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Using ð10.087� 0.044Þ × 109 J=ψ events collected by the Beijing Spectrum III (BESIII) detector at
the Beijing Electron Positron Collider II (BEPCII) collider, we search for the hyperon semileptonic
decay Ξ− → Ξ0e−ν̄e. No significant signal is observed and the upper limit on the branching fraction
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BðΞ− → Ξ0e−ν̄eÞ is set to be 2.59 × 10−4 at 90% confidence level. This result is one order of magnitude
more strict than the previous best limit.

DOI: 10.1103/PhysRevD.104.072007

I. INTRODUCTION

Studies of hyperon semileptonic decays provide impor-
tant information on the interplay between weak interactions
and hadronic structures formed through strong interactions.
Semileptonic decays of baryons provide richer information
than those of mesons due to the presence of three valence
quarks rather than a quark-antiquark pair [1]. In addition, it
has previously been shown that flavor SU(3) symmetry is
manifestly broken in hyperon semileptonic decays [2].
Therefore, with more complete information on hyperon
semileptonic decays, the patterns of flavor SU(3) symmetry
breaking could be further revealed in nature [2,3].
Since the branching fractions of hyperon semileptonic

decays are on the order of 10−4 or smaller [4], studies of
hyperon semileptonic decays are still an experimental
challenge. Except for the measurements performed by
the KTeV and NA48=1 Collaborations of Ξ0 → Σþlv̄l
(l ¼ e, μ) decays [5,6], most hyperon semileptonic results
are more than 30 y old [4,7]. There is thus much room for
improvement on the experimental side [8].
The hyperon semileptonic decayΞ− → Ξ0e−ν̄e has not yet

been observed [4]. Previously, an experiment at Brookhaven
NationalLaboratory (BNL) [9] set anupper limitof2.3 × 10−3

onthebranchingfractionBðΞ− → Ξ0e−ν̄eÞat90%confidence
level (CL) based on 8150 Ξ− events. The BESIII experiment
[10] has recently collected ð10.087� 0.044Þ × 109 J=ψ
events,which is theworld’s largest data sample ofJ=ψ mesons
produced in eþe− annihilation. The total number of J=ψ
events collected in the years of 2009, 2012, 2018, and 2019 is
determined using inclusive J=ψ decays with the method
described in Ref. [11]. Within this sample, a large number
of Ξ− events (∼106 [8]) are produced via the decay mode
J=ψ → Ξ−Ξ̄þ and the expected sensitivity on the branching
fractionwill be on the order of 10−4, thereby providing a good
opportunity to study this hyperon semileptonic decay. The
theoretical prediction of the branching fraction of Ξ− →
Ξ0e−ν̄e is on the order of 10−10 [12], and a theoretical
calculation [2] shows that the effect of flavor SU(3) symmetry
breaking is particularly evident in the Ξ− → Ξ0e−ν̄e decay.
In this paper, we report a search for the rare hyperon

semileptonic decay Ξ− → Ξ0e−ν̄e by analyzing 106 J=ψ →
Ξ−Ξ̄þ events collected at a center-of-mass (CM) energyffiffiffi
s

p ¼ 3.097 GeV=c2 with the BESIII detector.

II. DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector records symmetric eþe− collisions
provided by the BEPCII [13] storage ring, which operates

with a peak luminosity of 1 × 1033 cm−2 s−1 in the CM
energy range from 2.0 to 4.95 GeV=c2. BESIII has
collected large data samples in this energy region [14].
The cylindrical core of the BESIII detector covers 93% of
the full solid angle and consists of a helium-based multi-
layer drift chamber (MDC), a plastic scintillator time-
of-flight system (TOF), and a CsI(Tl) electromagnetic
calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0-T (0.9 T in
2012) magnetic field. 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 multi-gap
resistive plate chamber technology, providing a time
resolution of 60 ps [15]. Simulated data samples produced
with a GEANT4-based [16] Monte Carlo (MC) package,
which includes the geometric description of the BESIII
detector and the detector response, are used to determine
detection efficiencies and to estimate backgrounds. The
simulation models the beam energy spread and initial state
radiation in the eþe− annihilations with the generator KKMC

[17]. The inclusive MC sample includes both the produc-
tion of the J=ψ resonance and the continuum processes
incorporated in KKMC [17]. The known decay modes are
modeled with EVTGEN [18] using branching fractions taken
from the Particle Data Group [4], and the remaining
unknown charmonium decays are modeled with
LUNDCHARM [19]. Final-state radiation from charged
final-state particles is incorporated using PHOTOS [20].
To determine the detection efficiency, a signal MC sample
with the decay chain of J=ψ → Ξ−Ξ̄þ, Ξ̄þ → Λ̄πþ, Ξ− →
Ξ0ð→ Λπ0Þe−ν̄e is produced, where the Ξ̄þ → Λ̄πþ decay
is generated with the measured parameter in Ref. [21] by
BESIII experiment, and the Ξ− → Ξ0e−ν̄e decay is gen-
erated with a uniform distribution over the phase space.

III. EVENT SELECTION AND DATA ANALYSIS

A. Analysis method

The Ξ− sample is obtained via the decay mode
J=ψ → Ξ−Ξ̄þ. To determine the absolute branching
fraction of Ξ− → Ξ0e−ν̄e and reduce systematic uncertain-
ties, a tagging technique is adopted, which was first
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introduced by the MARK-III collaboration [22]. First, one
Ξ̄þ hyperon is fully reconstructed via the hadronic decay
mode Ξ̄þ → Λ̄πþ with a large branching fraction
ð99.887� 0.035Þ% [4], and then the signal decay Ξ− →
Ξ0e−ν̄e with Ξ0 → Λπ0 is searched for in the recoiling side
of the tagged Ξ̄þ. The tagged Ξ̄þ events are referred to as
“single tag” (ST) events, while the events in which the Ξ−

semileptonic decay of interest and the ST Ξ̄þ are simulta-
neously found are referred to as “double tag” (DT) events.
The absolute branching fraction is calculated by

BðΞ− → Ξ0e−ν̄eÞ ¼
Nobs

DT · ϵST
Nobs

ST · ϵDT · BðΞ0 → Λπ0 → pπ−γγÞ ;

ð1Þ

where Nobs
ST (Nobs

DT) is the ST (DT) yield, ϵST (ϵDT) is the ST
(DT) efficiency, not including the branching fractions of the
subsequent decays of the Ξ̄þ (Ξ0), and BðΞ0 → Λπ0 →
pπ−γγÞ is the branching fraction of the Ξ0 → Λπ0 →
pπ−γγ decay.

B. ST event selection

Charged tracks detected in the MDC are required to have
a polar angle (θ) satisfying j cos θj < 0.93, where θ is
defined with respect to the beam direction. Particle iden-
tification (PID) for charged tracks combines measurements
of the dE=dx in the MDC and the flight time in the TOF.
The PID confidence levels are calculated for the proton
(CLp), pion (CLπ), and kaon (CLK) hypotheses. The proton
(pion) candidate is chosen so that the proton (pion)
hypothesis has the highest PID confidence level among
these three hypotheses.
To reconstruct the Λ̄ and Ξ̄þ candidates, a secondary

vertex fit [23] is applied to the p̄πþ combination and the
Λ̄πþ combination, respectively, given that Λ̄ and Ξ̄þ are
long-lived particles. The secondary vertex fit is performed
using the parameters of the production vertex, decay vertex,
and the Λ̄ (Ξ̄þ) flight direction. To suppress background
from non-Λ̄ (non-Ξ̄þ) processes, the decay length [23] of
the Λ̄ (Ξ̄þ) is required to be larger than zero, where the
decay length is the distance from the production vertex
to the decay vertex, and negative decay lengths can be
caused by the detector resolution. The invariant masses
of the p̄πþ and Λ̄πþ combinations are required to satisfy
jMp̄πþ −MΛ̄j < 0.005 GeV=c2 and jMΛ̄πþ −MΞ̄þj <
0.005 GeV=c2, respectively, whereMΛ̄ (MΞ̄þ) is the known
mass of the Λ̄ (Ξ̄þ) [4]. The recoiling mass against
the reconstructed Ξ̄þ candidate is defined as Mrecoil

Λ̄πþ ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðECM − EΛ̄πþÞ2 − jp⃗Λ̄πþj2

p
, where ECM is the CM energy,

and EΛ̄πþ and p⃗Λ̄πþ are the energy and momentum of the
selected Λ̄πþ candidate in the CM system. To further
suppress backgrounds, the recoiling mass is required to
satisfy 1.290 GeV=c2 < Mrecoil

Λ̄πþ < 1.342 GeV=c2, which

corresponds to a three standard-deviation range of the
Mrecoil

Λ̄πþ distribution.
The Λ̄πþ candidate is required to fall in the mass window

½1.317; 1.327� GeV=c2, which is defined as the ST signal
region. This mass window corresponds to around a three
standard-deviation range of the MΛ̄πþ distribution. To
extract the ST yield, we perform a binned maximum
likelihood fit to the data distribution of the invariant mass
of Λ̄πþ, as shown in Fig. 1. In the fit, the signal shape is
modeled by the MC-simulated shape convolved with a
Gaussian function to account for the resolution difference
between data and simulation samples. By analyzing the
inclusive MC samples with the help of a generic event-type
analysis tool, TopoAna [24], there is no peaking back-
ground, and the background shape is described with a
second-order Chebychev function. The ST yield extracted
from the fit is 1; 780; 070� 1366. The ST efficiency is
ð24.64� 0.02Þ%, where the uncertainty is statistical only.

C. DT event selection

To identify the semileptonic decay Ξ− → Ξ0e−ν̄e, we
search for the Ξ0 in the recoiling side of the ST Ξ̄þ

candidates. The Ξ0 baryon is reconstructed via Ξ0 → Λπ0,
Λ → pπ−, π0 → γγ. Due to the very limited phase space
(MΞ− −MΞ0 ≃ 6.85 MeV=c2) and the small momentum of
the Ξ−, electrons have too small momenta to be recon-
structed in the detector. To suppress backgrounds, the total
number of charged tracks, including the charged tracks on
the ST side, is required to be 5. Photon candidates are
identified using showers in the EMC. The deposited energy
of each shower must be more than 25 MeV=c2 in the barrel
region (j cos θj < 0.80) and more than 50 MeV=c2 in the
end-cap region (0.86 < j cos θj < 0.92). To exclude show-
ers that originate from charged tracks, the angle between
the position of each shower in the EMC and the closest
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FIG. 1. Fit to the invariant mass distribution of the Λ̄πþ
candidates, where the black points with error bars are data,
and the red dashed line and green dashed line are the signal shape
and background shape, respectively. The blue solid line shows the
total fit and the pair of red arrows indicates the ST signal region.
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extrapolated charged track must be greater than 10°. 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 [0, 700] ns. The π0

candidates are reconstructed with a pair of photons. Due to
the poor resolution in the end-cap regions of the EMC, π0

candidates with two daughter photons found in the end caps
are rejected. The invariant mass of the two photons is
required to be within ð0.115; 0.150ÞGeV=c2. A mass-
constrained kinematic fit is performed by constraining
the invariant mass of γγ to the known π0 mass [4].
To reconstruct Λ candidates, a vertex fit is applied to pπ−

combinations, and the one closest to the known Λ mass
(MΛ) [4] is retained. The invariant mass of pπ− is required
to satisfy jMpπ− −MΛj < 0.005 GeV=c2. The Ξ0 is recon-
structed with the Λπ0 combinations, and the one closest to
the known Ξ0 mass (MΞ0) [4] is retained for further
analysis. The invariant mass of Λπ0 is required to satisfy
jMΛπ0 −MΞ0 j < 0.0145 GeV=c2. To further suppress
backgrounds, the momentum of the reconstructed Ξ0 is
required to be within ð0.79; 0.84Þ GeV=c, which is opti-
mized using the Punzi figure of merit with a formula of
ϵ=ð1.5þ ffiffiffiffi

B
p Þ [25], where ϵ denotes the efficiency of the

signal and B is the number of background events.
To extract the DT yield, the invariant mass squared

of the lepton-neutrino system, q2, is defined as q2 ≡
ðECM − EΞ̄þ − EΞ0Þ2 − ðp⃗CM − p⃗Ξ̄þ − p⃗Ξ0Þ2, where ECM,
EΞ̄þ , and EΞ0 are the energies of the CM, Ξ̄þ, and Ξ0,
respectively, and p⃗CM, p⃗Ξ̄þ , and p⃗Ξ0 are the momenta of the
CM, Ξ̄þ, and Ξ0, respectively. After all the above selection
criteria are applied, the DT efficiency obtained from the
signal MC sample is ð2.89� 0.01Þ%, where the uncer-
tainty is statistical only. By analyzing the inclusive MC
samples with TopoAna, the dominant background is
found to be the process J=ψ → Ξ−Ξ̄þ with Ξ− → Λπ−
and Ξ̄þ → Λ̄πþ. An exclusive MC sample is generated to

study this dominant background and extract the back-
ground shape. To obtain the DT yield, an unbinned
maximum likelihood fit is performed to the data distribu-
tion of q2, as shown in Fig. 2, where the signal shape is
modeled by the MC-simulated shape, and the background
shape is modeled by the exclusive MC-simulated shape. No
obvious signal is observed.

IV. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the measurement of
BðΞ− → Ξ0e−ν̄eÞ mainly originate from the tracking effi-
ciency, PID efficiency, Λ vertex fit, photon detection, π0

reconstruction, tag efficiency bias, mass window of Λ=Ξ0,
requirement on pΞ0 , fitting range of q2, and cited branching
fractions. These systematic uncertainties are summarized
in Table I. Most of the systematic uncertainties on the ST
side cancel due to the tagging technique described in
Sec. III.
The uncertainty due to tracking efficiency is 1.0% for

each track, as determined from a study of the control
samples of J=ψ → pK−Λ̄+c.c. and J=ψ → ΛΛ̄ [26]. The
uncertainties arising from the differences of PID efficien-
cies between data and MC simulation for the proton
(0.6%) and pion (1.0%) are determined with the control
samples of J=ψ → πþπ−pp̄ and J=ψ → πþπ−π0 [27],
respectively. The uncertainty due to the Λ vertex fit is
determined to be 1% [26] by using the same control
samples used in the tracking uncertainty estimation. The
uncertainty associated with the π0 reconstruction is
derived from the control sample of J=ψ → πþπ−π0 and
assigned to be 2% [28].
In this analysis, the ST efficiency for reconstructing a

tagged Ξ̄þ has been assumed to be independent of the
multiplicities of the Ξ− side. To evaluate the potential bias
of this assumption, we use simulated samples to study the
tag efficiencies with two different decay modes of Ξ−

(Ξ− → anything and Ξ− → Ξ0e−ν̄e), and take their differ-
ence (1.9%) as the tag efficiency bias. The systematic

2)2c (GeV/2q
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-310×

2 )2 c
E

ve
nt

s/
 5

0 
(M

eV
/

2

4

6

8

10

12 Data
Total fit
Signal
Background

FIG. 2. Fit to the q2 distribution of the signal candidates, where
the black points with error bars are data, and the red dashed line
and green dashed line are the signal shape and background shape,
respectively. The blue solid line shows the total fit.

TABLE I. Relative systematic uncertainties for the branching
fraction measurement.

Source Uncertainty (%)

Tracking 2.0
PID 1.6
Λ vertex fit 1.0
π0 reconstruction 2.0
Tag efficiency bias 1.9
Mass window of Λ=Ξ0 4.3
Requirement on pΞ0 1.2
Fitting range 1.6
Cited branching fractions 0.8

Total 6.2
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uncertainties due to the mass window requirements for the
Λ and Ξ0 and the momentum of the Ξ0 are 1.1, 4.2, and
1.2%, respectively, as determined from the average impacts
on the upper limit when varying these requirements from
1 to 3 standard deviations of their distributions. The system-
atic uncertainty due to the q2 fitting range is estimated by
varying the fitting range by 0.001 ðGeV=c2Þ2, and taking its
impact on the upper limit (1.6%) as the systematic uncertainty.
The uncertainties due to the cited branching fractions
BðΞ0 → Λπ0Þ, BðΛ → pπ−Þ, and Bðπ0 → γγÞ are 0.01,
0.78, and 0.03%, respectively [4]. The systematic uncertainty
due to the signal model is estimated by changing the model
with a uniform distribution over the phase space to the one
with the angular distribution [12,29], and the effects from
different signal models are negligible. The total systematic
uncertainty is estimated to be 6.2% by summing up all
individual uncertainties in quadrature.

V. RESULT

No obvious signal is observed, and the upper limit on the
DT yield for the Ξ− → Ξ0e−ν̄e decay is set at 90% CL
based on Eq. (1) using a Bayesian method [30]. We perform
a series of fits to the q2 distribution by fixing the branching
fraction of the signal process at different values, and scan
the ratio of the resultant likelihood value (Li) and the
maximum likelihood value (Lmax). To incorporate the effect
of systematic uncertainties, the likelihood ratio distribution
as a function of the branching fraction is then convolved
with a Gaussian function, which has a width given by the
overall systematic uncertainty, as shown in Fig. 3. The
upper limit on the branching fraction at the 90% CL is the
value that yields 90% of the likelihood ratio integral over
the branching fraction from zero to infinity, and is deter-
mined to be

BðΞ− → Ξ0e−ν̄eÞ < 2.59 × 10−4:

VI. SUMMARY

In summary, based on a data sample with ð10.087�
0.044Þ × 109 J=ψ events collected at

ffiffiffi
s

p ¼ 3.097 GeV=c2

with the BESIII detector, we search for the hyperon
semileptonic decay Ξ− → Ξ0e−ν̄e. No obvious signal is
observed and the upper limit on the branching fraction
is set to be BðΞ− → Ξ0e−ν̄eÞ < 2.59 × 10−4 at 90% CL.
This result is one order of magnitude more strict than that
of BNL’s measurement [9], and provides an important
experimental constraint for the theoretical study of the
SU(3) symmetry-breaking mechanism.
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