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The first observation of the Σþ → pμþμ− decay is reported with high significance using proton-proton
collision data, corresponding to an integrated luminosity of 5.4 fb−1, collected with the LHCb detector at a
center-of-mass energy of 13 TeV. A yield of 237� 16 Σþ → pμþμ− decays is obtained, where the
uncertainty is statistical only. A branching fraction of ð1.08� 0.17Þ × 10−8 is measured, where the
uncertainty includes statistical and systematic sources. No evidence of resonant structures is found in the
dimuon invariant-mass distribution. All results are compatible with standard model expectations. This
represents the rarest decay of a baryon ever observed.
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The Σþ → pμþμ− decay is a flavor-changing neutral-
current (FCNC) process that is allowed only at loop level
within the standard model (SM). The decay rate could be
significantly modified by the presence of new physics (NP)
beyond the SM effects. Short-distance contributions in the
SM arise from box, Z, and electromagnetic-penguin proc-
esses, whose combined branching fraction is predicted to
beOð10−12Þ [1]. While this is significantly smaller than the
predicted long-distance contribution, it is worth noting that
NP contributions are expected to manifest at short dis-
tance [2–4], potentially modifying the expected decay
rate. The long-distance SM contribution is calculated
from weak nonleptonic decays Σþ → ðNπÞþ and the subse-
quent reactions ðNπÞþ → pγð�Þ (the inclusion of charge-
conjugated processes is implied throughout this Letter),
where N represents either a proton, p, or a neutron, n, and
γ� is a virtual photon. The branching fraction prediction
contains an inherent eight-fold ambiguity due to the
presence of four complex form factors studied in both
relativistic and heavy-baryon chiral perturbation theory
(χPT). A unitarity argument determines their imaginary
parts [1–3,5–7], while the real components are predicted
from the measured Σþ → pγ decay rate [8], which is
responsible for a remaining four-fold degeneracy in each
χPT approach. The most recent theoretical predictions for
the branching fraction BðΣþ → pμþμ−Þ lie within the
range ½1.2; 7.8� × 10−8 [3]. Progress has also been made
toward a lattice calculation of this branching fraction
[9,10].

Evidence for this channel was first found by the
HyperCP experiment with a measured branching fraction
of BðΣþ → pμþμ−Þ ¼ ð8.6þ6.6

−5.4 � 5.5Þ × 10−8 [11], com-
patible with all SM predictions. Note that the measurement
was based on three observed candidates with nearly
identical dimuon invariant mass, close to the kinematic
limit, suggesting an unexpected hint of structure with mass
mX0 ¼ 214.3� 0.5 MeV=c2. If confirmed, this would have
pointed toward the decay of an intermediate particle into
two muons, i.e., a Σþ → pX0ð→ μþμ−Þ decay. This result
attracted significant theoretical attention attempting to
explain the origin of this hypothetical state [12–22]. In
general, a pseudoscalar particle is favored over a scalar
state, with a lifetime in the order of 10−14 s estimated for the
former. Considerable experimental efforts have been made
in order to search for this particle in other experiments and
decay modes [23–34]. The first search using Σþ → pμþμ−
decays since the HyperCP evidence was performed by
LHCb with Run 1 proton-proton (pp) collision data [35],
corresponding to an integrated luminosity of 3 fb−1 col-
lected at a center-of-mass energy

ffiffiffi

s
p ¼ 7 TeV. An excess

of 10.2þ3.9
−3.5 events was observed with a significance of 4.1

standard deviations (σ), corresponding to a branching
fraction of BðΣþ → pμþμ−Þ ¼ ð2.2þ1.8

−1.3Þ × 10−8, compat-
ible with all SM predictions. The background-subtracted
dimuon invariant-mass distribution was consistent with that
of a phase-space (PHSP) simulation, leading to an upper
limit of BðΣþ → pX0ð→ μμÞÞ < 1.4 × 10−8 at the 90%
confidence level for a hypothetical X0 particle, which
disfavors the central value determined by the HyperCP
collaboration.
This Letter presents the first observation of the

Σþ → pμþμ− decay. This analysis is performed with
pp collision data recorded by the LHCb experiment in
2016–2018 (Run 2) at

ffiffiffi

s
p ¼ 13 TeV, corresponding to an

integrated luminosity of 5.4 fb−1. A measurement of the
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Σþ → pμþμ− branching fraction is reported, using the
Σþ → pπ0 decay as normalisation channel. The dimuon
invariant-mass distribution for signal decays is also pre-
sented. This analysis follows a similar strategy to that
performed using Run 1 data [35], with several improve-
ments implemented, namely more efficient particle iden-
tification (PID), larger simulated samples and, most
importantly, additional trigger selections that increase the
signal efficiency by an order of magnitude, in addition to
yield enhancements that naturally accompany increases in
cross section and luminosity. In order to avoid experiment-
er’s bias, the dimuon invariant-mass distribution was not
examined and a random factor was kept in the branching
fraction normalization until the full analysis was finalized.
The LHCb detector is a single-arm forward spectrometer

covering the pseudorapidity range 2 < η < 5, described in
detail in Refs. [36,37]. Due to its lifetime of ð8.018�
0.026Þ × 10−11 s [38], the Σþ baryon can decay both inside
the vertex detector, such that all decay products are
reconstructed using the full tracking system (long tracks),
or downstream of the vertex detector (downstream tracks).
In this analysis, only long tracks are used. The short
lifetime estimated for the X0 particle would result in
prompt signal production; hence, no attempt is made to
distinguish the dimuon origin vertex from the decay vertex
of the Σþ baryon in this search.
The online event selection is performed by a trigger

consisting of a hardware stage, using information from the
calorimeter and muon systems, followed by two software
stages, where a full event reconstruction is performed.
Since 2016, two inclusive dimuon trigger selections have
been added at the two software trigger stages, specifically
designed to retain low transverse-momentum, pT, track
combinations while remaining within the strict processing
time constraints imposed for the software trigger. In these
selections, muon tracks are required to be inconsistent with
originating from any primary vertex (PV) and to have PID
information consistent with their mass hypothesis. More
details can be found in Refs. [39,40]. In addition, an
exclusive trigger selection has been introduced for the
Σþ → pμþμ− decay channel. Candidate Σþ baryons are
formed from combinations of a pair of oppositely charged
muons and one proton candidate that are inconsistent with
originating from any PV, with a good track-fit quality, and
which form a good-quality vertex [41]. The Σþ candidate is
required to have pT > 500 MeV=c, be consistent with
originating from a PV, and to have a significant flight
distance. The Σþ → pπ0 decay, used as normalization
channel, is selected from a well-identified proton track
and a π0 candidate reconstructed in the two-photon final
state from two clusters in the calorimeter. For events with
multiple candidates, all are accepted.
Given the large production rate of Σþ baryons in pp

collisions, the present search is conducted also including
data selected at one or more trigger stages by other particles

in the event. In the offline processing phase, trigger
decisions are associated with reconstructed candidates. A
trigger decision can thus be ascribed to the reconstructed
candidate, the rest of the event, or a combination of both. In
the triggered on signal (TOS) sample the signal decay
products are required to pass the muon or the hadron
triggers, and the proton from Σþ → pπ0 decays is required
to pass the hadron trigger. In the triggered independently of
signal (TIS) sample, both channels are selected in events
where their decay products are not necessary for the trigger
decision. Candidates from the two samples are selected
together, but the measurement of the signal branching
fraction is performed separately for the TIS and TOS
samples. At the software trigger level, the signal selection
already described is maintained for both samples. The
normalization channel is selected at the first software level
by requiring a high pT hadron, while a minimum-bias
selection, with a fixed scale factor of 10−4 to limit its rate, is
applied at the second software level.
Simulated samples are used to optimize the selection

criteria, parametrize invariant-mass distributions, and char-
acterize the detector resolution and efficiencies. These
samples are generated with the software described in
Refs. [42–47]. The signal Σþ → pμþμ− decay is generated
according to a PHSP model and weighted to reproduce the
SM dimuon invariant-mass predicted spectrum [2,3].
Simulated samples are weighted to reproduce the multi-
plicity distribution observed in data.
Two sources of background remain after the offline

selection: the combinatorial background, composed from
random associations of tracks present in the event, and the
Λ background, consisting of genuine Λ → pπ− decays
where the pion is misidentified as a muon, combined with a
third unrelated track identified as a muon. No other kinds of
background contribute, owing mainly to the very small
energy of 39.8 MeVavailable in the Σþ → pμþμ− reaction.
Misidentified decays from other hadrons also do not
contribute. Background from four- or more-body final
states with unreconstructed particles could contribute,
but would not peak in the mpμþμ− distribution and thus
is included in the combinatorial background. Finally,
background including duplicate tracks from the same
particle hits is rejected offline with a requirement on the
minimum angle between each pair of tracks. Additional
details on the background sources are reported in
Appendix A.
To further reduce the background, a multivariate clas-

sifier is devised based on a Boosted Decision Tree (BDT)
algorithm [48,49] implemented in the TMVA toolkit
[50,51]. This BDT algorithm combines different kinematic
and geometric variables. The BDT is trained using the
signal simulated sample and the data sidebands as a proxy
for combinatorial background considering candidates in the
mass range mpμþμ− < 1173 MeV=c2 or 1205 < mpμþμ− <
1400 MeV=c2. Under the pπ− hypothesis, a veto on the
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pμ− mass is applied in both samples around the known Λ
mass value [38] (Λ veto) to enforce training against
combinatorial background only. To avoid overtraining,
the k-folding technique [52], with k ¼ 9, is applied. The
BDT output ranges from zero, for background-like candi-
dates, to unity, for signal-like candidates; the corresponding
distributions for signal simulation and data are shown in
Supplemental Material [53]. The data is divided into a
sample with the Λ veto and its complementary sample,
consisting mostly of the Λ background, where the BDT
distribution is seen to be very similar for both background
sources. The same BDT classifier is applied to a sample of
“same-sign” Σþ → p̄μþμþ candidates in data, where a
signal would have to violate lepton-number conservation,
verifying that fake structures in the background are not
created in either the mpμþμ− or mμþμ− distributions.
The final selection is based on the BDToutput, the muon

and proton particle-identification variables [54], and the
width of the Λ veto window. Criteria on these variables are
optimised on a four-dimensional grid to give the largest
significance, defined as NS=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NS þ NB
p

, where NS is the
expected signal andNB the expected background yield. The
NS estimate is based on a preliminary fit to data after tight
selection criteria are applied along with the signal effi-
ciency obtained from simulation. The NB estimate is the
sum of two contributions: one obtained from a fit to the
mpμþμ− sidebands for the combinatorial background; and
another to estimate the residualΛ background based on a fit
to the mpπ− distribution without the Λ veto (�10 MeV=c2

around the known Λ mass [38]). The optimised require-
ments on the BDToutput, particle identification and Λ veto
are applied equally to the TIS and TOS samples.
The mpμþμ− distribution for candidates satisfying the

final selection criteria is shown in Fig. 1, in which a clear
peak at the Σþ mass is observed with a small residual
background. An extended unbinned maximum-likelihood
fit [55] is performed to the selected candidates. The signal
component is described by a Hypatia function [56], with
the z parameter fixed to zero. The remaining parameters are
obtained from a fit to the simulated sample and fixed in the
fit to data, while the peak position and resolution param-
eters are left free to vary. The background is described by a
modified Argus function [57], where the threshold param-
eter is fixed to the sum of the final-state masses and the
remaining parameters are free to vary. The data and the
result of the fit are shown in Fig. 1; a signal yield of
NΣþ→pμþμ− ¼ 237� 16 is obtained, where the uncertainty
is statistical only. This result constitutes the first observa-
tion of the Σþ → pμþμ− decay, obtained with overwhelm-
ing significance. The fit to data is repeated, releasing all
parameters of the signal function that are fixed from
simulation in the baseline model. The variation of the
signal yield is negligible, hence no systematic uncertainty
is assigned. A similar amount of Σþ and Σ̄− decays are seen
in the sample.

The distribution of the dimuon invariant mass is shown
for data in Fig. 2 after background subtraction. The
background is subtracted using per-event signal weights
derived with the sPlot method [58] using mpμþμ− as the
discriminant variable. The mpμþμ− and mμþμ− variables are
found to be uncorrelated aside from the higher border of the
kinematics space. A consistent distribution is obtained
when performing the unbinned maximum-likelihood fit
described earlier in intervals of the dimuon invariant mass.
No significant peaking structures are visible in the data
distribution. The data is compared to the distribution in
simulation with the PHSP model and with the SMweighted
distribution, with theoretical uncertainty due to the men-
tioned parametric ambiguity shown as a red band in Fig. 2.
When comparing the data to this SM simulation, rather
good agreement is achieved in the full range, with a

1160 1180 1200 1220 1240 1260 1280 1300

]2c [MeV/pm

0

20

40

60

80

100)2 c
C

an
di

da
te

s 
/ (

2.
5 

M
eV

/ 15.4 fb
LHCb

Data
Full model

p
Background

FIG. 1. Distribution of the invariant mass of Σþ → pμþμ−
candidates in a restricted mass range with the result of the
extended unbinned maximum-likelihood fit also shown (blue
solid line). The signal (red dashed line) and background (green
dotted line) components are also illustrated. The full range is
shown in Supplemental Material [53].
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Note: the distributions in this figure are not corrected for the
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PHYSICAL REVIEW LETTERS 135, 051801 (2025)

051801-3



qualitative preference for the lowest predicted degenerate
branching fraction [3].
A scan for possible resonant structure in the dimuon

invariant mass is performed by selecting candidates in the
pμþμ− invariant mass within twice the signal resolution of
the known Σþ mass, using the same method as in the Run 1
analysis [35], and detailed in Appendix C. Steps of half the
resolution on the dimuon invariant mass, σðmμþμ−Þ, are
considered in this scan, following the method outlined in
Ref. [59]. The value of σðmμþμ−Þ varies in the range
½0.5; 2.0� MeV=c2 depending on the dimuon invariant
mass. For each step, the putative signal is estimated in a
window of�1.5 × σðmμþμ−Þ around the considered particle
mass, while the background is estimated from the lower and
upper mass sidebands contained in the range ½1.5; 4.0� ×
σðmμþμ−Þ for the same mass. Only one of the two sidebands
is considered when the other is outside the allowed
kinematic range. The local p-value of the background-
only hypothesis is shown in Appendix C as a function of
the dimuon invariant mass. No significant signal is found;
the most significant point occurs at 247.06 MeV=c2, with a
p value of 3.5%. When considering a putative candidate
with a mass mX0 ¼ 214.3 MeV=c2 [11], the fractional
contribution to all candidates in the pμþμ− signal mass
window is 5% and the difference with respect to the
expected background from the mμþμ− sidebands (i.e.,
nonresonant) is −1 candidates.
The Σþ → pμþμ− decay is normalized to the Σþ → pπ0

decay in order to measure its branching fraction as

BðΣþ → pμþμ−Þ ¼ εNorm
εSig

NSig

NNorm
BðΣþ → pπ0Þ ¼ αNSig;

ð1Þ

where ε and N are the efficiency and yield of the indicated
channel, BðΣþ → pπ0Þ ¼ ð51.57� 0.30Þ% [38], and α is
the single event sensitivity. The efficiencies in Eq. (1) are
factorized into different categories for ease of estimation
and each is evaluated with respect to the previous steps:
detector acceptance, reconstruction and selection, PID, and
trigger, and the yields are estimated from fits to their
respective innvariant-mass distributions as described later.
The acceptance, reconstruction, and selection efficien-

cies are obtained from simulation. Possible residual
differences between data and simulation in the tracking
efficiencies are determined using control data samples [60].
The uncertainty on the theoretical spectrum is propagated
to the efficiency as a systematic uncertainty amounting to
2.5%. The PID efficiencies are determined from data using
samples of kinematically identified charged particles from
Bþ → J=ψKþ decays for the muons, and Λ → pπ− decays
for the protons [54]. Systematic uncertainties of about 1%
and 5% are associated with the PID calibration of
muons and protons, respectively. Tracking efficiencies

are determined in bins of p and η and compared to those
from simulation. The weighted average correction is
calculated and applied to signal and normalization simu-
lated samples. A total systematic uncertainty of about 5% is
associated with this calibration. The π0 reconstruction
efficiency is calibrated using Bþ → J=ψK�þð→ Kþπ0Þ
and Bþ → J=ψKþ decays [61–64], for which a systematic
uncertainty of 7%, mostly due to the branching fractions of
the calibration channels, is assigned.
The hardware hadron trigger efficiencies, for both signal

and normalization channels, are evaluated with two meth-
ods: the TISTOS method [65,66] in data, using the normali-
zation channel, and independent estimates based on control
samples in data, obtained with similar methods as in
Ref. [67]; from the comparison of the two methods a
12% relative systematic uncertainty is assigned. The hard-
ware muon trigger efficiencies for the signal are evaluated
similarly to Refs. [68,69]. There, given the lack of other
low-pT calibration channels, the K0

S → πμν channel was
used, with the pion decaying in flight into a muon. In this
analysis, the Kþ → πþπ−πþ channel is used, where two
opposite-sign pions are identified as muons. Following
Refs. [68,69], a systematic uncertainty is assigned to the
TOS sample which includes data-simulation agreement and
the method verification, and amounts to 22%. The effi-
ciency of the TIS hardware trigger category is estimated
with Σþ → pπ0 decays in data with the TISTOS method and
corrected for the residual correlation with the decay
kinematics. A systematic uncertainty of 6% is assigned.
The efficiency of the requirement on the BDT output is

calibrated directly on Σþ → pμþμ− decays by comparing
the data and simulation distribution above the chosen value.
To account for the small disagreement between data and
simulation, the data distribution is extrapolated to lower
BDT output values to obtain an efficiency correction
for the simulation. The distribution is well described by
a first-order polynomial, however a second-order is also
employed with the difference assigned as a systematic
uncertainty.
The yield of the Σþ → pπ0 channel is obtained through

an unbinned maximum-likelihood fit to the distribution of
the corrected mass, defined as mCorr ≡mpγγ −mγγþ
mPDG

π0
. Here, mpγγ is the invariant mass of the proton and

two photons,mγγ that of the two photons from which the π0

is reconstructed, and mPDG
π0

is the known π0 mass [38]. The
Σþ → pπ0 probability distribution function is composed of
the sum of a Gaussian and a crystal ball function [70], with
power-law tails on both sides. The background component
is described by a Chebyshev second-degree polynomial of
the first kind. The Σþ → pπ0 tail parameters are obtained
from simulation, while the remaining parameters are free in
the fit. The distribution ofmCorr is shown in Fig. 3; a total of
ð6.13� 0.10Þ × 103 and ð4.746�0.031Þ×104 Σþ→pπ0

candidates is obtained for the TOS and TIS samples,
respectively. Studies of the Σþ → pπ0 yield using
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alternative background parametrisations show variations
that are negligible with respect to the statistical uncertainty,
hence no additional systematic uncertainty is associated to
this fit. With Eq. (1), the single-event sensitivities of the
two samples are αTOS ¼ ð1.65þ0.09

−0.16
þ0.41
−0.41Þ × 10−10 and

αTIS ¼ ð6.81þ0.29
−0.25

þ0.85
−0.85Þ × 10−11, respectively, where the

first uncertainty is statistical and the second systematic.
The fit to the Σþ → pμþμ− invariant-mass distribution is

repeated separately for the TOS and TIS samples, with total
yields of 96� 10 and 154� 13, respectively. These cor-
respond to the measured branching fractions BTOS¼
ð1.59þ0.19

−0.23
þ0.40
−0.40Þ×10−8 and BTIS¼ð1.05þ0.10

−0.10
þ0.13
−0.13Þ×10−8,

respectively, where the first uncertainty is statistical and the
second systematic. The two branching fractions are then
combined as a weighted average, factorising common
efficiencies to take correlations into account. The resulting
branching fraction is

BðΣþ → pμþμ−Þ ¼ ð1.08� 0.17Þ × 10−8;

where the uncertainty includes statistical and systematic
sources. This result is in agreement with the SM predictions
[1–3]. The combination with the value obtained in
Run 1 [35], which has a large uncertainty, results
in BðΣþ → pμþμ−Þ ¼ ð1.09� 0.17Þ × 10−8.
In summary, the Σþ → pμþμ− decay is observed with

very high significance in data collected in Run 2 by the
LHCb experiment in pp collisions, with a yield of
NΣþ→pμþμ− ¼ 237� 16. No structure is seen in the dimuon
invariant-mass distribution, which is compatible with
expectations from the SM. The Σþ → pμþμ− branching
fraction, when combined with the Run 1 result, is measured
to be

BðΣþ → pμþμ−Þ ¼ ð1.09� 0.17Þ × 10−8;

which is compatible with the SM and represents the rarest
baryon decay ever observed. From the combined exper-
imental and theoretical z scores, this result favors the lowest
predicted degenerate branching fraction [3], which is also
qualitatively favored by the structure measured in themμþμ−

distribution. Comparing the measured branching fraction
with the eight theoretical predictions [3], the next largest is
disfavored by at least 3.7σ, while the remaining two are
rejected at over 6.1σ. This comparison also shows that, in
general, heavy-baryon χPT predictions are disfavored by at
least 3.1σ compared to relativistic χPT predictions.
With the collected signal yield, a measurement of

additional observables such as the differential branching
fraction, charge-parity symmetry violation, and forward-
backward asymmetries is envisaged and left for a future
publication.
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are also shown.
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End Matter

Appendix A: Additional information on background
sources—As described in the main text, no other
background source is expected in the selected sample
aside from those already included: combinatorial and
from misidentified Λ → pπ− decays combined with an
additional track. The reason only these background
sources can contribute is due to the extremely small
phase space of the decay. The difference between the Σþ
mass and the sum of the final-state particles masses is

39.8 MeV=c2 [38]. This implies that very few decays
can mimic this final state at the same mass. In
particular, the Σþ → pπþπ− or Σþ → Λμþνμ decays are
forbidden by energy conservation. Given the low energy
in the Σþ → pμþμ− reaction, no background is expected
from meson decays. For example, the Kþ → πþπ−πþ

and Kþ → πþμ−μþ decay peaks in the invariant mass of
the final state particles, mpμþμ− , are shifted considerably
higher in mass. Higher-mass mesons would be shifted
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even more. As far as background from baryon decays is
concerned, where the final-state proton is correctly
identified, the Σþ triplet is the lightest state with a
significant lifetime, hence all other possible background
sources will have a mass that is considerably larger.
Regarding possible residual Λ background, no signifi-

cant contribution is expected after the full selection
including the Λ veto. The distribution of the pμ− invariant
mass in the pπ− hypothesis is shown in the Supplemental
Material [53] for Σþ → pμþμ− candidates in data within a
�6 MeV=c2 window from the Σþ mass peak, without the

Λ veto. The residual background coming from Λ decays
outside of the veto represents only a small tail distributed
along the mpμþμ− mass, taken into account by the combi-
natorial background.

Appendix B: Fit to the Σþ → pμþμ− invariant mass—
The unbinned maximum-likelihood fit to the pμþμ−
invariant mass on the data sample divided into TOS and
TIS samples is reported in Fig. 4.

Appendix C: Scan for a structure in the dimuon
invariant mass—A scan for a possible resonant structure
in the dimuon invariant mass is performed as described
in the main text. The distribution of Σþ → pμþμ−
candidates in the signal region as a function of the
dimuon invariant mass is shown in Fig. 5 (left). The
mass resolution σðmμþμ−Þ as a function of the dimuon
invariant mass is shown in Supplemental Material [53].
The local p value of the background-only hypo-
thesis obtained from the scan for possible structure is
shown in Fig. 5 (right) as a function of the dimuon
invariant mass.

Appendix D: Fit to the Σþ → pπ0 invariant mass—
The extended maximum-likelihood fits to the corrected
pπ0 invariant-mass distribution in data for the TIS and
TOS samples are reported in Fig. 6.

FIG. 4. Distribution of the invariant mass of (left) Σþ → pμþμ−
TOS candidates with the result of an extended unbinned
maximum-likelihood fit also shown and (right) corresponding
figure for the TIS candidates.
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FIG. 5. Distribution of (left) the dimuon invariant mass of
Σþ → pμþμ− decays in a signal region of �2 times the
resolution on mpμþμ− , for which no background subtraction is
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invariant-mass window, obtained as described in the text. The
horizontal dashed lines correspond to the p values of one and two
standard deviations.
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10Université Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France
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