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A search for the dimuon decay of the Higgs boson is presented based on pp collision data recorded by
ATLAS during Run 3 of the Large Hadron Collider, corresponding to an integrated luminosity of 165 fb−1

at
ffiffiffi
s

p ¼ 13.6 TeV. To enhance the sensitivity, the results are combined with those from Run 2. An excess
of events over the background is observed with a significance of 3.4σ (2.5σ expected). The best-fit signal
strength is μ ¼ 1.4� 0.4. This result provides evidence for theH → μμ decay with ATLAS data and offers
a direct probe of the Higgs-boson Yukawa coupling to second-generation fermions.
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A wealth of information about the nature of the Higgs
boson, H, discovered in 2012 by the ATLAS and CMS
Collaborations [1,2], has been reaped by leveraging the
Run-1 and Run-2 proton-proton (pp) collision datasets
collected at the Large Hadron Collider (LHC) [3–5]. With
these data, the Yukawa interactions of the Higgs boson to
third-generation charged fermions have been firmly estab-
lished. However, its Yukawa coupling to second-generation
fermions has yet to be conclusively determined. Notably,
the Higgs-boson interactions are the only ones in the
standard model (SM) that distinguish between the fermion
generations. The decay of the Higgs boson to two oppo-
sitely charged muons, H → μμ, provides an excellent
opportunity for a first observation of this coupling to a
second-generation fermion. The SM H → μμ branching
ratio is 2.17 × 10−4 [6] assuming a Higgs-boson mass of
mH ¼ 125.09 GeV [7].
The most recent ATLAS search for the H → μμ decay

employed the full Run-2 dataset [8]. Assuming
mH ¼ 125.09 GeV, the observed (expected) significance
over the background-only hypothesis was 2.0σ (1.7σ).
The comparable result by CMS [9], assuming mH ¼
125.38 GeV, had an observed (expected) significance
of 3.0σ (2.5σ).
A new ATLAS search for H → μμ is presented targeting

the gluon-fusion (ggF), vector-boson-fusion (VBF), asso-
ciated vector-boson (VH), and associated top-quark-pair
(tt̄H) production modes. This analysis uses Run-3 pp
collision data with an integrated luminosity of 165 fb−1,
collected in 2022–2024 at a center-of-mass energy

ffiffiffi
s

p ¼ 13.6 TeV. The result is combined with the
ATLAS Run-2 13 TeV result [8], with an integrated
luminosity of 140 fb−1. Apart from more than doubling
the statistics of the previous result, several enhancements
have been made to make the analysis more robust and
performant, and include a five-billion event next-to-lead-
ing-order (NLO) Drell-Yan fully simulated sample, an
improvement of the mass resolution through a H → μμ
decay vertex fit, the inclusion of a two-lepton VH category,
the use of fully hadronic tt̄H decays, and the recategoriza-
tion of tt̄H using a distance-correlation neural net-
work [10].
The ATLAS experiment [11,12] at the LHC is a

multipurpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4π coverage in
solid angle [13]. It consists of an inner tracking detector
surrounded by a thin superconducting solenoid, electro-
magnetic and hadronic calorimeters, and a muon spec-
trometer based on three large superconducting air-core
toroidal magnets. The data used in this analysis [14] were
collected with triggers that require at least one high-trans-
verse-momentum muon: pT > 24 GeV and isolated, or
pT > 50 GeV without isolation requirement [15,16]. The
trigger efficiency for the sum of all H → μμ signal
processes is about 91% relative to the common event
selection described in Table I.
Simulated Monte Carlo (MC) samples are used to

optimize the event selection, model the signal processes,
and develop analytic functions to describe the dimuon
invariant-mass distributions, mμμ, for background estima-
tion. Both the signal and a comprehensive set of back-
ground processes are produced using the full ATLAS
detector simulation [17], based on Geant4 [18], and are
corrected to match the number of interactions per bunch
crossing (in-time pileup) observed in data. Further details
are in the End Matter.
The physics objects necessary to reconstruct the

searched-for final states consist of muons arising from
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the H → μμ decay as well as other particles or objects
produced in association with the Higgs-boson candidate,
such as other muons, electrons, photons, jets, and neutrinos
characterized by missing transverse momentum, p⃗miss

T . The
main selection requirements are summarized in Table I.
Muon candidates must satisfy loose identification criteria

[19], and have pT > 5 GeV and pseudorapidity jηj < 2.5.
The muon inner-detector track must be matched to the
primary vertex by having a longitudinal impact parameter
jz0 sinðθÞj < 0.5 mm, where θ is the track polar angle, and
a significance of the transverse impact parameter, d0,
calculated relative to the measured beam-line position, of
jd0j=σðd0Þ < 3, where σðd0Þ is the uncertainty in d0.
Particle-flow-based isolation criteria [19] are applied to
suppress muons from hadron decays. There are known
correlations between mμμ and the muon-track orientation
[9]. By fitting the Higgs-boson decay vertex, a more precise
value for d0 can be determined, yielding a better estimate of
mμμ. This decay vertex is fitted with a least-squares method,
that minimizes a set of estimators related to the muon tracks
(track θ and ϕ, and the charge-to-momentum ratio, q=p)
and vertex parameters (x, y, z position) with respect to the
measured values, taking into account their covariances and
a constraint to keep the fitted decay vertex within the
beamspot envelope. This procedure is applied to categories
requiring exactly two muons, resulting in an improvement
of the mμμ resolution of nearly 2%. This methodology was
developed with signal ggF=VBF and background Drell-Yan
MC samples, and validated using Z-boson resonance-peak
2018 data.
Muons from the H → μμ decay can lose a fraction of

their energy by QED final-state radiation (FSR), impacting
themμμ shape and peak position. Photon candidates [20,21]
are included in the mμμ calculation if they are found in
categories requiring exactly two muons and meet a mini-
mum-energy requirement dependent on their closeness to
the muon. An FSR photon is found for 5% of the events.

Electrons must satisfy medium likelihood-based identi-
fication criteria [20,21], and have pT > 7 GeV and
jηj < 2.47. They must be isolated from additional near-
by inner-detector tracks and energy deposits in the calo-
rimeters [22]. Electrons must satisfy jz0 sinðθÞj < 0.5 mm
and jd0j=σðd0Þ < 5.
Jets are reconstructed from particle-flow objects [23]

using the anti-kt algorithm [24,25] with radius R ¼ 0.4. To
suppress contributions from pileup, separate jet-vertex-
tagging [26,27] requirements are applied to central and
forward jets. Jets containing b hadrons are tagged using a
transformer-based neural-network discriminant GN2 tagger
[28]. The Emiss

T of the event is defined as the magnitude of
the negative vectorial sum of the transverse momenta of the
selected and calibrated physics objects and other inner-
detector tracks from the primary vertex not associated with
any of these objects [29].
Events with candidate H → μμ decays are selected

if they contain at least two opposite-charge muons.
The signal-plus-background fits are performed in the
mass range mμμ ¼ 110–160 GeV. In the mass window
mμμ ¼ 120–130 GeV, which contains about 85% of the
signal, approximately 1000 H → μμ events with the
13.6 TeV data are expected, corresponding to a total
efficiency times acceptance of 47% with respect to all
H → μμ produced in the tt̄H, VH, VBF, and ggF processes.
The leading sources of loss arise from the geometrical
acceptance of the detector, the trigger, and requiring that
there be at least two identified muons in the event.
Events satisfying the criteria of Table I are classified into

23 mutually exclusive categories (see Table II) constructed
to exploit the topological and kinematic differences
between the background processes and the Higgs-boson
production modes under consideration: tt̄H, VH, VBF, and
ggF. For most categories, boosted decision tree (BDT)
discriminants are built using the XGBoost package [30],
though the toolkit for multivariate analysis (TMVA) [31] is

TABLE I. Event selection criteria and basic requirements on leptons, b-tagged jets, and Emiss
T for the categories targeting Higgs-boson

production processes.

Selection

Common preselection Primary vertex
Two opposite-charge muons
Muons: jηj < 2.5, plead

T > 27 GeV, psublead
T > 15 GeV

Fit region mμμ ¼ 110–160 GeV

Jets pT > 25 GeV and jηj < 2.4 or with pT > 30 GeV and 2.4 < jηj < 4.5
b-tagged jets pT > 25 GeV and jηj < 2.4 or with pT > 30 GeV and 2.4 < jηj < 2.5

Tagging efficiency working point of 85%
tt̄H categories At least one b jet
VH four-lepton category Exactly two additional e or μ with pT > 8 GeV, 5 GeVðμÞ=7 GeVðeÞ, no b jets
VH three-lepton categories Exactly one additional e or μ with pT > 15 GeV, no b jets
VH two-lepton categories No additional lepton, no b jets, Emiss

T > 120 GeV
VBF and ggF categories No additional lepton, no b jets, Emiss

T < 120 GeV
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used for the four-lepton VH category and a neural network
is trained using Keras [32] and TensorFlow [33] in the tt̄H
categories. The training is performed using variables
sensitive to the kinematics of the final-state particles and
their relations to other objects. The resulting discriminants
are used to define category boundaries optimized to
maximize the total number-counting significance. To min-
imize biases in the categorization process, all trainings are
performed using k-fold cross validation, where k ¼ 4
different partitions are used in turn for training, validation,
and testing.
For each training, the targeted simulated Higgs-boson

production process is considered as the signal, whereas other
simulated SM processes relevant to the event-categorization
topology, including other signal production modes, are used
as the background. Overall, the Drell-Yan process comprises
the dominant background. Other background processes
such as diboson, tt̄, and single-top production, and rarer
processes such as tt̄V or electroweak production of Z bosons
in association with jets play significant roles in specific
categories. The background MC is scaled so that the
number of events in the sidebands (mμμ ¼ 110–120 GeV
and mμμ ¼ 130–160 GeV) matches the number of events
in the data sidebands. The background yield is then
taken as the number of reweighted background MC events
in the window mμμ ¼ 120–130 GeV where the expected

signal-to-background ratio is computed. The category selec-
tions are performed in the same order as presented in this
Letter: tt̄H, VH, VBF, and ggF.
The tt̄H category targets both hadronic and leptonic final

states arising from the decay of the Z boson produced in the
top-quark decay. The two highest-pT muons with opposite
charge are chosen as the Higgs-boson decay candidate. This
procedure correctly selects the Higgs-boson muon pair in
91% of the cases. Thirty variables are used as input to train a
neural network that uses a custom loss function consisting of
a term that calculates the binary cross-entropy between the
neural network predictions and assigns each event as signal
or background, and a term that measures the distance
correlation between the neural-network predictions and
the dimuon invariant mass of background events [10].
This latter term suppresses the shaping of the mass spectrum
when defining categories based on the neural-network score,
by penalizing any correlation between the scores and the
mass. The resulting output-score distribution is used to
define two regions with the highest significance: tt̄H-
High (99% purity) and tt̄H-Medium (96% purity), where
the quoted purity is with respect to all Higgs-boson signals.
Events not selected in the tt̄H category are considered

for the VH-enriched categories targeting events where the
Higgs boson is produced in association with a leptonically
decaying vector boson, W → lν or Z → ll, where l ¼ e,

TABLE II. For the mμμ ¼ 120–130 GeV window, the number of observed events and the fitted number of signal (S) and background
(B) events from the combined fit to 165 fb−1 of Run-3 data with a signal strength of μ ¼ 1.6� 0.6. The signal uncertainty reflects the
uncertainty in μ, while the background uncertainty is given by the sum in quadrature of the fit statistical uncertainty and the spurious-
signal uncertainty. Also shown are the number of signal events divided by the square root of the number of background events (S=

ffiffiffiffi
B

p
)

and signal-to-background ratio (S=B).

Category Data S B S=
ffiffiffiffi
B

p
S=B [%]

tt̄H-High 12 1.9� 0.7 15.5� 2.3 0.49 12.5
tt̄H-Medium 117 3.9� 1.4 115� 7 0.36 3.4
VH4L 11 0.78� 0.29 12.2� 1.8 0.22 6.4
VH3L-High 25 1.4� 0.5 17.4� 2.9 0.33 8.0
VH3L-Medium 143 3.7� 1.4 136� 10 0.31 2.7
VH2L-High 19 1.0� 0.4 18.3� 2.9 0.23 5.3
VH2L-Medium 30 0.38� 0.14 31.7� 3.1 0.07 1.2
VBF High 9 4.3� 1.6 10.5� 1.8 1.34 41.2
VBF Medium 28 5.3� 2.0 25.8� 2.7 1.04 20.5
VBF Low 69 7.2� 2.7 62� 4 0.91 11.6
VBF Very low 217 11� 4 225� 8 0.76 5.1
2-jet High 1399 31� 12 1367� 25 0.84 2.3
2-jet Medium 5657 69� 26 5560� 50 0.92 1.2
2-jet Low 17 684 110� 40 17300� 70 0.87 0.7
2-jet Very low 35 147 110� 40 35160� 140 0.59 0.3
1-jet High 708 17� 6 710� 16 0.65 2.4
1-jet Medium 7166 80� 30 7140� 70 0.95 1.1
1-jet Low 31 761 180� 70 31510� 120 1.00 0.6
1-jet Very low 73 578 200� 80 73330� 200 0.75 0.3
0-jet High 19 445 120� 50 19260� 90 0.89 0.6
0-jet Medium 50 742 200� 80 50830� 190 0.90 0.4
0-jet Low 94 032 240� 90 93770� 210 0.78 0.3
0-jet Very low 136 762 170� 60 136510� 290 0.47 0.1
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μ, and Z → νν decays. BDTs are trained separately to select
five categories according to the lepton multiplicity: four,
three, or two. Events entering the four-lepton category must
contain exactly four well-separated and isolated leptons,
either four muons or two muons and two electrons. The
opposite-charge same-flavor dilepton pair with mass clos-
est to the Z boson is labeled as the Z-boson candidate, and
the remaining opposite-charge pair is labeled as the Higgs-
boson candidate, if these leptons are muons. The accuracy
of the Higgs-boson muon-pair assignment is estimated to
be nearly 99% within mμμ ¼ 120–130 GeV. Fifteen vari-
ables are used as input for the BDT training. In the three-
lepton channel for the case where the additional lepton is a
muon, the assignment of leptons to either Higgs-boson or
W-boson decay candidates is based on a χ2 minimization
criterion that takes into account the lepton charge, the
difference between the reconstructed and expected Higgs-
boson mass and W-boson transverse mass (built from the
lepton p⃗T and the event p⃗miss

T ), and their expected exper-
imental resolutions. The correct pairing is obtained in 96%
of the cases. Isolation requirements are tightened on the
lepton assigned to theW-boson candidate. Twelve variables
are used as input for the BDT. The two-lepton channel must
contain exactly two well-isolated muons and uses nine
variables as input for the BDT training. In the end, five VH
categories are defined by applying requirements on the
BDT scores: one for the four-lepton channel (VH4L) and
two each for the three- and two-lepton channels (VH3L-
High, VH3L-Medium, VH2L-High, and VH2L-Medium).
The expected H → μμ signal purity for the VH production
process ranges from 99% in VH4L to 63% for VH2L-
Medium.
The events not selected in the tt̄H or VH categories are

further classified according to the number of reconstructed
jets in the event: 0-jet, 1-jet, and ≥ 2-jet (the latter referred
to as “2-jet”). The BDT training applied to each jet-
multiplicity category uses 17 variables. A VBF classifier
is built from 2-jet events and four categories with the
highest BDT scores are defined VBF High, Medium, Low,
and Very Low, with purity ranging from 96% (High) to
76% (Very Low). The remaining events are considered for
classification with BDTs split by jet multiplicity, and
selected on the BDT scores, to yield 12 mutually exclusive
categories: N-jet High, Medium, Low, and Very Low,
where N ¼ 0, 1, 2. The expected purity for ggF production
ranges from > 99% to 67%.
Signal extraction is performed with a binned maximum-

likelihood fit to mμμ in the 110–160 GeV interval.
Analytical models are used in the fit to describe both
signal and background, following the methodology used in
the corresponding ATLAS Run-2 search [8].
The Higgs-boson signal is modeled using a double-sided

Crystal Ball [34,35] probability density function (pdf),
fitted to the total expected signal in each category. The
width of the Gaussian core, parametrizing the mμμ

resolution, changes with kinematics from 2.8 GeV in the
0-jet categories to 3.2 GeV in the VH and tt̄H categories.
Systematic uncertainties in the signal modeling arise

from both theory and experimental sources, and are
incorporated into the signal-extraction fit via nuisance
parameters that affect the signal yields and mass distribu-
tions in each category. Theory uncertainties primarily affect
the expected number of signal events. Uncertainties in the
predicted SM production cross sections and branching
ratios follow the recommendations of Refs. [36,37].
Uncertainties due to missing higher orders in Quantum
chromodynamic (QCD) calculations are estimated based on
the Stage 1.2 simplified template cross-sections (STXS)
scheme [36,38,39]. For all signal processes, parton dis-
tribution function (PDF) uncertainties are evaluated by
using eigenvector variations of the NNPDF2.3LO set [40].
For the ggF and VBF processes, modeling uncertainties
related to the underlying event and parton showers are
assessed by comparing simulations from PYTHIA 8 [41] and
Herwig7 [42,43].
Experimental systematic uncertainties arise from

muon-related efficiency uncertainties associated with re-
construction, identification, trigger, isolation, and impact-
parameter requirements [19,44] and uncertainties in themuon
momentum scale and resolution [45], both of which signifi-
cantly affect the shape of the signal mass distribution.
Additional experimental uncertainties include those

related to Emiss
T [29], the b-tagging efficiency [46–48],

the modeling of pile-up interactions [49], the measurement
of electron reconstruction and identification efficiencies
[20,21], the calibration of photon energy scale [20,21], and
the data luminosity estimation [50,51]. Furthermore, uncer-
tainties in the jet-reconstruction efficiency, energy scale,
and resolution [52] are included. To account for observed
mismodeling of jets at large pseudorapidity (jηj > 3.2), an
additional systematic uncertainty is introduced, defined
as five times the difference between data and Monte Carlo
event yields resulting from the application of the energy
shift measured in the forward calorimeters.
The mμμ background-modeling strategy and the extrac-

tion of the main systematic uncertainty (spurious signal)
follow Ref. [8]. The main differences with respect to this
reference are the use of high-statistics, fully-simulated
NLO samples as the sole background template, and an
improved core function—based on an analytical leading-
order (LO) Drell-Yan line shape—that includes a more
accurate treatment of experimental dimuon mass-resolution
effects and accounts for parton luminosity contributions
from b- and c-quark initial states. Typical background
parametrizations include exponentials of polynomials and
power-law functions, with degrees of freedom ranging from
1 to 4, and the spurious signal is generally within the range
of 5%–40% of the expected signal statistical uncertainty.
The search is dominated by statistical uncertainties, with

systematic uncertainties accounting for approximately 5%
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of the total. The leading systematic contribution arises from
background modeling, followed by theory uncertainties,
muon-related effects, and the knowledge of the integrated
luminosity.
The signal-plus-background model is used to fit to the

observed mμμ spectra in the 23 categories simultaneously.
Events in Fig. 1 are weighted by lnð1þ S=BÞ, with S and B
denoting the observed signal and background yields,
respectively, as extracted from the fit to data in the mμμ ¼
120–130 GeV range. The corresponding values for S, B,
and other relevant quantities for each category are sum-
marized in Table II.
The best-fit value of the signal-strength parameter,

defined as the ratio of the observed signal yield to the
SM expectation, is μ ¼ 1.6� 0.6, and corresponds to an
observed (expected) significance of 2.8 (1.8) standard
deviations, σ, with respect to the background-only hypoth-
esis. The measured signal strengths in each group of
categories, together with the combined Run-3 result, are
shown in Fig. 2. The compatibility of the measured signal
strengths between the 23 categories is tested by repeating
the fit after allowing each category to have its own signal
strength parameter. The probability of compatibility is at
the 68% level. Using the same methodology, the probability
of compatibility between the signal strengths of the six
groups of categories shown in Fig. 2 is 54%.
The results presented in this Letter are combined with the

analysis of the full ATLAS Run-2 dataset [8]. Experimental
uncertainties are taken as uncorrelated between the two

datasets, while theory sources are treated as fully corre-
lated, except for those related to PDFs. An excess of events
over background is observed with an observed (expected)
significance of 3.4 ð2.5Þσ. The measured signal strength in
the combined fit is μ ¼ 1.4� 0.4, and the individual results
for Run 2 and Run 3 are compatible within 68%. The
measured signal strengths for the Run-2 and Run-3 data-
sets, as well as their combination, are shown in Fig. 2.
Assuming the SM values for the Higgs-boson production
cross sections, this result corresponds to a branching
fraction of BðH → μμÞ ¼ ð3.0� 0.9Þ × 10−4.
In conclusion, the ATLAS experiment sees evidence for

the rare decay of the Higgs boson into two muons, and
hence for the Higgs-boson Yukawa coupling to second-
generation fermions, with an observed (expected) signifi-
cance over the background-only hypothesis of 3.4 ð2.5Þσ.
The result is obtained by analyzing 165 fb−1 of pp data
collected at

ffiffiffi
s

p ¼ 13.6 TeV and combining with the results
from 140 fb−1 of data collected at

ffiffiffi
s

p ¼ 13 TeV. This
result is compatible with the SM expectation.
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functions (pdfs) are weighted by lnð1þ S=BÞ, where S and B are
the signal and background yields, respectively, evaluated in the
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Simulated samples—Signal samples are generated for
the primary Higgs-boson production modes, with mH ¼
125 GeV and ΓH ¼ 4.07 MeV [55], using the POWHEG

[56–63] program and employing the NNPDF2.3LO
parton distribution function set [40]. Parton-level events
are processed with PYTHIA 8 [41] to perform Higgs-boson
decays, parton showering, final-state QED photon
radiation, hadronization, and modeling of the underlying
event, using the A14 tune of parameters [64]. These
samples are normalized using the most up-to-date theory
predictions for the SM production cross sections, as
summarized in Ref. [36]. The normalization also includes
the H → μμ branching ratio of 2.17 × 10−4, computed
using HDECAY [65–68] and PROPHECY4F [69–71].
The simulation of Higgs-boson production via the gluon-

fusion process attains next-to-next-to-leading-order
(NNLO) QCD accuracy for inclusive observables using
the NNLOPS prescription and after reweighting the Higgs-
boson rapidity spectrum [72]. The sample normalization is
based on a next-to-NNLO QCD calculation including next-
to-leading-order (NLO) electroweak corrections [73–84].
Samples for Higgs-boson production via the vector-

boson-fusion process and in association with a vector
boson, qq̄=qg → VH with V ¼ W or Z, are generated
using the POWHEG BOX program [85–87] at NLO accuracy,
with the sole exception of the loop-induced process
gg → ZH, which is generated at leading order (LO). VBF
samples are normalized to an approximate-NNLO QCD
cross section with NLO electroweak corrections [88–90],
whileVH samples are normalized to cross sections calculated
at NNLO in QCD with NLO electroweak corrections for

qq̄=qg → VH and at NLO and next-to-leading-logarithm
accuracy in QCD for gg → ZH [91–98].
Higgs-boson production in association with a top-quark

pair, tt̄H, is simulated at NLO accuracy in QCD and is
normalizedusinga cross-section calculation that is accurate to
NLO in QCD with NLO electroweak corrections [99–102].
Higgs-boson production in association with a bottom-

quark pair, bb̄H, is simulated at NLO accuracy in QCD
using the four-flavor scheme. The simulation is normalized
using a cross section computed at NNLO in the five-flavor
scheme and at NLO in QCD in the four-flavor scheme,
including NLO electroweak corrections [103].
Background events from the Drell-Yan Z=γ� → μμ

process are generated with Sherpa 2.2.14 [104]. Drell-Yan
events are generated using NLO-accurate matrix elements
for up to two partons, and LO-accurate matrix elements for
up to five partons calculated with the Comix [105] and
OpenLoops [106,107] libraries and the NNPDF3.0 NNLO set
[108]. The events are matched to the Sherpa parton shower
[109] using the MEPS@NLO prescription [110–113].
Diboson (WW, WZ, and ZZ) and electroweak Zjj events
are produced with Sherpa 2.2.14 and Sherpa 2.2.16, with a similar
setup as Drell-Yan and NLO-accurate matrix elements for
up to one parton and LO-accurate matrix elements for up to
three partons.
The tt̄ and single-top-quark samples are generated at

NLO accuracy with POWHEG BOX [114,115] using the
NNPDF3.0NLO PDF set. They are interfaced to PYTHIA 8

for parton showering and hadronization using the A14
parameter set and the NNPDF2.3LO PDF set.
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24bINFN Sezione di Bologna, Italy
25Physikalisches Institut, Universität Bonn, Bonn, Germany

26Department of Physics, Boston University, Boston, Massachusetts, USA
27Department of Physics, Brandeis University, Waltham, Massachusetts, USA

28aTransilvania University of Brasov, Brasov, Romania
28bHoria Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania

28cDepartment of Physics, Alexandru Ioan Cuza University of Iasi, Iasi, Romania
28dNational Institute for Research and Development of Isotopic and Molecular Technologies, Physics Department,

Cluj-Napoca, Romania
28eNational University of Science and Technology Politechnica, Bucharest, Romania

28fWest University in Timisoara, Timisoara, Romania
28gFaculty of Physics, University of Bucharest, Bucharest, Romania

29aFaculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovak Republic
29bDepartment of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice, Slovak Republic

30Physics Department, Brookhaven National Laboratory, Upton, New York, USA
31Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Física, y CONICET,

Instituto de Física de Buenos Aires (IFIBA), Buenos Aires, Argentina
32California State University, Fresno, California, USA

33Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
34aDepartment of Physics, University of Cape Town, Cape Town, South Africa

34biThemba Labs, Western Cape, South Africa
34cDepartment of Mechanical Engineering Science, University of Johannesburg, Johannesburg, South Africa

34dNational Institute of Physics, University of the Philippines Diliman, Quezon City, Philippines
34eDepartment of Physics, Stellenbosch University, Matieland, South Africa
34fUniversity of South Africa, Department of Physics, Pretoria, South Africa

34gUniversity of Zululand, KwaDlangezwa, South Africa
34hSchool of Physics, University of the Witwatersrand, Johannesburg, South Africa

35Department of Physics, Carleton University, Ottawa, Ontario, Canada
36aFaculté des Sciences Ain Chock, Université Hassan II de Casablanca, Casablanca, Morocco
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41LPC, Université Clermont Auvergne, CNRS/IN2P3, Clermont-Ferrand, France

42Nevis Laboratory, Columbia University, Irvington, New York, USA
43Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

44aDipartimento di Fisica, Università della Calabria, Rende, Italy
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71aINFN Sezione di Milano, Milano, Italy

71bDipartimento di Fisica, Università di Milano, Milano, Italy
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