

TABLE 1. Summary of relative systematic uncertainties. The
symbol “—”" denotes an uncertainty value which is negligible.

Source Value
Selection of 79, y 2.0%
El y energy requirement -

Veto selection 0.4%
Background shape in the tag side 0.3%
Potential peaking background in the tag side 1.9%
7. mass window 1.9%
X3c requirement -

Background shape in the signal side 0.3%
Signal shape in the signal side -

Three-photon final state background 1.8%
Total 3.8%
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FIG. 3. Comparison of experimental measurements and theo-
retical predictions [7,15,16,18,20,21,23,24,28,29,55,56]. The
coral pink four-pointed star with the error bar is the partial width
of 5. — yy measured in this analysis, with the pink bands from
light to dark showing the ranges from 1o to 3¢ of the uncertainty
of the measured partial width. The red star with the error bar is the
partial width updated in the recent BESIII measurement [38]. The
purple square with the error bar is the current fitted value in the
PDG [30]. The blue dots with error bars are the predictions from
various theoretical approaches.

calculations and agrees with the most precise result
from lattice QCD [28] [['(57. — yy) = (6.788 £ 0.045;, £+
0.0414) keV] and the world average from PDG [30]
[C(n. = yy) = (5.1 £0.4) keV] within 1.06 and 1.60,
respectively, as shown in Fig. 3. The result in this Letter
is also consistent with the branching fraction determined in
the combined calculation [38], which are both higher than
the PDG average.

This Letter reports the first measurement of B(n, — yy).
Our determination relies on no external branching fraction
inputs, and potential interference effects are negligible due
to the large branching fraction of . — yn. (60 & 4%) [30].
This result further verifies most of the QCD calculations,
solving the long-standing discrepancy between the theo-
retical predictions and the experimental measurements
relying on 7, decays produced in J/y radiative decays.

Taking the leptonic width of the J/y to be I'(J/y —
ete™) =(5.53 £0.10) keV from the PDG [30], the ratio
of T'(J/y — ete™) over I'(. — yy) is calculated to be
0.74 +0.15, which is consistent with the theoretical
prediction at the leading order [4]. Our experimental result
serves as a test for the theoretical models and calculational
techniques of charmonium-related physics.
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