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The first direct measurement of the absolute branching fraction of Σþ → Λeþνe is reported based
on an eþe− annihilation sample of ð10087� 44Þ × 106 J=ψ events collected with the BESIII
detector at

ffiffiffi
s

p ¼ 3.097 GeV. The branching fraction is determined to be BðΣþ →ΛeþνeÞ¼ ½2.93�
0.74ðstatÞ�0.13ðsystÞ�×10−5, which is the most precise measurement obtained in a single experiment to
date and also the first result obtained at a collider experiment. Combining this result with the world average

of BðΣ− → Λe−ν̄eÞ and the lifetimes of Σ�, the ratio, ΓðΣ
−→Λe− ν̄eÞ

ΓðΣþ→ΛeþνeÞ, is determined to be 1.06� 0.28, which is

within 1.8 standard deviations of the value expected in the absence of second-class currents.

DOI: 10.1103/PhysRevD.107.072010

Weinberg first remarked that the weak hadronic currents
of spin-parity (JP) can be classified as two types according
to their transformation properties under G parity [1]. The
first-class currents have the vector currents with G ¼ þ1
and the axial currents with G ¼ −1, and are expected to be

dominant. Whereas the second-class currents own the
opposite G parities, and are suppressed since they are
connected with the mass difference of light up and down
quarks. They will vanish in the limit of mu ¼ md (i.e.
isospin symmetry); thus they are allowed to appear in the
Standard Model. However, there is not any experimental
evidence been found for the second-class currents up
to date.
The decay τ− → ηπ−ντ is forbidden in the absence of

second-class currents, which was once claimed to have
been evidenced with an unexpectedly large branching
fraction ð5.1� 1.5Þ% [2]. However, this branching frac-
tion is measured afterward to be less than 7.3 × 10−5 and
9.9 × 10−5 by Belle [3] and BABAR [4], respectively.
Previous nuclear β decay experiments gave contradictory
conclusions concerning the existence of second-class
currents. Positive signals have been reported by F. P.
Calaprice et al. [5], in which the result requires a
second-class form factor comparable to the weak-
magnetism term, and by K. Sugimoto et al. [6–8], where
the experimental results are in favor of the existence of the
second-class induced-tensor current. On the other hand,
D. H. Wilkinson et al. [9–12] reported the absence of
second-class currents. In addition, studies on hyperon
semileptonic weak decays have been performed, where
the existence of second-class currents will yield a nonzero
pseudotensor term (g2) in the matrix element of the
axial-vector current [13], and some of the polarized Λ
experiments suggest a large g2 [14]. Such a nonzero g2
value could be caused by flavor-SU(3)-symmetry-
breaking effects [15,16], or it could reflect the existence
of a new interaction in the weak Hamiltonian involving
second-class currents. To distinguish between genuine
second-class currents and flavor-SU(3)-symmetry-
breaking effects, a unique observable was first proposed
by S. Weinberg [1] in 1958,

aAlso at the Moscow Institute of Physics and Technology,
Moscow 141700, Russia.

bAlso at the Novosibirsk State University, Novosibirsk,
630090, Russia.

cAlso at the NRC “Kurchatov Institute,” PNPI, 188300,
Gatchina, Russia.

dAlso at Goethe University Frankfurt, 60323 Frankfurt am
Main, Germany.

eAlso at Key Laboratory for Particle Physics, Astrophysics and
Cosmology, Ministry of Education; Shanghai Key Laboratory for
Particle Physics and Cosmology; Institute of Nuclear and Particle
Physics, Shanghai 200240, People’s Republic of China.

fAlso at Key Laboratory of Nuclear Physics and Ion-beam
Application (MOE) and Institute of Modern Physics, Fudan
University, Shanghai 200443, People’s Republic of China.

gAlso at State Key Laboratory of Nuclear Physics and
Technology, Peking University, Beijing 100871, People’s
Republic of China.

hAlso at School of Physics and Electronics, Hunan University,
Changsha 410082, China.

iAlso at Guangdong Provincial Key Laboratory of Nuclear
Science, Institute of Quantum Matter, South China Normal
University, Guangzhou 510006, China.

jAlso at Frontiers Science Center for Rare Isotopes, Lanzhou
University, Lanzhou 730000, People’s Republic of China.

kAlso at Lanzhou Center for Theoretical Physics, Lanzhou
University, Lanzhou 730000, People’s Republic of China.

lAlso at the Department of Mathematical Sciences, IBA,
Karachi, Pakistan.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

M. ABLIKIM et al. PHYS. REV. D 107, 072010 (2023)

072010-4

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.072010&domain=pdf&date_stamp=2023-04-28
https://doi.org/10.1103/PhysRevD.107.072010
https://doi.org/10.1103/PhysRevD.107.072010
https://doi.org/10.1103/PhysRevD.107.072010
https://doi.org/10.1103/PhysRevD.107.072010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


R≡ ΓðΣ− → Λe−ν̄eÞ
ΓðΣþ → ΛeþνeÞ

¼ BðΣ− → Λe−ν̄eÞ × τΣþ

BðΣþ → ΛeþνeÞ × τΣ−
; ð1Þ

where ΓðΣ− → Λe−ν̄eÞ and ΓðΣþ → ΛeþνeÞ are the
partial widths of the decay channels Σ− → Λe−ν̄e and
Σþ → Λeþνe, respectively; BðΣ− → Λe−ν̄eÞ and BðΣþ →
ΛeþνeÞ are the branching fractions of the above two
channels; τΣ− and τΣþ are the life times of Σ− and Σþ,
respectively. In the absence of second-class currents, this
R value should be just the phase-space ratio for these two
decays whether flavor-SU(3)-symmetry-breaking effects
exist or not, so any experimental deviation from this
expectation would be decisive evidence for the existence
of second-class currents [1]. In 1960, the theoretical
prediction of this R value was calculated to be 1.57 by
T. D. Lee and C. N. Yang [17] on the basis of no second-
class currents.
In the late 1960s, the decay Σ� → Λe�ν was studied at

fixed-target experiments [18–20]. All the experimentally
determined R values are consistent with the theoretical
calculation, i.e. 1.57, within uncertainty. In the following
years, the precisions of τΣ� and BðΣ− → Λe−ν̄eÞ measure-
ments have been improved significantly, but the current
experimental uncertainty of R [21] is still large due to the
poor precision of BðΣþ → ΛeþνeÞ. Previously, there were
three experimental results of BðΣþ → ΛeþνeÞ, and all of
them are indirect measurements [22] from fixed-target
experiments, which were performed more than 50 years
ago [18–20]. The highest precision measurement of
BðΣþ → ΛeþνeÞ was performed in 1969 based on
10 signal events [19], which were selected from about
6 × 106 bubble chamber pictures. Therefore, a direct meas-
urement ofBðΣþ → ΛeþνeÞ at amodern collider experiment
with higher precision is crucial to provide a more stringent
test of the existence of second-class currents.
In this article, we report the first direct measurement of

the absolute branching fraction BðΣþ → ΛeþνeÞ, by ana-
lyzing ΣþΣ̄− hyperon pairs in ð10087� 44Þ × 106 [23]
J=ψ events collected with the BESIII detector atffiffiffi
s

p ¼ 3.097 GeV. The J=ψ meson decays into the ΣþΣ̄−

final state with a branching fraction of ð1.07� 0.04Þ ×
10−3 [21]. We use the double-tag (DT) technique [24],
which provides a clean and direct branching fraction
measurement without requiring knowledge of the total
number of ΣþΣ̄− events produced. Based on the measured
absolute branching fraction of Σþ → Λeþνe, a higher
precision R is determined. Throughout this paper, the
charge-conjugated (c.c.) channel is always implied.
Details about the design and performance of the BESIII

detector are given in Ref. [25]. Simulated data samples
produced with Geant4-based [26] Monte Carlo (MC) soft-
ware, which includes the geometric description of the
BESIII detector [27] and the detector response, are used
to determine the detection efficiencies and to estimate
backgrounds. The simulation includes the beam energy

spread and initial state radiation in the eþe− annihilations
modeled with the generator KKMC [28]. For the simulation
of the signal channel Σþ → Λeþνe, we use the model
reported in Ref. [29], which has been validated in
Ref. [30], and use the form factors obtained from the
SU(3) flavor parametrization and the Cabibbo theory,
which are summarized in Ref. [13]. The inclusive MC
sample of generic events includes both the production of
the J=ψ resonance and the continuum processes incorpo-
rated in KKMC [28]. All particle decays are modeled with
EvtGen [31] using branching fractions either taken from the
Particle Data Group (PDG), when available, or estimated
with LUNDCHARM [32] for J=ψ resonance. Final state
radiation from charged final state particles is incorporated
using PHOTOS [33].
Using the DT technique, the branching fraction is

obtained by reconstructing signal Σþ → Λeþνe decay in
events with Σ̄− decays reconstructed in their dominant
hadronic decay mode Σ̄− → p̄π0, where the Λ and π0

decays are reconstructed through Λ → pπ− and π0 → γγ,
respectively. If a Σ̄− hyperon is found, then it is referred to
as a single-tag (ST) candidate. An event in which a signal
Σþ decay and a ST Σ̄− are simultaneously found is referred
to as a DT event. The branching fraction of the signal decay
is given by

Bsig ¼
NDT=ϵDT
NST=ϵST

×
1

BðΛ → pπ−Þ ; ð2Þ

whereNDT is the DTyield, ϵDT is the DTefficiency, BðΛ →
pπ−Þ is the branching fraction of Λ → pπ−, and NST and
ϵST are the ST yield and the ST efficiency, respectively.
Charged tracks detected in themain drift chamber (MDC)

are required to be within a polar angle (θ) range of
j cos θj < 0.93, where θ is defined with respect to the z
axis, which is the symmetry axis of the MDC. Photon
candidates are identified using showers in the electromag-
netic calorimeter (EMC). The deposited energy of each
shower must be more than 25 MeV in the barrel region
(j cos θj < 0.80) andmore than 50MeVin the end cap region
(0.86 < j cos θj < 0.92). To exclude showers that originate
from charged tracks, the angle subtended by the EMC
shower and the position of the closest charged track at the
EMCmust be greater than 10 degrees as measured from the
interaction point. 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.
Particle identification (PID) for charged tracks combines

measurements of the specific ionization energy loss in
the MDC (dE=dx) and the flight time in the time-of-
flight system to form likelihoods LðhÞ (h ¼ p, K, π) for
various hadron h hypotheses. A track is identified as a
proton when the proton hypothesis has the greatest like-
lihood [LðpÞ > LðKÞ and LðpÞ > LðπÞ] and satisfies
LðpÞ > 0.001. The π0 candidates are reconstructed by
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performing a one constraint (1C) kinematic fit on the
chosen photon pair, constraining the invariant mass of
the photon pair to the nominal π0 mass, and the χ21C of the
kinematic fit is required to be less than 25. Events with at
least one antiproton and one π0 are assigned as ST Σ̄−

candidates.
Next, tagged Σ̄− hyperons are selected using two

kinematic variables, the energy difference

ΔEtag ≡ Ebeam − EΣ̄− ; ð3Þ

and the beam-constrained mass

Mtag
BCc

2 ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam − jp⃗Σ̄−cj2

q
; ð4Þ

where Ebeam is the beam energy, p⃗Σ̄− and EΣ̄− are the
momentum and the energy of the Σ̄− candidate in the eþe−
rest frame, respectively. If there are multiple combinations,
the one giving the minimum jΔEtagj is retained for further
analysis. The tagged Σ̄− candidates are required to sat-
isfy ΔEtag ∈ ½−48; 52� MeV.
The yield of ST Σ̄− hyperons is obtained from a binned

extended maximum likelihood fit to the Mtag
BC distribution

of the surviving ST candidates, where the signal is
modeled by the MC-simulated signal shape convolved
with a Gaussian function to account for imperfect sim-
ulation of the detector resolution, and the background is
modeled by a third-order Chebyshev function. The fit
result is shown in Fig. 1, and the total ST Σ̄− yield
is NST ¼ 4; 693; 360� 4; 339ðstatÞ.
Candidate events for the Σþ → Λeþνe, Λ → pπ−

decays are selected from the remaining tracks
recoiling against the ST Σ̄− events in the mass region

jMtag
BC −mΣ̄− j < 0.049 GeV=c2, where mΣ̄− is the Σ̄−

nominal mass. The total number of charged tracks in
the event is required to be four (NTrack ¼ 4), and the
selection criteria for the additional charged tracks are
the same as those used in the ST selection. We further
identify a charged track as an eþ by requiring the PID
likelihoods, including also the EMC information, sat-
isfy L0ðeÞ=ðL0ðeÞ þ L0ðπÞ þ L0ðKÞÞ > 0.8, where L0ðeÞ,
L0ðπÞ, L0ðKÞ are likelihoods calculated based on the
positron, pion, and kaon hypotheses, respectively. A π−

candidate is required to satisfy L0ðπÞ > L0ðKÞ and
L0ðπÞ > L0ðeÞ. The other track is assumed to be a proton.
EachΛ candidate is reconstructed from a proton and a pion,
which are constrained to originate from a common vertex
and are required to fall in an invariant mass region
jMpπ− −mΛj < 10 MeV=c2, where mΛ is the Λ nominal
mass [21]. The decay length of the Λ candidate from the
interaction point is required to be greater than twice the
vertex resolution.
As the neutrino is not detected, we employ the kinematic

variable

M2
missc

4 ≡ E2
miss − p2

missc
2; ð5Þ

where Emiss and pmiss are the missing energy and
momentum carried by the neutrino, respectively. Emiss is
calculated by

Emiss ¼ Ebeam − EΛ − Eeþ ; ð6Þ

where EΛ and Eeþ are the energies of the Λ and eþ

calculated in the eþe− rest frame, respectively. To obtain
better resolution, we use the constrained Σþ momentum
(p⃗Σþ) given by

p⃗Σþ ¼ −
p⃗Σ̄−

cjp⃗Σ̄− j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam −m2

Σþc4
q

; ð7Þ

to calculate pmiss

pmiss ¼ jp⃗Σþ − p⃗Λ − p⃗eþj; ð8Þ

where p⃗Λ and p⃗eþ are the momenta of Λ and eþ calculated
in the eþe− rest frame, respectively. For signal events,
M2

miss is expected to peak at zero.
For the signal candidates ofΣþ → Λeþνe decay, there are

still some non-ΣþΣ̄− pair background events. Therefore, we
require that the opening angle between the antiproton and π0

in Σ̄− rest frame satisfies Angleðp̄; π0Þ > 170°, and the
momentum of the antiproton in the Σ̄− rest frame satisfies
pST
p̄ ∈ ½0.16; 0.21� GeV=c, where the Σ̄− rest frame is

determined by making use of the fact that J=ψ → ΣþΣ̄−

is a two-body reaction. To further suppress backgrounds,
we impose two extra requirements as follows. First, the
Σ̄−Λ recoil mass calculated using Mrecoil

Σ̄−Λ þMpπ− −mΛ is

)2c/GeV (
tag
BCM
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FIG. 1. Fit to the Mtag
BC distribution of the ST Σ̄− þ c:c:

candidates. Data are shown as dots with error bars. The solid
blue, solid red, and dashed black curves are the fit result, signal
shape, and the background shape, respectively.
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required to be greater than −60 MeV=c2, which can sup-
press the contributions from Σþ hadronic decay and other
combinatorial background. Mrecoil

Σ̄−Λ is formed by

Mrecoil
Σ̄−Λ c2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðErecoil

Σ̄−Λ Þ2 − ðprecoil
Σ̄−Λ Þ2c2

q
; ð9Þ

where Erecoil
Σ̄−Λ and precoil

Σ̄−Λ are the total energy and the total
momentumof all recoiling particles against Σ̄−Λ in an event,
which are calculated by

Erecoil
Σ̄−Λ ¼ Ebeam − EΛ; ð10Þ

and

precoil
Σ̄−Λ ¼ jp⃗Σþ − p⃗Λj ð11Þ

respectively (EΛ, p⃗Σþ , and p⃗Λ are calculated in the eþe− rest
frame). The variable Mrecoil

Σ̄−Λ þMpπ− −mΛ can provide
improved resolution compared to Mrecoil

Σ̄−Λ [34,35]. Second,
the decay of Σð1385Þþ → Λπþ could contribute as back-
ground when the pion is wrongly identified as a positron. If
we assign the πþ mass to the eþ candidateswhen calculating
the invariant mass of Λeþ, i.e. MΛðπþ→eþÞ, the Σð1385Þþ
mass is expected for the background. Therefore, we can
eliminate background by only retaining the events with
MΛðπþ→eþÞ < 1.32 GeV=c2. The above four requirements
can effectively suppress the backgrounds, with a signal
efficiency loss of less than 1% for each requirement.
The inclusive MC sample is analyzed using the TopoAna

[36] package to study potential backgrounds. After impos-
ing the above selection criteria, the contribution from the
ΣþΣ̄− pair background is negligible, and there are only a
few non-ΣþΣ̄− pair background events surviving, which are
shown as the green filled histogram in Fig. 2.

To determine the signal yield, an unbinned extended
maximum likelihood fit is performed to the M2

miss distri-
bution. The signal is modeled by the MC-simulated signal
shape convolved with a Gaussian resolution function. The
background is modeled by a flat background shape. The
parameters of the Gaussian and all yields are free in the fit.
The fit to the data is shown in Fig. 2, and NST, ϵST, NDT,
and ϵDT are summarized in Table I.
The systematic uncertainty due to the requirement for

NTrack ¼ 4 (2.7%) is studied with the control sample of
(J=ψ → ΛΛ̄;Λ → pπ−; Λ̄ → p̄πþ) [30], while the uncer-
tainty for Λ reconstruction (1.1%) is studied with the
control samples of (J=ψ → p̄KþΛ;Λ → pπ− þ c:c:) and
J=ψ → pp̄πþπ− [37]. The uncertainties due to the tracking
(1.0%) and PID (2.3%) for the positron are studied with the
control sample eþe− → γeþe− [38]. For the simulation of
the signal MC model (0.6%), it is estimated by varying the
input values of form factors [13] by one standard deviation.
The uncertainties due to the fits to the M2

miss (0.3%) and

Mtag
BC (1.8%) distributions are estimated by using alternative

fit procedures, i.e. changing the signal and background
shapes for both of these fits and changing the bin size for
the fit to the Mtag

BC distribution. For the branching fraction
BðΛ → pπ−Þ, the uncertainty is 0.8% [21]. The total
systematic uncertainty is estimated to be 4.4% by adding
all these uncertainties in quadrature.
Finally, by using NST, ϵST, NDT, and ϵDT summarized in

Table I and the well-measured BðΛ → pπ−Þ ¼ ð63.9�
0.5Þ% from the PDG into Eq. (2), the corresponding
branching fraction is determined to be BðΣþ → ΛeþνeÞ ¼
ð2.93� 0.74� 0.13Þ × 10−5, where the first uncertainty
is statistical and the second is systematic. Combining with
the well-measured branching fraction of Σ− → Λe−ν̄e
[BðΣ− → Λe−ν̄eÞ ¼ ð5.73� 0.27Þ × 10−5] and the life-
times of Σ� [τΣ− ¼ ð1.479� 0.011Þ × 10−10 s and τΣþ ¼
ð8.018� 0.026Þ × 10−11 s] [21], we determine the R value
defined in Eq. (1) to be R ¼ 1.06� 0.28. This result is
within 1.8 standard deviations of the theoretical calculation
[17] in the absence of second-class currents.
In summary, using ð10087� 44Þ × 106 J=ψ decay events

collected with the BESIII detector at
ffiffiffi
s

p ¼3.097GeV, the
semileptonic hyperon decay Σþ → Λeþνe is studied at a
collider experiment for the first time. This is also the first
experimental study after a more than 50-year hiatus. Based
on the DT method, we perform the first direct measurement
of the absolute branching fraction of Σþ → Λeþνe to be
BðΣþ →ΛeþνeÞ ¼ ½2.93� 0.74ðstatÞ� 0.13ðsystÞ�× 10−5,
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FIG. 2. Fit to the M2
miss distribution of the DT candidates. Data

are shown as dots with error bars. The solid blue and red curves
are the fit result and signal shape, respectively. The black dashed
curve is the background shape. The green-filled histogram is the
background estimated from the inclusive MC sample.

TABLE I. Values of NST, NDT, ϵST, and ϵDT used for
the branching fraction determination. The uncertainties are
statistical only.

NST NDT ϵST (%) ϵDT (%)

4;693;360�4;339 15.7�4.0 41.48�0.03 7.40�0.01
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which is consistent with all the previous indirect measure-
ments within uncertainty and is the most precise result
(about 25% improvement in precision) obtained in a single
experiment to date [21]. Combining with the well-measured
branching fraction of Σ− → Λe−ν̄e and the lifetimes
of Σ�, we determine the R value defined in Eq. (1) to be
R ¼ 1.06� 0.28. Figure 3 shows the comparison between
our R value and the prediction of Ref. [17], together with
values from previous fixed-target experiments [18–20]
recalculated with the latest PDG values of BðΣ− → Λe−ν̄eÞ
and τΣ� ; we present the updated weighted average R value,
including our measurement, as 1.37� 0.25. This paper
contributes to the most precise measurement of R in a single
experiment; this result iswithin 1.8 standard deviations of the
theoretical calculation [17] in the absence of second-class
currents.
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