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Using ð10 087� 44Þ × 106 J=ψ events collected with the BESIII detector, the radiative hyperon
decay Σþ → pγ is studied at an electron-positron collider experiment for the first time. The absolute
branching fraction is measured to be ð0.996� 0.021stat � 0.018systÞ × 10−3, which is lower than its
world average value by 4.2 standard deviations. Its decay asymmetry parameter is determined to be
−0.652� 0.056stat � 0.020syst. The branching fraction and decay asymmetry parameter are the most
precise to date, and the accuracies are improved by 78% and 34%, respectively.

DOI: 10.1103/PhysRevLett.130.211901

Radiative hyperon decays provide valuable insight into
the nature of nonleptonic weak interactions [1]. In general,
the radiative decays of a spin-1

2
hyperon are described by a

parity conserving (P wave) and a parity violating (S wave)
amplitude. The nonvanishing parity violating amplitude
produces an asymmetric angular distribution of the
daughter baryon in the hyperon rest frame, as dN=dΩ ¼
ðN=4πÞð1þ αγPi · p̂Þ. Here, Pi is the polarization of the
decaying hyperon, p̂ is the unit vector of the daughter
baryon’s momenta in the hyperon rest frame, and αγ is the
decay asymmetry parameter characterizing the mixing of S
and P waves. In the limit of unitary symmetry, the parity
violating amplitude of radiative hyperon decays is pre-
dicted to be small, resulting in αγ ¼ 0 [2]. However, the
αγ values measured in experiments are large [3–5]. Of
all radiative hyperon decays, the Σþ → pγ decay was
observed first and stimulated continued controversy over
several decades. It was first observed in bubble chamber
experiments [6], and was studied later at modern particle
physics spectrometers [3,7]. The current world average
value [8] is dominated by precise measurements using a
polarized charged hyperon beam at Fermilab [5,9], where
both branching fraction (BF) and αγ are obtained as ratios
to those of the Σþ → pπ0 decay.
Various phenomenological models have been proposed

to explain the experimental results of radiative hyperon
decays [10–13], but none of them gives a unified picture in
describing all radiative hyperon decays. The theoretical
predictions given by Ref. [14] in the framework of chiral
perturbation theory (ChPT) are consistent with the exper-
imental results of almost all radiative hyperon decays
except for Σþ → pγ. Therefore, more precise measure-
ments on Σþ → pγ are crucial to test theoretical approaches
such as ChPT. In addition, it has long been argued that

Σþ → plþl−ðl ¼ e; μÞ decays are good probes for physics
beyond the standard model (SM) [15–17]. More precise BF
and αγ measurements of Σþ → pγ offer critical information
on the form factor of Σþ → plþl− [17], and thus provide
better constraints on the SM predictions for these decays.
The unique properties of J=ψ → ΣþΣ̄− events produced

in electron-positron collisions, e.g., the spin correlation and
transverse polarization of hyperon and antihyperon [18,19],
and the well defined kinematics, provide ideal conditions to
study the decay Σþ → pγ. A double-tagged technique is
applied to determine the absolute BF [20]. This approach
was applied in a recent work on the Λ → nγ decay
investigated in the J=ψ → ΛΛ̄ process by BESIII [21],
which achieved a better precision than fixed target experi-
ments. Moreover, the decay Σþ → pγ and the correspond-
ing charge conjugate one provide a good opportunity to
search for CP violation [22], whose experimental infor-
mation is absent for Σþ → pγ [23] currently.
In this Letter, using J=ψ → ΣþΣ̄− decays from

ð10 087� 44Þ × 106 J=ψ events [24] collected at BESIII,
we report the measurements of the absolute BF and decay
asymmetry parameter of Σþ → pγ, as well as a test of CP
violation in hyperon decays. Throughout this Letter, charge
conjugation is always implied unless noted otherwise.
A detailed description of the design and performance of

the BESIII detector can be found in Ref. [25], while the
simulation and analysis software framework for BESIII are
described in Ref. [26]. First, events of J=ψ → ΣþΣ̄− are
selected with a single-tag (ST) approach, i.e., reconstruct-
ing a Σ̄− candidate in one of its dominant decay modes
Σ̄− → p̄π0 (BF ¼ ð51.57� 0.30Þ%) [8]. Then, the double-
tag (DT) decay Σþ → pγ is searched for in the system
recoiling against the ST Σ̄− hyperon. The corresponding
absolute BF is calculated by

BFðΣþ → pγÞ ¼ Nobs
DTεST

Nobs
ST εDT

; ð1Þ

where Nobs
STðDTÞ and εSTðDTÞ are the ST (DT) yields and the

corresponding detection efficiencies, respectively.
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The helicity decay amplitudes of the processes [27],
which will be used for the measurement of αγ , are functions
of the five observables ξ ¼ ðθΣþ ; θp;ϕp; θp̄;ϕp̄Þ. Here, θΣþ

is the angle between the Σþ hyperon and the electron beam
in the J=ψ rest frame, θp (θp̄) and ϕp (ϕp̄) are the polar and
azimuthal angles of the proton (antiproton) with respect to
the Σþ helicity frame, respectively. The differential cross
section is given as dσ ∝ WðξÞdξ with

WðξÞ ¼ F 0ðξÞ þ αψF 5ðξÞ þ αγᾱ0

×
h
F 1ðξÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2ψ

q
cosðΔΦÞF 2ðξÞ þ αψF 6ðξÞ

i

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2ψ

q
sinðΔΦÞ½αγF 3ðξÞ þ ᾱ0F 4ðξÞ�; ð2Þ

where αψ andΔΦ are the hyperon production parameters of
the process J=ψ → ΣþΣ̄−, ᾱ0 is the decay asymmetry
parameter for the Σ̄− → p̄π0 decays, and F iðξÞ
(i ¼ 0; 1;…; 6) are the angular functions as described in
detail in Ref. [27]. The parameters used here are fixed to
the values in Ref. [19], except for αγ to be determined in
this analysis.
A sample of Monte Carlo (MC) simulated events of

generic J=ψ decays corresponding to the luminosity of
data is used to study possible background reactions.
On the ST side, the signal MC sample of J=ψ →
Σþð→ anythingÞΣ̄−ð→ p̄π0Þ is generated with its helicity
decay amplitude. A phase space (PHSP) MC sample of
J=ψ → Δð1232Þþð→ anythingÞΔ̄ð1232Þ−ð→ p̄π0Þ is gen-
erated to study ST background. On the DT side, MC
samples for the J=ψ → Σþð→ pγÞΣ̄−ð→ p̄π0Þ signal and
the dominant background J=ψ → Σþð→ pπ0ÞΣ̄−ð→ p̄π0Þ
are generated according to their helicity decay amplitudes.
Charged tracks and photon candidates are detected in the

main drift chamber and electromagnetic calorimeter,
respectively. Requirements on the polar angle, distance
of closest approach to the interaction point, particle
identification probability of charged tracks, the polar angle,
energy, electromagnetic calorimeter time and distance to
the nearest charged track of photon candidates are applied
as in Ref. [19]. The π0 candidates are reconstructed
from pairs of photon candidates with an invariant mass
Mγγ satisfying 116 MeV=c2 < Mγγ < 148 MeV=c2. A
kinematic fit constraining their invariant mass to the π0

mass [8] is performed on these photon pairs, and the
updated four-momentum is used in further analysis.
The candidate ST Σ̄− events are required to have at least

one p̄ and one π0, and the p̄π0 combination is required to
have an invariant mass of jMp̄π0 −MΣ̄− j < 13.5 MeV=c2,
whereMΣ̄− is the nominal Σ̄− mass [8]. If there is more than
one combination satisfying this requirement, the one with
the minimum jMp̄π0 −MΣ̄− j is kept for further analysis.
Finally, the ST yield is obtained from the mass distribution
recoiling against the reconstructed Σ̄− candidate, which is
defined as

Mrec ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEcms−Ep̄−Eπ0Þ2=c4− ðPp̄þPπ0Þ2=c2

q
: ð3Þ

Here, Ecms is the center-of-mass energy, Ep̄ (Pp̄) and Eπ0

(Pπ0) are the energies (momenta) of the antiproton and π0 in
the J=ψ rest frame, respectively.
With the above selection criteria, the distribution

of Mrec of the ST candidates is shown in Fig. 1, where
there is a clear peak representing the signal of J=ψ →
ΣþΣ̄−. For ST candidates, the background events
are dominated by miscombinations and J=ψ →
Δð1232Þþð→ anythingÞΔ̄ð1232Þ−ð→ p̄π0Þ, which con-
tributes as a broad peak. An unbinned maximum like-
lihood fit is performed on the Mrec distribution to
determine the ST yield, with the fit result shown in
Fig. 1. In the fit, the signal and J=ψ → Δð1232Þþ
ð→ anythingÞΔ̄ð1232Þ−ð→ p̄π0Þ background are described
by their MC simulated shapes convolved with a Gaussian
function, which represents the resolution difference
between data and MC simulation. Other nonpeaking
background is described by a third order polynomial
function. The ST yield and the detection efficiency
evaluated using the signal MC sample are summarized
in Table I.
The signal process Σþ → pγ is searched for in the

remaining charged tracks and photons recoiling against
the selected ST Σ̄− candidates. One remaining p and at least
one remaining photon candidate are required for DT
candidate events. A five-constraint (5C) kinematic fit under
the hypothesis J=ψ → pp̄π0γ is performed. The fit con-
strains the total energy momentum of the final state
particles to the four-momentum of J=ψ and the invariant
mass of the photon pair on the ST side to the π0 nominal
mass [8]. The χ2 of the 5C kinematic fit (χ25C) is required to
be less than 30. In case of multiple photon candidates on the
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FIG. 1. Fit to the Mrec distribution of ST candidates in data.
Points with error bars represent data. The blue solid curve is
the total fit result. The red dashed curve, magenta dotted curve,
and blue dash-dotted curve show the shapes of signal, J=ψ →
Δð1232Þþð→ anythingÞΔ̄ð1232Þ−ð→ p̄π0Þ background and other
nonpeaking background components, respectively.
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DT side, the one with the minimum χ25C is kept. This
requirement removes ∼68% of the background at the cost
of 13.9% of the signal.
MC studies with a generic event type analysis tool [28]

indicate that the dominant background events on the DT
side are from the processes J=ψ → Σþð→ pπ0ÞΣ̄−ð→ p̄π0Þ
and J=ψ →Δð1232Þþð→ pπ0ÞΔ̄ð1232Þ−ð→ p̄π0Þ, denoted
as Σþ → pπ0 and Δð1232Þþ → pπ0 background. To
remove the Δð1232Þþ → pπ0 background, we make use
of the lifetime difference between Σþ and Δð1232Þþ. A
secondary vertex fit [29] is performed for the p and p̄
combination. The length (L) from the intersection point to
the interaction point shows significantly different distribu-
tion for the Δð1232Þþ → pπ0 background and the signal,
as shown in Sec. 2 of the Supplemental Material [30]. The
L=σL value of the Δð1232Þþ → pπ0 background is gen-
erally less than 1.5, where σL is the decay length resolution.
By vetoing these events, the Δð1232Þþ → pπ0 background
is reduced by 93% while 78% of the signal is preserved.
The remaining Σþ → pπ0 background usually includes a
high energy photon from an asymmetric π0 decay. To
suppress this background, a 5C kinematic fit under the
J=ψ → pp̄π0γγ hypothesis is performed for all photon pair
combinations. A candidate is eliminated if any χ2 of the
kinematic fit under the J=ψ → pp̄π0γγ hypothesis is less
than χ25C under the signal hypothesis.
After applying all the above selection criteria, the

distribution of the proton momentum in the rest frame of
Σþ (Pp) is shown in Fig. 2. The prominent peak at
0.204 GeV=c is the major background from Σþ → pπ0,
and the peaking structure around 0.223 GeV=c is from the
Σþ → pγ signal. The contribution from the Δð1232Þþ →
pπ0 background is negligible.
To obtain the DT signal yield, an unbinned maximum

likelihood fit is performed on the Pp distribution. In the fit,
the Σþ → pγ signal and the Σþ → pπ0 background are
described by MC simulated shapes convolved with a
Gaussian function. A second order polynomial function

is included to represent the residual background such as
Δð1232Þþ → pπ0. The fit results are shown in Fig. 2, and
the DT signal yields are summarized in Table I. In the fit,
the yields of the Σþ → pπ0 and Σ̄− → p̄π0 background are
18 227.7� 135.0 and 20 334.9� 142.6, respectively. To
account for the small difference in the selection efficiencies
of charged tracks and photons between data and MC
simulation, an efficiency correction has been performed
on the DT side [19]. The resultant DT efficiencies and the
BFs are also summarized in Table I. The BFs for Σþ → pγ
and Σ̄− → p̄γ are consistent with each other within their
uncertainties. Therefore, a simultaneous fit assuming the
same BF between the charge conjugate channels is per-
formed. The resultant BF is also shown in Table I.
The decay asymmetry parameter αγ is determined by an

angular analysis according to Eq. (2). To further improve
the purity of the data sample used for the αγ measurements,
two additional kinematic fits under the hypotheses of
J=ψ → pp̄π0 þ π0 and J=ψ → pp̄π0 þ γ are performed
for the surviving DT candidates, where the momenta
information of the π0 and photon are missing in the fit.
The DT candidates are removed if χ2pp̄π0þπ0

< χ2pp̄π0þγ
,

where χ2pp̄π0þπ0
and χ2pp̄π0þγ

are the χ2 from the two

kinematic fits. Finally, 2345 events (including 243 back-
ground events) for the two charge conjugate modes in the
signal region 0.215GeV=c < Pp < 0.235 GeV=c are used
in the following analysis.
αγ is obtained from an unbinned maximum likelihood fit

with the likelihood function defined as

LðHÞ ¼
YN
i¼1

Wðξi; HÞεðξiÞ
CðHÞ ; ð4Þ

where H ¼ ðαψ ;ΔΦ; αγ; ᾱ0Þ represents the decay parame-
ters, N is the total number of DT candidate events, i is the
corresponding event index, Wðξi; HÞ is the square of the
decay amplitude as defined in Eq. (2), εðξiÞ is the detection

TABLE I. The values of Nobs
ST , εST, N

obs
DT, and εDT for the decays

Σþ → pγ and Σ̄− → p̄γ. The BF and αγ are obtained from both
individual and simultaneous fits. The first uncertainties are
statistical and the second systematic.

Mode Σþ → pγ Σ̄− → p̄γ

Nobs
ST 2 177 771� 2285 2 509 380� 2301

εST (%) 39.00� 0.04 44.31� 0.04
Nobs

DT 1189� 38 1306� 39

εDT (%) 21.16� 0.03 23.20� 0.03
Individual BF (10−3) 1.005� 0.032 0.993� 0.030
Simultaneous BF (10−3) 0.996� 0.021� 0.018

Individual αγ −0.587� 0.082 0.710� 0.076
Simultaneous αγ −0.651� 0.056� 0.020
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FIG. 2. Fits to the Pp distributions for (a) Σþ → pγ and
(b) Σ̄− → p̄γ candidate events. Points with error bars are data.
The red solid curves are the total fit results. The blue dashed,
orange dotted, and green dash-dotted curves show the shapes of
signal, Σþ → pπ0 background, and other background, respec-
tively. The insets show the details of the fit in the signal region.
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efficiency, and CðHÞ is the normalization factor calculated
with the PHSP MC sample [18]. Because of the small
number of events, the parameters αψ , ΔΦ, and ᾱ0 are fixed
to those in Ref. [19] in the fit.
The value of αγ is obtained by minimizing the likelihood

function S ¼ −ðlnLdata − lnLbkgÞ, where Ldata is the like-
lihood value from the data sample, and Lbkg represents the
background contributions including Σþ → pπ0 and other
background components. The former background contri-
bution is estimated with a MC simulated event sample that
is 5 times the size of data and is generated according to its
decay amplitude. The latter is estimated with data events in
the sideband region defined as 0.11 GeV=c < Pp <
0.16 GeV=c and 0.24 GeV=c < Pp < 0.29 GeV=c. Lbkg

is estimated with the above samples and normalized to data.
The fits are performed for the Σþ → pγ and Σ̄− → p̄γ
decays individually. The αγ results are consistent within
their uncertainties and summarized in Table I. Further, a
simultaneous fit, assuming the same magnitude but oppo-
site sign for the decay asymmetry parameters of the charge
conjugate channels, is also performed, and the result is also
shown in Table I.
To visualize the effect of the decay asymmetry, two

moments are calculated for m ¼ 8 intervals in cos θΣþ :

M1ðcos θΣþÞ ¼ m
N

XNk

i¼1

cos θip̄ cos θ
i
p;

M2ðcos θΣþÞ ¼ m
N

XNk

i¼1

sin θip sinϕi
p; ð5Þ

where N is the total number of events and Nk is the number
of events in the kth cos θΣþ interval. Figure 3 shows the
comparison of moments between data and MC projection
based on the fit. Good data-MC consistencies are observed.
The systematic uncertainties due to proton tracking and

particle identification (0.4%), as well as photon detection
(0.3%), are studied with J=ψ → pp̄πþπ− and J=ψ →
γμþμ− control samples. The uncertainties of χ2 require-
ments on the kinematic fits (0.9%) and decay length
requirement (0.4%) are obtained by applying correspond-
ing requirements on a J=ψ → Σþð→ pπ0ÞΣ̄−ð→ p̄π0Þ
control sample. The uncertainties of ST (0.4%) and DT
(1.2%) yields are estimated by changing the fit parameters.
The decay parameters used for signal MC generation are
varied by �1σ [19] to study the MC model related
uncertainty (0.6%). Details can be found in the
Supplemental Material [30]. By assuming all the sources
to be independent, the total systematic uncertainty in the
BF measurement is 1.8% by summing up all above values
in quadrature.
The systematic uncertainties in the determination of the

decay asymmetry parameter αγ are separated into two
categories: the fit-related uncertainties and event selection

uncertainties. The fit-related uncertainties are estimated
with alternative fits by shifting the sideband region (0.004),
changing the signal region in the fit (0.014), varying the
number of background events by �1σ (0.002), and varying
the fixed decay parameters by �1σ [19] (0.011),
individually.
For the event selection induced uncertainties, only

the angular dependent event selection criteria are consid-
ered, since other effects are negligible. For each require-
ment, its dependence on the angular distribution and
effect on the systematic uncertainty are detailed in the
Supplemental Material [30]. The systematic uncertainty
due to the track detection efficiency (0.001) is estimated
by performing an efficiency correction on the PHSP MC.
The decay length requirement (0.005) and χ2γ < χ2

π0

requirement (0.006) uncertainties are studied with a J=ψ →
Σþð→ pπ0ÞΣ̄−ð→ p̄π0Þ control sample. The total system-
atic uncertainty is assigned to be 0.020 by adding all
individual uncertainties quadratically.
Based on the above results, the CP asymmetry is

calculated using the BFs and decay asymmetry parameters
between the charge conjugate channels:

ΔCP ¼ Bþ − B−

Bþ þ B−
¼ 0.006� 0.011stat � 0.004syst;

ACP ¼ α− þ αþ
α− − αþ

¼ 0.095� 0.087stat � 0.018syst:

Here, Bþ (αþ) denotes the BF (αγ) of Σþ → pγ and B− (α−)
is that of Σ̄− → p̄γ. The systematic uncertainties of ΔCP
and ACP only consider the uncorrelated uncertainties of
Bþ=− and αþ=−. This represents the first search for CP
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FIG. 3. Moment distributions for (a),(b) Σ̄− → p̄γ and (c),
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dashed curves are the phase space MC simulation. The red solid
curves show the MC simulation based on the fit results. For the
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violation in Σþ → pγ. No obvious CP violation is
observed.
In summary, using ð10 087� 44Þ × 106 J=ψ events

collected with the BESIII detector, the radiative hyperon
decay Σþ → pγ is studied at an electron-positron
collider for the first time. The absolute BF of this decay
is determined to be ð0.996� 0.021stat � 0.018systÞ × 10−3,
with a decay asymmetry parameter of −0.651�
0.056stat � 0.020syst. Two independent observables between
the two charge conjugate channels, ACP and ΔCP, are used
to search for CP violation, and no evidence of CP violation
is found. The accuracies of the BF and αγ are improved by
78% and 34%, respectively. The comparison between the
measurement results with the Particle Data Group (PDG)
values and theoretical predictions are shown in Fig. 4. The
measured BF is lower than the PDG value [8] by 4.2σ,
where all previous measurement results were obtained as
relative ratios to Σþ → pπ0. The decay asymmetry param-
eter is consistent with the world average value within 1.1σ.
A similar BF difference is also observed in another
radiative hyperon decay Λ → nγ [21] at BESIII. With
the updated BF and αγ results of Σþ → pγ, further
theoretical efforts are needed to clarify the physics of
radiative hyperon decays. The SM prediction of Σþ →
plþl− decays can also be further improved [17] to search
for new physics beyond the SM.
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