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Abstract

The first observation of the Σ+ → pµ+µ− 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 centre-of-mass energy of 13TeV.
A yield of 279 ± 19 Σ+ → pµ+µ− decays is observed. No significant structure
is observed in the dimuon invariant-mass distribution, which is compatible with
expectations from the Standard Model.
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1 Introduction

The Σ+ → pµ+µ− decay is a flavour-changing neutral-current process that in the Standard
Model (SM) is allowed only at loop level. The decay rate could be significantly modified
by the presence of so-called new physics (NP) effects. The SM short-distance contribu-
tions arise from Z-penguin, box and electromagnetic-penguin processes, whose combined
branching fraction is predicted to be O(10−12) [1]. While this is significantly smaller than
the predicted long-distance contribution and can thus be ignored in the branching fraction
calculation, it is worth noting that NP contributions would be expected to manifest at
short distance [2]. The long-distance SM contribution is calculated from weak nonleptonic
decays Σ+ → (Nπ)+ and the subsequent reactions, (Nπ)+ → pγ(∗), where N represents
either a proton, p, or a neutron, n, and γ∗ is a virtual photon. This branching fraction
prediction produces an eight-fold ambiguity due to the description of the form factors
that needs experimental inputs in order to be resolved. Four different complex form
factors model this contribution, corresponding to P -even and P -odd processes that are
mediated by a real and virtual intermediate photon, respectively. They are studied in
chiral perturbation theory (χPT) and are computed to the lowest order with both the
relativistic- and heavy-baryon approaches, which do not agree well. A unitarity argument
determines the imaginary parts [1, 2], while the real components of these form factors
are experimentally determined from the Σ+ → pγ decay rate. The latter is responsible
for a four-fold degeneracy in each χPT approach. The theoretical branching fraction is
predicted to be in the range B(Σ+ → pµ+µ−) = [1.6, 9.1] × 10−8 [2]. Recently, a new
measurement of the branching fraction and polarisation asymmetry in Σ+ → pγ decays
has been released by the BESIII collaboration [3]. The former is significantly more precise
than the world average [4], from which it also deviates considerably. Relying on this recent
value, a new prediction of the branching fraction of B(Σ+ → pµ+µ−) = [1.2, 7.8] × 10−8

has been obtained [5]. An accurate determination of the Σ+ → pµ+µ− branching fraction
is awaited to clarify the situation and pinpoint the correct theoretical approach.

The interest in this channel increased significantly after evidence was pub-
lished by the HyperCP experiment [6] with a measured branching fraction of
B(Σ+ → pµ+µ−) = (8.6+6.6

−5.4 ± 5.5) × 10−8, compatible with the SM, and an unexpected
hint of a structure in the dimuon invariant mass distribution. Indeed, the three observed
decays have almost the same dimuon invariant mass of mX0 = 214.3 ± 0.5MeV/c2, which
lies close to the kinematic limit. If confirmed, this would point towards a decay with an
intermediate particle decaying into two muons, i.e. a Σ+ → pX0(→ µ+µ−) decay, with
mass mX0 = 214.3 ± 0.5 MeV/c2. Albeit limited in statistical significance, this result
attracted significant theoretical attention attempting to explain the origin of this supposed
state [7–17]. In general, a pseudoscalar particle is favoured over a scalar particle and a
lifetime of the order of 10−14 s is estimated for the former. Considerable experimental
efforts have been made in order to search for this particle in other experiments and other
decay modes [18–29]. However, no other search was performed on the Σ+ → pµ+µ−

decay prior to LHCb using Run 1 data [30], corresponding to an integrated luminosity of
3 fb−1. At the Large Hadron Collider (LHC) hyperons are produced copiously in high
energy proton-proton (pp) collisions. An excess of 10.2 +3.9

− 3.5 events on top of the back-
ground was observed with a significance of 4.1σ, corresponding to a branching fraction of
B(Σ+ → pµ+µ−) = (2.2 +1.8

− 1.3)×10−8, compatible with the SM. The background-subtracted
dimuon invariant-mass distribution was consistent with a phase-space simulation, placing
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an upper limit for a hypothetical X0 particle, B(Σ+ → pX0(→ µµ)) < 1.4 × 10−8 at 90%
confidence level (CL), which disfavours the central value determined by the HyperCP
collaboration.

In this conference report, a search for the Σ+ → pµ+µ− decay1 is presented as per-
formed using pp collision data recorded by the LHCb experiment in 2016–2018 at a
centre-of-mass energy of

√
s = 13 TeV, corresponding to an integrated luminosity of

5.4 fb−1. Moreover, the dimuon invariant-mass distribution is also reported. A mea-
surement of the branching fraction, using the Σ+ → pπ0 decay as a control channel,
is left for future publication. This search follows a similar strategy to that performed
using Run 1 data [30], namely a loose preselection is applied followed by a multivariate
selection to reject most of the remaining background. A boosted decision tree algorithm
(BDT) [31] is used together with particle identification (PID) variables. The signal yield
is obtained from a fit to the pµ+µ− invariant-mass distribution, used also to subtract
the background in the dimuon invariant-mass distribution. To avoid experimenter bias,
the dimuon invariant-mass distribution is not examined until the full analysis is finalised.
With respect to the Run 1 analysis, several improvements are implemented with Run 2
data, namely a more efficient PID discrimination, larger simulated samples and, most
importantly, new trigger lines that increase the signal efficiency by a factor ∼ 10, in
addition to the yield increase due to cross-section and luminosity.

2 The LHCb detector

The LHCb detector [32,33] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
elements that are particularly relevant to this analysis are: a silicon-strip vertex detector
surrounding the pp interaction region that allows a precise measurement of the primary pp
interaction vertex (PV) and of the Σ+ baryon decay vertex (DV); a tracking system that
provides a measurement of the momentum of charged particles thanks to a dipole magnet
with a bending power of 4Tm; a set of ring-imaging Cherenkov detectors that provide
charged particle identification; a calorimeter system which identifies photons and provides
a measurement of their energy; and a muon system composed of alternating layers of iron
and multiwire proportional chambers. Note that the Σ+ baryon, due to its non-negligible
lifetime of τΣ+ = (8.018 ± 0.026) × 10−11 s [4], can decay 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 a prompt signal
in this search; hence, no attempt is made to distinguish the dimuon origin vertex from
the decay vertex of the Σ+ baryon.

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.
In this analysis, no explicit requirements are imposed at the hardware stage, since all
hardware selections are found to contribute to the sample. At the software stage, 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 combinations whilst remaining within the strict time constraints

1The inclusion of charge conjugated processes is implied throughout this report.
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imposed for the software trigger. In these selections, muon tracks are required to be
inconsistent with originating from any PV and to have PID information consistent with
their mass hypothesis. More details can be found in Refs. [34,35]. In addition, an exclusive
trigger selection has been introduced for the Σ+ → pµ+µ− decay channel. Combinations
of a pair of oppositely-charged muons and one proton candidate that are not consistent
with originating from any PV, with a good track-fit quality and which form a good-quality
vertex are combined to form a Σ+ candidate. The Σ+ candidate is required to have
pT > 500 MeV/c, to be consistent with originating from a PV and from which it is required
to be displaced. Given the large production rate of Σ+ baryons in pp collisions, the
present search is conducted including also data selected at one or more trigger stages by
other particles in the event. In the offline processing, 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. To retain the highest possible
efficiency, all the candidates passing the trigger selections above are used in the search for
Σ+ → pµ+µ− decays.

Simulation is used to devise and optimise the analysis strategy, as well as to estimate
reconstruction and selection efficiencies. In the simulation, pp collisions are generated
using Pythia [36] with a specific LHCb configuration [37]. Decays of hadronic particles are
described by EvtGen [38], in which final-state radiation is generated using Photos [39].
The interaction of the generated particles with the detector, and its response, are imple-
mented using the Geant4 toolkit [40] as described in Ref. [41]. The signal Σ+ → pµ+µ−

decay is generated according to a phase-space model. Per-event weights are also computed
to reproduce the SM prediction and its uncertainty [2, 5].

3 Selection

Offline, the only remaining sources of background are of two kinds: one is the combinatorial
background, composed of random associations of tracks present in a pp event; the second
component, referred to in the following as Λ background, is composed 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 kind of background contributes, mainly owing to
the very small available energy in the Σ+ → pµ+µ− reaction, only 39.8MeV/c2. This
implies that, for example, Σ+ → pπ+π− and Σ+ → Λµ+νµ decays are kinematically
forbidden. Misidentified decays from other hadrons also do not contribute. For example,
the K+ → π+π−π+ and K+ → π+µ−µ+ decays could be misidentified as Σ+ → pµ+µ−

but the peak of the invariant mass of the final state particles mpµ+µ− is shifted considerably
higher in mass. Higher mass mesons would be shifted even more. As far as background
from baryons is concerned, where the final state proton is correctly identified, the Σ+

triplet is the lightest state with a significant lifetime, hence all other possible background
sources will have a mass considerably larger. Background from four or more body final
states with unreconstructed particles could contribute but would not peak in the mpµ+µ−

and is included in the combinatorial background. Finally background from clones, i.e.
duplicated tracks from the same particle hits, is rejected offline with a requirement on the
minimum angle between each pair of tracks.

To further reduce the background a multivariate operator is devised based on a Boosted
Decision Tree (BDT) algorithm [42,43] implemented in the TMVA toolkit [31, 44]. This
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Figure 1: Distribution of the BDT output variable for simulated signal (red-solid line) and data
divided into combinatorial background (black-dashed line) and Λ background (blue long-dashed
line).

BDT algorithm combines the following variables: the χ2
IP of the Σ+ and of the final

state tracks with respect to the best PV, where the χ2
IP is defined as the difference in the

vertex-fit χ2 of a given PV reconstructed with and without the particle being considered;
the Σ+ DOCA, i.e. the maximum distance of closest approach between any pair of the
three daughter tracks; the Σ+ FD significance, i.e. the flight distance of the Σ+ from
the primary vertex divided by its uncertainty; the pointing angle, i.e. the angle between
the Σ+ momentum and the lines joining the primary and the decay vertex; the χ2 of the
Σ+ vertex fit; the transverse momentum of the final state tracks; an isolation variable
counting the transverse momentum of charged particles around the signal ones inside a
cone of ∆R =

√
∆η2 +∆ϕ2 < 1. The BDT is trained using the signal simulation sample

and the data sidebands as a sample of combinatorial background (mpµ+µ− < 1173MeV/c2

or mpµ+µ− > 1205MeV/c2). In both samples, a veto on the pµ− mass under the pπ−

hypothesis, of ±10MeV/c2 around the known Λ mass value (Λ veto) is applied to enforce
training against combinatorial background only. To avoid overtraining, the k-folding
technique, with k = 9, is applied [45]. The BDT output ranges from zero, background-like
candidates, to one, signal-like candidates. The distribution of the BDT output for signal
simulation and data is shown in Fig. 1. The data is divided into a sample with the Λ veto
and its complementary sample, containing mostly the Λ background. It can be seen that
the BDT distribution is very similar for the two background sources.

The same BDT classifier was applied to a sample of “same-sign” Σ+ → pµ+µ+

candidates in data, where a signal would violate lepton number conservation, to verify
that it would not create fake structures in the background both in the mpµ+µ− and the
mµ+µ− distributions.

The final selection is based on the BDT output, the muon and proton particle-
identification variables [46], and the width of the Λ veto window. Criteria on these four
variables are optimised, on a four-dimensional grid, to have the largest significance, defined
as s = NS√

NS+NB
, where NS is the expected signal and NB the expected background yield.

The NS estimate is based on a preliminary fit to the data after tight selection criteria
applied along with the signal efficiency obtained in simulation. The NB estimate is the
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sum of two contributions: one based on a fit to the mpµ+µ− sidebands for the combinatorial
background, and one based on a fit to the mpπ− distribution without the Λ veto to estimate
the residual Λ background.

4 Fit to the mpµ+µ− distribution

The mpµ+µ− distribution for candidates satisfying the final selection criteria is shown in
Fig. 2. A clear peak at the Σ+ mass is observed, with a small residual background. An
extended unbinned maximum-likelihood fit [47] is performed to the selected candidates.
The signal component is described by a Hypatia function [48], with the z parameter
fixed to zero. The remaining parameters are obtained from a fit to the simulated sample
with the exception of the mean and resolution parameters, which are left free to vary in
the fit to data. The background is described by a modified Argus function [49] where
the threshold parameter is fixed to the sum of the daughter masses and the remaining
parameters are left free to float. The result of the fit is superimposed onto the data in
Fig. 2, both in linear and logarithmic scale. The fit results in a signal yield of

NΣ+→pµ+µ− = 279 ± 19 ,

where the uncertainty is statistical only. This result represents the first observation of
the Σ+ → pµ+µ− decay with overwhelming significance. The fit to the data is repeated
leaving all the parameters of the signal function free to float instead of fixed to the
simulation results. The variation of the signal yield is negligible, hence no systematic
uncertainty is assigned. A similar amount of Σ+ and Σ− are seen in the sample.
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Figure 2: Distribution of the invariant mass of Σ+ → pµ+µ− candidates with the result of an
extended unbinned maximum-likelihood fit superimposed (blue-solid line) in (left) linear scale
and (right) logarithmic scale. The signal (red-dashed line) and background (green-dotted line)
components are also shown.

5 Dimuon invariant-mass distribution

The distribution of the dimuon invariant mass is shown for data in Fig. 3 after background
subtraction. The background is subtracted using per-event signal weights derived with
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Figure 3: Distribution of dimuon invariant mass for Σ+ → pµ+µ− candidates in data compared
with simulation. LHCb phase space is shown as is (blue line), and weighted according to the SM
amplitude [2, 5] (red band).

the sPlot method [50] using mpµ+µ− as the discriminant variable. The mpµ+µ− and mµ+µ−

variables are found to be uncorrelated aside from the higher border of the kinematics
space. It is checked that the same distribution is obtained performing the unbinned
maximum-likelihood fit described in Sec. 4 in bins of the dimuon invariant mass. From
a comparison of the data distribution with the phase-space simulated sample, it is clear
that no significant peaking structures are visible. The simulation is weighted with a
per-event weight obtained from the ratio of the SM prediction [2, 5] and the generated
phase-space distribution. This is shown by the red band in Fig. 3, whose range accounts
for the maximum spread in central values of the four-fold degeneracies present in each
χPT approach as the weight uncertainty. When comparing the data to this reweighted
simulated sample a rather good agreement is retrieved in the full dimuon invariant-mass
range.

A scan for a possible resonant structure in the dimuon invariant mass is performed
selecting candidates in a region within twice the signal resolution in the pµ+µ− invariant
mass around the known Σ+ mass, using the same method as the Run 1 analysis [30]. The
distribution of these candidates as a function of the dimuon invariant mass is shown in
Fig. 4. Steps of half the resolution on the dimuon invariant mass, σ(mµ+µ−), are considered
in this scan, following the method outlined in Ref. [51]. The value of σ(mµ+µ−) varies in
the range [0.5, 2]MeV/c2 depending on the dimuon invariant mass as shown in Fig. 7. For
each step the putative signal is estimated in a window of ±1.5 × σ(mµ+µ−) around the
considered particle mass, while the background is estimated from the lower and upper
mass sidebands contained in the range [1.5 − 4.0] × σ(mµ+µ−) from the same mass. Only
one of the two sidebands is considered when the second is outside the allowed kinematic
range. The local p-value of the background-only hypothesis is shown in Fig. 4 as a function
of the dimuon invariant mass, and no significant signal is found: the most significant
point is at 229.37 MeV/c2, with a p-value of 3%. When considering a putative candidate
with a mass mX0 = 214.3MeV/c2 the fractional contribution to all the candidates in the
mass window is 3.7% and the difference with respect to the expected background from
the mµ+µ− sidebands (i.e. nonresonant) is −4 events.
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Figure 4: (left) Distribution of the dimuon invariant mass of Σ+ → pµ+µ− decays in a signal
region of ±2 times the resolution on mpµ+µ− . No background subtraction is applied. (right) The
local p-value in each dimuon invariant mass window, obtained as described in the text. The
horizontal dashed lines correspond to the p-value of one and two standard deviations.

6 Conclusions and outlook

The Σ+ → pµ+µ− decay is observed with very large significance in data collected in
Run 2 by the LHCb experiment in pp collisions, with a yield of NΣ+→pµ+µ− = 279 ± 19.
No structure is seen in the dimuon invariant mass distribution which is compatible with
expectations from the Standard Model. A precise determination of the branching fraction
is left for a future publication. With the collected signal yield, in addition to a measurement
of the integrated and differential branching fraction, other measurements are possible,
such as charge-parity symmetry violation and forward-backward asymmetries.
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7 Supplementary material for LHCb-CONF-2024-002

Additional figures are presented in this section.
In Fig. 5 an example of Feynman diagrams for (a) and (b) the SM and (c) a possible

NP contribution to the Σ+ → pµ+µ− decay is shown.
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Figure 5: Example of Feynman diagrams for (a) the SM short-distance contribution, (b) the SM
long-distance contribution, and (c) a possible NP contribution to the Σ+ → pµ+µ− decay.

The distribution of the dimuon invariant mass is shown for data in Fig. 6 using a finer
binning.

The resolution of the dimuon invariant mass as determined from data is shown in
Fig. 7 varying from about 0.5MeV/c2 at low dimuon mass to about 2 MeV/c2 at higher
masses. This shows that any intermediate particle contribution would be present as a
very narrow peak in the dimuon mass distribution.

In Fig. 8 the distribution of the pµ− invariant mass in the pπ− hypothesis is shown
for Σ+ → pµ+µ− candidates in data within a ±6MeV/c2 window from the Σ+ mass
peak, without the ΛΛ veto. The veto is indicated by the two vertical red lines. The
residual background coming from Λ decays outside of the veto represents only a small tail
distributed along the mpµ+µ− mass, taken into account by the combinatorial background.
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Figure 6: Distribution of the dimuon invariant mass for Σ+ → pµ+µ− candidates in data using
a finer binning.
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Figure 7: Dimuon invariant-mass resolution σ for Σ+ → pµ+µ− candidates versus the mass
itself.
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Figure 8: Distribution of the pµ− invariant mass in the pπ− hypothesis for Σ+ → pµ+µ−

candidates in data within a ±6MeV/c2 window from the Σ+ mass peak, without the Λ veto
(indicated between red lines).
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