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A key open question in the study of multiparticle production in high-energy pp collisions is the
relationship between the “ridge”—i.e., the observed azimuthal correlations between particles in the
underlying event that extend over all rapidities—and hard or semihard scattering processes. In particular, it
is not known whether jets or their soft fragments are correlated with particles in the underlying event. To
address this question, two-particle correlations are measured in pp collisions at

ffiffiffi

s
p ¼ 13 TeV using data

collected by the ATLAS experiment at the LHC, with an integrated luminosity of 15.8 pb−1, in two
different configurations. In the first case, charged particles associated with jets are excluded from the
correlation analysis, while in the second case, correlations are measured between particles within jets and
charged particles from the underlying event. Second-order flow coefficients, v2, are presented as a function
of event multiplicity and transverse momentum. These measurements show that excluding particles
associated with jets does not affect the measured correlations. Moreover, particles associated with jets do
not exhibit any significant azimuthal correlations with the underlying event, ruling out hard processes
contributing to the ridge.

DOI: 10.1103/PhysRevLett.131.162301

In heavy-ion collisions, two-particle correlations (2PC)
in relative azimuthal angle with large pseudorapidity [1]
separation show distinct long-range correlations [2–12].
These long-range correlations are a simple manifestation
of the single-particle anisotropies, vn, that originate from
the hydrodynamic expansion of the quark-gluon plasma
produced in these collisions. The vn are defined by
parametrizing the azimuthal distribution of produced par-
ticles as

dN

dϕ
∝

�

1þ 2

X

∞

n¼1

vn cos½nðϕ −ΨnÞ�
�

; ð1Þ

where ϕ is the azimuthal angle of the particle momentum
and vn andΨn are the magnitude and phase of the nth-order
anisotropy; see Refs. [4,10] and references therein.
Because of their hydrodynamic origin in nucleus-

nucleus (Aþ A) collisions, such long-range correlations
were not expected in smaller colliding systems such as
proton-nucleus (pþ A) or proton-proton (pp) collisions,
where collective phenomena were not commonly expected
to develop. However, measurements by CMS showed the

presence of such long-range correlations, known as the
“ridge,” in high-multiplicity pp collisions [13]. Further
investigations by ATLAS [9,14,15] have demonstrated that
these long-range correlations in pp collisions are produced
from single-particle anisotropies similar to those in heavy-
ion collisions. These long-range correlations have been
interpreted as evidence of collective effects similar to those
seen in heavy-ion collisions. However, some authors have
proposed that the ridge primarily results from correlated
production of partons in the presence of dense gluonic
initial states (i.e., the “glasma”) [16–20], implying that
much of the correlation structure associated with the ridge
should be associated with hard- or semihard scattering
processes. Previous measurements [21] have shown that the
ridge is unmodified in pp collisions producing a Z boson,
but no direct measurement in pp collisions of the corre-
lation between jets or their fragments and the underlying
event has yet been performed, while such a correlation has
been observed in pþ Pb collisions [22,23].
This Letter presents 2PC measurements in pp collisions

at a center-of-mass energy (
ffiffiffi

s
p

) of 13 TeV, using the
ATLAS detector at the LHC. The measurements are
performed with two different particle-pair selections. The
first case explores correlations between tracks that are not
jet constituents, while the second case measures correla-
tions between tracks that are constituents of jets and tracks
that are well-separated from jets. Similar measurements in
pþ Pb collisions have shown significant nonzero v2 for
low [23] and high [22] transverse momentum (pT) particles
generated in hard processes. Correlations are also measured
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in events that are explicitly selected by requiring the
presence or absence of low-pT jets. These measurements
can address whether or not the presence of jets affects the
ridge, and if the particles from jets exhibit azimuthal
correlations with particles from the underlying event and
therefore contribute to the ridge.
The measurements presented here are performed using

the ATLAS [24] inner detector (ID), minimum-bias trigger
scintillators, calorimeters, and the trigger and data acqui-
sition systems [25]. The ID records charged-particle tra-
jectories within the pseudorapidity range jηj < 2.5 using a
combination of silicon pixel detectors including the “insert-
able B-layer” [26,27], silicon microstrip detectors, and a
straw-tube transition radiation tracker, all immersed in a 2 T
axial magnetic field [1,28]. The ATLAS calorimeter system
consists of a liquid argon (LAr) electromagnetic calorim-
eter covering jηj < 3.2, a steel-scintillator sampling had-
ronic calorimeter covering jηj < 1.7, a LAr hadronic
calorimeter covering 1.5 < jηj < 3.2, and two LAr electro-
magnetic and hadronic forward calorimeters covering
3.2 < jηj < 4.9. The ATLAS trigger system [29] consists
of a Level-1 trigger implemented using a combination of
dedicated electronics and programmable logic, and a
software-based high-level trigger. An extensive software
suite [30] is used in data simulation, in the reconstruction
and analysis of real and simulated data, in detector
operations, and in the trigger and data acquisition systems
of the experiment.
The data were collected during Run 2 of the LHC (2015–

2018), with an average collision rate per bunch crossing (μ)
of less than 3, and an integrated luminosity of 15.8 pb−1.
The data used here were recorded using multiple minimum-
bias, high-multiplicity, and jet triggers, which are described
in Ref. [31]. Additional offline requirements are imposed
on the events selected by the triggers. The events are
required to have a reconstructed vertex with jzj < 100 mm.
To suppress events with more than one pp collision in the
same bunch crossing, events are required to have only one
reconstructed vertex. Pileup events where the vertices from
multiple collisions are sufficiently close such that they are
reconstructed as a single vertex are not removed by the one
vertex requirement. However, such merged events typically
have a broader distribution for the longitudinal impact
parameter of tracks relative to the vertex (jz0 sinðθÞj). Such
events are reduced by requiring that the standard deviation
of jz0 sinðθÞj for all tracks in an event is less than 0.25 mm.
The reconstruction and performance of tracks and pri-

mary vertices in the ID are described in Refs. [32–34]. The
specific track selection criteria can be found inRef. [31]. The
track reconstruction efficiencies ϵðpT ; ηÞ are obtained using
Monte Carlo (MC) generated events that are passed through
a Geant4 [35] simulation [36] of the ATLAS detector and
reconstructed using the procedures applied to the data. The
efficiency varies between 69% and 87% as a function of η
and pT .

Jets used in this analysis are reconstructed using the anti-
kt algorithm [37] with a radius parameter of 0.4. The inputs
to jet reconstruction are “particle flow objects” as detailed
in Ref. [38]. Jets are calibrated to the hadronic scale using
scale factors obtained from MC simulations specifically
derived for low-μ data. Additional in situ corrections [39]
are applied, which account for differences in the jet
response between the MC samples and data. One issue
in this analysis is that the modulation in the soft particles in
the event [Eq. (1)] biases the jet pT in a manner that
depends on its orientation relative to theΨn. This affects the
measurements of the correlations between jet fragments
and the underlying event (UE) particles (discussed in detail
below). To mitigate this effect, instead of selecting jets
based on their pT, selections are made on the following
groomed quantity:

pG
T ¼

�

�

�

�

X

constituents

p
>4 GeV
T

�

�

�

�

; ð2Þ

where the sum runs over all the jet constituents with
pT > 4 GeV, which considerably reduces the number of
UE particles within the jet, and makes this bias negligible,
as shown in Ref. [31].
In previous ATLAS measurements of 2PCs in pþ Pb

[40,41] and pp [14,15,21] collisions, events were quanti-
fied by Nrec

ch : the total number of reconstructed tracks with
pT > 0.4 GeV, passing the track selections discussed
above. In this analysis, a slight modification is made to
ensure that the event activity is not biased by the presence
of jets and only reflects the soft multiplicity in the event.
The number of constituent tracks in jets with pG

T > 15 GeV
is subtracted from the measured multiplicity, and the
corrected quantity, Nrec;corr

ch , is used to represent the event
activity. While counting the constituent tracks of jets, the
pT > 4 GeV requirement is not imposed on the tracks.
Additionally, this correction is offset by the average
number of UE tracks within the jet cone. This offset is
estimated by measuring the average number of tracks, as a
function of η and ϕ, that are in a R ¼ 0.4 cone in events
with similar multiplicity and trigger conditions.
In 2PC measurements, the distribution of particle pairs in

relative azimuthal angle Δϕ ¼ ϕa − ϕb are measured. The
labels a and b denote the two particles in the pair. In
evaluating the correlation functions, the tracks are weighted
by the inverse of their reconstruction efficiency, 1=ϵðpT ; ηÞ.
To suppress short-range correlations, the particles are
required to have a pseudorapidity separation of jΔηj > 2.
In pp collisions, back-to-back dijets also make a significant
contribution to the 2PCs. To remove this contribution, a
template-fit method [14,15,21] is employed in which the
measured 2PC is described by a fit having two components.
The first component accounts for the dijet contribution,
CperiphðΔϕÞ, which is measured using low-multiplicity
events (called the “peripheral reference”). This analysis
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uses the Nrec;corr
ch interval of 10–30 to build Cperiph. The

second component accounts for the bulk contribution with
a relative harmonic modulation, CridgeðΔϕÞ. The 2PC can
then be described as

CðΔϕÞ ¼ FCperiphðΔϕÞ þ G

�

1þ 2

X

n¼2

vn;n cosðnΔϕÞ
�

≡ FCperiphðΔϕÞ þ CridgeðΔϕÞ; ð3Þ

where F and vn;n are fit parameters and G is fixed by
the requirement that the integrals of the fit and CðΔϕÞ are
equal. The Fourier moments, vn;n, obtained from the
template fit quantify the strength of the long-range corre-
lation. It is demonstrated in Refs. [14,15] that the vn;n
in pp collisions obtained from Eq. (3) factorize as
vn;nðϕa

T ;ϕ
b
TÞ ¼ vnðϕa

TÞvnðϕb
TÞ, where vn is the single

particle anisotropy [Eq. (1)]. Thus, vnðϕb
TÞ is obtained

as vnðϕb
TÞ ¼ vn;nðϕa

T ;ϕ
b
TÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

vn;nðϕa
T ;ϕ

a
TÞ

p

.
The tracks used in this analysis are categorized as follows:

those that are separated from all ϕG
T > 15 GeV jets by at

least one unit in η [22] and having 0.5 < pT < 4 GeV are
considered to be UE tracks (hUE); tracks that are included as
particle-flow constituents of jets having pG

T > 40 GeV
(called “trigger jets” henceforth) are considered to be jet
constituents (hJ). Five classes of correlations are studied in
this Letter: (1) standard 2PC [14,15] without applying any
rejection of tracks around jets; (2) 2PCwhere both tracks are
hUE—about 14% of h-h 2PC pairs are removed by the
above-mentioned rejection; (3) 2PC using events with no
jets with pG

T > 15 GeV; (4) 2PC using events with

at least one jet with pG
T > 15 GeV; (5) 2PC performed

between hUE and hJ. These five classes are referred to
as h-h, hUE − hUEðAllEventsÞ, hUE−hUEðNoJetsÞ,
hUE−hUEðWithJetsÞ, and hUE − hJ, respectively, in the
text below.
These classes are not mutually exclusive. Specifically,

the hUE − hUEðNoJetsÞ and hUE − hUEðWithJetsÞ classes
add up to the hUE − hUEðAllEventsÞ class. The hUE − hJ

class has no overlapping particle-pairs with the ones in the
hUE − hUEðAllEventsÞ, hUE − hUEðNoJetsÞ, and hUE −

hUEðWithJetsÞ classes. The h-h class is identical to the
measurements performed in the previous ATLAS publica-
tions [14,15], and is used as a reference with which other
classes are compared.
For the hUE − hJ case, additional requirements are

imposed on the trigger jets to avoid distortions of the
2PC. They must have no other jet with pG

T > 15 GeV

within ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δη2 þ Δϕ2
p

¼ 1 and they must have a
balancing jet with pG

T > 15 GeV and with jΔϕj > 5π=6.
The first requirement removes distortions of the 2PC at
smaller Δϕ while the second requirement ensures that
fragments of the balancing jet are excluded from hUE.
It may happen that some constituents of jets originate

in the UE, leading to a contribution of combinatorial pairs
in the 2PC. These combinatorial pairs, by construction,
have the same correlation as those where both the tracks are
from the UE. The contribution of such pairs is removed by
the following technique. For each event that contributes to
the hUE − hJ correlation, a separate 2PC is made using
another event with similar vertex position and multiplicity.
In this event, one track is picked from an η-ϕ region that is
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FIG. 1. Template fits to the two-particle correlations in Δϕ. Events with 10 ≤ Nrec;corr
ch < 30 are used as the peripheral reference. The

solid points indicate the measured 2PC, the open circles show the scaled and shifted peripheral reference, and the continuous line shows
the fit. The dashed line shows the second-order harmonic component, and the dotted line shows the pedestal of the fit shifted up by
FCperiphð0Þ. The top row corresponds to different multiplicity intervals for the hUE − hJ class. The left, center, and right panels in the
bottom row correspond to the h-h, hUE − hUEðNoJetsÞ, and hUE − hUEðWithJetsÞ classes, respectively, for the 40–150 multiplicity
interval.
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within R ¼ 0.4 cone of the jet axis and the other track is
picked from the same η range as in the hUE − hJ event.
This combinatorial 2PC is then subtracted from the
hUE − hJ 2PC.
Statistical uncertainties in the measured 2PCs are evalu-

ated using a bootstrapping procedure previously used in
Ref. [42]. Systematic uncertainties in the v2 measurements
are estimated by varying different aspects of the analysis.
For the template-fit procedure, the Nrec;corr

ch multiplicity
range for the peripheral reference selection was varied from
the nominal 10–30 to 10–40 and 20–40 [31] and the change
in the v2 values is included as a systematic uncertainty.
For the multiplicity dependence, this uncertainty for the
v2 is 0.01 (absolute) for the hUE − hJ class and is typi-
cally within 2% for the other classes. This uncertainty is
fully correlated across all multiplicity intervals and is the
dominant uncertainty for the hUE − hJ class. Uncertainties
in the tracking efficiency are propagated into the measured
v2. This uncertainty on the v2 is less than 0.5%, and is
estimated by varying the efficiency up and down within its
uncertainties (∼� 3%) [43], and re-evaluating the v2. The
systematic uncertainty due to nonprimary tracks is esti-
mated by varying the selection criteria for transverse and
longitudinal impact parameters, resulting in a 0.5% change
in v2. The 2PC analyses often use event mixing [4,10] to
estimate and correct the 2PCs for the detector’s pair
acceptance. This correction is quite small, and the full
effect of the correction is included as a systematic uncer-
tainty. As discussed previously, the events used in this
analysis are required to have the standard deviation of
jz0 sinðθÞj for the tracks in an event to be smaller than

0.25 mm, to reduce pileup. Conservatively, the entire effect
of this selection, which varies with multiplicity but is
typically within 1%, is taken to be a systematic uncertainty
associated with pileup effects.
Figure 1 compares the 2PCs for all classes, except the

hUE − hUEðAllEventsÞ class. The figure also shows the
template fits including the components of the fits. In general,
the template fits describe the 2PCs quite well. A near-side
ridge is visible for the h-h, hUE − hUEðWithJetsÞ, and
hUE − hUEðNoJetsÞ cases, while the CperiphðΔϕÞ appears
to describe the full distribution in the hUE − hJ case.
Figure 2 shows the multiplicity dependence of the v2 for

all five 2PC classes. The v2 values for the h-h case vary
weakly with multiplicity, as previously reported in
Refs. [14,15]. The v2 values in the hUE−hUEðAllEventsÞ,
hUE − hUEðNoJetsÞ, and hUE − hUEðWithJetsÞ cases, are
all consistent with the h-h result. This demonstrates that
removing tracks associated with jets does not impact
the long-range UE correlations, and nor does the presence
(or absence) of jets in an event. Within uncertainties,
the v2 values in the hUE − hJ case are consistent with
zero. The mean v2 for the hUE − hJ correlations over the
40–150 multiplicity range is −0.009� 0.010ðstatisticalÞ �
0.014ðsystematicÞ. This indicates that particles produced in
hard scattering processes (with pG

T > 40 GeV) do not
contribute significantly to the long-range correlation
observed in pp collisions. Figure 3 shows the pT depend-
ence of the v2. The differential v2ðpTÞ values in the
hUE − hUEðAllEventsÞ, hUE − hUEðNoJetsÞ, and hUE −

hUEðWithJetsÞ cases are found to be consistent with the
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respectively.
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h-h case. Again, within uncertainties, the hUE − hJ v2 values
are consistent with zero, across the entire measuredpT range.
The findings drawn from the pT dependence are consistent
with those from the multiplicity dependence, and similarly
demonstrate that the presence or absence of jets has no
influence on the flow of the UE and that there are no
correlations between jet fragments and the UE. The features
of the v2 values discussed above do not show any systematic
variation with the jet selections—for example, the pG

T thresh-
olds used in the analysis, as discussed in Ref. [31].
In conclusion, this Letter studies long-range 2PCs in pp

collisions when rejecting tracks in the vicinity of jets, and
the correlations between jet constituent tracks and tracks
from the UE. The 2PCs are analyzed using a template-fit
procedure, previously developed by ATLAS [15], which
extracts second-order Fourier coefficients (v2) of the
anisotropy. These results demonstrate that the magnitude
of the v2 is not affected when removing tracks associated
with jets, or by the presence or absence of jets in the event.
The v2 measured with correlations between jet constituents
with pT < 8 GeV and UE tracks are consistent with zero
within uncertainties. These features are observed both in
the v2 multiplicity and pT dependence.
The observation that fragments of high-pT jets in pp

collisions do not have measurable long-range azimuthal
correlations with the UE and that the production of Z
bosons [21] or jets does not significantly influence the
long-range correlations between UE particles, suggest a
complete “factorization” between hard-scattering processes
and the physics responsible for the ridge. Further studies
are needed to extend this measurement to higher pT to
compare with previous measurements in pþ Pb collisions
[22] where such factorization is broken. This Letter
provides important insights into the origin of the long-
range correlations observed in pp collisions and offers new
fundamental input to theoretical models.
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D. Cremonini ,23b,23a S. Crépé-Renaudin ,60 F. Crescioli ,127 M. Cristinziani ,141 M. Cristoforetti ,78a,78b V. Croft ,114

J. E. Crosby ,121 G. Crosetti ,43b,43a A. Cueto ,99 T. Cuhadar Donszelmann ,160 H. Cui ,14a,14e Z. Cui ,7

W. R. Cunningham ,59 F. Curcio ,43b,43a P. Czodrowski ,36 M.M. Czurylo ,63b M. J. Da Cunha Sargedas De Sousa ,62a

J. V. Da Fonseca Pinto ,82b C. Da Via ,101 W. Dabrowski ,85a T. Dado ,49 S. Dahbi ,33g T. Dai ,106 C. Dallapiccola ,103

M. Dam ,42 G. D’amen ,29 V. D’Amico ,109 J. Damp ,100 J. R. Dandoy ,128 M. F. Daneri ,30 M. Danninger ,142

V. Dao ,36 G. Darbo ,57b S. Darmora ,6 S. J. Das ,29,i S. D’Auria ,71a,71b C. David ,156b T. Davidek ,133

B. Davis-Purcell ,34 I. Dawson ,94 H. A. Day-hall ,132 K. De ,8 R. De Asmundis ,72a N. De Biase ,48

PHYSICAL REVIEW LETTERS 131, 162301 (2023)

162301-8



S. De Castro ,23b,23a N. De Groot ,113 P. de Jong ,114 H. De la Torre ,107 A. De Maria ,14c A. De Salvo ,75a

U. De Sanctis ,76a,76b A. De Santo ,146 J. B. De Vivie De Regie ,60 D. V. Dedovich,38 J. Degens ,114 A.M. Deiana ,44

F. Del Corso ,23b,23a J. Del Peso ,99 F. Del Rio ,63a F. Deliot ,135 C.M. Delitzsch ,49 M. Della Pietra ,72a,72b

D. Della Volpe ,56 A. Dell’Acqua ,36 L. Dell’Asta ,71a,71b M. Delmastro ,4 P. A. Delsart ,60 S. Demers ,172

M. Demichev ,38 S. P. Denisov ,37 L. D’Eramo ,40 D. Derendarz ,86 F. Derue ,127 P. Dervan ,92 K. Desch ,24

C. Deutsch ,24 F. A. Di Bello ,57b,57a A. Di Ciaccio ,76a,76b L. Di Ciaccio ,4 A. Di Domenico ,75a,75b

C. Di Donato ,72a,72b A. Di Girolamo ,36 G. Di Gregorio ,5 A. Di Luca ,78a,78b B. Di Micco ,77a,77b R. Di Nardo ,77a,77b

C. Diaconu ,102 F. A. Dias ,114 T. Dias Do Vale ,142 M. A. Diaz ,137a,137b F. G. Diaz Capriles ,24 M. Didenko ,163

E. B. Diehl ,106 L. Diehl ,54 S. Díez Cornell ,48 C. Diez Pardos ,141 C. Dimitriadi ,24,161 A. Dimitrievska ,17a

J. Dingfelder ,24 I-M. Dinu ,27b S. J. Dittmeier ,63b F. Dittus ,36 F. Djama ,102 T. Djobava ,149b J. I. Djuvsland ,16

C. Doglioni ,101,98 J. Dolejsi ,133 Z. Dolezal ,133 M. Donadelli ,82c B. Dong ,107 J. Donini ,40 A. D’Onofrio ,77a,77b

M. D’Onofrio ,92 J. Dopke ,134 A. Doria ,72a N. Dos Santos Fernandes ,130a M. T. Dova ,90 A. T. Doyle ,59

M. A. Draguet ,126 E. Dreyer ,169 I. Drivas-koulouris ,10 A. S. Drobac ,158 M. Drozdova ,56 D. Du ,62a

T. A. du Pree ,114 F. Dubinin ,37 M. Dubovsky ,28a E. Duchovni ,169 G. Duckeck ,109 O. A. Ducu ,27b D. Duda ,52

A. Dudarev ,36 E. R. Duden ,26 M. D’uffizi ,101 L. Duflot ,66 M. Dührssen ,36 C. Dülsen ,171 A. E. Dumitriu ,27b

M. Dunford ,63a S. Dungs ,49K. Dunne ,47a,47bA. Duperrin ,102H. Duran Yildiz ,3a M. Düren ,58 A. Durglishvili ,149b

B. L. Dwyer ,115 G. I. Dyckes ,17a M. Dyndal ,85a S. Dysch ,101 B. S. Dziedzic ,86 Z. O. Earnshaw ,146

G. H. Eberwein ,126 B. Eckerova ,28a S. Eggebrecht ,55 M. G. Eggleston,51 E. Egidio Purcino De Souza,127

L. F. Ehrke ,56 G. Eigen ,16 K. Einsweiler ,17a T. Ekelof ,161 P. A. Ekman ,98 S. El Farkh ,35b Y. El Ghazali ,35b

H. El Jarrari ,35e,148 A. El Moussaouy ,35a V. Ellajosyula ,161 M. Ellert ,161 F. Ellinghaus ,171 A. A. Elliot ,94

N. Ellis ,36 J. Elmsheuser ,29 M. Elsing ,36 D. Emeliyanov ,134 Y. Enari ,153 I. Ene ,17a S. Epari ,13 J. Erdmann ,49

P. A. Erland ,86 M. Errenst ,171 M. Escalier ,66 C. Escobar ,163 E. Etzion ,151 G. Evans ,130a H. Evans ,68

L. S. Evans ,95 M. O. Evans ,146 A. Ezhilov ,37 S. Ezzarqtouni ,35a F. Fabbri ,59 L. Fabbri ,23b,23a G. Facini ,96

V. Fadeyev ,136 R.M. Fakhrutdinov ,37 S. Falciano ,75a L. F. Falda Ulhoa Coelho ,36 P. J. Falke ,24 J. Faltova ,133

C. Fan ,162 Y. Fan ,14a Y. Fang ,14a,14e M. Fanti ,71a,71b M. Faraj ,69a,69b Z. Farazpay,97 A. Farbin ,8 A. Farilla ,77a

T. Farooque ,107 S. M. Farrington ,52 F. Fassi ,35e D. Fassouliotis ,9 M. Faucci Giannelli ,76a,76b W. J. Fawcett ,32

L. Fayard ,66 P. Federic ,133 P. Federicova ,131 O. L. Fedin ,37,m G. Fedotov ,37 M. Feickert ,170 L. Feligioni ,102

D. E. Fellers ,123 C. Feng ,62b M. Feng ,14b Z. Feng ,114 M. J. Fenton ,160 A. B. Fenyuk,37 L. Ferencz ,48

R. A.M. Ferguson ,91 S. I. Fernandez Luengo ,137fM. J. V. Fernoux ,102 J. Ferrando ,48 A. Ferrari ,161 P. Ferrari ,114,113

R. Ferrari ,73a D. Ferrere ,56 C. Ferretti ,106 F. Fiedler ,100 A. Filipčič ,93 E. K. Filmer ,1 F. Filthaut ,113

M. C. N. Fiolhais ,130a,130c,r L. Fiorini ,163 W. C. Fisher ,107 T. Fitschen ,101 P. M. Fitzhugh,135 I. Fleck ,141

P. Fleischmann ,106 T. Flick ,171 L. Flores ,128 M. Flores ,33d,s L. R. Flores Castillo ,64a L. Flores Sanz De Acedo,36

F. M. Follega ,78a,78b N. Fomin ,16 J. H. Foo ,155 B. C. Forland,68 A. Formica ,135 A. C. Forti ,101 E. Fortin ,36

A.W. Fortman ,61 M. G. Foti ,17a L. Fountas ,9,t D. Fournier ,66 H. Fox ,91 P. Francavilla ,74a,74b S. Francescato ,61

S. Franchellucci ,56 M. Franchini ,23b,23a S. Franchino ,63a D. Francis,36 L. Franco ,113 L. Franconi ,48 M. Franklin ,61

G. Frattari ,26 A. C. Freegard ,94 W. S. Freund ,82b Y. Y. Frid ,151 N. Fritzsche ,50 A. Froch ,54 D. Froidevaux ,36

J. A. Frost ,126 Y. Fu ,62a M. Fujimoto ,118 E. Fullana Torregrosa ,163,a K. Y. Fung ,64a E. Furtado De Simas Filho,82b

M. Furukawa ,153 J. Fuster ,163 A. Gabrielli ,23b,23a A. Gabrielli ,155 P. Gadow ,48 G. Gagliardi ,57b,57a

L. G. Gagnon ,17a E. J. Gallas ,126 B. J. Gallop ,134 K. K. Gan ,119 S. Ganguly ,153 J. Gao ,62a Y. Gao ,52

F. M. Garay Walls ,137a,137b B. Garcia,29,i C. García,163 A. Garcia Alonso ,114 A. G. Garcia Caffaro ,172

J. E. García Navarro,163 M. Garcia-Sciveres ,17a G. L. Gardner ,128 R.W. Gardner ,39 N. Garelli ,158 D. Garg ,80

R. B. Garg ,143,u J. M. Gargan,52 C. A. Garner,155 S. J. Gasiorowski ,138 P. Gaspar ,82b G. Gaudio ,73a V. Gautam,13

P. Gauzzi ,75a,75b I. L. Gavrilenko ,37 A. Gavrilyuk ,37 C. Gay ,164 G. Gaycken ,48 E. N. Gazis ,10 A. A. Geanta ,27b

C.M. Gee ,136 C. Gemme ,57b M. H. Genest ,60 S. Gentile ,75a,75b S. George ,95 W. F. George ,20 T. Geralis ,46

P. Gessinger-Befurt ,36 M. E. Geyik ,171 M. Ghneimat ,141 K. Ghorbanian ,94 A. Ghosal ,141 A. Ghosh ,160

A. Ghosh ,7 B. Giacobbe ,23b S. Giagu ,75a,75b P. Giannetti ,74a A. Giannini ,62a S. M. Gibson ,95 M. Gignac ,136

D. T. Gil ,85b A. K. Gilbert ,85a B. J. Gilbert ,41 D. Gillberg ,34 G. Gilles ,114 N. E. K. Gillwald ,48 L. Ginabat ,127

D.M. Gingrich ,2,e M. P. Giordani ,69a,69c P. F. Giraud ,135 G. Giugliarelli ,69a,69c D. Giugni ,71a F. Giuli ,36

I. Gkialas ,9,t L. K. Gladilin ,37 C. Glasman ,99 G. R. Gledhill ,123 M. Glisic,123 I. Gnesi ,43b,v Y. Go ,29,i

PHYSICAL REVIEW LETTERS 131, 162301 (2023)

162301-9



M. Goblirsch-Kolb ,36 B. Gocke ,49 D. Godin,108 B. Gokturk ,21a S. Goldfarb ,105 T. Golling ,56 M. G. D. Gololo,33g

D. Golubkov ,37 J. P. Gombas ,107 A. Gomes ,130a,130b G. Gomes Da Silva ,141 A. J. Gomez Delegido ,163

R. Gonçalo ,130a,130c G. Gonella ,123 L. Gonella ,20 A. Gongadze ,38 F. Gonnella ,20 J. L. Gonski ,41

R. Y. González Andana ,52 S. González de la Hoz ,163 S. Gonzalez Fernandez ,13 R. Gonzalez Lopez ,92

C. Gonzalez Renteria ,17a R. Gonzalez Suarez ,161 S. Gonzalez-Sevilla ,56 G. R. Gonzalvo Rodriguez ,163

L. Goossens ,36 P. A. Gorbounov ,37 B. Gorini ,36 E. Gorini ,70a,70b A. Gorišek ,93 T. C. Gosart ,128 A. T. Goshaw ,51

M. I. Gostkin ,38 S. Goswami ,121 C. A. Gottardo ,36 M. Gouighri ,35b V. Goumarre ,48 A. G. Goussiou ,138

N. Govender ,33c I. Grabowska-Bold ,85a K. Graham ,34 E. Gramstad ,125 S. Grancagnolo ,70a,70b M. Grandi ,146

V. Gratchev,37,a P. M. Gravila ,27f F. G. Gravili ,70a,70b H.M. Gray ,17a M. Greco ,70a,70b C. Grefe ,24 I. M. Gregor ,48

P. Grenier ,143 C. Grieco ,13 A. A. Grillo ,136 K. Grimm ,31 S. Grinstein ,13,w J.-F. Grivaz ,66 E. Gross ,169

J. Grosse-Knetter ,55 C. Grud,106 J. C. Grundy ,126 L. Guan ,106 W. Guan ,170 C. Gubbels ,164

J. G. R. Guerrero Rojas ,163 G. Guerrieri ,69a,69b F. Guescini ,110 R. Gugel ,100 J. A. M. Guhit ,106 A. Guida ,18

T. Guillemin ,4 E. Guilloton ,167,134 S. Guindon ,36 F. Guo ,14a,14e J. Guo ,62c L. Guo ,48 Y. Guo ,106 R. Gupta ,48

S. Gurbuz ,24 S. S. Gurdasani ,54 G. Gustavino ,36 M. Guth ,56 P. Gutierrez ,120 L. F. Gutierrez Zagazeta ,128

C. Gutschow ,96 C. Gwenlan ,126 C. B. Gwilliam ,92 E. S. Haaland ,125 A. Haas ,117 M. Habedank ,48 C. Haber ,17a

H. K. Hadavand ,8 A. Hadef ,100 S. Hadzic ,110 J. J. Hahn ,141 E. H. Haines ,96 M. Haleem ,166 J. Haley ,121

J. J. Hall ,139 G. D. Hallewell ,102 L. Halser ,19 K. Hamano ,165 H. Hamdaoui ,35e M. Hamer ,24 G. N. Hamity ,52

E. J. Hampshire ,95 J. Han ,62b K. Han ,62a L. Han ,14c L. Han ,62a S. Han ,17a Y. F. Han ,155 K. Hanagaki ,83

M. Hance ,136 D. A. Hangal ,41,d H. Hanif ,142 M. D. Hank ,128 R. Hankache ,101 J. B. Hansen ,42 J. D. Hansen ,42

P. H. Hansen ,42 K. Hara ,157 D. Harada ,56 T. Harenberg ,171 S. Harkusha ,37 M. L. Harris ,103 Y. T. Harris ,126

J. Harrison ,13 N.M. Harrison ,119 P. F. Harrison,167 N.M. Hartman ,143 N.M. Hartmann ,109 Y. Hasegawa ,140

A. Hasib ,52 S. Haug ,19 R. Hauser ,107 C.M. Hawkes ,20 R. J. Hawkings ,36 Y. Hayashi ,153 S. Hayashida ,111

D. Hayden ,107 C. Hayes ,106 R. L. Hayes ,114 C. P. Hays ,126 J. M. Hays ,94 H. S. Hayward ,92 F. He ,62a

M. He ,14a,14e Y. He ,154 Y. He ,127 N. B. Heatley ,94 V. Hedberg ,98 A. L. Heggelund ,125 N. D. Hehir ,94

C. Heidegger ,54 K. K. Heidegger ,54 W. D. Heidorn ,81 J. Heilman ,34 S. Heim ,48 T. Heim ,17a J. G. Heinlein ,128

J. J. Heinrich ,123 L. Heinrich ,110,x J. Hejbal ,131 L. Helary ,48 A. Held ,170 S. Hellesund ,16 C.M. Helling ,164

S. Hellman ,47a,47b C. Helsens ,36 R. C.W. Henderson,91 L. Henkelmann ,32 A.M. Henriques Correia,36 H. Herde ,98
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LAPP, Université Savoie Mont Blanc, CNRS/IN2P3, Annecy, France

5
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Università degli Studi di Trento, Trento, Italy

79
Universität Innsbruck, Department of Astro and Particle Physics, Innsbruck, Austria

80
University of Iowa, Iowa City, Iowa, USA

81
Department of Physics and Astronomy, Iowa State University, Ames, Iowa, USA

82a
Departamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de Fora, Brazil

82b
Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil

82c
Instituto de Física, Universidade de São Paulo, São Paulo, Brazil

82d
Rio de Janeiro State University, Rio de Janeiro, Brazil

83
KEK, High Energy Accelerator Research Organization, Tsukuba, Japan

84
Graduate School of Science, Kobe University, Kobe, Japan

85a
AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakow, Poland

85b
Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland

86
Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland

87
Faculty of Science, Kyoto University, Kyoto, Japan
88
Kyoto University of Education, Kyoto, Japan

89
Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka, Japan

90
Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina

91
Physics Department, Lancaster University, Lancaster, United Kingdom

92
Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom

93
Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics,

University of Ljubljana, Ljubljana, Slovenia
94
School of Physics and Astronomy, Queen Mary University of London, London, United Kingdom

95
Department of Physics, Royal Holloway University of London, Egham, United Kingdom

96
Department of Physics and Astronomy, University College London, London, United Kingdom

97
Louisiana Tech University, Ruston, Louisiana, USA

98
Fysiska institutionen, Lunds universitet, Lund, Sweden

99
Departamento de Física Teorica C-15 and CIAFF, Universidad Autónoma de Madrid, Madrid, Spain

100
Institut für Physik, Universität Mainz, Mainz, Germany

101
School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom

PHYSICAL REVIEW LETTERS 131, 162301 (2023)

162301-18



102
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