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Using ð2259.3� 11.1Þ × 106 ψð2SÞ events acquired with the BESIII detector, the branching fraction of
ψð2SÞ → τþτ− is measured with improved precision to be Bψð2SÞ→τþτ− ¼ ð3.240� 0.023� 0.081Þ × 10−3,
where the first and second uncertainties are statistical and systematic, respectively, which is consistent with
the world average value within 1 standard deviation. This value, along with those for the branching
fractions of the ψð2SÞ decaying into eþe− and μþμ−, is in good agreement with the relation predicted by the
sequential lepton hypothesis. Combining the branching fraction values with the leptonic width of the
ψð2SÞ, the total width of the ψð2SÞ is determined to be ð287� 9Þ keV.
DOI: 10.1103/d1bz-msqd

I. INTRODUCTION

In recent years, experimental studies of B meson decays
have hinted toward deviations from the standard model
(SM) expectations of lepton flavor universality (LFU) in
semileptonic decays. Many experiments have provided
evidence suggesting that it may be better to probe LFU
by searching for deviations of the ratios

RðDð�ÞÞ ¼ ΓðB → Dð�ÞτþντÞ
ΓðB → Dð�ÞlþνlÞ

; ðl ¼ e; μÞ ð1Þ

from their expected values. The combined results of
BABAR [1,2], Belle [3,4], and LHCb [5] show a deviation
from the SM prediction by 3.1σ [6]. The RðDð�ÞÞ puzzle has
garnered significant attention in recent literature. Various
studies have interpreted this deviation using effective field
theory, and developed explicit new physics (NP) models.
A precise measurement of the process cc̄ → τþτ− can
therefore serve as a benchmark test for new theoretical
models [7]. Meanwhile, this process also affords a unique
platform to compare the three generations of the leptonic
weak interaction by studying the leptonic decays of
ψð2SÞ → eþe−; μþμ−, and τþτ−. The sequential lepton
hypothesis leads to a relationship between the branching
fractions of these decays, Beþe− , Bμþμ− , and Bτþτ− , given
by [8]

Beþe−

veð32 − 1
2
v2eÞ

¼ Bμþμ−

vμð32 − 1
2
v2μÞ

¼ Bτþτ−

vτð32 − 1
2
v2τÞ

; ð2Þ

with vl¼½1−ð4m2
l =M

2
ψð2SÞÞ�1=2 and l¼e, μ, τ. Substituting

the nominal masses of the leptons and ψð2SÞ, we obtain

Beþe− ≃ Bμþμ− ≃
Bτþτ−

0.3890
≡ Blþl− : ð3Þ

BES Collaboration performed such a comparison using
3.96 million ψð2SÞ events in 2002 [8]. A subsequent
measurement using a similar method improved upon this
initial study in 2006 [9]. Lately, BESIII Collaboration
collected about (2259.3� 11.1) million ψð2SÞ events in
2021 [10]. Such a large data sample allows for a more
precise study. In addition, a precise measurement of Bτþτ−

can help us better determine the total number of τ pairs
produced, which can then be used to search for and study
τ-related decays.
This paper reports a precise measurement of Bτþτ− using

BESIII data mentioned above, and it is organized as
follows. Section II contains a brief description of the
BESIII detector, datasets, and Monte Carlo samples. In
Sec. III, the event selection and the background estimation
are described. In Sec. IV, we describe the cross section
calculation of the continuum process eþe− → τþτ−, and in
Sec. VI the measurement of Bτþτ− is presented. In Sec. V,
the systematic uncertainties are discussed. The conclusions
are summarized in Sec. VII.

II. DETECTOR AND DATA SAMPLES

The BESIII detector [11] records symmetric eþe−
collisions provided by the BEPCII storage ring [12] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
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with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.773 GeV. BESIII has collected large data samples
in this energy region [13]. 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 CsI(Tl) electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting solenoidal magnet
providing a magnetic field of about 1.0 T. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identification 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 [14–16].
Simulated samples of signal and background processes

are produced to optimize the event selection criteria,
determine the detection efficiency, and estimate the back-
ground contamination. The response of the detector is
reproduced using a GEANT4-based [17] simulation software
package, which includes the geometric and material
description of the BESIII detector, the detector response,
and digitization models.
In the inclusive simulated sample, the production of the

ψð2SÞ resonance is simulated by the KKMC generator [18].
Known decay modes are generated using EVTGEN [19] with
the branching fractions set at world-averaged values [20],
while the remaining unknown decay modes are modeled by
LUNDCHARM [21]. Final state radiation from charged
final state particles is incorporated using the PHOTOS
package [22]. As for the quantum electrodynamics (QED)
background, the eþe− → eþe− (Bhabha), eþe− → μþμ−,
and eþe− → γγ processes are generated by BABAYAGA
[23]. The two-photon processes eþe− → eþe−X with
X ¼ eþe−; μþμ−; η; η0; πþπ−, andKþK− [24] are simulated
using the generators DIAG36 [25], EKHARA [26], and
GALUGA2.0 [27], respectively.
The signal simulated samples for the process ψð2SÞ →

τþτ− (τþ → μþνμντ, τ− → e−νeντ or τþ → eþνeντ,
τ− → μ−νμντ) are generated using the ConExc [28] gen-
erator with the model PHOTOS, and the subsequent decays
of the τ are modeled by EVTGEN [29] with the model
TAULNUNU. In order to account for the effect of initial
state radiation (ISR) on the detection efficiencies, the line
shape of the Born cross section for eþe− continuum
processes, obtained from calculations at energy points
from 3.670 GeV to 3.700 GeV in the vicinity of the
ψð2SÞ, and considering the effect of the beam energy
spread (Sec. IV), is used as input into the ConExc generator
to simulate the signal processes.

III. EVENT SELECTION AND
BACKGROUND ANALYSIS

Candidate events for ψð2SÞ → τþτ− are identified using
pure leptonic decay modes of the τ, with one τ decaying
into an electron and the other into a muon final state. The
accompanying neutrinos cannot be detected by the BESIII
detector. Therefore, the final state of interest has two
charged tracks. We select candidate events with a total
number of charged tracks equal to 2 and net charge equal to
zero. Charged tracks are reconstructed using the MDC
information. For each track, the point of closest approach to
the interaction point must be within 1 cm in the plane
perpendicular to the beam direction and within 10 cm along
the beam direction. Moreover they should be in a polar
angle range jcos θj < 0.93, where θ is the angle between
the direction of the track and the beam direction (z axis) to
guarantee the best agreement between data and signal
simulation. Furthermore, a vertex fit, in which the tracks
are forced to pass through a common vertex, is performed
and required to be successful. The momentum of each track
is required to be less than 1.2 GeV=c based on simulated
signal studies.
Photons are identified as showers within the EMC. The

deposited energy of each shower must be greater than
25 MeV in the barrel region (jcos θj < 0.80) and greater
than 50 MeV in the end cap region (0.86 < jcos θj < 0.92).
To exclude showers originating from charged tracks, the
angle between the position of each shower in the EMC and
the closest extrapolated charged track must be greater than
10 degrees, which rejects some photons from bremsstrah-
lung and from interactions with material. To suppress
electronic noise and showers unrelated to the event, the
difference between the EMC time and the event start time is
required to be within ½0; 700� ns. The number of photon
candidates in the EMC which are not associated with a
charged track is required to be zero, where photon
candidates have been detected, and this requirement
remove many events from bremsstrahlung.
Furthermore, the two charged tracks are required to be an

electron and a muon, respectively. A charged track is
identified as an electron if it satisfies the following require-
ments: the ratio of deposited energy in the EMC to its
momentum [E=pðeÞ] falls between 0.8 and 1.2, the
χ2dE=dxðeÞ of the fitted track in the MDC, which evaluates
the goodness of fit for the fitted track, is less than 4, where

χ2dE=dxðeÞ ¼ ðdE=dxm−dE=dxeeÞ2
σedE=dx

2 , where dE=dxm means the

measured ionization energy loss in MDC, dE=dxee is the
expected ionization energy loss when the track is regarded
as electrons, and σedE=dx means the resolution of electrons.
The difference between the expected flight time and the
measured time in the TOF jΔtofjðeÞ is less than 0.3 ns. The
other charged track is identified as a muon if E=pðμÞ < 0.7,
χ2dE=dxðμÞ < 4 and jΔtofjðμÞ < 0.3 ns. To distinguish
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between muons and pions, we impose an additional require-
ment on the depth of the track in the muon counter. This
depth must be greater than a × ðp − bÞ cm, where the
parameters a ¼ 81 cm and b ¼ 0.65 GeV=c are derived
by optimizing a figure of merit (FOM) related to a two-
dimensional plot of the depth length in the muon counter
versus the track momentum (p). The FOM is defined as
Nsig=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NsigþNbkg

p
, whereNsig andNbkg are the numbers of

signal and background events estimated by the inclusive
simulated samples, respectively. In order to distinguish
the signal and background events, the following variables
are used:

P4mis ¼ P4ψð2SÞ − P4eμ; ð4Þ

cos θmis ¼
−ðpe þ pμÞz
jpe þ pμj

; ð5Þ

Umis ¼ Emis − Pmis; ð6Þ

where P4mis, P4ψð2SÞ, and P4eμ are the four momenta of
the missing particles, the ψð2SÞ resonance from electron-
position collision, and the leptonic pairs (electron-muon
pairs), respectively. The Mmis and θmis variables denote the
invariantmass, calculated using themissing fourmomentum
(P4mis), and the polar angle of the missing particles,
calculated according to Eq. (5). Finally, we require that
the missing mass within each event,Mmis, must be less than
3.05 GeV=c2, which is obtained by optimization and
removes πþπ−J=ψ backgrounds. To reject two-photon
backgrounds, the requirement jcos θmisj < 0.8 is used.
After all selection criteria are applied, 280,412 candidate
events remain in data. The distributions of lepton momen-
tum (pl) and the total energy deposited by the two leptons in
the EMC (EEMC) for these candidate events are shown
in Fig. 1.
Potential backgrounds are estimated using an inclusive

simulated sample of ψð2SÞ events, as detailed in
Sec. II. The background study is performed relying on
Monte Carlo-Truth matching and utilizing the TopoAna

FIG. 1. Distribution of the lepton momentum (top) and the total
energy deposited in the EMC by the leptons (bottom). The dots
with error bars are data, the red histograms are the signal from
signal simulation, and the blue shaded histograms are background
from the inclusive simulated sample. Here we just show the
background shape with an arbitrary scale.

FIG. 2. Distribution of the variable Mmis (top) and Umis
(bottom). The dots with error bars are data, the red histograms
are the signal from signal simulation, and the blue shaded
histograms are background from the inclusive simulated sample.
Here we just show the background shape with an arbitrary scale.
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package [30]. After all the selection criteria are applied, the
missing mass and Umis distributions are shown in Fig. 2
for data, the signal simulated sample, and the residual
background components. The dominant backgrounds
are from the decays ψð2SÞ → τþτ− → eþνeν̄τπ−ν̄τ and
ψð2SÞ → τþτ− → πþν̄τe−ν̄eντ. The number of background
events is estimated to be 11,531 based on the inclusive
simulated sample. The backgrounds from two-photon and
QED processes are estimated using exclusive simulated
samples. The number of background events from two-
photon processes eþe−→eþe−X (X ¼ eþe−; μþμ−; η; η0;
πþπ−, and KþK−) is about 308, while the effect of QED
backgrounds (Bhabha, di-μ, and di-γ) is negligible. The
total number of background events is estimated to be
11,839, with a fraction of approximately 4.3%.

IV. CROSS SECTION CALCULATION
ON e + e− → τ + τ −

Experimentally, the measured total τ-pair production
cross section has the form [31]

σexpðs;mτ;ΔÞ ¼
Z

∞

0

d
ffiffiffiffi
s0

p
Gð

ffiffiffiffi
s0

p
;

ffiffiffi
s

p Þ

×
Z

1−4m2
τ

s0

0

dxFðx; s0Þ σtotðs0ð1 − xÞ; mτÞ
j1 − Πðs0ð1 − xÞÞj2 :

ð7Þ
Here, Fðx; sÞ is the ISR factor [31], parametrized as

Fðx; sÞ ¼ βxβ−1
�
1þ 3

4
β þ α

π

π2

2
−
1

2
þ β2

9

32
−

1

12
π2
�

− β

�
1 −

1

2
x

�
þ 1

8
β2
�
4ð2 − xÞ ln 1

x

−
1þ 3ð1 − x2Þ

x
lnð1 − xÞ − 6þ x

�
; ð8Þ

with

β ¼ 2α

π

�
ln

s
m2

e
− 1

�
:

Π is thevacuumpolarization factor [32–34], andGð ffiffiffiffi
s0

p
;

ffiffiffi
s

p Þ
is usually treated as a Gaussian distribution [35],

Gð
ffiffiffiffi
s0

p
;

ffiffiffi
s

p Þ ¼ 1

2πΔ
e
−ð ffiffisp

−
ffiffi
s0

p
Þ2

2Δ ;

where Δ depicts the energy spread of the eþe− collider. We
explicitly indicate the dependence of the cross section on s
and mτ in Eq. (7).
The total cross section σ̄tot consists of three parts,

σ̄totðsÞ ¼ FsðsÞ · ðσconðsÞ þ σintðsÞ þ σresðsÞÞ=σconðsÞ; ð9Þ

where σconðsÞ, σresðsÞ, and σintðsÞ stand for the continuum,
resonance, and interference parts, respectively, defined as

σconðsÞ ¼
4πα2

3s
;

σresðsÞ ¼
12πΓ2

e

ðs −M2
RÞ2 þM2

RΓ2
τ
;

σintðsÞ ¼
8αΓe

π
ffiffiffi
s

p s −M2
R

ðs −M2
RÞ2 þM2

RΓ2
τ
; ð10Þ

and

FsðsÞ ¼ σconðsÞ ·
πð3 − v2Þ

1 − expð−πα=vÞ ð11Þ

with

v2 ≡ 1 −
4m2

τ

s
: ð12Þ

Notice that v is a function of s andmτ. Here, s andmτ are the
square of the center-of-mass energy and mass of the τ,
respectively, and Γe, Γτ, and MR, are the dielectron width,
the ditau width, and the mass of the ψð2SÞ resonance,
respectively. Finally, we obtain the cross section distribu-
tions, according to the above formulas, shown in Fig. 3. In
the plot, the solid curve indicates the total cross section
distribution (black line). The blue, red, and pink dashed lines
denote the cross section of the continuum, resonance, and
the interference between resonance and continuum parts,
respectively. The continuum plus interference cross section
at the center-of-mass energy 3686.10 MeV with energy
spread 1.3 MeV is calculated to be σQþI ¼ 2.125 nb.

V. SYSTEMATIC UNCERTAINTY

Systematic uncertainties in the branching fraction meas-
urement come from the luminosity measurement, total

FIG. 3. The total eþe− → τþτ− cross section, and its compo-
nents, as a function of

ffiffiffi
s

p
in the vicinity of the ψð2SÞ resonance.
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number of ψð2SÞ events, tracking efficiency, particle
identification (PID) efficiency, μ� and π� separation,
number of photons requirement, missing mass (Mmis)
and cos θmis requirement, QED cross section calculation,
branching fractions of τþ decays, and background
estimation:
(1) The systematic uncertainty in the luminosity meas-

urement is assigned as 1.1% using the large-angle
Bhabha and digamma events for the ψð2SÞ data,
where the generator BABAYAGA [23] is used. Its
impact on the measured branching fraction, 1.1%,
deduced via error propagation, is assigned as a
systematic uncertainty.

(2) The uncertainty in the total number of ψð2SÞ events
is estimated to be 0.5% from Ref. [10].

(3) The uncertainties related to the tracking efficiencies
for the electron and muon are estimated to be
0.5% [36,37] for each of them, and a total systematic
uncertainty of 1.0% is assigned.

(4) To estimate the uncertainties due to the particle
identification of the electron and muon, the two
processes eþe− → γeþe− and eþe− → γμþμ− are
selected as control samples with ψð2SÞ data. For the
former, the corresponding simulated sample is gen-
erated with BABAYAGA [23]. For the latter process,
the KKMC generator is used. The difference of the
PID efficiency between data and signal simulation
for the e and μ tracks is obtained using a weighted
method and is found to be 0.9% and 0.8%, respec-
tively. Accordingly, 1.2% is taken as the combined
systematic uncertainty from the PID of the electron
and muon.

(5) To investigate the uncertainty associated with the
requirement applied to distinguish between pions
and muons, ψð2SÞ → πþπ−J=ψ and J=ψ → ρπ →
πþπ−π0 control samples are used, and corresponding
simulated samples are generated. The maximum
relative difference of the detection efficiencies be-
tween data and signal simulation obtained with and
without this additional requirement is found to be
0.2%. Taking into account the pions’ background
contamination estimated in Sec. III, the systematic
uncertainty on the branching fraction is calculated to
be 1.0% in the decay ψð2SÞ → τþτ−.

(6) The uncertainty associated with the number of
photons is estimated from the efficiencies between
data and inclusive simulation with and without the
photon number requirement, and the difference is
found to be 0.2%.

(7) To evaluate the uncertainties of the missing mass
Mmis and cos θmis requirements, we vary the missing
mass from 3.05 to 3.10 GeV=c2 or 3.00=c2 GeV.
The maximum difference of the measured branching
fraction, 0.8%, is taken as the systematic uncertainty.
Similarly, the relative difference is regarded as the

uncertainty by varying cos θmis from 0.80 to 0.75 or
0.85, which is approximately 0.1%.

(8) The uncertainty associated with the background
contamination is estimated by changing the branch-
ing fractions of the corresponding background
processes by 1 standard deviation. The resulting
change in the measurement result, 0.3%, is consid-
ered as the systematic uncertainty.

(9) Taking into account the uncertainty associated with
the center-of-mass energy measurement, which is
1 MeV from the energy measurement system and
0.4 MeV from the energy spread conservatively, a
resulting difference in the QED cross section cal-
culation, 0.4%, is regarded as the uncertainty.

(10) The uncertainties associated with the branching
fractions Bðτþ → eþνeν̄τÞ and Bðτþ → μþνμν̄τÞ
are taken from the Particle Data Group (PDG) [20].

(11) The uncertainty due to the signal simulation statistics
is calculated by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1 − ϵÞ=ðϵNgenÞ
p

with the number
of generated events (Ngen) and detection efficiency
(ϵ), which are 2 × 106 and 30.65%, respectively.

All the systematic certainties are summarized in Table I.
Combining the individual contributions of all the system-
atic uncertainties gives a total systemic uncertainty of 2.5%
on the ψð2SÞ → τþτ− branching fraction.

VI. CALCULATION OF THE ψð2SÞ → τ + τ −
BRANCHING FRACTION

To obtain the number of resonant τ-pairs (the signal
events), the QED contribution, as well as the contribution
from interference, σQþI , is subtracted from the total number
of τþτ− events following Eq. (13), and Bτþτ− is calculated by

Bτþτ− ¼
Nsig−Nbkg

Beμ·ϵ
− σQþIL

Nψð2SÞ
; ð13Þ

TABLE I. Relative systematic uncertainties in the measurement
of the branching fraction of ψð2SÞ → τþτ−.

Source Uncertainty (%)

Luminosity 1.1
Nψð2SÞ 0.5
Track efficiency 1.0
PID 1.2
μ and π separation 1.0
Nγ requirement 0.2
Mmis requirement 0.8
θmis requirement 0.1
Background 0.3
Cross section calculation 0.4
Quoted branching fraction 0.3
Signal simulation statistics 0.1

Total 2.5
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where Nsig is the number of observed signal events, Nbkg is
the number of background events estimated with the inclu-
sive simulation sample and two-photon processes, and ϵ ¼
30.65% is the detection efficiency estimated from the signal
simulated sample. Beμ is the product of the branching
fractions of τþðτ−Þ → eþνeν̄τðe−ν̄eντÞ and τ−ðτþÞ →
μ−ν̄μντðμþνμν̄τÞ and is equal to 0.06197 quoted from the
PDG [20]. Nψð2SÞ is the total number of ψð2SÞ events [10],
and L is the luminosity of the data sample [10].
The obtained results are summarized in Table II. The

branching fraction of ψð2SÞ → τþτ− is calculated to be

Bτþτ− ¼ ð3.240� 0.023� 0.081Þ × 10−3; ð14Þ

where the first and second uncertainties are statistical and
systematic, respectively. The systematic uncertainties are
described in Sec. V.

VII. CONCLUSION

In summary, we have measured the branching fraction of
ψð2SÞ → τþτ− with improved precision. The value of Bτþτ−

together with the world average values of Beþe− and
Bμþμ− [20] are reported in Table III. The comparisons
show excellent agreement. Assuming lepton universal-
ity, the average value Blþl− is determined to be
ð8.06� 0.14Þ × 10−3. The leptonic width (Γee) of the
ψð2SÞ has been determined to be ð2.29� 0.06Þ keV [20].
From the relationship Γtot ¼ Γee

Bll
, the total width of the

resonance ψð2SÞ is equal to Γtot ¼ ð287� 9Þ keV, which
is consistent with the PDG value ð294� 8Þ keV within
about 1 standard deviation.
This result, along with the previous data of Beþe− and

Bμþμ− , is in agreement with the relation predicted by the
sequential lepton hypothesis.
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TABLE II. Number of observed signal events, number of background events, integrated luminosity, detection
efficiency, number of ψð2SÞ events, continuum plus interference cross section calculated as described in Sec. IV, and
the obtained branching fraction of ψð2SÞ → τþτ−.

Nobs Nbkg Lðpb−1Þ ϵ Nψð2SÞð106Þ σQþI (nb) Bτþτ−ð10−3Þ
28; 0412� 530 11; 839� 109 3208.5 0.3065 2259.3 2.125 3.240� 0.023� 0.081

TABLE III. Leptonic branching fractions of the ψð2SÞ in 10−3.

Beþe− [20] Bμþμ− [20] Bτþτ−=0.3890

7.93� 0.17 8.00� 0.60 8.33� 0.44
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