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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 x unf (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

5



• •
•

•

•

•
•

•

• •

• •

•

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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C. Göbel64 , E. Golobardes74 , D. Golubkov38 , A. Golutvin55,38 , A. Gomes1,a ,
S. Gomez Fernandez39 , F. Goncalves Abrantes57 , M. Goncerz35 , G. Gong3 ,
I.V. Gorelov38 , C. Gotti26 , J.P. Grabowski17 , T. Grammatico13 ,
L.A. Granado Cardoso42 , E. Graugés39 , E. Graverini43 , G. Graziani , A. T. Grecu37 ,
L.M. Greeven32 , N.A. Grieser4 , L. Grillo53 , S. Gromov38 , B.R. Gruberg Cazon57 , C.
Gu3 , M. Guarise21,i , M. Guittiere11 , P. A. Günther17 , E. Gushchin38 , A. Guth14,
Y. Guz38 , T. Gys42 , T. Hadavizadeh63 , G. Haefeli43 , C. Haen42 , J. Haimberger42 ,
S.C. Haines49 , T. Halewood-leagas54 , M.M. Halvorsen42 , P.M. Hamilton60 ,
J. Hammerich54 , Q. Han7 , X. Han17 , E.B. Hansen56 , S. Hansmann-Menzemer17,42 ,
L. Hao6 , N. Harnew57 , T. Harrison54 , C. Hasse42 , M. Hatch42 , J. He6,c ,
K. Heijhoff32 , K. Heinicke15 , C. Henderson59 , R.D.L. Henderson63,50 ,
A.M. Hennequin58 , K. Hennessy54 , L. Henry42 , J. Heuel14 , A. Hicheur2 ,
D. Hill43 , M. Hilton56 , S.E. Hollitt15 , R. Hou7 , Y. Hou8 , J. Hu17, J. Hu66 ,
W. Hu5 , X. Hu3 , W. Huang6 , X. Huang67, W. Hulsbergen32 , R.J. Hunter50 ,
M. Hushchyn38 , D. Hutchcroft54 , P. Ibis15 , M. Idzik34 , D. Ilin38 , P. Ilten59 ,
A. Inglessi38 , A. Iniukhin38 , A. Ishteev38 , K. Ivshin38 , R. Jacobsson42 , H. Jage14 ,
S.J. Jaimes Elles41 , S. Jakobsen42 , E. Jans32 , B.K. Jashal41 , A. Jawahery60 ,
V. Jevtic15 , X. Jiang4,6 , Y. Jiang6 , M. John57 , D. Johnson58 , C.R. Jones49 ,
T.P. Jones50 , B. Jost42 , N. Jurik42 , I. Juszczak35 , S. Kandybei45 , Y. Kang3 ,
M. Karacson42 , D. Karpenkov38 , M. Karpov38 , J.W. Kautz59 , F. Keizer42 ,
D.M. Keller62 , M. Kenzie50 , T. Ketel33 , B. Khanji15 , A. Kharisova38 ,
S. Kholodenko38 , T. Kirn14 , V.S. Kirsebom43 , O. Kitouni58 , S. Klaver33 ,
N. Kleijne29,q , K. Klimaszewski36 , M.R. Kmiec36 , S. Koliiev46 , A. Kondybayeva38 ,
A. Konoplyannikov38 , P. Kopciewicz34 , R. Kopecna17, P. Koppenburg32 , M. Korolev38 ,
I. Kostiuk32,46 , O. Kot46, S. Kotriakhova , A. Kozachuk38 , P. Kravchenko38 ,
L. Kravchuk38 , R.D. Krawczyk42 , M. Kreps50 , S. Kretzschmar14 , P. Krokovny38 ,
W. Krupa34 , W. Krzemien36 , J. Kubat17, W. Kucewicz35,34 , M. Kucharczyk35 ,
V. Kudryavtsev38 , G.J. Kunde61, A. Kupsc75 , D. Lacarrere42 , G. Lafferty56 ,
A. Lai27 , A. Lampis27,h , D. Lancierini44 , C. Landesa Gomez40 , J.J. Lane56 ,
R. Lane48 , G. Lanfranchi23 , C. Langenbruch14 , J. Langer15 , O. Lantwin38 ,

14

https://orcid.org/0000-0001-9004-3255
https://orcid.org/0000-0003-3259-6323
https://orcid.org/0000-0002-4438-3950
https://orcid.org/0000-0002-2571-5067
https://orcid.org/0000-0001-7517-8418
https://orcid.org/0000-0003-0217-762X
https://orcid.org/0000-0003-3939-3262
https://orcid.org/0000-0002-3924-2774
https://orcid.org/0000-0001-6440-0087
https://orcid.org/0000-0002-1204-2270
https://orcid.org/0000-0002-5831-3398
https://orcid.org/0000-0002-1191-3978
https://orcid.org/0000-0003-4338-7156
https://orcid.org/0000-0003-3612-3195
https://orcid.org/0000-0002-4027-7333
https://orcid.org/0000-0001-5493-0762
https://orcid.org/0000-0002-2539-673X
https://orcid.org/0000-0002-4860-6779
https://orcid.org/0000-0002-2232-6760
https://orcid.org/0000-0002-2014-3864
https://orcid.org/0000-0003-1618-3617
https://orcid.org/0000-0001-5513-0927
https://orcid.org/0000-0002-6312-3740
https://orcid.org/0009-0007-2540-4203
https://orcid.org/0000-0002-7312-3699
https://orcid.org/0000-0003-2437-8078
https://orcid.org/0000-0003-3016-1879
https://orcid.org/0000-0003-3441-583X
https://orcid.org/0000-0002-3153-430X
https://orcid.org/0000-0003-0030-3813
https://orcid.org/0000-0001-5119-9740
https://orcid.org/0000-0002-5938-4286
https://orcid.org/0000-0001-5266-2442
https://orcid.org/0000-0001-9900-6514
https://orcid.org/0000-0002-3721-4585
https://orcid.org/0009-0003-5290-823X
https://orcid.org/0000-0002-4274-5583
https://orcid.org/0000-0003-3571-7741
https://orcid.org/0000-0003-1052-2198
https://orcid.org/0009-0008-1868-2165
https://orcid.org/0000-0003-3900-3914
https://orcid.org/0000-0002-3821-3998
https://orcid.org/0000-0001-6559-2084
https://orcid.org/0000-0002-1084-0084
https://orcid.org/0009-0000-8700-9910
https://orcid.org/0000-0001-6862-6876
https://orcid.org/0000-0003-3674-0812
https://orcid.org/0000-0003-2342-8854
https://orcid.org/0000-0002-2430-782X
https://orcid.org/0000-0003-4727-831X
https://orcid.org/0000-0001-7029-7178
https://orcid.org/0000-0003-2103-7577
https://orcid.org/0000-0001-9921-687X
https://orcid.org/0000-0002-3761-209X
https://orcid.org/0000-0002-5250-2948
https://orcid.org/0000-0002-4625-559X
https://orcid.org/0000-0003-2130-1593
https://orcid.org/0000-0003-3160-482X
https://orcid.org/0000-0001-5501-5611
https://orcid.org/0000-0001-9400-3322
https://orcid.org/0000-0003-3177-2700
https://orcid.org/0000-0003-3179-2525
https://orcid.org/0000-0001-8300-5939
https://orcid.org/0000-0001-7348-3312
https://orcid.org/0000-0002-8716-4440
https://orcid.org/0000-0002-2745-7954
https://orcid.org/0000-0003-2375-6030
https://orcid.org/0000-0003-2420-0501
https://orcid.org/0009-0006-6576-9293
https://orcid.org/0000-0001-8192-8377
https://orcid.org/0000-0001-7267-6008
https://orcid.org/0000-0003-1484-0943
https://orcid.org/0000-0002-0505-9584
https://orcid.org/0000-0003-0714-8991
https://orcid.org/0000-0002-3612-1651
https://orcid.org/0000-0003-2316-8829
https://orcid.org/0000-0003-4395-0244
https://orcid.org/0000-0001-8883-6539
https://orcid.org/0000-0002-8009-1509
https://orcid.org/0000-0001-6829-7777
https://orcid.org/0000-0002-6769-3679
https://orcid.org/0000-0002-2860-6528
https://orcid.org/0000-0002-0075-8669
https://orcid.org/0000-0002-3183-5065
https://orcid.org/0000-0002-5170-0635
https://orcid.org/0000-0002-6661-1192
https://orcid.org/0000-0003-2597-8796
https://orcid.org/0000-0001-5934-7541
https://orcid.org/0000-0003-2135-9568
https://orcid.org/0000-0001-5399-326X
https://orcid.org/0000-0001-5603-4750
https://orcid.org/0000-0002-6159-4557
https://orcid.org/0000-0002-0805-1561
https://orcid.org/0000-0002-3543-7451
https://orcid.org/0000-0002-2132-2071
https://orcid.org/0000-0002-8189-8267
https://orcid.org/0000-0003-0523-495X
https://orcid.org/0000-0001-8080-0769
https://orcid.org/0000-0001-6216-1596
https://orcid.org/0000-0003-2500-8247
https://orcid.org/0009-0005-2892-2968
https://orcid.org/0000-0002-3064-9834
https://orcid.org/0000-0002-7318-482X
https://orcid.org/0000-0002-9224-914X
https://orcid.org/0000-0002-7822-3947
https://orcid.org/0000-0001-5570-0133
https://orcid.org/0000-0003-2501-9608
https://orcid.org/0000-0001-8461-8382
https://orcid.org/0000-0002-2818-9744
https://orcid.org/0000-0003-2868-2173
https://orcid.org/0000-0001-6571-4096
https://orcid.org/0000-0003-4647-6429
https://orcid.org/0000-0001-8212-846X
https://orcid.org/0000-0002-7770-1839
https://orcid.org/0000-0001-5813-7972
https://orcid.org/0000-0003-0386-4923
https://orcid.org/0000-0001-5360-0091
https://orcid.org/0000-0002-8967-3644
https://orcid.org/0000-0003-4313-3121
https://orcid.org/0000-0001-5635-6063
https://orcid.org/0000-0001-8829-9681
https://orcid.org/0000-0002-2916-7184
https://orcid.org/0000-0002-4057-4274
https://orcid.org/0000-0001-8857-1665
https://orcid.org/0000-0001-7552-400X
https://orcid.org/0000-0002-6825-6497
https://orcid.org/0000-0001-5730-8434
https://orcid.org/0000-0002-9257-839X
https://orcid.org/0000-0002-4947-2928
https://orcid.org/0000-0002-3363-7783
https://orcid.org/0000-0001-5906-391X
https://orcid.org/0000-0001-9629-7029
https://orcid.org/0000-0003-0959-3853
https://orcid.org/0000-0002-2231-1374
https://orcid.org/0000-0002-5556-1775
https://orcid.org/0000-0002-7958-2917
https://orcid.org/0000-0001-7641-7505
https://orcid.org/0000-0002-5019-1648
https://orcid.org/0000-0002-3804-8734
https://orcid.org/0000-0001-8162-4277
https://orcid.org/0000-0001-9616-6651
https://orcid.org/0000-0002-1576-9205
https://orcid.org/0000-0002-9658-8827
https://orcid.org/0009-0004-4850-7465
https://orcid.org/0000-0002-1465-0077
https://orcid.org/0000-0001-5407-7466
https://orcid.org/0009-0003-8781-3425
https://orcid.org/0000-0002-6986-9404
https://orcid.org/0000-0001-6445-4907
https://orcid.org/0009-0008-7974-3785
https://orcid.org/0000-0002-1529-8087
https://orcid.org/0000-0003-3605-832X
https://orcid.org/0000-0001-9384-6926
https://orcid.org/0000-0002-3712-7318
https://orcid.org/0000-0003-2613-7315
https://orcid.org/0000-0001-7703-7424
https://orcid.org/0000-0002-4962-3546
https://orcid.org/0000-0002-3139-3332
https://orcid.org/0000-0001-6454-278X
https://orcid.org/0000-0002-8227-4544
https://orcid.org/0000-0002-2855-0544
https://orcid.org/0000-0002-5924-2683
https://orcid.org/0000-0002-1407-1729
https://orcid.org/0000-0003-3018-5707
https://orcid.org/0000-0001-7894-8799
https://orcid.org/0000-0002-8894-6292
https://orcid.org/0000-0002-4174-6509
https://orcid.org/0000-0002-2022-6862
https://orcid.org/0000-0001-6349-0033
https://orcid.org/0000-0001-8771-3115
https://orcid.org/0000-0001-5534-1732
https://orcid.org/0000-0002-2522-6722
https://orcid.org/0000-0002-1940-6276
https://orcid.org/0000-0003-1409-1428
https://orcid.org/0000-0001-8403-0706
https://orcid.org/0000-0003-4971-7160
https://orcid.org/0000-0002-8096-3792
https://orcid.org/0000-0003-0182-8638
https://orcid.org/0000-0002-6564-040X
https://orcid.org/0000-0002-5438-9176
https://orcid.org/0000-0002-0025-4663
https://orcid.org/0000-0003-3719-119X
https://orcid.org/0000-0001-6427-4746
https://orcid.org/0000-0001-8120-3296
https://orcid.org/0000-0002-8964-5109
https://orcid.org/0000-0002-8579-844X
https://orcid.org/0000-0003-3272-6001
https://orcid.org/0000-0003-1699-8816
https://orcid.org/0000-0001-5706-7255
https://orcid.org/0009-0005-4053-1222
https://orcid.org/0000-0002-6066-7232
https://orcid.org/0000-0002-1285-3911
https://orcid.org/0000-0003-3598-0427
https://orcid.org/0000-0002-6528-8178
https://orcid.org/0009-0006-1867-9674
https://orcid.org/0000-0001-8686-2303
https://orcid.org/0000-0003-4503-2682
https://orcid.org/0000-0001-8482-5576
https://orcid.org/0000-0002-1290-6737
https://orcid.org/0000-0002-2608-1270
https://orcid.org/0000-0001-7910-4109
https://orcid.org/0000-0002-9652-1964
https://orcid.org/0000-0003-3838-281X
https://orcid.org/0000-0002-5291-9583
https://orcid.org/0000-0002-0260-6570
https://orcid.org/0000-0002-0253-8619
https://orcid.org/0009-0005-4421-9025
https://orcid.org/0000-0001-9695-8165
https://orcid.org/0000-0001-7909-1272
https://orcid.org/0000-0003-0828-0943
https://orcid.org/0000-0003-0741-5922
https://orcid.org/0000-0002-1821-1848
https://orcid.org/0009-0002-3680-1224
https://orcid.org/0000-0001-8727-6840
https://orcid.org/0009-0005-2645-8364
https://orcid.org/0000-0001-9092-3527
https://orcid.org/0000-0001-8614-7203
https://orcid.org/0000-0002-7473-2031
https://orcid.org/0000-0002-8767-7289
https://orcid.org/0000-0002-1495-0053
https://orcid.org/0000-0001-6805-0395
https://orcid.org/0000-0002-4036-2060
https://orcid.org/0000-0001-8631-4200
https://orcid.org/0000-0001-8664-4787
https://orcid.org/0000-0002-6133-486X
https://orcid.org/0009-0008-8631-9552
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0002-7947-465X
https://orcid.org/0000-0002-9546-358X
https://orcid.org/0000-0002-2073-711X
https://orcid.org/0000-0003-4688-0050
https://orcid.org/0009-0000-2192-995X
https://orcid.org/0000-0003-4937-2270
https://orcid.org/0009-0005-6974-140X
https://orcid.org/0000-0003-0658-4919
https://orcid.org/0000-0003-1633-0496
https://orcid.org/0000-0002-5443-4870
https://orcid.org/0000-0003-1587-4555
https://orcid.org/0000-0001-5241-8642
https://orcid.org/0000-0002-5816-9488
https://orcid.org/0000-0002-2360-2392
https://orcid.org/0000-0002-9467-8001
https://orcid.org/0000-0002-3454-7261
https://orcid.org/0000-0002-0322-5550
https://orcid.org/0000-0003-2384-5973


T. Latham50 , F. Lazzari29,u , M. Lazzaroni25,l , R. Le Gac10 , S.H. Lee76 ,
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R.D. Moise14 , S. Mokhnenko38 , T. Mombächer40 , I.A. Monroy68 , S. Monteil9 ,
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