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Abstract

Jet fragmentation functions are measured for the first time in proton-proton
collisions for charged pions, kaons, and protons within jets recoiling against a Z
boson. The charged-hadron distributions are studied longitudinally and transversely
to the jet direction for jets with transverse momentum 20 < pT < 100 GeV and
in the pseudorapidity range 2.5 < η < 4. The data sample was collected with
the LHCb experiment at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 1.64 fb−1. Triple differential distributions as a function of
the hadron longitudinal momentum fraction, hadron transverse momentum, and
jet transverse momentum are also measured for the first time. This helps constrain
transverse-momentum-dependent fragmentation functions. Differences in the shapes
and magnitudes of the measured distributions for the different hadron species provide
insights into the hadronization process for jets predominantly initiated by light
quarks.
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Quarks and gluons can never be observed in isolation due to confinement in quantum
chromodynamics (QCD). Thus, one of the challenges of QCD lies in relating the quark
and gluon degrees of freedom of the theory to the bound-state hadrons observed in nature.
A great deal of effort over the past several decades has gone into mapping out nucleon
structure in terms of its quark and gluon constituents. A particular focus, in recent years,
has been on the three-dimensional imaging of the nucleon [1,2]. Studying the mechanisms
by which colored quarks and gluons hadronize into new color-neutral bound states offers
complementary information connecting colored and hadronic degrees of freedom.

In the standard collinear perturbative QCD factorization framework, single-inclusive
hadron production in proton-proton (pp) collisions factorizes into the short-distance hard
scattering of partons and the long-distance dynamics described by fragmentation functions
(FFs) and parton distribution functions (PDFs). The latter parametrizes proton structure
as a function of momentum fraction carried by a parton of an incoming proton taking
part in the hard scattering process. Hadronization of charged particles is described by
collinear FFs, denoted as Dh

q (z), where z is the longitudinal momentum fraction of an
outgoing parton q carried by a produced hadron h (see Ref. [3] for a review of FFs).
The FFs and PDFs are not fully calculable perturbatively and must be constrained by
experimental measurements. In Monte Carlo (MC) generators, phenomenological models
tuned to data are used to perform hadronization. [4–6]. Jet fragmentation functions (JFFs)
are experimental observables describing jet substructure that measure the longitudinal
momentum fraction carried by a hadron of a jet [7–13]. Within the soft-collinear effective
theory framework, JFFs are constructed such that they can probe the standard collinear
FFs, defined for inclusive single-hadron production with no requirement of a reconstructed
jet. Similarly, transverse-momentum-dependent (TMD) JFFs defined within the soft-
collinear effective theory framework can access standard TMD FFs [14], traditionally
measured in e+e− collisions [15–20] and semi-inclusive deep inelastic lepton-nucleon
scattering [21, 22]. In addition to the dependence on the longitudinal momentum fraction
z, TMD FFs also depend on jT, the transverse momentum of the produced hadron with
respect to the jet axis in the case of a fully reconstructed jet, or the thrust axis in e+e−

collisions (see e.g. Ref. [18]). Singly differential TMD JFFs for unidentified hadrons have
previously been measured in proton-proton collisions at the LHC [23–26]. The excellent
hadron identification capabilities at LHCb allow for measurements of the JFFs for different
particle species.

This Letter presents the first measurements of JFFs for identified charged hadrons in
jets produced in association with a Z boson in the forward region of pp collisions. The
main observables are the longitudinal momentum fraction of the jet carried by the hadron,
z, and the transverse component of the hadron momentum with respect to the jet axis,
jT, as found in Ref. [25,27] and defined as

z =
phad · pjet

|pjet|2
, jT =

|phad × pjet|
|pjet|

, (1)

where phad and pjet are the hadron and jet three-momentum vectors, respectively.
The dominant leading order hard process for Z+jet production in the LHCb acceptance

is qg → Zq due to the asymmetry between the gluon and quark momentum fractions,
verified with Pythia 8 [28], which enhances jets initiated by light valence quarks and
provides sensitivity to the quark TMD FFs.

The JFFs measured using Z-tagged jets in this Letter are defined in terms of differential
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cross-sections dσ as

f(z, jT) =
dσ

dPS dz djT

/
dσ

dPS
, (2)

F (z) =

∫
djT f(z, jT) =

dσ

dPS dz

/
dσ

dPS
, (3)

F (jT) =

∫
dz f(z, jT) =

dσ

dPS djT

/
dσ

dPS
, (4)

where the phase space dPS depends on the pseudorapidity of the Z boson and the jet,
and the vector sum and the difference between the transverse momenta of the Z boson
and the jet [13].

The TMD JFF defined in Eq. (2) is integrated over jT to obtain the collinear JFF
shown in Eq. (3). The transverse profile is obtained by integrating the TMD JFF over z
as defined in Eq. (4). Experimentally, these quantities can be expressed in terms of yields
corrected for detector effects as

f(z, jT) =
1

NZ+jet

dNhad(z, jT)

dz djT
, F (z) =

1

NZ+jet

dNhad(z)

dz
, F (jT) =

1

NZ+jet

dNhad(jT)

djT
, (5)

where Nhad is the number of hadrons in Z-tagged jets for given z and jT, and NZ+jet is
the number of Z+jet pairs that contain charged hadrons.

The LHCb detector [29,30] is a single-arm forward spectrometer covering the pseudora-
pidity range 2 < η < 5. The detector includes a high-precision tracking system consisting
of a silicon-strip vertex detector (VELO) [31] surrounding the pp interaction region, a
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 [32, 33] placed
downstream of the magnet. The momentum resolution of charged particles provided by
the tracking system is δp/p ∼ 0.5% at low momentum and reaches 1.0% at 200 GeV1. The
VELO allows reconstruction of multiple primary vertices (PVs) and rejection of events
with more than one PV or additional low-momentum tracks. Muons are identified by a
system composed of alternating layers of iron and multiwire proportional chambers [34].
Photons, electrons, and hadrons are distinguished by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromagnetic calorimeter, and a hadronic
calorimeter. Different types of charged hadrons are identified using information from two
ring-imaging Cherenkov (RICH) detectors [35], with RICH 1 (C4F10 radiator) covering
2 to 60 GeV and RICH 2 (CF4) covering 15 to 100 GeV. Simulated pp collisions are
generated using Pythia 8 [28] with a specific LHCb configuration [36]. Decays of hadronic
particles are described by EvtGen [37], in which final-state radiation is generated using
Photos [38]. Finally, the Geant4 toolkit [39] is used to simulate the interactions of the
particles with the detector, as described in Ref. [40].

The data sample used in this analysis corresponds to an integrated luminosity of
1.64 fb−1 collected at

√
s = 13 TeV with the LHCb detector in 2016. The online

event selection is performed by the muon trigger system, where Z boson candidates are
selected via their decay into two oppositely charged muons. The two muons are required
to have pT > 20 GeV, 2.0 < η(µ) < 4.5, and their invariant mass within the range

1In this article, natural units (c = ℏ = 1) are used.
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60 < Mµµ < 120 GeV, as applied in Ref. [25, 41]. The muons must satisfy the track-
reconstruction and muon-identification criteria applied in Ref. [42]. Jet reconstruction
is performed offline using a particle-flow algorithm [41], where the neutral and charged
candidates are clustered using the anti-kT algorithm [43,44] with the R parameter set to
0.5. The selection criteria for Z+jet pairs and tracks inside the jets closely follow those
described in Ref. [25]. The fiducial criteria require that the jet with the highest pT in
the event, which is analyzed for these measurements, has 20 < pT(jet) < 100 GeV and
2.5 < η(jet) < 4.0. Additional jets with pT(jet) > 15 GeV are used in unfolding detector
effects. The tighter η(jet) requirement ensures that all the jet constituents are contained
within the detector acceptance. To reduce the rate of jets associated with a different
primary vertex than the Z candidate, only events with a single reconstructed primary
vertex are analyzed. The jets must be well separated from the Z candidate by requiring
an azimuthal separation ∆ϕZ−jet greater than 7π

8
, and are rejected if one of the muons is

found within ∆R =
√

∆η2 + ∆ϕ2 < 0.5, defined with respect to the jet momentum. The
charged hadron candidates must be constituents of the jet, fall within ∆R < 0.5 of the
jet, and have a good quality track with a minimum pT (p) of 0.25 (4) GeV.

The number of Z+jet pairs in each jet pT interval, used in the normalization of the
JFFs, is corrected to account for reconstruction and selection efficiencies. The same
correction factors are applied to the hadron distributions in jets. The muon detection
and reconstruction efficiencies are determined in data using the tag-and-probe method
employed in the inclusive Z boson cross-section measurements of LHCb [42,45,46]. The
efficiency to reconstruct and identify the jet in the event is evaluated from simulation.
This efficiency increases with pT, from ≈ 85% for jets with pT of 20 GeV to saturate at
≈ 95% for jets with pT of 30 GeV and above.

The charged hadron candidates inside the reconstructed jets are identified by the
particle-identification systems [29, 35]. Reconstructed charged hadron yields are corrected
for the track-reconstruction efficiency, effects from misreconstructed tracks or false associ-
ation with jets, and particle misidentification on a track-by-track basis. Simulation is used
to determine the track reconstruction efficiency for pions, kaons, and protons separately
as a function of momentum and pseudorapidity. The probability of hadronic interactions
in the detector material of ≈20% λ (nuclear interaction lengths), and decays in flight,
results in track reconstruction efficiencies of 79%, 77% and 63% for pions, kaons, and
protons, respectively.

The particle identification (PID) efficiency is determined in intervals of particle mo-
mentum, pseudorapidity, and track multiplicity using dedicated data control samples [47].
The (mis)identification probabilities of charged hadrons are derived from these samples
and used to construct a PID matrix. The particle misidentification effects are unfolded by
solving

x rec = A xunf (6)

in each momentum interval. The vector x unf represents the unfolded yields of the three
particles species π±, K±, and p± in a given momentum interval and x rec the corresponding
reconstructed yields at detector level. A matrix element A ij represents the probability
of a particle j to be reconstructed as i. The probabilities are weighted to describe the
pseudorapidity and track-multiplicity distributions in data. Correction factors for pions
(kaons) ranged from 0.98 (0.7) to 1.1 (1.03) as a function of momentum. For protons,
the corrections were as large a factor of 4 at momentum below 10 GeV where PID is
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not fully efficient and ranged from 0.5 to 1.2 above 10 GeV. The PID corrections for
kaons and protons dominate at the lowest momentum, while they compete with the track
reconstruction efficiencies at higher momentum.

The uncertainties on the resulting PID-unfolded momentum distributions x unf are
estimated using a bootstrap method [48] with 500 trials and are statistically dominated.
The impurity of the charged-hadron sample due to misidentification of nonhadronic
particles or long-lived hyperons as charged pions, kaons, or protons is less than 5% of
the statistical uncertainties in all momentum intervals. The particle-species-dependent
efficiencies can be biased if a particle is misidentified. The efficiencies are corrected for
these effects after the PID unfolding.

The unfolding of detector effects in the distributions of transverse momentum and
pesudorapidity of jets in Z+jet pairs is performed using machine learning (ML) techniques
based on the iterative unbinned Bayesian unfolding method as implemented in Ref. [49].
In this method, deep neural networks are employed as classifiers to estimate likelihood
ratios that are used to update event weights in simulation. The unfolding method is
validated with a closure test using the simulated data. In this analysis, two iterations are
performed based on the best results of the closure tests. The unfolded jet-pT distributions
are consistent within statistical uncertainties between the ML method employed in this
analysis and the binned iterative Bayesian method [50, 51] with two iterations. The
charged hadron distributions inside jets in z, jT, and their joint distributions, are unfolded
simultaneously with the jet transverse momentum and pseudorapidity.

Sources of systematic uncertainties on the jet transverse-momentum distribution of
Z+jet pairs and identified charged hadrons in z and jT are evaluated. The former arise
from the background contributions from fake jets (0.2%) and incorrectly reconstructed Z
bosons (1.4%) due to hadrons misidentified as muons. Additionally, uncertainties on the
jet reconstruction are determined by comparing jet-quality quantifiers between the data
and simulation (1.8%), similar to the method employed in Ref. [52]. Uncertainties related
to the muon reconstruction efficiencies are found to be negligible. The Z+jet selection
and jet reconstruction uncertainties added in quadrature return a total uncertainty of
2.4%.

The primary uncertainties associated with the simulated detector response of the jets
arise from the jet-energy scale and resolution. The jet-energy scale has been studied in
previous measurements of the Z+jet cross-section [41, 52]. Exploiting the pT balance
between the Z boson and a single recoiled jet in the event, the uncertainty on the jet-energy
scale is determined to be 3%. The uncertainties on the fragmentation measurements are
estimated by repeating the analysis with the energy scale in the simulation varied by
one standard deviation and taking the difference in the distributions, as in Refs. [25,41,
52]. Similarly, the systematic uncertainty due to the jet-energy resolution is evaluated
by independently varying each component of the reconstructed jet momentum in the
simulation by the uncertainty on the jet resolution. This procedure is repeated until the
difference in the unfolded distributions between the nominal and smeared jet momentum
stabilizes.

The sources of systematic uncertainties on the identified charged-hadron distributions
include the tracking efficiency and particle identification. The effects of the statistical
precision of the efficiency are evaluated by smoothing the two-dimensional efficiency and
repeating the analysis. The differences in the distributions between the smoothed and
nominal efficiencies are taken as uncertainties on the tracking efficiency. Additionally,
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PID-dependent uncertainties attributed to the uncertainties on the material budget
implemented in the simulation are found to be 1.50%, 1.27% and 3.3% for pions, kaons,
and protons, respectively. The uncertainty on the track-selection requirement to remove
spurious tracks formed by accidentally matched detector hits and charged hadrons not
associated with the jet is negligible. For identified charged-hadron distributions, the
systematic uncertainties on the PID are determined from the uncertainties on the PID-
unfolded momentum distributions.

The systematic uncertainties on the unfolding method are determined by taking the
standard deviation of weighted absolute differences in the ratio between the unfolded
and generated distributions. The uncertainties on the unfolded number of jets and the
non-normalized hadronization variables are 1.1% and 0.8%, respectively.

Figure 1 shows z and jT distributions in three intervals of jet pT for unidentified
charged hadrons. The z distributions show a humpbacked structure in z < 0.04 due to
both color coherence and kinematic requirements. Color coherence is a manifestation
of parton hadron duality [53] where the perturbative partonic structure of a jet defines
the momenta of the final hadrons, and produces this structure due to the suppression
of wide-angle gluon emissions. In these distributions the kinematic requirements on the
tracks shift the peak of the structure to varying degrees for different jet pT intervals;
higher pT jets can probe smaller z. At mid-to-high z, 0.04 < z < 0.4, scaling behavior is
seen across all jet pT intervals. An overall increase of particle production in all regions of
jT for jets with higher pT is seen, with a larger increase at high jT. Comparisons with
previous measurements at

√
s = 8 TeV [25] show a general similarity in shape. While the

measurements indicate that charged hadron production may be slightly shifted towards
lower z at

√
s = 13 TeV for a given jet pT, the jT distributions are consistent within

uncertainties between the two center-of-mass energies.
The double differential JFFs in jT, z, in three jet pT intervals for unidentified charged

hadrons are shown in Fig. 2. Charged hadrons carrying a larger momentum fraction
along the jet axis tend to have a larger transverse momentum with respect to the jet axis.
With increasing jet pT, the centroid of the joint distributions moves towards a smaller z,
a region dominated by soft particle production, and a larger jT, resulting in wider jets.
Charged particles also carry a larger jT for a given z in jets with a higher pT. This is
consistent with Markov chain fragmentation models, e.g. the string [5] or cluster model [6],
where a momentum kick transverse to the parton system is sampled independently per
hadron. Jets with higher pT experience longer Markov chains, resulting in a higher jT for
a given z.

The z distributions for identified charged hadrons and the ratios of heavier particles
with respect to pions are shown in Fig. 3. Pions are the predominant charged hadron
produced due to their low mass and the flavor content of the initial-state protons. Hadrons
with heavier mass require a larger z threshold for their formation, leading to the position
of the maximum at a higher z. In the lowest jet pT interval, proton production relative to
kaon production is clearly suppressed for lower z values. When different jet pT intervals
are overlaid, the scaling behavior across all jet pT intervals begins at z ∼ 0.07 for heavier
particles and 0.03 for pions.

The JFFs and the ratios are compared to predictions from Pythia 8 in Fig. 1 and
Fig. 3. The predictions are generated using Pythia 8.186 with the CT09MCS PDF
set and a specific LHCb configuration [36]. In general, Pythia 8 describes unidentified
charged hadron distributions well with only slight underestimation while the number
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Figure 1: Distributions of (top) the longitudinal momentum fraction and (bottom) the transverse
momentum of charged hadrons (pions, kaons, and protons combined) with respect to the jet axis
in three jet pT intervals and (right) comparisons with previous results at

√
s = 8 TeV for jets

with 20 < pT < 30 GeV [25]. Statistical (systematic) uncertainties are shown in bars (boxes).

of charged pions (kaons and protons) are largely underestimated (overestimated). The
production of heavier particles relative to pions is well described by Pythia 8 at high jet
pT, while at low jet pT Pythia 8 significantly overestimates it. These data can be used
to tune MC generators for production of identified charged particles.

Figure 4 shows the TMD JFFs measured as joint distributions in z and jT for the
three separate particle species. The center of the distribution shifting towards higher
values in both z and jT with the mass of the particle suggests that heavier hadrons are
produced from harder partons.

In summary, the LHCb collaboration has measured the joint distributions in two
kinematic variables simultaneously, probing the longitudinal and transverse profiles of
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Figure 2: Double differential JFFs of the longitudinal momentum fraction z and the transverse
momentum jT of charged hadrons (pions, kaons, and protons combined) in three jet pT intervals.
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Figure 3: Collinear jet fragmentation functions of (top) identified pions, kaons and protons in
three jet pT intervals and (bottom) the ratios of kaons to pions and protons to pions. Statistical
(systematic) uncertainties are shown in bars (boxes).

identified charged pions, kaons, and protons inside predominantly light-quark-initiated
jets for the first time. These distributions describe the 3D picture in the collinear and
transverse dimension with respect to the jet axis, and the hadron-mass hierarchy in
the hadronization processes. They will help constrain TMD FFs in uncharted phase
space. These measurements exploit the full particle-identification capabilities of the LHCb
detector. The joint distributions for all charged hadrons have also been measured for the
first time.

The collinear JFFs for identified charged hadrons exhibit the effects of quark-flavor
content inside the proton. The relative jet-fragmentation functions of heavier particles to
pions could provide insights into the role of the valence versus sea quarks in the parton
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Figure 4: Joint distributions of the longitudinal momentum fraction z and the transverse
momentum jT of identified charged (left) pions, (middle) kaons and (right) protons in jets with
20 < pT < 30 GeV.

shower leading to hadronization. The projected single-variable distributions in jT and z
have been measured for identified and all charged hadrons and compared to the previous
LHCb results at 8 TeV. Overall, similar patterns are seen in jT and z > 0.04 between√
s = 8 TeV and 13 TeV.
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R.D. Moise14 , S. Mokhnenko38 , T. Mombächer40 , I.A. Monroy68 , S. Monteil9 ,
M. Morandin28 , G. Morello23 , M.J. Morello29,q , J. Moron34 , A.B. Morris69 ,
A.G. Morris50 , R. Mountain62 , H. Mu3 , F. Muheim52 , M. Mulder72 , K. Müller44 ,
C.H. Murphy57 , D. Murray56 , R. Murta55 , P. Muzzetto27,h , P. Naik48 ,
T. Nakada43 , R. Nandakumar51 , T. Nanut42 , I. Nasteva2 , M. Needham52 ,
N. Neri25,l , S. Neubert69 , N. Neufeld42 , P. Neustroev38, R. Newcombe55, E.M. Niel43 ,
S. Nieswand14, N. Nikitin38 , N.S. Nolte58 , C. Normand8,h,27 , J. Novoa Fernandez40 ,
C. Nunez76 , A. Oblakowska-Mucha34 , V. Obraztsov38 , T. Oeser14 ,
D.P. O’Hanlon48 , S. Okamura21,i , R. Oldeman27,h , F. Oliva52 , M.E. Olivares62,
C.J.G. Onderwater72 , R.H. O’Neil52 , J.M. Otalora Goicochea2 , T. Ovsiannikova38 ,
P. Owen44 , A. Oyanguren41 , O. Ozcelik52 , K.O. Padeken69 , B. Pagare50 ,
P.R. Pais42 , T. Pajero57 , A. Palano19 , M. Palutan23 , Y. Pan56 , G. Panshin38 ,
A. Papanestis51 , M. Pappagallo19,f , L.L. Pappalardo21,i , C. Pappenheimer59 ,
W. Parker60 , C. Parkes56 , B. Passalacqua21,i , G. Passaleva22 , A. Pastore19 ,
M. Patel55 , C. Patrignani20,g , C.J. Pawley73 , A. Pearce42 , A. Pellegrino32 ,
M. Pepe Altarelli42 , S. Perazzini20 , D. Pereima38 , A. Pereiro Castro40 , P. Perret9 ,
M. Petric53, K. Petridis48 , A. Petrolini24,k , A. Petrov38, S. Petrucci52 , M. Petruzzo25 ,
H. Pham62 , A. Philippov38 , R. Piandani6 , L. Pica29,q , M. Piccini71 , B. Pietrzyk8 ,
G. Pietrzyk11 , M. Pili57 , D. Pinci30 , F. Pisani42 , M. Pizzichemi26,m,42 ,
V. Placinta37 , J. Plews47 , M. Plo Casasus40 , F. Polci13,42 , M. Poli Lener23 ,
M. Poliakova62, A. Poluektov10 , N. Polukhina38 , I. Polyakov42 , E. Polycarpo2 ,
S. Ponce42 , D. Popov6,42 , S. Popov38 , S. Poslavskii38 , K. Prasanth35 ,
L. Promberger42 , C. Prouve40 , V. Pugatch46 , V. Puill11 , G. Punzi29,r , H.R. Qi3 ,
W. Qian6 , N. Qin3 , S. Qu3 , R. Quagliani43 , N.V. Raab18 , R.I. Rabadan Trejo6 ,
B. Rachwal34 , J.H. Rademacker48 , R. Rajagopalan62, M. Rama29 , M. Ramos Pernas50 ,
M.S. Rangel2 , F. Ratnikov38 , G. Raven33,42 , M. Rebollo De Miguel41 , F. Redi42 ,

15

https://orcid.org/0000-0002-7195-8537
https://orcid.org/0000-0002-3151-3453
https://orcid.org/0000-0002-4094-1273
https://orcid.org/0000-0002-7551-6971
https://orcid.org/0000-0003-3523-9479
https://orcid.org/0000-0002-6917-6210
https://orcid.org/0000-0001-9619-6666
https://orcid.org/0000-0003-3192-6175
https://orcid.org/0000-0003-3509-1240
https://orcid.org/0000-0002-2589-240X
https://orcid.org/0000-0002-3966-2998
https://orcid.org/0000-0001-6640-7274
https://orcid.org/0000-0001-5012-6013
https://orcid.org/0000-0002-2366-9554
https://orcid.org/0000-0002-2243-8412
https://orcid.org/0000-0003-2740-9765
https://orcid.org/0000-0001-5455-3768
https://orcid.org/0000-0002-5723-0961
https://orcid.org/0000-0003-2043-4669
https://orcid.org/0000-0003-0755-8413
https://orcid.org/0000-0002-5277-9103
https://orcid.org/0000-0001-7587-3365
https://orcid.org/0000-0001-6052-8243
https://orcid.org/0000-0002-5541-6500
https://orcid.org/0000-0003-4451-214X
https://orcid.org/0000-0002-4234-435X
https://orcid.org/0000-0001-5961-6588
https://orcid.org/0000-0001-6658-1993
https://orcid.org/0000-0003-4658-6361
https://orcid.org/0000-0002-6919-227X
https://orcid.org/0000-0002-2375-9509
https://orcid.org/0000-0003-4176-1503
https://orcid.org/0000-0003-3898-7464
https://orcid.org/0000-0003-1874-8407
https://orcid.org/0000-0003-1168-9547
https://orcid.org/0000-0001-9892-5113
https://orcid.org/0000-0002-9433-054X
https://orcid.org/0000-0003-4416-6961
https://orcid.org/0000-0002-8196-1828
https://orcid.org/0000-0003-4937-7637
https://orcid.org/0000-0002-3697-8129
https://orcid.org/0000-0001-6823-2607
https://orcid.org/0000-0002-0630-5185
https://orcid.org/0009-0001-8755-2937
https://orcid.org/0000-0003-0312-3914
https://orcid.org/0000-0002-1072-5633
https://orcid.org/0000-0002-6876-3288
https://orcid.org/0000-0002-7053-4951
https://orcid.org/0000-0001-5689-9578
https://orcid.org/0009-0004-5695-8274
https://orcid.org/0000-0002-0152-2412
https://orcid.org/0000-0002-9571-7535
https://orcid.org/0000-0002-4644-5916
https://orcid.org/0000-0001-6651-9436
https://orcid.org/0009-0003-8228-0404
https://orcid.org/0009-0007-6216-7155
https://orcid.org/0000-0002-9390-8821
https://orcid.org/0000-0003-1652-8005
https://orcid.org/0000-0001-5704-3499
https://orcid.org/0000-0003-2744-3656
https://orcid.org/0000-0002-8179-0707
https://orcid.org/0000-0003-0062-1985
https://orcid.org/0000-0002-3731-9977
https://orcid.org/0000-0002-2120-5633
https://orcid.org/0000-0002-1807-3430
https://orcid.org/0000-0003-1960-4413
https://orcid.org/0000-0003-1144-3678
https://orcid.org/0000-0002-9915-6587
https://orcid.org/0000-0001-8114-3078
https://orcid.org/0000-0001-9099-4878
https://orcid.org/0000-0002-4111-0797
https://orcid.org/0000-0002-5055-7224
https://orcid.org/0000-0002-7298-3101
https://orcid.org/0000-0003-0529-6982
https://orcid.org/0000-0002-8361-9356
https://orcid.org/0000-0002-2867-722X
https://orcid.org/0000-0002-9863-4954
https://orcid.org/0000-0002-6150-3168
https://orcid.org/0000-0002-8663-9037
https://orcid.org/0000-0002-8996-795X
https://orcid.org/0000-0003-4792-9178
https://orcid.org/0000-0002-6438-4483
https://orcid.org/0000-0001-6841-6035
https://orcid.org/0000-0002-3264-3401
https://orcid.org/0000-0002-7380-6190
https://orcid.org/0000-0001-8713-6119
https://orcid.org/0000-0002-9428-4715
https://orcid.org/0000-0003-4665-5451
https://orcid.org/0000-0002-4047-4521
https://orcid.org/0000-0003-2222-7727
https://orcid.org/0000-0003-1664-8963
https://orcid.org/0000-0002-7366-4364
https://orcid.org/0000-0002-9331-1363
https://orcid.org/0000-0002-3687-9630
https://orcid.org/0000-0002-3038-7301
https://orcid.org/0009-0004-7045-2181
https://orcid.org/0000-0001-8993-3234
https://orcid.org/0000-0002-5477-3995
https://orcid.org/0000-0001-5023-2086
https://orcid.org/0000-0001-7144-0175
https://orcid.org/0000-0003-0875-2533
https://orcid.org/0000-0002-1947-8034
https://orcid.org/0000-0002-4266-1726
https://orcid.org/0000-0003-1667-7115
https://orcid.org/0000-0003-1836-0189
https://orcid.org/0000-0003-0818-4695
https://orcid.org/0000-0002-0374-5310
https://orcid.org/0000-0002-2622-8551
https://orcid.org/0000-0003-4232-5615
https://orcid.org/0000-0002-6969-2063
https://orcid.org/0000-0001-7450-1121
https://orcid.org/0000-0003-1580-0898
https://orcid.org/0000-0002-0091-5177
https://orcid.org/0000-0002-7956-054X
https://orcid.org/0000-0002-1697-4999
https://orcid.org/0000-0003-3650-2689
https://orcid.org/0009-0009-9185-4901
https://orcid.org/0000-0002-3718-4144
https://orcid.org/0000-0002-5662-8804
https://orcid.org/0000-0002-1849-1472
https://orcid.org/0000-0002-5612-979X
https://orcid.org/0000-0001-8742-0531
https://orcid.org/0000-0001-5015-3353
https://orcid.org/0000-0003-4708-4240
https://orcid.org/0000-0002-6180-3697
https://orcid.org/0000-0003-4190-1078
https://orcid.org/0000-0002-1857-1675
https://orcid.org/0000-0002-0832-9199
https://orcid.org/0000-0001-6644-9888
https://orcid.org/0000-0003-1908-4219
https://orcid.org/0000-0001-9720-7507
https://orcid.org/0000-0002-1131-8909
https://orcid.org/0000-0001-6867-8166
https://orcid.org/0000-0002-5105-1305
https://orcid.org/0000-0002-6441-075X
https://orcid.org/0000-0002-5729-8675
https://orcid.org/0000-0002-6915-8370
https://orcid.org/0000-0003-3109-3695
https://orcid.org/0000-0001-6977-2971
https://orcid.org/0009-0000-6210-6861
https://orcid.org/0000-0002-6813-6794
https://orcid.org/0000-0002-5728-9867
https://orcid.org/0000-0001-7115-7214
https://orcid.org/0000-0002-8297-6714
https://orcid.org/0000-0002-6106-3756
https://orcid.org/0000-0002-0706-1944
https://orcid.org/0000-0003-2298-0102
https://orcid.org/0000-0002-6587-4695
https://orcid.org/0000-0003-0215-1091
https://orcid.org/0000-0003-2536-4209
https://orcid.org/0000-0001-5055-7710
https://orcid.org/0000-0002-1819-1381
https://orcid.org/0000-0002-2521-9346
https://orcid.org/0000-0003-1328-0534
https://orcid.org/0000-0002-0994-3641
https://orcid.org/0000-0001-7792-4082
https://orcid.org/0000-0002-3001-6690
https://orcid.org/0000-0003-1229-3093
https://orcid.org/0000-0001-6902-0710
https://orcid.org/0000-0001-7025-3407
https://orcid.org/0000-0002-2310-4166
https://orcid.org/0000-0002-9797-8464
https://orcid.org/0000-0002-9584-8500
https://orcid.org/0000-0002-3890-9426
https://orcid.org/0000-0002-4161-9147
https://orcid.org/0000-0002-8240-7300
https://orcid.org/0000-0003-3227-9248
https://orcid.org/0000-0001-7251-9125
https://orcid.org/0000-0003-3184-1622
https://orcid.org/0009-0005-9758-742X
https://orcid.org/0000-0001-9630-2000
https://orcid.org/0000-0002-6095-9593
https://orcid.org/0000-0001-7052-1360
https://orcid.org/0000-0002-4110-7299
https://orcid.org/0000-0001-9163-2051
https://orcid.org/0000-0002-5405-2901
https://orcid.org/0000-0001-7601-5602
https://orcid.org/0000-0002-0876-3163
https://orcid.org/0000-0003-0738-3668
https://orcid.org/0000-0001-9479-1285
https://orcid.org/0000-0003-4174-1334
https://orcid.org/0000-0003-3643-7469
https://orcid.org/0000-0002-8077-8378
https://orcid.org/0000-0002-5024-3495
https://orcid.org/0000-0003-3871-5602
https://orcid.org/0000-0002-5882-1747
https://orcid.org/0000-0001-9112-3724
https://orcid.org/0000-0002-9719-1522
https://orcid.org/0000-0002-7884-345X
https://orcid.org/0000-0002-1642-4030
https://orcid.org/0000-0002-1862-7122
https://orcid.org/0000-0002-7008-8082
https://orcid.org/0000-0001-9721-3325
https://orcid.org/0000-0002-5732-4343
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0003-0222-7594
https://orcid.org/0000-0001-8312-4268
https://orcid.org/0000-0001-8377-149X
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0002-5103-8880
https://orcid.org/0000-0003-2226-8924
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-7599-4666
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0009-0009-8213-7265
https://orcid.org/0000-0002-2289-918X
https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-2849-3233
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-0127-6255
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0003-0806-7149
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0002-9325-2308
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-3199-2968
https://orcid.org/0000-0002-9787-3910
https://orcid.org/0000-0002-0685-6497
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984


F. Reiss56 , C. Remon Alepuz41, Z. Ren3 , V. Renaudin57 , P.K. Resmi10 ,
R. Ribatti29,q , A.M. Ricci27 , S. Ricciardi51 , K. Richardson58 ,
M. Richardson-Slipper52 , K. Rinnert54 , P. Robbe11 , G. Robertson52 ,
A.B. Rodrigues43 , E. Rodrigues54 , J.A. Rodriguez Lopez68 , E. Rodriguez Rodriguez40 ,
A. Rollings57 , P. Roloff42 , V. Romanovskiy38 , M. Romero Lamas40 ,
A. Romero Vidal40 , J.D. Roth76,†, M. Rotondo23 , M.S. Rudolph62 , T. Ruf42 ,
R.A. Ruiz Fernandez40 , J. Ruiz Vidal41, A. Ryzhikov38 , J. Ryzka34 ,
J.J. Saborido Silva40 , N. Sagidova38 , N. Sahoo47 , B. Saitta27,h , M. Salomoni42 ,
C. Sanchez Gras32 , I. Sanderswood41 , R. Santacesaria30 , C. Santamarina Rios40 ,
M. Santimaria23 , E. Santovetti31,t , D. Saranin38 , G. Sarpis14 , M. Sarpis69 ,
A. Sarti30 , C. Satriano30,s , A. Satta31 , M. Saur15 , D. Savrina38 , H. Sazak9 ,
L.G. Scantlebury Smead57 , A. Scarabotto13 , S. Schael14 , S. Scherl54 , M. Schiller53 ,
H. Schindler42 , M. Schmelling16 , B. Schmidt42 , S. Schmitt14 , O. Schneider43 ,
A. Schopper42 , M. Schubiger32 , S. Schulte43 , M.H. Schune11 , R. Schwemmer42 ,
B. Sciascia23,42 , A. Sciuccati42 , S. Sellam40 , A. Semennikov38 , M. Senghi Soares33 ,
A. Sergi24,k , N. Serra44 , L. Sestini28 , A. Seuthe15 , Y. Shang5 , D.M. Shangase76 ,
M. Shapkin38 , I. Shchemerov38 , L. Shchutska43 , T. Shears54 , L. Shekhtman38 ,
Z. Shen5 , S. Sheng4,6 , V. Shevchenko38 , B. Shi6 , E.B. Shields26,m , Y. Shimizu11 ,
E. Shmanin38 , J.D. Shupperd62 , B.G. Siddi21,i , R. Silva Coutinho44 , G. Simi28 ,
S. Simone19,f , M. Singla63 , N. Skidmore56 , R. Skuza17 , T. Skwarnicki62 ,
M.W. Slater47 , J.C. Smallwood57 , J.G. Smeaton49 , E. Smith44 , K. Smith61 ,
M. Smith55 , A. Snoch32 , L. Soares Lavra9 , M.D. Sokoloff59 , F.J.P. Soler53 ,
A. Solomin38,48 , A. Solovev38 , I. Solovyev38 , F.L. Souza De Almeida2 ,
B. Souza De Paula2 , B. Spaan15,†, E. Spadaro Norella25,l , E. Spiridenkov38,
P. Spradlin53 , V. Sriskaran42 , F. Stagni42 , M. Stahl59 , S. Stahl42 , S. Stanislaus57 ,
E.N. Stein42 , O. Steinkamp44 , O. Stenyakin38, H. Stevens15 , S. Stone62,† ,
D. Strekalina38 , F. Suljik57 , J. Sun27 , L. Sun67 , Y. Sun60 , P. Svihra56 ,
P.N. Swallow47 , K. Swientek34 , A. Szabelski36 , T. Szumlak34 , M. Szymanski42 ,
Y. Tan3 , S. Taneja56 , A.R. Tanner48, M.D. Tat57 , A. Terentev38 , F. Teubert42 ,
E. Thomas42 , D.J.D. Thompson47 , K.A. Thomson54 , H. Tilquin55 , V. Tisserand9 ,
S. T’Jampens8 , M. Tobin4 , L. Tomassetti21,i , G. Tonani25,l , X. Tong5 ,
D. Torres Machado1 , D.Y. Tou3 , E. Trifonova38, S.M. Trilov48 , C. Trippl43 ,
G. Tuci6 , A. Tully43 , N. Tuning32,42 , A. Ukleja36 , D.J. Unverzagt17 , E. Ursov38 ,
A. Usachov32 , A. Ustyuzhanin38 , U. Uwer17 , A. Vagner38, V. Vagnoni20 ,
A. Valassi42 , G. Valenti20 , N. Valls Canudas74 , M. van Beuzekom32 , M. Van Dijk43 ,
H. Van Hecke61 , E. van Herwijnen38 , C.B. Van Hulse40 , M. van Veghel72 ,
R. Vazquez Gomez39 , P. Vazquez Regueiro40 , C. Vázquez Sierra42 , S. Vecchi21 ,
J.J. Velthuis48 , M. Veltri22,v , A. Venkateswaran62 , M. Veronesi32 , M. Vesterinen50 ,
D. Vieira59 , M. Vieites Diaz43 , X. Vilasis-Cardona74 , E. Vilella Figueras54 ,
A. Villa20 , P. Vincent13 , F.C. Volle11 , D. vom Bruch10 , A. Vorobyev38, V. Vorobyev38,
N. Voropaev38 , K. Vos73 , C. Vrahas52 , R. Waldi17 , J. Walsh29 , G. Wan5 ,
C. Wang17 , J. Wang5 , J. Wang4 , J. Wang3 , J. Wang67 , M. Wang5 , R. Wang48 ,
X. Wang66 , Y. Wang7 , Z. Wang44 , Z. Wang3 , Z. Wang6 , J.A. Ward50,63 ,
N.K. Watson47 , D. Websdale55 , Y. Wei5 , C. Weisser58, B.D.C. Westhenry48 ,
D.J. White56 , M. Whitehead53 , A.R. Wiederhold50 , D. Wiedner15 , G. Wilkinson57 ,
M.K. Wilkinson59 , I. Williams49, M. Williams58 , M.R.J. Williams52 , R. Williams49 ,
F.F. Wilson51 , W. Wislicki36 , M. Witek35 , L. Witola17 , C.P. Wong61 ,
G. Wormser11 , S.A. Wotton49 , H. Wu62 , K. Wyllie42 , Z. Xiang6 , D. Xiao7 ,
Y. Xie7 , A. Xu5 , J. Xu6 , L. Xu3 , L. Xu3 , M. Xu50 , Q. Xu6, Z. Xu9 , Z. Xu6 ,
D. Yang3 , S. Yang6 , Y. Yang6 , Z. Yang5 , Z. Yang60 , L.E. Yeomans54 , H. Yin7 ,

16

https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0003-4440-937X
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-8816-3626
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0002-1955-7541
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0000-0002-5213-3783
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-1217-8418
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0002-8657-3576
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0002-3543-0313
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0002-7082-887X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0001-5419-7951
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0001-9330-1440
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-5836-5211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-3004-187X
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3204-5847
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0001-6057-6018
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-8694-2853
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-9867-0453
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0002-2122-771X
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0003-4933-5058
https://orcid.org/0000-0002-7811-2147
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0000-0001-6086-4116
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0002-9121-6629
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0001-8856-2777
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-3111-4003
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-0267-6402
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0002-8712-9055
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0000-0002-6519-4526
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0000-0001-9322-9565
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0002-0500-1286
https://orcid.org/0000-0003-2538-5798
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0000-0002-1916-3884
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0000-0001-9511-2846
https://orcid.org/0000-0002-0944-4340
https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-1828-3881
https://orcid.org/0000-0001-9905-8031
https://orcid.org/0000-0002-2100-0726
https://orcid.org/0000-0002-4258-4062
https://orcid.org/0000-0001-6104-1496
https://orcid.org/0000-0002-4778-3642
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-7542-3073
https://orcid.org/0000-0002-6391-2205
https://orcid.org/0000-0002-3281-8136
https://orcid.org/0000-0001-6711-4465
https://orcid.org/0000-0003-4062-710X
https://orcid.org/0000-0002-2629-4735
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0003-3979-4330
https://orcid.org/0000-0002-5041-7651
https://orcid.org/0000-0003-0597-4878
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0000-0003-4160-9333
https://orcid.org/0000-0002-8142-4678
https://orcid.org/0000-0002-4113-1539
https://orcid.org/0000-0001-6116-3944
https://orcid.org/0000-0002-4589-2626
https://orcid.org/0000-0002-5121-6923
https://orcid.org/0000-0002-2142-3673
https://orcid.org/0000-0002-1023-1086
https://orcid.org/0000-0002-4149-4137
https://orcid.org/0000-0001-5255-0619
https://orcid.org/0000-0001-6561-2145
https://orcid.org/0000-0001-8285-3346
https://orcid.org/0000-0001-5448-4213
https://orcid.org/0000-0002-2675-3567
https://orcid.org/0000-0002-5552-0842
https://orcid.org/0000-0001-5765-6308
https://orcid.org/0000-0002-8317-385X
https://orcid.org/0000-0001-9178-9921
https://orcid.org/0000-0002-9839-4065
https://orcid.org/0000-0003-4077-6295
https://orcid.org/0000-0003-4543-8121
https://orcid.org/0000-0002-9337-3476
https://orcid.org/0000-0002-2699-2189
https://orcid.org/0000-0002-9700-3448
https://orcid.org/0000-0003-4319-1305
https://orcid.org/0000-0001-5012-4069
https://orcid.org/0000-0002-8521-1688
https://orcid.org/0000-0001-6950-5865
https://orcid.org/0000-0003-2800-1438
https://orcid.org/0000-0002-0241-5184
https://orcid.org/0000-0001-8885-565X
https://orcid.org/0000-0002-7531-6873
https://orcid.org/0000-0001-9558-1079
https://orcid.org/0009-0002-2675-4022
https://orcid.org/0000-0003-2505-0365
https://orcid.org/0000-0002-8917-2620
https://orcid.org/0000-0003-2937-9782
https://orcid.org/0000-0003-0572-2021
https://orcid.org/0000-0002-6737-0511
https://orcid.org/0000-0001-6977-8257


J. Yu65 , X. Yuan62 , E. Zaffaroni43 , M. Zavertyaev16 , M. Zdybal35 , O. Zenaiev42 ,
M. Zeng3 , C. Zhang5 , D. Zhang7 , L. Zhang3 , S. Zhang65 , S. Zhang5 ,
Y. Zhang5 , Y. Zhang57, A. Zharkova38 , A. Zhelezov17 , Y. Zheng6 , T. Zhou5 ,
X. Zhou6 , Y. Zhou6 , V. Zhovkovska11 , X. Zhu3 , X. Zhu7 , Z. Zhu6 ,
V. Zhukov14,38 , Q. Zou4,6 , S. Zucchelli20,g , D. Zuliani28 , G. Zunica56 .

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
4Institute Of High Energy Physics (IHEP), Beijing, China
5School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing,
China
6University of Chinese Academy of Sciences, Beijing, China
7Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
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rUniversità di Pisa, Pisa, Italy
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