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Jet quenching is the process of color-charged partons losing energy via interactions with quark-gluon
plasma droplets created in heavy-ion collisions. The collective expansion of such droplets is well described
by viscous hydrodynamics. Similar evidence of collectivity is consistently observed in smaller collision
systems, including pp and pþ Pb collisions. In contrast, while jet quenching is observed in Pbþ Pb
collisions, no evidence has been found in these small systems to date, raising fundamental questions about
the nature of the system created in these collisions. The ATLAS experiment at the Large Hadron Collider
has measured the yield of charged hadrons correlated with reconstructed jets in 0.36 nb−1 of pþ Pb and
3.6 pb−1 of pp collisions at 5.02 TeV. The yields of charged hadrons with pch

T > 0.5 GeV near and

opposite in azimuth to jets with pjet
T > 30 or 60 GeV, and the ratios of these yields between pþ Pb and pp

collisions, IpPb, are reported. The collision centrality of pþ Pb events is categorized by the energy
deposited by forward neutrons from the struck nucleus. The IpPb values are consistent with unity within a

few percent for hadrons with pch
T > 4 GeV at all centralities. These data provide new, strong constraints

that preclude almost any parton energy loss in central pþ Pb collisions.

DOI: 10.1103/PhysRevLett.131.072301

Over two decades of measurements of relativistic
nucleus-nucleus collisions at the Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC)
have established that a quark-gluon plasma is formed in
these collisions and undergoes a collective expansion
described by viscous hydrodynamics [1]. High-momentum
colored probes, such as quarks and gluons, lose some of
their energy as they traverse the plasma and produce
a highly modified hadron fragmentation pattern, a process
referred to as “jet quenching” [2–4]. On the other
hand, colorless photons and Z bosons pass through
unscathed [5–10]. Over the past decade, measurements
in smaller collision systems, such as pp and pþ Pb at the
LHC and pþ Au, dþ Au, and 3Heþ Au at RHIC display
similar experimental evidence of collectivity [11,12].
These observations have prompted theoretical discussion
as to whether jet quenching should be present in these
small systems as well [13–19]. However, measurements of
jet [20,21] and hadron [22–24] production rates at high
transverse momentum (pT) [25] and measurements of jet-
to-hadron fragmentation functions [26] in minimum-bias

pþ Pb collisions show no indication of jet quenching,
relative to pp, in these small systems [27].
Experiments have also examined the subset of pþ Pb

collisions where the proton undergoes many interactions in
the Pb nucleus (i.e., a large number of proton-nucleon
collisions hNcolli) and which typically have larger-than-
average particle multiplicities. These so-called “central”
events may produce a larger and longer-lived quark-gluon
plasma that would induce a bigger jet quenching effect.
Measurements that characterize the centrality of events
according to the charged-particle multiplicity or energy at
midrapidity have found significant deviations of high-pT
charged-hadron production rates from the pp expectation
[28]. However, Monte Carlo (MC) simulations using the
HIJING [29] generator, and other models of small collision
systems [30], indicate that most of this behavior is the result
of physics correlations between the charged-particle multi-
plicity and the probability to produce a high-pT jet or
hadron in individual proton-nucleon collisions [28,31]. In
addition, in extreme kinematic regions, such as those with
large Bjorken x, the production of high-pT jets or hadrons
becomes anticorrelated with the centrality signal [20,32],
which may arise from the decreasing interaction strength of
protons in these configurations [33,34] or from other effects
[35,36]. Model-dependent corrections for the effect of these
correlations can be derived [30,37], but they have strongly
limited the precision of searches for jet quenching phe-
nomena in central pþ Pb events. A measurement of the
yield of charged hadrons (8 < pT < 15 GeV) correlated
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with the highest pT charged hadron indicate no nuclear
modification within uncertainties [38].
An alternative method, which does not exhibit the

physics biases described above, is to select pþ Pb events
by counting the number of spectator neutrons produced by
the disintegrating Pb nucleus that strike a zero-degree
calorimeter (ZDC), where central events yield more neu-
trons on average. However, estimating hNcolli in the
resulting event categories is challenging due to limited
understanding of how spectator nucleons are distributed in
terms of single neutrons, protons, and larger charged
fragments (only the first of which strike the ZDC).
Nevertheless, the ALICE Collaboration has used this
method and found that rates of charged [28] and heavy-
flavor [39] hadrons in central pþ Pb collisions are
unmodified in comparison with those derived from pp
interactions, albeit within significant modeling uncertain-
ties. To avoid the reliance on hNcolli, jet quenching in these
events may instead be searched for by examining jet-
hadron kinematic correlations or the internal structure of
jets. A measurement of hadron-triggered jet yields in ZDC-
selected central pþ Pb events has placed limits on the total
amount of energy transported across the boundary of an
R ¼ 0.4 jet cone [40], which is one possible signature. The
measurement presented here can additionally constrain the
parton energy loss, even in the case where the jet shape
remains unmodified.
This Letter presents a measurement of the charged-

hadron yield in events with jets in the ATLAS calorimeters
satisfying two different selections (pjet

T > 30 GeV or
pjet
T > 60 GeV) in pþ Pb and pp collisions at a

5.02 TeV nucleon-nucleon center-of-mass energy. The pþ
Pb and pp data were recorded in 2016 and 2017,
respectively, with triggers sampling integrated luminosities
of 0.36 nb−1 and 3.6 pb−1. In pþ Pb running, the
proton and lead beams had per-nucleon energies of
4 TeV and ðZ=AÞ × 4 TeV ≈ 1.58 TeV, respectively, lead-
ing to a rapidity shift of the center-of-mass frame,
Δycom ¼ 0.465, from the laboratory frame (while ycom ¼
0 in pp running). Charged hadrons are required to have
pch
T > 0.5 GeV and lie within jη − ycomj < 2.035, and their

yields are measured in two azimuthal regions with respect
to the jet: the “away-side” region Δϕch;jet ¼ jϕch − ϕjetj >
7π=8 and the “near-side” region Δϕch;jet < π=8. The total
yield in each region, Yðpch

T Þ, is normalized by the number
of jets and reported in pp events and in pþ Pb events for
different ZDC energy selections. To quantify any modifi-
cation that would result from the partons’ propagation
through a created quark-gluon plasma, the ratio of the per-
jet charged-particle yields between pþ Pb and pp colli-
sions, IpPb ¼ YpPb=Ypp, is reported and compared with
predictions from theoretical calculations. Importantly, this
observable does not depend on a quantitative estimate
of hNcolli.

The ATLAS experiment [41] is a multipurpose particle
detector with a forward-backward symmetric cylindrical
geometry and a near 4π coverage in solid angle. It consists
of an inner tracking detector surrounded by a supercon-
ducting solenoid providing a 2 T axial magnetic field,
electromagnetic and hadron calorimeters, and a muon
spectrometer. The inner tracking detector covers the pseu-
dorapidity range jηj < 2.5. It consists of silicon pixel,
silicon microstrip, and transition radiation tracking detec-
tors. Lead plus liquid-argon sampling calorimeters provide
electromagnetic (EM) energy measurements with high
granularity. A steel or scintillator-tile hadron calorimeter
covers the central pseudorapidity range (jηj < 1.7). Liquid-
argon calorimeters with separate EM and hadronic com-
partments instrument the end cap (up to jηj ¼ 3.2) and
forward (FCal, up to jηj ¼ 4.9) regions. Two ZDCs are
each composed of four longitudinal layers of tungsten
absorbers and quartz rods. They are situated in the far
forward region jηj > 8.3 and, in pþ Pb events, the down-
stream ZDC, relative to the Pb beam direction, primarily
measures spectator neutrons from the struck Pb nucleus. An
extensive software suite [42] is used in the reconstruction
and analysis of real and simulated data, in detector
operations, and in the trigger and data acquisition systems
of the experiment.
Events are selected for analysis using a combination

of minimum-bias and calorimeter jet triggers [43], which
are used for the measurements with pjet

T > 30 GeV and
> 60 GeV, respectively. Both the pp and pþ Pb events
are required to have a primary reconstructed vertex with
z coordinate jzj < 150 mm [44]. The pp and pþ Pb data
were recorded at low collision rates, and an additional re-
quirement that events have only one reconstructed inter-
action vertex further reduces pileup. In the pp (pþ Pb)
data, this requirement accepts approximately 40% (99%) of
triggered events.
The centrality of pþ Pb events is characterized using the

total energy in the Pb-going side of the ZDC, EZN. The
ZDC energy is calibrated by matching the single- and
double-neutron peaks to their known beam energies
(1.58 TeV and 3.15 TeV) [45]. The resulting energy
distribution is shown in Fig. 1, with more central (lower
centrality) events at high EZN. Using a ZDC with similar
acceptance, the ALICE Collaboration has used multiple
bootstrapping methods to estimate that the hNcolli values in
these events range from approximately 13.6 (�11%) in
0%–20% centrality pþ Pb events to 1.2 (�24%) in
80%–100% events [28], which are likely to be similar in
ATLAS. These values and uncertainties are not explicitly
used in the measurement in this Letter but may be useful for
modeling comparisons.
Jets are reconstructed from calorimeter energy deposits

as described in Ref. [46], using the anti-kt algorithm
[47,48] with radius parameter R ¼ 0.4. The jet kinematics
are corrected event by event for the contribution from
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underlying event (UE) particles, and are calibrated using
simulations [42,49,50] of the calorimeter response and
in situ measurements of the absolute energy scale in data.
The accepted jets lie within jηj < 2.8.
Reconstructed charged-particle tracks must satisfy qual-

ity criteria outlined in Ref. [51]. The charged-particle yield
is corrected for imperfect reconstruction and selection
efficiency with a per-track weight, and for the small
contribution of secondary-particle and fake tracks, with
both corrections derived from PYTHIA 8 [52] pp and HIJING

pþ Pb MC event samples. The contribution of UE
particles to the total yields is estimated by measuring these
yields in minimum-bias pþ Pb or pp events with the same
selection requirements and with matched intervals in FCal
energy (which is well-correlated with UE activity [53]).
The UE contribution is subtracted from the yield measured
in jet-containing events. The ratio of signal to UE back-
ground is approximately 0.25 (1) for pch

T ¼ 0.5 GeV rising
quickly to 3 (30) for pch

T ¼ 4 GeV, in central pþ Pb (pp)
events. Finally, the finite resolution of the pjet

T and pch
T

measurements affects the measured yields. This effect is
typically smaller than 10% and is similar in pþ Pb and pp
events. It is corrected for via an iterative Bayesian
unfolding procedure [54] applied to the two-dimensional
ðpjet

T ; pch
T Þ distributions derived from PYTHIA 8 pp MC

events and minimum-bias pþ Pb data events overlaid with
PYTHIA 8 pp events.
The dominant sources of systematic uncertainty in the

measurement are those affecting the measurement of the jet
kinematics, the charged-particle selection, and the unfolding
correction. The jet-related uncertainties are derived from
in situ studies of the calorimeter response [49] and their

application to the jets used in heavy-ion data [50] (where
they accommodate large jet quenching effects), and from
comparisons of the simulated response in samples
from different generators. They typically dominate at high
pch
T . Several sources of tracking-related uncertainty are

considered, such as the uncertainty in the absolute efficiency
and the sensitivity to selection cuts. They are described in
previous measurements of charged-particle fragmentation
functions [26,55] and typically dominate at low pch

T .
The uncertainty in the unfolding correction is evaluated
by considering different priors and by performing the
analysis procedure, including the UE subtraction, in
simulation to evaluate how accurately the generator-level
distributions are recovered. This uncertainty is significant
at all pch

T . Many of these uncertainties, such as the jet-
related ones, have a quantitatively similar impact on the
yields in the pþ Pb and pp data and largely cancel out in
the IpPb ratio.
Figure 2 (top row) shows IpPb for charged particles on

the away side of jets with pjet
T > 60 GeV. In the region

pch
T > 1 GeV, the IpPb values in all centrality selections are

consistent with unity within the uncertainties. At the lowest
measured pch

T values, the IpPb value decreases by about
10%, albeit with growing uncertainties. In a leading-order
parton-parton scattering picture, the away-side hadrons
arise from the fragmentation of pT ≈ 60 GeV partons
azimuthally opposite to the parton producing the jet. A
jet quenching effect in pþ Pb should lead to IpPb values
below unity. As such, these results strongly constrain any
possible modification of parton fragmentation in the region
z ¼ pch

T =p
jet
T ≈ 0.05–1.0, within uncertainties that decrease

to 2%–4% at high z, with respect to that in pp collisions.
Figure 2 (bottom row) shows the IpPb ratios for charged

particles on the near side of jets with pjet
T > 60 GeV. In the

region pch
T > 4 GeV, there is a centrality-independent

enhancement of approximately 5%. Similar to that
observed on the away side, there is a characteristic
suppression in the region pch

T < 1 GeV. Additionally, the
IpPb value shows a modest systematic enhancement in the
region 1 < pch

T < 4 GeV. It is notable that the pattern from
0.5 to 4 GeV is consistent between the away and near sides,
and also with the nuclear modification factor (ratio of total
yields between pþ Pb and hNcolli-scaled pp) for inclusive
charged hadrons [56]. The latter is often interpreted in
terms of initial-state parton scattering in the nuclear target,
also known as the “Cronin effect” [57]. In heavy-ion
collisions, the “soft” particle production regime can be
described via hydrodynamics and it is known that the radial
flow of the quark-gluon plasma may play a role in this pch

T
region. The measurement in this Letter suggests that low-
pT particles that arise from jet fragmentation also exhibit a
similar pattern.
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The same measurements were also performed for jets
with pjet

T > 30 GeV, which are sensitive to quenching
effects on lower-pT partons. These are shown in Fig. 3,
focusing on pch

T > 4 GeV and 0%–20% centrality ZDC-
selected events to emphasize the region of potential jet
quenching. Within the larger uncertainties, which arise
from the larger relative UE background, poorer jet energy
resolution, and smaller sampled luminosity, they are
compatible with the pjet

T > 60 GeV results. Since the
near-side IpPb is similar to a modified jet fragmentation
function, it can be compared with the previous measure-
ment in pþ Pb collisions by ATLAS [26]. For jets in a
similar pjet

T range, the pþ Pb-to-pp ratios of fragmentation
functions in Ref. [26] are compatible with the results in this
Letter, although with larger uncertainties due to the differ-
ent datasets used.
In Fig. 3, the IpPb measurements are also compared with

calculations from the heavy-ion MC generator ANGANTYR
[58] run in pþ Pb mode. ANGANTYR is based on PYTHIA 8

and has no final-state effects producing collectivity or jet
quenching—noting that this is run with so-called “string
shoving” turned off [60]. ANGANTYR shows a near-side
enhancement similar to that in data, and studies with varied
generator settings indicate that this does not arise from
either the nuclear modification of parton densities or the
isospin composition difference between Pb nuclei and
protons. On the away side, the generator features a small
enhancement, but is also compatible with the data within its
uncertainties.
The data are compared to a parton energy loss scenario,

modeled using PYTHIA 8, where the parton opposite a pT >
60 GeV jet loses a percentage of its energy before under-
going vacuumlike fragmentation into pT > 4 GeV charged
hadrons. Considering both statistical and systematic data
uncertainties, the parton energy loss is constrained to be
0.2%� 0.5% and less than 1.4% at the 90% confidence
level (shown in the right panel of Fig. 3).
Despite experimental observations consistent with col-

lectivity in pþ Pb collisions [11], these data severely
constrain the amount of jet quenching in central pþ Pb
collisions. It has been proposed that soft (low-momentum)
quarks and gluons are only formed on a timescale of
1 fm=c, and thus the high-pT partons may undergo their
virtuality evolution and showering unscathed and fragment
in vacuum if the quark-gluon plasma is small, i.e., with
radius < 1–2 fm [61]. A quantitative calculation incorpo-
rating this virtuality evolution is necessary to confront the
IpPb measurements presented here.
In conclusion, this Letter reports a measurement of

charged-hadron yields in the azimuthal directions away
from and near to jets in pþ Pb collisions, compared with
those in pp collisions, using data collected with the
ATLAS detector at the LHC. Central pþ Pb collisions,
where the effects of a quark-gluon plasma are expected to
be largest, are selected in an unbiased way by detecting

forward spectator neutrons. The per-jet yields on the near
side indicate a modest, of order 5%, enhancement for
pch
T > 4 GeV that is well described by the MC generator

ANGANTYR. The per-jet yields on the away side are
consistent with unity for all pch

T > 1 GeV, with uncertain-
ties that are particularly small for pch

T > 4 GeV. These data
serve as a sensitive probe of jet quenching effects and place
strong limits on the degree to which the propagation and
fragmentation of hard-scattered partons is modified in
small hadronic collisions. The results in this Letter heighten
the challenge to the theoretical understanding of the quark-
gluon system produced in pþ Pb collisions.
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L. Truong ,33c M. Trzebinski ,85 A. Trzupek ,85 F. Tsai ,144 M. Tsai ,105 A. Tsiamis ,151 P. V. Tsiareshka,37

S. Tsigaridas ,155a A. Tsirigotis ,151,aa V. Tsiskaridze ,144 E. G. Tskhadadze,148a M. Tsopoulou ,151 Y. Tsujikawa ,86

I. I. Tsukerman ,37 V. Tsulaia ,17a S. Tsuno ,82 O. Tsur,149 D. Tsybychev ,144 Y. Tu ,64b A. Tudorache ,27b

V. Tudorache ,27b A. N. Tuna ,36 S. Turchikhin ,38 I. Turk Cakir ,3a R. Turra ,70a T. Turtuvshin ,38 P. M. Tuts ,41

S. Tzamarias ,151 P. Tzanis ,10 E. Tzovara ,99 K. Uchida,152 F. Ukegawa ,156 P. A. Ulloa Poblete ,136c G. Unal ,36

M. Unal ,11 A. Undrus ,29 G. Unel ,158 K. Uno ,152 J. Urban ,28b P. Urquijo ,104 G. Usai ,8 R. Ushioda ,153

M. Usman ,107 Z. Uysal ,21b V. Vacek ,131 B. Vachon ,103 K. O. H. Vadla ,124 T. Vafeiadis ,36 C. Valderanis ,108

E. Valdes Santurio ,47a,47b M. Valente ,155a S. Valentinetti ,23b,23a A. Valero ,161 A. Vallier ,101,ii J. A. Valls Ferrer ,161

T. R. Van Daalen ,137 P. Van Gemmeren ,6 M. Van Rijnbach ,124,36 S. Van Stroud ,95 I. Van Vulpen ,113

M. Vanadia ,75a,75b W. Vandelli ,36 M. Vandenbroucke ,134 E. R. Vandewall ,120 D. Vannicola ,150 L. Vannoli ,57b,57a

R. Vari ,74a E. W. Varnes ,7 C. Varni ,17a T. Varol ,147 D. Varouchas ,66 L. Varriale ,161 K. E. Varvell ,146

PHYSICAL REVIEW LETTERS 131, 072301 (2023)

072301-15

https://orcid.org/0000-0003-3066-2788
https://orcid.org/0000-0002-3523-390X
https://orcid.org/0000-0003-4050-6420
https://orcid.org/0000-0002-3191-0061
https://orcid.org/0000-0002-4775-9669
https://orcid.org/0000-0002-2628-3470
https://orcid.org/0000-0002-3017-826X
https://orcid.org/0000-0002-9449-0412
https://orcid.org/0000-0002-9453-9415
https://orcid.org/0000-0001-7249-7456
https://orcid.org/0000-0001-8352-7227
https://orcid.org/0000-0002-0456-786X
https://orcid.org/0000-0002-5428-813X
https://orcid.org/0000-0002-3246-0330
https://orcid.org/0000-0002-3206-395X
https://orcid.org/0000-0002-1285-1350
https://orcid.org/0000-0002-3277-1999
https://orcid.org/0000-0002-2893-6412
https://orcid.org/0000-0002-5809-9424
https://orcid.org/0000-0001-5185-2367
https://orcid.org/0000-0001-6035-8109
https://orcid.org/0000-0002-5987-2984
https://orcid.org/0000-0003-2285-478X
https://orcid.org/0000-0001-7734-7617
https://orcid.org/0000-0003-2042-6394
https://orcid.org/0000-0002-9899-7413
https://orcid.org/0000-0002-9650-3846
https://orcid.org/0000-0003-1235-5178
https://orcid.org/0000-0002-5128-2373
https://orcid.org/0000-0001-5347-9308
https://orcid.org/0000-0002-7710-4073
https://orcid.org/0000-0001-5641-5713
https://orcid.org/0000-0002-3600-2804
https://orcid.org/0000-0002-2438-3785
https://orcid.org/0000-0002-0912-9121
https://orcid.org/0000-0003-4554-1831
https://orcid.org/0000-0003-0868-8164
https://orcid.org/0000-0002-5285-8995
https://orcid.org/0000-0003-3614-026X
https://orcid.org/0000-0003-3973-9382
https://orcid.org/0000-0001-6342-9283
https://orcid.org/0000-0002-9386-9092
https://orcid.org/0000-0002-7192-4097
https://orcid.org/0000-0003-3725-2984
https://orcid.org/0000-0002-6778-073X
https://orcid.org/0000-0002-2891-0781
https://orcid.org/0000-0002-0447-2975
https://orcid.org/0000-0003-2517-531X
https://orcid.org/0000-0002-2488-407X
https://orcid.org/0000-0001-6480-6829
https://orcid.org/0000-0003-2799-6672
https://orcid.org/0000-0003-4231-6241
https://orcid.org/0000-0002-3777-4734
https://orcid.org/0000-0002-5996-7000
https://orcid.org/0000-0001-6088-7094
https://orcid.org/0000-0002-9067-8362
https://orcid.org/0000-0003-4579-2120
https://orcid.org/0000-0001-8610-8423
https://orcid.org/0000-0001-7430-7599
https://orcid.org/0000-0002-0749-2146
https://orcid.org/0000-0002-0518-4086
https://orcid.org/0000-0003-0694-3272
https://orcid.org/0000-0002-7674-7878
https://orcid.org/0000-0002-2737-8674
https://orcid.org/0000-0002-7378-4454
https://orcid.org/0000-0001-9946-8188
https://orcid.org/0000-0003-2168-9137
https://orcid.org/0000-0002-2598-5657
https://orcid.org/0000-0002-9402-6329
https://orcid.org/0000-0003-1703-7304
https://orcid.org/0000-0003-4435-4962
https://orcid.org/0000-0003-1338-2741
https://orcid.org/0000-0001-6981-0544
https://orcid.org/0000-0001-9116-880X
https://orcid.org/0000-0002-6171-1119
https://orcid.org/0000-0002-1430-5994
https://orcid.org/0000-0003-0124-3410
https://orcid.org/0000-0002-8120-478X
https://orcid.org/0000-0002-0786-6304
https://orcid.org/0000-0001-7482-6348
https://orcid.org/0000-0001-5813-1693
https://orcid.org/0000-0002-6551-1878
https://orcid.org/0000-0003-4454-6999
https://orcid.org/0000-0003-4183-2594
https://orcid.org/0000-0002-0418-4199
https://orcid.org/0000-0001-9469-1583
https://orcid.org/0000-0002-9226-2539
https://orcid.org/0000-0001-5644-9526
https://orcid.org/0000-0002-6719-9726
https://orcid.org/0000-0002-6868-8329
https://orcid.org/0000-0001-7282-949X
https://orcid.org/0000-0003-2251-0610
https://orcid.org/0000-0002-7666-7544
https://orcid.org/0000-0002-2610-9608
https://orcid.org/0000-0003-2546-0516
https://orcid.org/0000-0001-9007-7658
https://orcid.org/0000-0002-7561-1960
https://orcid.org/0000-0002-2224-719X
https://orcid.org/0000-0001-5374-6402
https://orcid.org/0000-0002-8495-0630
https://orcid.org/0000-0001-6616-3433
https://orcid.org/0000-0002-1217-672X
https://orcid.org/0000-0001-6009-6321
https://orcid.org/0000-0003-1990-0992
https://orcid.org/0000-0002-2908-3909
https://orcid.org/0000-0001-7708-9259
https://orcid.org/0000-0002-8549-6855
https://orcid.org/0000-0001-5999-9769
https://orcid.org/0000-0002-5349-8370
https://orcid.org/0000-0002-4080-2919
https://orcid.org/0000-0003-4091-1784
https://orcid.org/0000-0003-0690-8573
https://orcid.org/0000-0002-0791-9728
https://orcid.org/0000-0002-4185-6484
https://orcid.org/0000-0003-2399-8945
https://orcid.org/0000-0003-0182-7088
https://orcid.org/0000-0001-9679-0323
https://orcid.org/0000-0002-7511-4614
https://orcid.org/0000-0003-0276-8059
https://orcid.org/0000-0001-7582-6227
https://orcid.org/0000-0003-2460-6659
https://orcid.org/0000-0002-8913-0981
https://orcid.org/0000-0001-7253-7497
https://orcid.org/0000-0002-0465-5472
https://orcid.org/0000-0002-6972-7473
https://orcid.org/0000-0003-0958-7656
https://orcid.org/0000-0002-0062-2438
https://orcid.org/0000-0002-8302-386X
https://orcid.org/0000-0002-4496-1626
https://orcid.org/0000-0002-7863-3778
https://orcid.org/0000-0002-2382-6951
https://orcid.org/0000-0002-1639-4484
https://orcid.org/0000-0002-1728-9272
https://orcid.org/0000-0001-9610-0783
https://orcid.org/0000-0001-6976-9457
https://orcid.org/0000-0001-6980-0215
https://orcid.org/0000-0002-7356-4961
https://orcid.org/0000-0001-7755-5280
https://orcid.org/0000-0001-9155-3898
https://orcid.org/0000-0003-4364-006X
https://orcid.org/0000-0003-3943-2495
https://orcid.org/0000-0002-4807-6448
https://orcid.org/0000-0003-2925-279X
https://orcid.org/0000-0002-0059-0165
https://orcid.org/0000-0003-2340-748X
https://orcid.org/0000-0002-2685-6187
https://orcid.org/0000-0001-5295-6563
https://orcid.org/0000-0002-6277-1877
https://orcid.org/0000-0003-4893-8041
https://orcid.org/0000-0002-7199-3383
https://orcid.org/0000-0001-7287-0468
https://orcid.org/0000-0002-4679-6767
https://orcid.org/0000-0003-3447-5621
https://orcid.org/0000-0003-4422-6493
https://orcid.org/0000-0001-9585-7215
https://orcid.org/0000-0002-0918-9175
https://orcid.org/0000-0003-3917-3761
https://orcid.org/0000-0002-5800-4798
https://orcid.org/0000-0003-3425-794X
https://orcid.org/0000-0002-0703-4452
https://orcid.org/0000-0001-7002-0590
https://orcid.org/0000-0003-1466-6869
https://orcid.org/0000-0002-2611-8563
https://orcid.org/0000-0003-3142-030X
https://orcid.org/0000-0002-3143-8510
https://orcid.org/0000-0001-9985-6033
https://orcid.org/0000-0001-8560-3756
https://orcid.org/0000-0002-1433-2140
https://orcid.org/0000-0002-9166-7083
https://orcid.org/0000-0001-9994-5802
https://orcid.org/0000-0002-9929-1797
https://orcid.org/0000-0002-6313-4175
https://orcid.org/0000-0003-0362-8795
https://orcid.org/0000-0002-3659-7270
https://orcid.org/0000-0003-1251-3332
https://orcid.org/0000-0002-9252-7605
https://orcid.org/0000-0002-9296-7272
https://orcid.org/0000-0002-0584-8700
https://orcid.org/0000-0002-5060-2208
https://orcid.org/0000-0002-4244-502X
https://orcid.org/0000-0001-5785-7548
https://orcid.org/0000-0002-1535-9732
https://orcid.org/0000-0002-3335-6500
https://orcid.org/0000-0003-1583-2611
https://orcid.org/0000-0003-3348-0234
https://orcid.org/0000-0001-8760-7259
https://orcid.org/0000-0002-1831-4871
https://orcid.org/0000-0002-6596-9125
https://orcid.org/0000-0003-3587-187X
https://orcid.org/0000-0001-5545-6513
https://orcid.org/0000-0001-9977-3836
https://orcid.org/0000-0003-4803-5213
https://orcid.org/0000-0001-6520-8070
https://orcid.org/0000-0003-0132-5723
https://orcid.org/0000-0003-3388-3906
https://orcid.org/0000-0003-1274-8967
https://orcid.org/0000-0002-8768-2272
https://orcid.org/0000-0003-0134-4377
https://orcid.org/0000-0002-6558-7311
https://orcid.org/0000-0003-1882-5572
https://orcid.org/0000-0002-9746-4172
https://orcid.org/0000-0001-9454-2481
https://orcid.org/0000-0001-6965-6604
https://orcid.org/0000-0001-7050-8203
https://orcid.org/0000-0002-6239-7715
https://orcid.org/0000-0001-6031-2768
https://orcid.org/0000-0003-1594-9350
https://orcid.org/0000-0001-8739-9250
https://orcid.org/0000-0002-9634-0581
https://orcid.org/0000-0002-8023-6448
https://orcid.org/0000-0002-5886-6339
https://orcid.org/0000-0002-3698-3585
https://orcid.org/0000-0002-0294-6727
https://orcid.org/0000-0002-4934-1661
https://orcid.org/0000-0003-2674-9274
https://orcid.org/0000-0003-2445-1132
https://orcid.org/0000-0003-2433-231X
https://orcid.org/0000-0002-1128-4200
https://orcid.org/0000-0003-4666-3208
https://orcid.org/0000-0001-8777-0590
https://orcid.org/0000-0002-8262-1577
https://orcid.org/0000-0002-1824-034X
https://orcid.org/0000-0002-4603-2070
https://orcid.org/0000-0001-8127-9653
https://orcid.org/0000-0003-1129-9792
https://orcid.org/0000-0003-2911-8910
https://orcid.org/0000-0003-0822-1206
https://orcid.org/0000-0002-5507-7924
https://orcid.org/0000-0001-9898-480X
https://orcid.org/0000-0001-6485-2227
https://orcid.org/0000-0001-5543-6192
https://orcid.org/0000-0003-1094-6409
https://orcid.org/0000-0002-9820-1729
https://orcid.org/0000-0002-8224-6105
https://orcid.org/0000-0002-6127-5847
https://orcid.org/0000-0001-5913-0828
https://orcid.org/0000-0001-6204-4445
https://orcid.org/0000-0001-9500-2487
https://orcid.org/0000-0001-7688-5165
https://orcid.org/0000-0002-7997-8524
https://orcid.org/0000-0001-8249-7150
https://orcid.org/0000-0002-5151-7101
https://orcid.org/0000-0001-6938-5867
https://orcid.org/0000-0001-7878-6435
https://orcid.org/0000-0002-4728-9150
https://orcid.org/0000-0002-8761-4632
https://orcid.org/0000-0002-6393-2302
https://orcid.org/0000-0002-6632-0440
https://orcid.org/0000-0002-2119-8875
https://orcid.org/0000-0002-9104-2884
https://orcid.org/0000-0002-8784-5684
https://orcid.org/0000-0002-8965-6676
https://orcid.org/0000-0001-8157-6711
https://orcid.org/0000-0002-2055-4364
https://orcid.org/0000-0001-8212-6894
https://orcid.org/0000-0002-5865-183X
https://orcid.org/0000-0001-6307-1437
https://orcid.org/0000-0001-5384-3843
https://orcid.org/0000-0002-7672-7754
https://orcid.org/0000-0001-6506-3123
https://orcid.org/0000-0002-0726-5648
https://orcid.org/0000-0001-8740-796X
https://orcid.org/0000-0001-9471-8627
https://orcid.org/0000-0001-6131-5725
https://orcid.org/0000-0002-8363-1072
https://orcid.org/0000-0001-6828-1599
https://orcid.org/0000-0002-0410-0055
https://orcid.org/0000-0002-9813-7931
https://orcid.org/0000-0002-0789-7581
https://orcid.org/0000-0001-8130-7423
https://orcid.org/0000-0002-1646-0621
https://orcid.org/0000-0002-1384-286X
https://orcid.org/0000-0002-3274-6531
https://orcid.org/0000-0002-2209-8198
https://orcid.org/0000-0002-7633-8441
https://orcid.org/0000-0002-0887-7953
https://orcid.org/0000-0001-5032-7907
https://orcid.org/0000-0002-4241-8937
https://orcid.org/0000-0003-1950-0307
https://orcid.org/0000-0002-7110-8065
https://orcid.org/0000-0001-9584-0392
https://orcid.org/0000-0001-8703-6978
https://orcid.org/0000-0001-6729-1584
https://orcid.org/0000-0003-1492-5007
https://orcid.org/0000-0001-9362-8451
https://orcid.org/0000-0001-9931-2896
https://orcid.org/0000-0002-0486-9569
https://orcid.org/0000-0003-2044-6539
https://orcid.org/0000-0002-9776-5880
https://orcid.org/0000-0002-5496-349X
https://orcid.org/0000-0002-3953-3117
https://orcid.org/0000-0002-2254-125X
https://orcid.org/0000-0002-7227-4006
https://orcid.org/0000-0003-3728-5102
https://orcid.org/0000-0002-7969-0301
https://orcid.org/0000-0001-7074-5655
https://orcid.org/0000-0003-2684-276X
https://orcid.org/0000-0001-6581-9410
https://orcid.org/0000-0001-9055-4020
https://orcid.org/0000-0003-3453-6156
https://orcid.org/0000-0001-6814-4674
https://orcid.org/0000-0002-9866-6040
https://orcid.org/0000-0002-2814-1337
https://orcid.org/0000-0001-7820-9144
https://orcid.org/0000-0001-6733-4310
https://orcid.org/0000-0002-0697-5808
https://orcid.org/0000-0002-0734-4442
https://orcid.org/0000-0003-4375-5190
https://orcid.org/0000-0003-1017-1295


M. E. Vasile ,27b L. Vaslin,40 G. A. Vasquez ,163 F. Vazeille ,40 T. Vazquez Schroeder ,36 J. Veatch ,31 V. Vecchio ,100

M. J. Veen ,113 I. Veliscek ,125 L. M. Veloce ,154 F. Veloso ,129a,129c S. Veneziano ,74a A. Ventura ,69a,69b

A. Verbytskyi ,109 M. Verducci ,73a,73b C. Vergis ,24 M. Verissimo De Araujo ,81b W. Verkerke ,113 J. C. Vermeulen ,113

C. Vernieri ,142 P. J. Verschuuren ,94 M. Vessella ,102 M. L. Vesterbacka ,116 M. C. Vetterli ,141,e A. Vgenopoulos ,151

N. Viaux Maira ,136f T. Vickey ,138 O. E. Vickey Boeriu ,138 G. H. A. Viehhauser ,125 L. Vigani ,63b M. Villa ,23b,23a

M. Villaplana Perez ,161 E. M. Villhauer,52 E. Vilucchi ,53 M. G. Vincter ,34 G. S. Virdee ,20 A. Vishwakarma ,52

C. Vittori ,23b,23a I. Vivarelli ,145 V. Vladimirov,165 E. Voevodina ,109 F. Vogel ,108 P. Vokac ,131 J. Von Ahnen ,48

E. Von Toerne ,24 B. Vormwald ,36 V. Vorobel ,132 K. Vorobev ,37 M. Vos ,161 J. H. Vossebeld ,91 M. Vozak ,113

L. Vozdecky ,93 N. Vranjes ,15 M. Vranjes Milosavljevic ,15 M. Vreeswijk ,113 R. Vuillermet ,36 O. Vujinovic ,99

I. Vukotic ,39 S. Wada ,156 C. Wagner,102 W. Wagner ,169 S. Wahdan ,169 H. Wahlberg ,89 R. Wakasa ,156

M. Wakida ,110 V. M. Walbrecht ,109 J. Walder ,133 R. Walker ,108 W. Walkowiak ,140 A. M. Wang ,61 A. Z. Wang ,168

C. Wang,62a C. Wang ,62c H. Wang ,17a J. Wang ,64a P. Wang ,44 R.-J. Wang ,99 R. Wang ,61 R. Wang ,6

S. M. Wang ,147 S. Wang ,62b T. Wang ,62a W. T. Wang ,79 W. X. Wang ,62a X. Wang ,14c X. Wang ,160 X. Wang ,62c

Y. Wang ,62d Y. Wang ,14c Z. Wang ,105 Z. Wang ,62d,51,62c Z. Wang ,105 A. Warburton ,103 R. J. Ward ,20

N. Warrack ,59 A. T. Watson ,20 M. F. Watson ,20 G. Watts ,137 B. M. Waugh ,95 A. F. Webb ,11 C. Weber ,29

M. S. Weber ,19 S. A. Weber ,34 S. M. Weber ,63a C. Wei,62a Y. Wei ,125 A. R. Weidberg ,125 J. Weingarten ,49

M. Weirich ,99 C. Weiser ,54 C. J. Wells ,48 T. Wenaus ,29 B. Wendland ,49 T. Wengler ,36 N. S. Wenke,109

N. Wermes ,24 M. Wessels ,63a K. Whalen ,122 A. M. Wharton ,90 A. S. White ,61 A. White ,8 M. J. White ,1

D. Whiteson ,158 L. Wickremasinghe ,123 W. Wiedenmann ,168 C. Wiel ,50 M. Wielers ,133 N. Wieseotte,99

C. Wiglesworth ,42 L. A. M. Wiik-Fuchs ,54 D. J. Wilbern,119 H. G. Wilkens ,36 D. M. Williams ,41 H. H. Williams,127

S. Williams ,32 S. Willocq ,102 P. J. Windischhofer ,125 F. Winklmeier ,122 B. T. Winter ,54 M. Wittgen,142

M. Wobisch ,96 A. Wolf ,99 R. Wölker ,125 J. Wollrath,158 M.W. Wolter ,85 H. Wolters ,129a,129c V. W. S. Wong ,162

A. F. Wongel ,48 S. D. Worm ,48 B. K. Wosiek ,85 K.W. Woźniak ,85 K. Wraight ,59 J. Wu ,14a,14d M. Wu,64a

S. L. Wu ,168 X. Wu ,56 Y. Wu ,62a Z. Wu ,134,62a J. Wuerzinger ,125 T. R. Wyatt ,100 B. M. Wynne ,52 S. Xella ,42

L. Xia ,14c M. Xia,14b J. Xiang ,64c X. Xiao ,105 M. Xie ,62a X. Xie ,62a J. Xiong ,17a I. Xiotidis,145 D. Xu ,14a H. Xu,62a

H. Xu ,62a L. Xu ,62a R. Xu ,127 T. Xu ,105 W. Xu ,105 Y. Xu ,14b Z. Xu ,62b Z. Xu ,142 B. Yabsley ,146 S. Yacoob ,33a

N. Yamaguchi ,88 Y. Yamaguchi ,153 H. Yamauchi ,156 T. Yamazaki ,17a Y. Yamazaki ,83 J. Yan,62c S. Yan ,125

Z. Yan ,25 H. J. Yang ,62c,62d H. T. Yang ,17a S. Yang ,62a T. Yang ,64c X. Yang ,62a X. Yang ,14a Y. Yang ,44

Z. Yang ,62a,105 W-M. Yao ,17a Y. C. Yap ,48 H. Ye ,14c J. Ye ,44 S. Ye ,29 X. Ye ,62a Y. Yeh ,95 I. Yeletskikh ,38

M. R. Yexley ,90 P. Yin ,41 K. Yorita ,166 C. J. S. Young ,54 C. Young ,142 M. Yuan ,105 R. Yuan ,62b,ff L. Yue ,95

X. Yue ,63a M. Zaazoua ,35e B. Zabinski ,85 E. Zaid,52 T. Zakareishvili ,148b N. Zakharchuk ,34 S. Zambito ,56

J. Zang ,152 D. Zanzi ,54 O. Zaplatilek ,131 S. V. Zeißner ,49 C. Zeitnitz ,169 J. C. Zeng ,160 D. T. Zenger Jr. ,26

O. Zenin ,37 T. Ženiš ,28a S. Zenz ,93 S. Zerradi ,35a D. Zerwas ,66 B. Zhang ,14c D. F. Zhang ,138 G. Zhang ,14b

J. Zhang ,6 K. Zhang ,14a,14d L. Zhang ,14c P. Zhang,14a,14d R. Zhang ,168 S. Zhang,105 T. Zhang ,152 X. Zhang ,62c

X. Zhang ,62b Z. Zhang ,17a Z. Zhang ,66 H. Zhao ,137 P. Zhao ,51 T. Zhao ,62b Y. Zhao ,135 Z. Zhao ,62a

A. Zhemchugov ,38 Z. Zheng ,142 D. Zhong ,160 B. Zhou,105 C. Zhou ,168 H. Zhou ,7 N. Zhou ,62c Y. Zhou,7

C. G. Zhu ,62b C. Zhu ,14a,14d H. L. Zhu ,62a H. Zhu ,14a J. Zhu ,105 Y. Zhu ,62c Y. Zhu ,62a X. Zhuang ,14a

K. Zhukov ,37 V. Zhulanov ,37 N. I. Zimine ,38 J. Zinsser ,63b M. Ziolkowski ,140 L. Živković ,15 A. Zoccoli ,23b,23a

K. Zoch ,56 T. G. Zorbas ,138 O. Zormpa ,46 W. Zou ,41 and L. Zwalinski 36

(ATLAS collaboration)

1Department of Physics, University of Adelaide, Adelaide, Australia
2Department of Physics, University of Alberta, Edmonton AB, Canada

3aDepartment of Physics, Ankara University, Ankara, Türkiye
3bDivision of Physics, TOBB University of Economics and Technology, Ankara, Türkiye

4LAPP, Univ. Savoie Mont Blanc, CNRS/IN2P3, Annecy, France
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35fInstitute of Applied Physics, Mohammed VI Polytechnic University, Ben Guerir, Morocco

36CERN, Geneva, Switzerland
37Affiliated with an institute covered by a cooperation agreement with CERN

PHYSICAL REVIEW LETTERS 131, 072301 (2023)

072301-17



38Affiliated with an international laboratory covered by a cooperation agreement with CERN
39Enrico Fermi Institute, University of Chicago, Chicago, Illinois, USA
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PHYSICAL REVIEW LETTERS 131, 072301 (2023)

072301-18



76aINFN Sezione di Roma Tre, Italy
76bDipartimento di Matematica e Fisica, Università Roma Tre, Roma, Italy
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136fDepartamento de Física, Universidad Técnica Federico Santa María, Valparaíso, Chile
137Department of Physics, University of Washington, Seattle, Washington, USA

138Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
139Department of Physics, Shinshu University, Nagano, Japan
140Department Physik, Universität Siegen, Siegen, Germany

141Department of Physics, Simon Fraser University, Burnaby BC, Canada
142SLAC National Accelerator Laboratory, Stanford, California, USA

143Department of Physics, Royal Institute of Technology, Stockholm, Sweden
144Departments of Physics and Astronomy, Stony Brook University, Stony Brook, New York, USA

145Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
146School of Physics, University of Sydney, Sydney, Australia

147Institute of Physics, Academia Sinica, Taipei, Taiwan
148aE. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi, Georgia

148bHigh Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia
148cUniversity of Georgia, Tbilisi, Georgia

149Department of Physics, Technion, Israel Institute of Technology, Haifa, Israel
150Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel

151Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
152International Center for Elementary Particle Physics and Department of Physics, University of Tokyo, Tokyo, Japan

153Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
154Department of Physics, University of Toronto, Toronto ON, Canada

155aTRIUMF, Vancouver BC, Canada
155bDepartment of Physics and Astronomy, York University, Toronto ON, Canada

156Division of Physics and Tomonaga Center for the History of the Universe, Faculty of Pure and Applied Sciences,
University of Tsukuba, Tsukuba, Japan

157Department of Physics and Astronomy, Tufts University, Medford, Massachusetts, USA
158Department of Physics and Astronomy, University of California Irvine, Irvine, California, USA

159Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
160Department of Physics, University of Illinois, Urbana, Illinois, USA

161Instituto de Física Corpuscular (IFIC), Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
162Department of Physics, University of British Columbia, Vancouver BC, Canada

163Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
164Fakultät für Physik und Astronomie, Julius-Maximilians-Universität Würzburg, Würzburg, Germany

165Department of Physics, University of Warwick, Coventry, United Kingdom
166Waseda University, Tokyo, Japan

167Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot, Israel
168Department of Physics, University of Wisconsin, Madison, Wisconsin, USA

169Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität Wuppertal, Wuppertal, Germany
170Department of Physics, Yale University, New Haven, Connecticut, USA

PHYSICAL REVIEW LETTERS 131, 072301 (2023)

072301-20



aDeceased.
bAlso at Department of Physics, King’s College London, London, United Kingdom.
cAlso at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan.
dAlso at Lawrence Livermore National Laboratory, Livermore, USA.
eAlso at TRIUMF, Vancouver BC, Canada.
fAlso at Department of Physics, University of Thessaly, Greece.
gAlso at Department of Physics, University of Fribourg, Fribourg, Switzerland.
hAlso at University of Colorado Boulder, Department of Physics, Colorado, USA.
iAlso at Department of Physics and Astronomy, University of Louisville, Louisville, Kentucky, USA.
jAlso at Department of Physics, Westmont College, Santa Barbara, USA.
kAlso at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain.
lAlso at Affiliated with an institute covered by a cooperation agreement with CERN.
mAlso at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing, China.
nAlso at Department of Physics, Ben Gurion University of the Negev, Beer Sheva, Israel.
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