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Abstract

A search for the rare decay Σ+ → pµ+µ− is performed using pp collision data
recorded by the LHCb experiment at centre-of-mass energies

√
s = 7 and 8 TeV,

corresponding to an integrated luminosity of 3 fb−1. An excess of events is observed
with respect to the background expectation, with a signal significance of 4.1 standard
deviations. No significant structure is observed in the dimuon invariant mass
distribution, in contrast with a previous result from the HyperCP experiment. The
measured Σ+ → pµ+µ− branching fraction is (2.2 +1.8

− 1.3) × 10−8, where statistical
and systematic uncertainties are included, which is consistent with the Standard
Model prediction.
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The Σ+ → pµ+µ− decay is an s→ d quark-flavour-changing neutral-current process,
allowed only at loop level in the standard model (SM). The process is dominated by
long-distance contributions for a predicted branching fraction of 1.6× 10−8 < B(Σ+ →
pµ+µ−) < 9.0× 10−8 [1], while the short-distance SM contributions are suppressed and
contribute to the branching fraction at the level of about 10−12. Evidence for this decay
was reported by the HyperCP collaboration [2] with a measured branching fraction
B(Σ+ → pµ+µ−) = (8.6 +6.6

− 5.4 ± 5.5)× 10−8, which is compatible with the SM prediction.
HyperCP observed three candidates; remarkably, all of them have almost the same dimuon
invariant mass of mX0 = 214.3± 0.5 MeV/c2, close to the lower kinematic limit. Such a
distribution, if confirmed, would point towards a process with an intermediate particle X0

coming from the Σ+ baryon and decaying into two muons, i.e. a Σ+ → pX0(→ µ+µ−)
decay, which would constitute evidence for physics beyond the SM (BSM). Various BSM
theories have been proposed to explain the HyperCP result. The intermediate X0 particle
could be, for example, a light pseudoscalar Higgs boson [3, 4] or a sgoldstino [5, 6] in
various supersymmetric models. Other interpretations and implications can be found
in Refs. [7–13]; 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 case. Attempts to confirm
the existence of this X0 particle have been made at several experiments in various initial
and final states without finding any signal [14–21]; these null results include studies of
the decays B0

(s) → µ+µ−µ+µ− [22], B0 → K∗0µ+µ− [23], B+ → K+µ+µ− [24], and a

search for photon-like particles [25] by the LHCb experiment. However, the search for
the Σ+ → pµ+µ− decay has not been repeated due to the lack of experiments with large
hyperon production rates and to the experimental difficulty of reconstructing soft and
long-lived hadrons.

Hyperons are produced copiously in high-energy proton-proton collisions at the Large
Hadron Collider. A search for Σ+ → pµ+µ− decays at the LHCb experiment, as also
suggested in Ref. [26], could therefore confirm or disprove the HyperCP evidence, and the
branching fraction can be measured. This Letter presents a search for the Σ+ → pµ+µ−

decay performed using pp collision data recorded by the LHCb experiment at centre-of-
mass energies

√
s = 7 and 8 TeV, corresponding to an integrated luminosity of 3 fb−1. The

inclusion of charge-conjugated processes is implied throughout this Letter.
This search follows a strategy similar to that of other studies of rare decays in LHCb,

although with differences due to the relatively low transverse momenta of the final-state
particles. First, a loose selection is applied based on geometric and kinematic variables.
The final sample is obtained rejecting the background with requirements on the output of
a multivariate selection, based on a boosted decision tree algorithm (BDT) [27,28], and
on particle identification variables. The signal yield is obtained from a fit to the pµ+µ−

invariant-mass spectrum and is converted into a branching fraction by normalising to the
Σ+ → pπ0 control channel. The analysis is designed in order to search for possible peaks
in the dimuon invariant-mass distribution, in view of the possible existence of unknown
intermediate particles.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, described in detail in Refs. [29, 30]. It includes a high-precision tracking
system consisting of a silicon-strip vertex detector surrounding the pp interaction region,
a large-area silicon-strip detector located upstream of a dipole magnet with a bending
power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes
placed downstream of the magnet. Particle identification is provided by two ring-imaging
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Cherenkov detectors, an electromagnetic and a hadronic calorimeter, and a muon system
composed of alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger system, which consists of a
hardware stage, based on information from the calorimeter and muon systems, followed by
two software stages. The first software stage performs a preliminary event reconstruction
based on partial information while the second applies a full event reconstruction. Each
of the three trigger stages is divided into many trigger selections dedicated to various
types of signal. The final-state particles from the signal decay involved in this analysis
typically have insufficient transverse momenta to satisfy the requirements of one or more
trigger stages. Nevertheless, given the large production rate of Σ+ baryons in pp collisions,
the present search can be performed with 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; events triggered as such are
defined respectively as triggered on signal (TOS), triggered independently of signal (TIS),
and triggered on both. While all the candidates passing the trigger selection are used in
the search for Σ+ → pµ+µ− decays, only the TIS candidates are used in the normalisation
channel Σ+ → pπ0. Furthermore, control channels with large yields are exploited to
estimate the trigger efficiency by measuring the overlap of candidates which are TIS and
TOS simultaneously [31].

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 [32] with a specific LHCb configuration [33]. Decays of hadronic particles are
described by EvtGen [34], in which final-state radiation is generated using Photos [35].
The interaction of the generated particles with the detector, and its response, are imple-
mented using the Geant4 toolkit [36], as described in Ref. [37]. The signal Σ+ → pµ+µ−

decay is generated according to a phase-space model.
Candidate Σ+ → pµ+µ− decays are selected by combining two good-quality oppositely

charged tracks identified as muons with a third track identified as a proton. The three
tracks are required to form a secondary vertex (SV) with a good vertex-fit quality. 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 SV of the Σ+

baryon. The measured Σ+ candidate proper decay time is required to be greater than
6 ps, ensuring that the SV is displaced from any pp interaction vertex (primary vertex,
PV). The final-state particles are required to be inconsistent with originating from any
PV in the event. Only Σ+ candidates with transverse momentum pT > 0.5 GeV/c and
a decay topology consistent with a particle originating from the PV are retained. A
candidate Σ+ → pµ+µ− decay is considered only if its invariant mass, mpµ+µ− , satisfies
|mpµ+µ−−mΣ+| < 500 MeV/c2, where mΣ+ is the known mass of the Σ+ particle [38]. The
background component due to Λ→ pπ− decays is vetoed by discarding candidates having
a pµ− pair invariant mass, calculated with the pπ− mass hypothesis, within 10 MeV/c2

from the known Λ mass [38]. Possible backgrounds from decays peaking in the pµ+µ−

invariant mass have been examined, including K+ → π+π−π+, K+ → π+µ−µ+, and
various hyperon decays, and none has been found to contribute significantly. After all
selection requirements, no retained event contains more than one candidate.

CandidateΣ+ → pπ0 decays are selected by combining one good-quality track identified
as a proton with a π0 reconstructed in the π0 → γγ mode from two clusters in the
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electromagnetic calorimeter. Given the impossibility to reconstruct the Σ+ decay SV
with the proton track only, the momentum direction of the π0 is calculated assuming
the π0 is produced at the PV. The selection of Σ+ → pπ0 decays is similar to that of
the signal, with tighter requirements applied, in order to reduce the large combinatorial
background, on the proton identification and on the transverse momenta of the final-state
particles (pT > 0.5 GeV/c for the proton and pT > 0.7 GeV/c for the π0). Finally, candidate
K+ → π+π−π+ decays, selected as control channel for various parts of the analysis, are
required to pass a selection similar to that of the signal, starting from three good-quality
tracks, with total charge equal to ±1, and which are assigned the pion mass hypothesis
without requirements on the identification of the particle.

The sample of Σ+ → pµ+µ− candidates in data after the initial selection is dominated
by combinatorial background, part of which is due to misidentified particles. This
background is rejected by placing requirements on the BDT output variable and on
multivariate particle identification variables [30] on the muons and on the proton. The
BDT combines information from the following input variables: the angle between the Σ+

reconstructed momentum and the vector joining the PV to the SV, the flight distance
significance of the Σ+ candidate, the distance of closest approach among the final-state
particles, the transverse momenta of the final-state particles, the impact parameter χ2

(χ2
IP) of the final-state particles, defined as the difference between the vertex-fit χ2 of a

PV formed with and without the particle in question, the χ2
IP of the Σ+ candidate, the

χ2 of the SV, and an isolation variable constructed from the number of tracks within an
angular cone around each of the final-state particles. These variables are chosen so that
the dependence on the pµ+µ− invariant mass and on the dimuon invariant mass is small
and linear to minimise potential biases. The BDT is optimised using simulated samples of
Σ+ → pµ+µ− events for the signal and pµ+µ+ candidates in data for the background. The
selection for the control pµ+µ+ sample is identical to that of the signal but considering
muons of identical charge. The final selection criteria are chosen in order to optimise the
potential to obtain evidence for a signal with a branching fraction as small as possible [39].
No BDT selection is applied to the normalisation and control channels.

The number of signal candidates is converted into a branching fraction with the formula

B(Σ+ → pµ+µ−) =
εΣ+→pπ0

εΣ+→pµ+µ−

NΣ+→pµ+µ−

NΣ+→pπ0

B(Σ+ → pπ0)

= α ·NΣ+→pµ+µ− ,

where ε, N and B are the efficiency, candidate yield and branching fraction of the
corresponding channel, respectively, and α is the single-event sensitivity. The ratio
of signal and normalisation channel efficiencies, which includes the acceptance, the
trigger efficiency, the reconstruction efficiency of the final-state particles and the selection
efficiency, is computed with samples of simulated events corrected to take into account
known differences between data and simulation. The reconstruction efficiency for the
π0 is calibrated using the ratio of B+ → J/ψK∗+(→ K+π0) and B+ → J/ψK+ decays
reconstructed in data [40]. The particle-identification efficiencies of protons and muons are
calibrated with control channels in data. Residual differences between data and simulation
are treated as sources of systematic uncertainty. The ratio of the trigger efficiencies for the
signal and normalisation channels is estimated with simulated samples and cross-checked
in data: the trigger efficiency is obtained for selected trigger lines from the overlap of
TIS and TOS events in the normalisation channel and is compared between data and
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Table 1: Relative systematic uncertainties associated with the normalisation.

Source Uncertainty

Selection efficiency 1%
BDT efficiency 6%
PID efficiency ratio 28%
π0 efficiency 10%
Trigger efficiency ratio 40%

Total 50%
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Figure 1: Distribution of the corrected mass mcorr
Σ , defined as in the text, for Σ+ → pπ0

candidates superimposed with the fit to data.

simulation [31]. The small size of this overlap induces a 40% relative systematic uncertainty
associated with the trigger efficiency ratio. The ratio of the trigger efficiencies is of the
order of 0.09, owing to the use of all events for the signal, while TIS-only events are used
for the normalisation channel. Possible differences in the BDT selection efficiency for the
Σ+ → pµ+µ− signal in data and in simulation are calibrated using the K+ → π+π−π+

control channel. The sources of systematic uncertainties associated with the normalisation
are reported in Table 1.

The observed number of Σ+ → pπ0 candidates is (1171± 9)× 103, as obtained from a
binned extended maximum likelihood fit to the corrected invariant mass distribution mcorr

Σ .
The corrected invariant mass is defined as mcorr

Σ = mpγγ −mγγ +mπ0 , where mπ0 is the
known mass of the π0 meson [38], to account for the limited precision in the reconstructed
invariant mass of the two photons (mγγ). The Σ+ → pπ0 distribution is described as a
Gaussian function with a power-law tail on the higher-mass side, while the background is
described by a modified ARGUS function [41], where the power parameter is allowed to
vary as in Ref. [42]. The distribution is shown in Fig. 1, superimposed with the fit.

The single-event sensitivity is α = (2.2±1.2)×10−9, where the uncertainty is dominated
by the systematic contribution. This sensitivity corresponds to about 1014 Σ+ baryons
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Figure 2: Invariant mass distribution of Σ+ → pµ+µ− candidates in data.

produced in the LHCb acceptance in the considered dataset. The number of expected
signal Σ+ → pµ+µ− candidates is 23± 20 assuming a branching fraction of (5± 4)× 10−8,
to cover the range predicted by the SM.

The observed number of signal Σ+ → pµ+µ− decays is obtained with a fit to the pµ+µ−

invariant-mass distribution in the range 1149.6 < mpµ+µ− < 1409.6 MeV/c2. The signal
distribution is described by an Hypatia function [43]. The peak position and resolution
are calibrated using the control channel K+ → π+π−π+ and by comparing distributions
in data and simulation. No bias is seen in the peak position, while a relative positive
correction of 25% with respect to the simulation is applied to the resolution. A resolution
of 4.28 ± 0.19 MeV/c2 is obtained for the signal Σ+ → pµ+µ− distribution and is used
in the fit to define a Gaussian constraint to the width of the signal distribution. The
combinatorial background is described as a modified ARGUS function with all parameters
left free with the exception of the threshold, which is fixed to the kinematic limit. The
shape of this background is also cross-checked with that of pµ+µ+ candidates in data.

The invariant mass distribution of the Σ+ → pµ+µ− candidates in data is shown
in Fig. 2. The significance of the signal is 4.1σ, obtained from a comparison of the
likelihood value of the nominal fit with that of a background-only fit [44], and with
the relevant systematic uncertainties included as Gaussian constraints to the likeli-
hood. A signal yield of 10.2 +3.9

− 3.5 is observed. The corresponding branching fraction
is B(Σ+ → pµ+µ−) = (2.2 +0.9

− 0.8
+1.5
− 1.1)× 10−8, where the first uncertainty is statistical and

the second is systematic, consistent with the SM prediction. As a cross-check, the fit is
repeated with tighter or looser requirements on the BDT or on the particle identification
variables, and the signal yield is found to vary consistently with the signal efficiency. The
fit is also repeated assuming a linear function for the background, in place of an ARGUS
function, and the signal yield and significance are found to be stable. Candidates in data
are composed of about 48% Σ+ anti-baryons in the final sample.

The distribution of the dimuon invariant mass after background subtraction, performed
with the sPlot method [45], is shown in Fig. 3. A scan for a possible resonant structure
in the dimuon invariant mass is performed, considering a region within two times the
resolution in the pµ+µ− invariant mass around the known Σ+ mass. The distribution of
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Figure 3: Background-subtracted distribution of the dimuon invariant mass for Σ+ → pµ+µ−

candidates, superimposed with the distribution from the simulated phase-space (PS) model.
Uncertainties on data points are calculated as the square root of the sum of squared weights.

these candidates as a function of the dimuon invariant mass is shown in the supplemental
material to this Letter [46]. Steps of half the resolution on the dimuon invariant mass,
σ(mµ+µ−), are considered in this scan, following the method outlined in Ref. [47]. The
value of σ(mµ+µ−) varies in the range [0.3, 2.3] MeV/c2 depending on the dimuon invariant
mass as shown in Ref. [46]. 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 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 as a
function of the dimuon mass is shown in Ref. [46], and no significant signal is found. The
fit to the pµ+µ− invariant mass is then repeated restricting the sample to events within
1.5 times the resolution from the putative particle (mµ+µ− ∈ [214.3± 0.75] MeV/c2). No
significant signal is found and a yield of 3.0 +1.7

− 1.4 is measured corresponding to 30% of the
Σ+ → pµ+µ− yield. An upper limit on the branching fraction of the resonant channel is
thus set with the CLS method [48] at B(Σ+ → pX0(→ µ+µ−)) < 1.4× 10−8 (1.7× 10−8)
at 90% (95%) confidence level.

In summary, a search for the Σ+ → pµ+µ− rare decay is performed by the LHCb
experiment using pp collisions at centre-of-mass energies

√
s = 7 and 8 TeV, corresponding

to an integrated luminosity of 3 fb−1. Evidence for the Σ+ → pµ+µ− decay is found
with a significance of 4.1 standard deviations, including systematic uncertainties. A
branching fraction B(Σ+ → pµ+µ−) = (2.2 +1.8

− 1.3)× 10−8 is measured, consistent with the
SM prediction. No significant peak consistent with an intermediate particle is found in
the dimuon invariant-mass distribution of the signal candidates.
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M. Morandin23, M.J. Morello24,t, O. Morgunova68, J. Moron28, A.B. Morris52, R. Mountain61,
F. Muheim52, M. Mulder43, D. Müller40, J. Müller10, K. Müller42, V. Müller10, P. Naik48,
T. Nakada41, R. Nandakumar51, A. Nandi57, I. Nasteva2, M. Needham52, N. Neri22,40,
S. Neubert12, N. Neufeld40, M. Neuner12, T.D. Nguyen41, C. Nguyen-Mau41,n, S. Nieswand9,
R. Niet10, N. Nikitin33, T. Nikodem12, A. Nogay68, D.P. O’Hanlon50, A. Oblakowska-Mucha28,
V. Obraztsov37, S. Ogilvy19, R. Oldeman16,f , C.J.G. Onderwater72, A. Ossowska27,
J.M. Otalora Goicochea2, P. Owen42, A. Oyanguren71, P.R. Pais41, A. Palano14, M. Palutan19,40,
G. Panshin70, A. Papanestis51, M. Pappagallo52, L.L. Pappalardo17,g, W. Parker60, C. Parkes56,
G. Passaleva18,40, A. Pastore14,d, M. Patel55, C. Patrignani15,e, A. Pearce40, A. Pellegrino43,
G. Penso26, M. Pepe Altarelli40, S. Perazzini40, D. Pereima32, P. Perret5, L. Pescatore41,
K. Petridis48, A. Petrolini20,h, A. Petrov68, M. Petruzzo22,q, E. Picatoste Olloqui38,
B. Pietrzyk4, G. Pietrzyk41, M. Pikies27, D. Pinci26, F. Pisani40, A. Pistone20,h, A. Piucci12,
V. Placinta30, S. Playfer52, M. Plo Casasus39, F. Polci8, M. Poli Lener19, A. Poluektov50,
I. Polyakov61, E. Polycarpo2, G.J. Pomery48, S. Ponce40, A. Popov37, D. Popov11,40,
S. Poslavskii37, C. Potterat2, E. Price48, J. Prisciandaro39, C. Prouve48, V. Pugatch46,
A. Puig Navarro42, H. Pullen57, G. Punzi24,p, W. Qian50, J. Qin63, R. Quagliani8, B. Quintana5,
B. Rachwal28, J.H. Rademacker48, M. Rama24, M. Ramos Pernas39, M.S. Rangel2, I. Raniuk45,†,
F. Ratnikov35,x, G. Raven44, M. Ravonel Salzgeber40, M. Reboud4, F. Redi41, S. Reichert10,
A.C. dos Reis1, C. Remon Alepuz71, V. Renaudin7, S. Ricciardi51, S. Richards48, M. Rihl40,

12



K. Rinnert54, P. Robbe7, A. Robert8, A.B. Rodrigues41, E. Rodrigues59,
J.A. Rodriguez Lopez66, A. Rogozhnikov35, S. Roiser40, A. Rollings57, V. Romanovskiy37,
A. Romero Vidal39,40, M. Rotondo19, M.S. Rudolph61, T. Ruf40, P. Ruiz Valls71,
J. Ruiz Vidal71, J.J. Saborido Silva39, E. Sadykhov32, N. Sagidova31, B. Saitta16,f ,
V. Salustino Guimaraes62, C. Sanchez Mayordomo71, B. Sanmartin Sedes39, R. Santacesaria26,
C. Santamarina Rios39, M. Santimaria19, E. Santovetti25,j , G. Sarpis56, A. Sarti19,k,
C. Satriano26,s, A. Satta25, D.M. Saunders48, D. Savrina32,33, S. Schael9, M. Schellenberg10,
M. Schiller53, H. Schindler40, M. Schmelling11, T. Schmelzer10, B. Schmidt40, O. Schneider41,
A. Schopper40, H.F. Schreiner59, M. Schubiger41, M.H. Schune7, R. Schwemmer40, B. Sciascia19,
A. Sciubba26,k, A. Semennikov32, E.S. Sepulveda8, A. Sergi47, N. Serra42, J. Serrano6,
L. Sestini23, P. Seyfert40, M. Shapkin37, Y. Shcheglov31, T. Shears54, L. Shekhtman36,w,
V. Shevchenko68, B.G. Siddi17, R. Silva Coutinho42, L. Silva de Oliveira2, G. Simi23,o,
S. Simone14,d, M. Sirendi49, N. Skidmore48, T. Skwarnicki61, I.T. Smith52, J. Smith49,
M. Smith55, l. Soares Lavra1, M.D. Sokoloff59, F.J.P. Soler53, B. Souza De Paula2, B. Spaan10,
P. Spradlin53, F. Stagni40, M. Stahl12, S. Stahl40, P. Stefko41, S. Stefkova55, O. Steinkamp42,
S. Stemmle12, O. Stenyakin37, M. Stepanova31, H. Stevens10, S. Stone61, B. Storaci42,
S. Stracka24,p, M.E. Stramaglia41, M. Straticiuc30, U. Straumann42, S. Strokov70, J. Sun3,
L. Sun64, K. Swientek28, V. Syropoulos44, T. Szumlak28, M. Szymanski63, S. T’Jampens4,
A. Tayduganov6, T. Tekampe10, G. Tellarini17,g, F. Teubert40, E. Thomas40, J. van Tilburg43,
M.J. Tilley55, V. Tisserand5, M. Tobin41, S. Tolk49, L. Tomassetti17,g, D. Tonelli24,
R. Tourinho Jadallah Aoude1, E. Tournefier4, M. Traill53, M.T. Tran41, M. Tresch42,
A. Trisovic49, A. Tsaregorodtsev6, P. Tsopelas43, A. Tully49, N. Tuning43,40, A. Ukleja29,
A. Usachov7, A. Ustyuzhanin35, U. Uwer12, C. Vacca16,f , A. Vagner70, V. Vagnoni15,40,
A. Valassi40, S. Valat40, G. Valenti15, R. Vazquez Gomez40, P. Vazquez Regueiro39, S. Vecchi17,
M. van Veghel43, J.J. Velthuis48, M. Veltri18,r, G. Veneziano57, A. Venkateswaran61,
T.A. Verlage9, M. Vernet5, M. Vesterinen57, J.V. Viana Barbosa40, D. Vieira63,
M. Vieites Diaz39, H. Viemann67, X. Vilasis-Cardona38,m, M. Vitti49, V. Volkov33,
A. Vollhardt42, B. Voneki40, A. Vorobyev31, V. Vorobyev36,w, C. Voß9, J.A. de Vries43,
C. Vázquez Sierra43, R. Waldi67, J. Walsh24, J. Wang61, Y. Wang65, D.R. Ward49,
H.M. Wark54, N.K. Watson47, D. Websdale55, A. Weiden42, C. Weisser58, M. Whitehead40,
J. Wicht50, G. Wilkinson57, M. Wilkinson61, M. Williams56, M. Williams58, T. Williams47,
F.F. Wilson51,40, J. Wimberley60, M. Winn7, J. Wishahi10, W. Wislicki29, M. Witek27,
G. Wormser7, S.A. Wotton49, K. Wyllie40, Y. Xie65, M. Xu65, Q. Xu63, Z. Xu3, Z. Xu4,
Z. Yang3, Z. Yang60, Y. Yao61, H. Yin65, J. Yu65, X. Yuan61, O. Yushchenko37, K.A. Zarebski47,
M. Zavertyaev11,c, L. Zhang3, Y. Zhang7, A. Zhelezov12, Y. Zheng63, X. Zhu3, V. Zhukov9,33,
J.B. Zonneveld52, S. Zucchelli15.

1Centro Brasileiro de Pesquisas F́ısicas (CBPF), Rio de Janeiro, Brazil
2Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
3Center for High Energy Physics, Tsinghua University, Beijing, China
4Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France
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