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Abstract

The production rate of B0
s mesons relative to B0 mesons is measured by the LHCb

experiment in pp collisions at a center-of-mass energy
√
s = 13TeV over the forward

rapidity interval 2 < y < 4.5 as a function of the charged particle multiplicity
measured in the event. Evidence at the 3.4σ level is found for an increase of the
ratio of B0

s to B0 cross-sections with multiplicity at transverse momenta below 6
GeV/c, with no significant multiplicity dependence at higher transverse momentum.
Comparison with data from e+e− collisions implies that the density of the hadronic
medium may affect the production rates of B mesons. This is qualitatively consistent
with the emergence of quark coalescence as an additional hadronization mechanism
in high-multiplicity collisions.
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Measurements of B mesons at colliders offer unique probes of the hadronization process
by which single quarks evolve into color-neutral hadrons. In contrast to light quarks, the
large mass of b quarks suppresses their production via non-perturbative processes. In
addition there is no b content in the valence quark distribution of the incoming beam
particles [1]. Therefore, production of bb̄ pairs at hadron colliders is dominated by hard
parton-parton interactions in the initial stages of the collisions, and is well described by
perturbative QCD calculations [2–4].

The fraction of b quarks that pair with an s quark to form B0
s mesons, fs, and the

fraction that pair with a light d quark to form B0 mesons, fd, are determined through the
hadronization process. One mechanism for hadronization is fragmentation, where showers
of partons produced by outgoing quarks form into hadrons [5,6]. Measurements of B hadron
production in e+e− collisions at the Υ (5S) [7–9] and Z0 [10–13] resonances give consistent
values for the ratio fs/fd, which is often interpreted as evidence for the universality of b
quark fragmentation assumed by QCD factorization theorems [14]. However, measurements
at hadron colliders have shown that the ratio fs/fd has a dependence on the collision
center-of-mass energy and the B meson transverse momentum pT [15–19]. The fraction of
b quarks which hadronize into baryons also varies with pT [20,21]. Additionally, recent
measurements have shown that charm quark hadronization differs between e+e− and pp
collisions [22]. The reason for these variations is not immediately clear, and may be
explained by hadronization mechanisms other than fragmentation [23].

An alternative hadronization process, quark coalescence, can occur when a quark
produced in the collision combines with another quark to form a color singlet hadron.
Models incorporating coalescence are successful at reproducing a range of measurements
from fixed-target experiments and colliders [24–28]. Coalescence calculations generally
require multiple quark wavefunctions to overlap in position and velocity, so the fraction of
hadrons produced by this mechanism is expected to increase with the number of quarks
produced in the collision. The effect is expected to be most prominent at relatively
low pT, which is the range where the bulk of the particles created in the collision are
found. Coalescence can also lead to enhanced production of baryons at low pT, and is
especially important in high-energy heavy ion collisions where a large volume of deconfined
quark-gluon plasma (QGP) is formed [29–31]. Data from the CMS collaboration has shown
that B0

s production may be enhanced relative to B+ production in PbPb collisions when
compared to pp collisions [32, 33]. However, significant uncertainties and the relatively
high pT range covered by that data preclude drawing firm conclusions on the influence of
coalescence on B hadronization.

Recent measurements in pp collisions have shown some behaviors similar to those
associated with the formation of QGP in collisions of heavy nuclei [34–36]. Among
these effects is an enhanced yield of light-quark baryons and mesons with strangeness in
collisions where a relatively large number of charged particles are produced [37], which was
originally proposed as a QGP signature [38]. If hadronization via coalescence emerges as
a mechanism for forming final state B hadrons, then the production rates of B0

s hadrons
could increase relative to the production of B0 hadrons as particle multiplicity increases.

This Letter describes LHCb measurements of the ratio of B0
s to B0 cross sections,

σB0
s
/σB0 , as a function of charged particle multiplicity and pT. Both the B0

s and B0

candidates are reconstructed through their decays to the J/ψπ+π− final state, where
the J/ψ decays into a µ+µ− pair. This decay mode provides similar yields for both
B0

s and B0 mesons. Here multiplicity is represented by the number of charged tracks
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reconstructed in a silicon strip detector that surrounds the pp interaction region, the
LHCb VELO detector [39,40]. These measurements use a sample of pp collisions collected
at a center-of-mass energy

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

5.4 fb−1.
The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity

range 2 < η < 5, described in detail in Refs. [41,42]. Events considered in this analysis
are required to satisfy a series of triggers designed to select the decay J/ψ → µ+µ− and
have one reconstructed pp interaction point (primary vertex). Each muon candidate is
required to penetrate the hadron absorber layers in the LHCb muon system and have
pT > 500 MeV/c. Candidate J/ψ mesons are formed from pairs of oppositely charged muon
candidates that have an invariant mass near the known J/ψ mass and originate from a
vertex that is displaced from the primary vertex. Charged pion candidates are identified
by the response of the LHCb ring-imaging Cherenkov detectors, and are required to have
total momentum p > 3 GeV/c and transverse momentum pT > 750 MeV/c. Candidate
µ+µ−π+π− combinations that form a good quality common vertex are retained, and the
tracks are refit with kinematic constraints that fix the µ+µ− invariant mass to the known
J/ψ mass, and require all four tracks to have the same origin point [43].

Simulation is required to model the effects of the detector acceptance and the se-
lection requirements. In the simulation, pp collisions are generated using Pythia [44]
with a specific LHCb configuration [45]. Decays of unstable particles are described by
EvtGen [46]. The interaction of the generated particles with the detector, and its
response, are implemented using the Geant4 toolkit [47] as described in Ref. [48]. The
pT distributions of the simulated B0

s and B0 mesons, the invariant mass distributions of
π+π− pairs from their decays, and simulated event multiplicity distributions are weighted
to match background-subtracted distributions that are extracted from the data using the
sPlot method [49].

The multiplicity metrics used in this analysis are the total number of charged tracks
reconstructed in the VELO detector, NVELO

tracks , and the subset of VELO tracks that point
in the backward direction, away from the LHCb spectrometer, Nback

tracks. The backward
tracks cover a pseudorapidity interval of approximately −3.5 < η < −1.5, providing a
multiplicity estimate that is measured in a different region than the signal. The VELO
detector and its performance are described in detail in Refs. [39, 40]. Figure 1 shows the
distributions of NVELO

tracks and Nback
tracks for both NoBias events and B0 signal events with one

reconstructed primary vertex, which requires at least five reconstructed tracks. NoBias
events are selected based on the Large Hadron Collider beam clock, which indicates that a
bunch crossing has occurred, without any other trigger requirements. The distributions for
B0 signal events are extracted from the data, and background is removed using the sPlot
method [49]. The results are quoted in terms of normalized multiplicity, defined as the
number of tracks at the center of a given multiplicity interval divided by the mean number
of tracks in NoBias events, which are ⟨NVELO

tracks ⟩NoBias = 37.7 and ⟨Nback
tracks⟩NoBias = 11.1, with

negligibly small uncertainties. For comparison, the mean number of NVELO
tracks and Nback

tracks

are 71.1 ± 0.1 and 17.4 ± 0.3 for B0 signal events, respectively, where the uncertainty is
due to the statistical uncertainty on the track distributions. In some respects, the low-
and high-multiplicity data samples approach the hadronic environments achieved in e+e−

collisions and heavy-ion collisions, respectively.
The sample containing signal events is divided into intervals of multiplicity, and in

each interval a likelihood fit is performed on the J/ψπ+π− invariant mass spectrum to
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Figure 1: Distribution of the number of VELO tracks and backward tracks for NoBias events
(red) and B0 signal events (blue), each with only one primary vertex. The vertical scale is
arbitrary.

determine the ratio of B0
s to B0 yields. Examples of the J/ψπ+π− mass distribution in

low- and high-multiplicity intervals are shown in Fig. 2. An increase of the B0
s yield

relative to the B0 yield in the high-multiplicity interval is apparent. The B0
s and B0 peaks

are each represented in the fit by a sum of two Crystal Ball functions, which have tail
parameters constrained to values determined by simulation. The background contribution
is represented by an exponential function, which is found to provide a good description of
the purely combinatorial J/ψπ±π± mass spectrum with like-sign dipions. All multiplicity
intervals are fit simultaneously, where the signal shapes are constrained to be the same in
each interval, but their normalization and the background parameters are allowed to vary.
The B0

s and B0 line shapes are nearly identical, and variations of the fit functions have a
negligible effect on the extracted ratio of B0

s to B0 yields.
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Figure 2: Measured J/ψπ+π− invariant mass distributions and fit projections in the multiplicity
ranges a) 30 < NVELO

tracks ≤ 40 and b) 100 < NVELO
tracks ≤ 125.
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The ratio of cross-sections σB0
s
/σB0 is found by calculating

σB0
s

σB0

=
NB0

s

NB0

× BB0

BB0
s

×
εaccB0

εaccB0
s

×
εtrigB0

εtrigB0
s

×
εPIDB0

εPIDB0
s

×
εrecoB0

εrecoB0
s

, (1)

where NB0
s
/NB0 is the ratio of B0

s to B0 signal yields returned by the fit, BB0/BB0
s

is the

ratio of B0 to B0
s branching fractions to J/ψπ+π− [19,50], and εaccB0 /εaccB0

s
, εtrigB0 /ε

trig
B0

s
, εPIDB0 /εPIDB0

s
,

and εrecoB0 /εrecoB0
s

are ratios of the LHCb acceptance and the trigger, particle identification,

and reconstruction efficiencies for B0 to B0
s mesons, respectively. Due to the similarities

of the B0
s and B0 decays, many systematic uncertainties partially cancel in this ratio

of cross sections. The ratio of the LHCb acceptance for the decays εaccB0 /εaccB0
s

is found,

using simulation, to be consistent with unity, with an uncertainty of ∼ 1% due to
the uncertainty on the weights applied to the simulation in order to match the data.
The ratio of trigger efficiencies εtrigB0 /ε

trig
B0

s
is determined from data to be consistent with

unity, with an uncertainty of ∼ 1%, using techniques described in Ref. [51], where the
uncertainty comes from statistical uncertainties on the data sample. The ratio of particle
identification efficiencies εPIDB0 /εPIDB0

s
is found using calibrated samples of identified muons

and pions obtained from the data, and is consistent with unity with an uncertainty of
∼ 1% due to the finite size of the calibration sample. The only term with a significant
difference from unity is the ratio of reconstruction efficiencies, which is found to be
εrecoB0 /εrecoB0

s
= 0.86 ± 0.04 for the pT-integrated sample. This is due to the difference in the

dipion mass distributions produced in the B0
s and B0 decays: the B0

s decay is dominated by
contributions from intermediate f0(980) and f0(1500) states [52], which are reconstructed
with higher efficiency than the lower-mass ρ0(770) intermediate state that is significant in
B0 decays [53]. The uncertainty on this correction is due to the statistical uncertainty on
the weights extracted from the data that are applied to the simulation in order to match
the measured B meson pT and dipion mass distributions.

The ratio of cross-sections for the multiplicity-integrated samples is found to be
σB0

s
/σB0 = 0.30 ± 0.01 ± 0.03, where the first uncertainty is statistical and the second is

systematic. This measurement agrees with previous LHCb measurements of fs/fd using
different decay channels [19] within 1.5 standard deviations.

The multiplicity dependence of σB0
s
/σB0 is shown in Fig. 3, for two different multiplicity

metrics. The vertical error bars (boxes) represent point-to-point uncorrelated (fully
correlated) uncertainties, while the horizontal error bars represent the bin width. Numerical
values are given in the supplemental material [54]. In the left panel, the ratio shows an
increasing trend with the total VELO multiplicity, where multiplicity is normalized to the
mean value found in NoBias collisions. Also shown are the σB0

s
/σB0 values measured in

e+e− collisions at the Υ (5S) and Z0 resonances [55], which are in good agreement with the
data at low multiplicity. The right panel shows the same ratio versus the normalized Nback

tracks.
No significant dependence is observed on the multiplicity measured in the backward region.
The dependence on total multiplicity, compared to the lack of dependence on multiplicity
measured at backward rapidity, could indicate that the mechanism responsible for the
increase in the σB0

s
/σB0 ratio is related to the local particle density in a similar rapidity

interval as the B mesons themselves.
The multiplicity dependence of σB0

s
/σB0 is shown in three different intervals of B

meson pT in Fig. 4. Numerical values are given in the supplemental material [54]. The
lowest pT interval, 0 < pT < 6 GeV/c, encompasses B mesons with pT approximately
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equal to or less than their mass. In this pT interval, at low multiplicity the σB0
s
/σB0 ratio is

consistent with values measured in e+e− collisions, and increases with multiplicity. A line
fit to these data returns a slope of 0.075 ± 0.022 (NVELO

tracks /⟨NVELO
tracks ⟩NoBias)

−1, which differs
from zero by 3.4 standard deviations and thereby provides evidence for an increase of the
the σB0

s
/σB0 ratio. This fit considers only the point-to-point uncorrelated uncertainties;

since all data points must move simultaneously within the correlated uncertainties, they
have no effect on the extracted slope.

For comparison, the ratio of cross sections calculated by the PYTHIA event generator
is also shown. Events are generated with and without color reconnection (CR), a process
which allows partons produced by from different interactions in the collision to be connected
by color lines [56, 57]. Color reconnection was introduced to model charged particle
production in hadron collisions, and is thought to be especially important in high-
multiplicity collisions where multiple-parton interactions are significant. Both sets of
PYTHIA calculations show a rise with multiplicity, which is more pronounced when CR is
included. The PYTHIA models agree with the data at relatively low multiplicity, but both
scenarios give values that are lower than the central values of the data at high multiplicity.

The measurements in higher pT intervals, 6 < pT < 12 GeV/c and 12 < pT < 20
GeV/c, display no significant dependence on multiplicity and are consistent with data
from e+e− collisions. This behavior is expected in a scenario where low-pT b quarks with
relatively low velocity recombine with s quarks produced in high-multiplicity collisions,
while the wavefunctions of higher pT b quarks have less overlap with the low-pT bulk of
the quarks produced in the collision. These high-pT b quarks would thereby dominantly
hadronize via fragmentation in vacuum, as in e+e− collisions, rather than via coalescence.
Again, both sets of PYTHIA calculations show a rising trend, which is more pronounced
when color reconnection is included. However, here the uncertainties on the data prevent
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Figure 3: Ratio of cross sections σB0
s
/σB0 versus the normalized multiplicity of a) all VELO

tracks, and b) backward VELO tracks. The vertical error bars (boxes) represent point-to-point
uncorrelated (fully correlated) uncertainties. The horizontal bands show the values measured in
e+e− collisions.
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Figure 4: Ratio of cross sections σB0
s
/σB0 versus normalized multiplicity in the transverse

momentum ranges a) 0 < pT < 6 GeV/c, b) 6 < pT < 12 GeV/c, and c) 12 < pT < 20
GeV/c. The vertical error bars (boxes) represent point-to-point uncorrelated (fully correlated)
uncertainties. The horizontal bands show the values measured in e+e− collisions and the
horizontal lines show PYTHIA calculations with and without (w/o) color reconnection.

discrimination between the two scenarios. Lines fit to the 6 < pT < 12 GeV/c and
12 < pT < 20 GeV/c data have slopes that are consistent with zero within 0.2 and 1.3
standard deviations, respectively.

In summary, LHCb measurements in pp collisions at
√
s = 13 TeV show evidence that

the production of B0
s mesons is enhanced relative to B0 mesons in collisions with high

charged-particle multiplicity, indicating that strangeness enhancement is present in B
hadron production. In collisions with relatively low charged-particle multiplicity, and for
B mesons with pT > 6 GeV/c, the rate of B0

s production relative to B0 production is
consistent with what is measured in e+e− collisions. These measurements are qualitatively
consistent with expectations based on the emergence of quark coalescence as an additional
hadronization mechanism, rather than fragmentation alone. These results could indicate
that interactions of the b quarks with the local hadronic environment influence the
hadronization process, thereby breaking factorization of b quark hadronization between
e+e− and hadron collisions.
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C.L. Da Silva61 , S. Dadabaev38 , L. Dai65 , E. Dall’Occo15 , J. Dalseno40 ,
C. D’Ambrosio42 , A. Danilina38 , P. d’Argent15 , J.E. Davies56 , A. Davis56 ,
O. De Aguiar Francisco56 , J. de Boer42 , K. De Bruyn72 , S. De Capua56 ,
M. De Cian43 , U. De Freitas Carneiro Da Graca1 , E. De Lucia23 , J.M. De Miranda1 ,
L. De Paula2 , M. De Serio19,f , D. De Simone44 , P. De Simone23 , F. De Vellis15 ,
J.A. de Vries73 , C.T. Dean61 , F. Debernardis19,f , D. Decamp8 , V. Dedu10 ,
L. Del Buono13 , B. Delaney49 , H.-P. Dembinski15 , V. Denysenko44 , O. Deschamps9 ,
F. Dettori27,h , B. Dey70 , A. Di Cicco23 , P. Di Nezza23 , S. Didenko38 ,
L. Dieste Maronas40, S. Ding62 , V. Dobishuk46 , A. Dolmatov38, C. Dong3 ,

11

https://orcid.org/0000-0003-0533-1952
https://orcid.org/0000-0001-7905-0542
https://orcid.org/0000-0002-6737-3528
https://orcid.org/0000-0002-5951-3498
https://orcid.org/0000-0001-9756-3712
https://orcid.org/0000-0002-1326-1264
https://orcid.org/0000-0002-2368-0147
https://orcid.org/0000-0001-9540-4988
https://orcid.org/0000-0001-6209-7627
https://orcid.org/0000-0003-0288-9694
https://orcid.org/0000-0002-6736-471X
https://orcid.org/0000-0001-8636-1621
https://orcid.org/0000-0001-5317-1098
https://orcid.org/0000-0002-8148-2392
https://orcid.org/0000-0001-6025-0675
https://orcid.org/0000-0003-0897-4160
https://orcid.org/0000-0003-1652-2834
https://orcid.org/0000-0002-3277-0662
https://orcid.org/0000-0002-2597-3808
https://orcid.org/0000-0003-4282-1512
https://orcid.org/0000-0002-3274-5627
https://orcid.org/0000-0001-6808-2418
https://orcid.org/0000-0003-3594-9163
https://orcid.org/0000-0002-6273-0506
https://orcid.org/0000-0003-2918-1311
https://orcid.org/0000-0001-6288-0558
https://orcid.org/0000-0003-1647-4238
https://orcid.org/0000-0002-1779-6813
https://orcid.org/0000-0002-2785-2233
https://orcid.org/0000-0002-5991-7273
https://orcid.org/0000-0003-3286-683X
https://orcid.org/0000-0002-3208-3336
https://orcid.org/0000-0001-9090-4254
https://orcid.org/0000-0002-1186-3894
https://orcid.org/0000-0001-5996-2747
https://orcid.org/0000-0001-7791-4490
https://orcid.org/0000-0003-4240-2094
https://orcid.org/0000-0002-1611-7188
https://orcid.org/0000-0001-7658-8777
https://orcid.org/0000-0002-4442-5372
https://orcid.org/0000-0002-6704-6914
https://orcid.org/0000-0002-8295-8612
https://orcid.org/0000-0002-0898-6551
https://orcid.org/0000-0002-9264-4799
https://orcid.org/0000-0002-8479-5802
https://orcid.org/0000-0002-6418-6428
https://orcid.org/0000-0001-5860-8770
https://orcid.org/0000-0002-2145-3805
https://orcid.org/0000-0003-1020-2549
https://orcid.org/0009-0001-6252-960X
https://orcid.org/0000-0002-4862-9399
https://orcid.org/0000-0003-4872-1213
https://orcid.org/0000-0002-7972-8760
https://orcid.org/0000-0002-8315-2119
https://orcid.org/0000-0001-7806-5283
https://orcid.org/0000-0001-7154-1304
https://orcid.org/0000-0001-5314-0953
https://orcid.org/0000-0003-0014-2589
https://orcid.org/0000-0003-1699-9202
https://orcid.org/0000-0002-7458-7030
https://orcid.org/0000-0002-5107-0610
https://orcid.org/0000-0002-9510-8414
https://orcid.org/0000-0002-4431-7582
https://orcid.org/0000-0002-4856-8063
https://orcid.org/0000-0002-3160-147X
https://orcid.org/0000-0003-1393-4315
https://orcid.org/0000-0001-9886-7427
https://orcid.org/0000-0002-2395-235X
https://orcid.org/0000-0002-4315-6414
https://orcid.org/0000-0002-0146-0717
https://orcid.org/0000-0002-9709-903X
https://orcid.org/0000-0001-5209-5097
https://orcid.org/0000-0001-7113-7862
https://orcid.org/0000-0003-3004-0946
https://orcid.org/0000-0001-7072-4854
https://orcid.org/0000-0001-5433-9876
https://orcid.org/0000-0001-6064-9993
https://orcid.org/0000-0001-9157-4461
https://orcid.org/0000-0002-0023-3897
https://orcid.org/0000-0001-7979-1092
https://orcid.org/0000-0001-5729-5530
https://orcid.org/0000-0001-7542-2388
https://orcid.org/0000-0002-0259-5891
https://orcid.org/0000-0001-5775-3132
https://orcid.org/0000-0001-9170-684X
https://orcid.org/0000-0002-3003-9980
https://orcid.org/0000-0002-3543-9959
https://orcid.org/0000-0003-0261-8085
https://orcid.org/0000-0002-2439-9955
https://orcid.org/0000-0002-7872-6819
https://orcid.org/0000-0003-2714-9879
https://orcid.org/0000-0001-5135-1511
https://orcid.org/0000-0001-5760-2924
https://orcid.org/0000-0002-9065-9030
https://orcid.org/0000-0002-0044-6470
https://orcid.org/0000-0002-3505-6915
https://orcid.org/0000-0002-9909-0186
https://orcid.org/0000-0001-6782-3982
https://orcid.org/0000-0002-4489-1314
https://orcid.org/0000-0001-5650-445X
https://orcid.org/0000-0002-8556-0597
https://orcid.org/0000-0002-4442-1048
https://orcid.org/0000-0003-4457-5896
https://orcid.org/0000-0003-4907-6463
https://orcid.org/0000-0002-1480-454X
https://orcid.org/0000-0003-0243-0517
https://orcid.org/0000-0002-5155-1094
https://orcid.org/0000-0001-9542-1411
https://orcid.org/0000-0002-1816-536X
https://orcid.org/0000-0002-7958-6790
https://orcid.org/0009-0008-0187-3395
https://orcid.org/0000-0002-7763-500X
https://orcid.org/0000-0002-1354-5400
https://orcid.org/0000-0001-6401-1583
https://orcid.org/0000-0001-9056-0711
https://orcid.org/0000-0002-8797-1357
https://orcid.org/0000-0001-5588-1448
https://orcid.org/0000-0003-3641-8110
https://orcid.org/0000-0001-8233-1951
https://orcid.org/0000-0001-8998-9975
https://orcid.org/0000-0003-1968-1216
https://orcid.org/0000-0002-8444-4498
https://orcid.org/0000-0003-4899-0587
https://orcid.org/0000-0002-7045-2243
https://orcid.org/0000-0003-1128-8276
https://orcid.org/0000-0002-7835-7638
https://orcid.org/0000-0002-6649-0298
https://orcid.org/0000-0002-0411-1141
https://orcid.org/0000-0002-7820-2732
https://orcid.org/0000-0003-0469-2588
https://orcid.org/0000-0002-1449-1619
https://orcid.org/0000-0002-8516-237X
https://orcid.org/0000-0001-7707-169X
https://orcid.org/0000-0002-8342-7047
https://orcid.org/0000-0001-7601-129X
https://orcid.org/0000-0003-4715-7622
https://orcid.org/0000-0001-9777-881X
https://orcid.org/0000-0002-1865-741X
https://orcid.org/0000-0003-3537-9404
https://orcid.org/0000-0003-4795-498X
https://orcid.org/0000-0001-9295-8635
https://orcid.org/0000-0002-4602-8661
https://orcid.org/0000-0002-6553-6493
https://orcid.org/0000-0002-3400-5489
https://orcid.org/0000-0002-8647-1828
https://orcid.org/0000-0003-0232-6808
https://orcid.org/0000-0002-2546-6080
https://orcid.org/0000-0002-1353-6002
https://orcid.org/0000-0001-8091-4766
https://orcid.org/0000-0001-7901-8710
https://orcid.org/0000-0003-1061-9643
https://orcid.org/0000-0002-7767-9117
https://orcid.org/0000-0003-0253-9846
https://orcid.org/0000-0003-0678-5809
https://orcid.org/0000-0002-0468-541X
https://orcid.org/0000-0003-1002-8368
https://orcid.org/0000-0001-8297-2206
https://orcid.org/0000-0003-3746-0732
https://orcid.org/0000-0003-1710-6824
https://orcid.org/0000-0003-0531-0916
https://orcid.org/0000-0002-0228-9130
https://orcid.org/0000-0002-5146-9605
https://orcid.org/0000-0002-5310-6808
https://orcid.org/0000-0001-5615-3899
https://orcid.org/0000-0001-7194-7566
https://orcid.org/0000-0002-8933-9427
https://orcid.org/0000-0002-1281-5923
https://orcid.org/0000-0003-1437-4022
https://orcid.org/0000-0002-9617-9687
https://orcid.org/0000-0003-4536-4644
https://orcid.org/0000-0002-3545-2969
https://orcid.org/0000-0002-4179-3700
https://orcid.org/0000-0003-4621-2757
https://orcid.org/0000-0002-6089-0899
https://orcid.org/0000-0003-2857-4471
https://orcid.org/0000-0001-6749-1033
https://orcid.org/0000-0002-3684-1560
https://orcid.org/0000-0002-7946-7580
https://orcid.org/0000-0003-2607-131X
https://orcid.org/0000-0002-0166-9529
https://orcid.org/0000-0003-4106-8258
https://orcid.org/0000-0002-0093-3244
https://orcid.org/0000-0002-4070-4729
https://orcid.org/0000-0001-9313-4021
https://orcid.org/0000-0003-3288-4683
https://orcid.org/0000-0003-4344-9994
https://orcid.org/0000-0003-3121-2164
https://orcid.org/0000-0003-2380-8355
https://orcid.org/0000-0002-5382-8683
https://orcid.org/0000-0001-9458-5115
https://orcid.org/0000-0003-2735-678X
https://orcid.org/0000-0002-6084-4294
https://orcid.org/0000-0002-0615-4399
https://orcid.org/0000-0002-6285-9596
https://orcid.org/0000-0002-1268-9621
https://orcid.org/0000-0003-0451-4028
https://orcid.org/0000-0003-0793-0844
https://orcid.org/0009-0003-2505-7337
https://orcid.org/0000-0002-4984-7734
https://orcid.org/0000-0003-4915-7933
https://orcid.org/0000-0001-8180-4366
https://orcid.org/0000-0001-9392-2079
https://orcid.org/0000-0001-7596-5091
https://orcid.org/0000-0003-4712-9816
https://orcid.org/0000-0002-6002-5870
https://orcid.org/0009-0001-5383-4899
https://orcid.org/0000-0001-9643-6762
https://orcid.org/0000-0001-5672-8672
https://orcid.org/0000-0003-4774-2194
https://orcid.org/0009-0007-6371-8035
https://orcid.org/0000-0003-3337-3850
https://orcid.org/0000-0002-0455-5404
https://orcid.org/0000-0002-7047-6042
https://orcid.org/0000-0003-0256-8663
https://orcid.org/0000-0002-4563-5806
https://orcid.org/0000-0002-6925-8056
https://orcid.org/0000-0003-4894-6762
https://orcid.org/0000-0001-5671-5863
https://orcid.org/0000-0002-5946-581X
https://orcid.org/0000-0001-9004-3255
https://orcid.org/0000-0003-3259-6323


A.M. Donohoe18 , F. Dordei27 , A.C. dos Reis1 , L. Douglas53, A.G. Downes8 ,
M.W. Dudek35 , L. Dufour42 , V. Duk71 , P. Durante42 , J.M. Durham61 ,
D. Dutta56 , A. Dziurda35 , A. Dzyuba38 , S. Easo51 , U. Egede63 , V. Egorychev38 ,
S. Eidelman38,†, S. Eisenhardt52 , S. Ek-In43 , L. Eklund75 , S. Ely62 , A. Ene37 ,
E. Epple61 , S. Escher14 , J. Eschle44 , S. Esen44 , T. Evans56 , L.N. Falcao1 ,
Y. Fan6 , B. Fang67 , S. Farry54 , D. Fazzini26,m , M. Feo42 , A.D. Fernez60 ,
F. Ferrari20 , L. Ferreira Lopes43 , F. Ferreira Rodrigues2 , S. Ferreres Sole32 ,
M. Ferrillo44 , M. Ferro-Luzzi42 , S. Filippov38 , R.A. Fini19 , M. Fiorini21,i ,
M. Firlej34 , K.M. Fischer57 , D.S. Fitzgerald76 , C. Fitzpatrick56 , T. Fiutowski34 ,
F. Fleuret12 , M. Fontana13 , F. Fontanelli24,k , R. Forty42 , D. Foulds-Holt49 ,
V. Franco Lima54 , M. Franco Sevilla60 , M. Frank42 , E. Franzoso21,i , G. Frau17 ,
C. Frei42 , D.A. Friday53 , J. Fu6 , Q. Fuehring15 , E. Gabriel32 , G. Galati19,f ,
A. Gallas Torreira40 , D. Galli20,g , S. Gambetta52,42 , Y. Gan3 , M. Gandelman2 ,
P. Gandini25 , Y. Gao5 , M. Garau27,h , L.M. Garcia Martin50 , P. Garcia Moreno39 ,
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45NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine
46Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine
47University of Birmingham, Birmingham, United Kingdom
48H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom
49Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
50Department of Physics, University of Warwick, Coventry, United Kingdom

15

https://orcid.org/0000-0003-0159-291X
https://orcid.org/0000-0003-0038-5038
https://orcid.org/0000-0002-2411-1085
https://orcid.org/0000-0002-1478-4593
https://orcid.org/0000-0002-5972-6290


51STFC Rutherford Appleton Laboratory, Didcot, United Kingdom
52School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
53School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
54Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
55Imperial College London, London, United Kingdom
56Department of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
57Department of Physics, University of Oxford, Oxford, United Kingdom
58Massachusetts Institute of Technology, Cambridge, MA, United States
59University of Cincinnati, Cincinnati, OH, United States
60University of Maryland, College Park, MD, United States
61Los Alamos National Laboratory (LANL), Los Alamos, NM, United States
62Syracuse University, Syracuse, NY, United States
63School of Physics and Astronomy, Monash University, Melbourne, Australia, associated to 50
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aUniversidade Federal do Triângulo Mineiro (UFTM), Uberaba-MG, Brazil
bCentral South U., Changsha, China
cHangzhou Institute for Advanced Study, UCAS, Hangzhou, China
dExcellence Cluster ORIGINS, Munich, Germany
eUniversidad Nacional Autónoma de Honduras, Tegucigalpa, Honduras
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iUniversità di Ferrara, Ferrara, Italy
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uUniversità di Urbino, Urbino, Italy

†Deceased

16


	References

