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The structure of nucleons is multidimensional and depends on the transverse momenta, spatial geometry,
and polarization of the constituent partons. Such a structure can be studied using high-energy photons
produced in ultraperipheral heavy-ion collisions. The first measurement of the azimuthal angular
correlations of exclusively produced events with two jets in photon-lead interactions at large momentum
transfer is presented, a process that is considered to be sensitive to the underlying nuclear gluon polarization.
This study uses a data sample of ultraperipheral lead-lead collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, corresponding to
an integrated luminosity of 0.38 nb−1, collected with the CMS experiment at the LHC. The measured
second harmonic of the correlation between the sum and difference of the two jet transverse momentum
vectors is found to be positive, and rising, as the dijet transverse momentum increases. Awell-tuned model
that has been successful at describing a wide range of proton scattering data from the HERA experiments
fails to describe the observed correlations, suggesting the presence of gluon polarization effects.
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Considerable experimental and theoretical effort is being
devoted to the study of the momentum distribution of
gluons in nuclei [1,2]. The aim of such studies is to
determine whether the distribution of low momentum
gluons saturates, constituting a new state of matter.
Accumulating evidence since early studies at BNL
RHIC [3–6] points to a reduction of the density of low
momentum gluons in heavy nuclei, as compared to the
density in individual protons, at high energies. While
experimental work has so far focused on one-dimensional
studies, the gluon distribution is intrinsically multidimen-
sional, depending on radial distance to the nucleus center,
transverse momentum, and polarization [7].
Recent theoretical studies relate the polarization of

gluons within nuclei to angular correlations of final-state
jets produced in photon-hadron interactions [8–19]. The
cross section for diffractive dijet production depends on
the orientation of the quark-antiquark color dipole with
respect to the radial distance. This orientation dependence
results in an azimuthal decorrelation of the nominally
back-to-back jets that comprise the dijet. The nature of
gluon polarization in nuclei is of great interest, yet remains
almost completely unexplored. While the gluon polariza-
tion density matrices have been theoretically classified,

estimates of the magnitude of gluon polarization effects
vary widely [8–16]. Theory predicts that the distribution of
elliptically polarized gluons [12] can be probed with the
second Fourier moment hcosð2ΦÞi of the distribution of
the azimuthal angle Φ between the sum and the difference
of the two jet transverse momentum vectors of a dijet [9].
In this approach, the observed moment measures a
fundamental correlation of gluon polarizations with their
transverse momenta.
After a preliminary version of the current results

was shown, a calculation based on final-state radiation
was found to result in a nonzero value for this harmonic,
giving an alternative explanation for any observed corre-
lations [20]. Initial-state radiation from parton showers
could also lead to a decorrelation. Experimental measure-
ments are essential to resolve the possible effects and to
gain insight into the magnitude of gluon polarization
within nuclei.
Photon-nucleus interactions can be produced using ultra-

relativistic heavy-ion beams. At the CERN Large Hadron
Collider, high-energy lead (Pb) beams produce a large flux
of virtual photons that can interact with an oncoming lead
nucleus [21–23], in so-called ultraperipheral heavy-ion
collisions (UPCs). The CMS Collaboration has recently
studied UPC exclusive vector meson photoproduction and
photon-photon scattering [24–27]. The ALICE, ATLAS,
and LHCb Collaborations have also recently reported on
UPC measurements [28–30]. The CDF and ZEUS
Collaborations have studied exclusive dijet production in
proton-antiproton [31] and diffractive electron-proton colli-
sions [32], respectively. While there are no published results
on dijet production in photon-nucleus interactions, this
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process has generated considerable interest in the context of
the future Electron-Ion Collider [2].
This Letter reports on the first measurement of

hcosð2ΦÞi for exclusive dijet events produced at large
momentum transfer and with a large rapidity gap in photon-
lead collisions. In such events, the dijet and the incoming
photon are typically moving in the same direction and are
produced when the incoming photon fluctuates into a small
color dipole, in comparison to the size of the nucleus. This
dipole can then probe the interior of the Pb nucleus.
Tabulated results are provided in the HEPData record for
this analysis [33].
The central feature of the CMS apparatus is a super-

conducting solenoid of 6m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL). ECAL provides
coverage in pseudorapidity jηj < 1.48 in a barrel region and
1.48 < jηj < 3.0 in two end cap (EE) regions, while HCAL
covers jηj < 1.3 for the barrel and 1.3 < jηj < 3.0 for the
two end cap (HE) sections, respectively. Detector elements
in ECAL and HCAL are grouped into “towers.” Hadron
forward (HF) calorimeters extend the η coverage provided
by the barrel and end cap detectors to 3.0 < jηj < 5.2. The
data sample is collected with a two-level trigger system
[34]: at the hardware level, events are selected by custom
hardware processors, while a subsequent software trigger
uses fast versions of the off-line reconstruction code. A
detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant
kinematic variables, can be found in Ref. [35].
The analysis uses a data sample of lead-lead collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV corresponding to an integrated lumi-
nosity of 0.38 nb−1 collected in fall 2015. The average
number of inelastic PbPb collisions per bunch crossing is
about 0.01. Events are selected with a dedicated trigger
designed to record a wide variety of photon-lead processes.
The hardware trigger requires a transverse energy of at least
5 GeV in any of the ECAL towers, and at least one of the
two HF calorimeters is required to not have a signal above
the noise threshold. The software-based trigger requires at
least one reconstructed track in the pixel detector. Since the
charged particle multiplicities are low, events are recon-
structed in the same way as if they were pp collisions [36].
The primary vertex is required to be within 20 cm of the
nominal center of the detector along the beam direction.
By combining information from all subdetectors, a

particle-flow (PF) algorithm [37] attempts to identify all
stable particles in an event, classifying them as electrons,
muons, photons, and charged or neutral hadrons. Jets are
reconstructed from these PF candidates using the anti-kT
algorithm [38] with a distance parameter of 0.4, as
implemented in the FASTJET package [39]. The jet energy
is calibrated by applying a multiplicative factor to relate, on

average, the energy of the detector jet to that of the
corresponding generator-level particle jet (energy scale
correction). The leading (subleading) jet is required to
have a pT > 30ð20Þ GeV.
The symmetry of the PbPb system leads to dijet events

where the jets can travel in either direction through CMS.
For the events of interest, the dijet is expected to be
predominantly in the photon direction. This is taken as
the “forward” direction. Events that have any additional jets
with pT > 20 GeV in either the forward or backward
direction are rejected. While the expected yield for three
jet events is negligible, dijet events with a nonjet-related PF
candidate of more than 6 GeV in the forward hemisphere
are rejected. Events are discarded if they have an energy
deposit in any of the calorimeter towers in the forward and
backward rapidity hemispheres above the noise threshold
(3.9, 3.0 and 3.2 GeV in HF, HE and EE, respectively) [27].
Diffractive dijets are characterized by events with a

large rapidity gap. A pseudorapidity gap is defined with
ΔηF ¼ 2.4 − ηmax, where 2.4 is the upper limit of the
tracker and ηmax is the maximum pseudorapidity of any
high-purity charged track as defined in Ref. [40] and having
pT > 0.2 GeV. A similar backward pseudorapidity gap
ΔηB is defined for the opposite η hemisphere. It is required
thatΔηB > ΔηF and thatΔηB is greater than 1.2, effectively
selecting dijet events that are located in the forward
direction with a large rapidity gap as measured using the
tracker. Finally, one of the jets must be within one unit of
pseudorapidity of the track defining the backward rapidity
gap. Event samples with the dijet detected in either hemi-
sphere of CMS are statistically independent and consistent
with each other within 1% for the hcosð2ΦÞi value. The
samples are combined using the convention for defining the
forward direction as described above. This means that we
invert the rapidity sign for the sample having a backward
going dijet. A total of 6785 dijet events remain after
applying the above requirements.
In this analysis, the RAPGAP (version 3.303) [41]

Monte Carlo (MC) generator, which was developed to
explore electron-proton (ep) collisions, is used for com-
parisons with the experimental results, for detector accep-
tance and resolution corrections, and for studying sources
of systematic uncertainties. The exclusive dijet production
model used in RAPGAP is based on the boson-gluon fusion
process for diffractive electron-proton collisions, supple-
mented with initial and final-state parton showers. The
diffractive parton distribution functions are set to the “H1
2006 fit-A” model. Finally, the generated photon energy
spectrum has been reweighted to follow that of the
Weizsacker-Williams photon flux distribution in lead nuclei
described in Ref. [42]. The simulated events are processed
and reconstructed in the same way as the collision data.
GEANT4 [43] is used to account for the detector response.
For the simulated events, 94% have the interacting photon
and the dijet in the same hemisphere and, of these, 99%
pass the selection criteria described above.
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Based on the transverse momenta of the two jets relative
to the beam axis, p⃗T;1 and p⃗T;2, the vector sum Q⃗T and
vector difference P⃗T are defined, with Q⃗T ¼ p⃗T;1 þ p⃗T;2

and P⃗T ¼ 1
2 ðp⃗T;1 − p⃗T;2Þ [8]. Theoretical calculations have

focused on the “back-to-back” regime, i.e., PT > QT [44].
This requirement results in the rejection of 47 events (0.7%
of the sample). Figure 1 shows the distributions of dijetQT ,
PT , invariant mass, and rapidity for both data and recon-
structed MC events. The good agreement between data and
MC for the invariant mass and rapidity distributions
suggests that the rescaling of the photon flux from ep to
PbPb is reasonable. The measured QT distribution has its
maximum at 9 GeV, which is well within the large
momentum transfer regime.
To calculate the second moment of the azimuthal angle

anisotropy hcosð2ΦÞi, the angle Φ is obtained from the
relation P⃗T · Q⃗T ¼ jP⃗T jjQ⃗T j cosðΦÞ. For the angular cor-
relation measurements, the p⃗T;1 and p⃗T;2 vectors used to
calculate Q⃗T and P⃗T are assigned randomly to the leading
and subleading jets on an event-by-event basis. The dijet
angular correlations are distorted compared to the under-
lying distributions by the acceptance and finite resolution
of the detector. To correct for these effects, an unfolding
procedure is used to estimate the parton-level distributions.
The TUNFOLD [45] software package with the Tikhonov
regularization method is used, where the strength of the
regularization parameter is determined with the L-curve
scan method by minimizing the average global correlation
coefficient. The response matrix is evaluated by using
simulated dijet events that pass all of the analysis require-
ments. The unfolding of the dN=dΦ distribution is per-
formed for five equal intervals in 0 < QT < 25 GeV. The
hcosð2ΦÞi value is then calculated as a function of QT .

The following sources of systematic uncertainties on
hcosð2ΦÞi are considered: jet energy scale (JES) correction,
JES nonclosure (JESNC), jet energy resolution (JER), jet η
resolution (JPR), jet azimuthal angular resolution (JAR),
trigger efficiency (TR), and the purity estimation (PUR).
The uncertainty in the JES is 2% for jets with pT of 20 GeV,
as reported in Refs. [36,46]. After the nominal correction
factors are applied, a small nonclosure remains between the
generator-level JES and that of the reconstructed jets. The
systematic uncertainty from this effect is estimated by
applying first a residual correction to the JES in simulation
and then the dedicated selection requirements. The
deviation from the nominal result is taken as an estimate
of the systematic uncertainty. The simulation provides a
JER of 14% for 20 GeV jets, decreasing slightly as a
function of jet pT , consistent with Refs. [36,46]. The JAR
and JPR are found to be 0.025% 0.005ðstatÞ and
0.015% 0.005ðstatÞ, respectively, and are almost indepen-
dent of pT and η in the phase space relevant to this
measurement. The uncertainties related to JER and JAR are
estimated from the differences between the resolution in
data and MC as done in Ref. [46]. For this estimate, the
detector-level jets in the simulation are broadened in order
to account for the observed resolution in data. The
hcosð2ΦÞi uncertainty related to the JPR is found to be
negligible.
The uncertainty related to the purity of the signal (PUR)

is estimated by varying the nominal pseudorapidity gap
requirement between 0 and 2, and by varying the require-
ment for the minimal distance in pseudorapidity between
the track defining the backward pseudorapidity gap and the
nearest jet, which has a nominal value of 1.0, from 0.8 to
1.2. Increasing the threshold on the total energy of the PF
candidates outside the jet cones from 6.0 to 6.6 GeV has a
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FIG. 1. Magnitudes of the vector sum (QT ) and vector difference (PT) of the two jets (left). The dashed blue line illustrates the
QT < 25 GeV requirement. Invariant mass (center) and rapidity (right) of the dijet candidates after all selection requirements. The lines
show the RAPGAP MC generated events including detector resolution effects. The statistical uncertainties are covered by the symbol size.
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negligible effect on the purity uncertainty. The uncertainty
associated with the trigger efficiency is related to the
component that requires the transverse energy in one of
the ECAL towers to be larger than 5 GeV. This requirement
tends to slightly increase the fraction of electromagnetic
energy in the jets. To account for this effect, simulated
events are weighted by the trigger efficiency as a function
of jet pT on an event-by-event basis. This weighting
reproduces the effect of the trigger efficiency on the
measured hcosð2ΦÞi values. The other elements forming
the trigger, discussed above, are fully efficient. The
uncertainties related to the calorimeter exclusivity selec-
tions and to the unfolding procedure are negligible. The
various components of the hcosð2ΦÞi distribution system-
atic uncertainties are summarized in Table I.
Figure 2 (left) shows the unfolded angular distribution

dN=dΦ for QT < 25 GeV. The dN=dΦ distribution peaks
at 0 and π, implying a positive value of hcosð2ΦÞi. This
phenomenon is not a trivial acceptance effect as demon-
strated by performing the analysis upon pairs of jets from
different events, yielding the expected negative value of
hcosð2ΦÞi [13]. Figure 2 (right) shows that hcosð2ΦÞi rises
steadily with QT . The data have been compared to two
different calculations that ignore the effect of elliptically
polarized gluons. A calculation by Hatta et al. [20], which
assumes soft gluon radiation from final-state jets as the
dominant effect of the azimuthal anisotropy, has hcosð2ΦÞi
initially rising, but then plateauing for QT > 1 GeV. A
calculation based on the RAPGAP model [41], which is
tuned to HERA results, predicts that hcosð2ΦÞi rises with
QT , but overshoots the data by a factor of 3–5. The
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi–based initial-
state parton shower in RAPGAP produces a finite transverse
momentum of the incoming parton, and this leads to a
decorrelation of the resulting dijet constituents. Such
decorrelations are also observed in data for the azimuthal
angular difference between two jets in proton-proton
collisions [19] and are qualitatively described by parton
shower production. The decorrelation observed here can
also be driven by parton showers, but since heavy ions are
involved, there could be further decorrelation effects at
small Bjorken x, which are not simulated in RAPGAP. Such
broadening of the azimuthal distribution for dijet events has
been linked to gluon saturation effects when comparing

proton-lead to proton-proton events [47]. The broadening
claimed in this analysis corresponds to the comparison
between photon-lead (data) and photon-proton (RAPGAP)
interactions.
In summary, the exclusive production of two jets in

photon-lead interactions with a large rapidity gap has been
studied for the first time. The dijet events are characterized

TABLE I. Table of hcosð2ΦÞi systematic uncertainties (abso-
lute values). The individual components are discussed in the text.

QT (GeV) JES JESNC JER JAR PUR TR Total

0–5 0.018 0.004 0.002 0.004 0.002 0.004 0.019
5–10 0.012 0.006 0.005 0.003 0.002 0.003 0.015
10–15 0.010 0.008 0.007 0.002 0.002 0.001 0.014
15–20 0.009 0.008 0.014 0.002 0.002 0.001 0.018
20–25 0.005 0.018 0.056 0.001 0.002 0.002 0.059
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FIG. 2. The unfolded 1=NeventsdN=dΦ distribution (upper) and
the unfolded hcosð2ΦÞi values as a function of QT (lower). The
corresponding distributions from the RAPGAP simulation at the
generator level (blue lines) and theoretical calculation by Hatta
et al. [20] for hcosð2ΦÞi (red dashed lines) are also shown for
QT < 15 GeV, consistent with the back-to-back limit in their
calculation. The dijet events are found predominantly in the
forward direction, with 0 < ηjet < 2.4. Both the statistical (error
bars) and systematic (green boxes) uncertainties are shown.
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by a large momentum transfer. The second harmonic of the
angular correlation between the sum and difference of the
two jet transverse momenta is found to be positive and
rising, with dijet transverse momentum in the measured
range 0–25 GeV. An a posteriori calculation that includes
the effect of soft gluons from final-state radiation describes
the average magnitude of the correlations, but does not rise
with the magnitude of the dijet total momentum QT to the
extent found with the CMS data. A model [41] that has
been successful at describing a wide range of proton
scattering data from the HERA experiments overestimates
the strength of the correlations, suggesting the presence of
gluon polarization effects. This experiment calls for new
theoretical calculations to quantify the theoretical implica-
tions and opens a new direction for probing the high-energy
limit of strong interactions.
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D. Pérez Adán ,43 S. K. Pflitsch,43 D. Pitzl,43 A. Raspereza,43 A. Saggio ,43 A. Saibel ,43 M. Savitskyi ,43 V. Scheurer,43

C. Schwanenberger ,43 A. Singh,43 R. E. Sosa Ricardo ,43 N. Tonon ,43 O. Turkot ,43 A. Vagnerini ,43

M. Van De Klundert ,43 R. Walsh ,43 D. Walter ,43 Y. Wen ,43 K. Wichmann,43 C. Wissing ,43 S. Wuchterl ,43

O. Zenaiev ,43 R. Zlebcik ,43 R. Aggleton,44 S. Bein ,44 L. Benato ,44 A. Benecke ,44 K. De Leo ,44 T. Dreyer,44

A. Ebrahimi ,44 M. Eich,44 F. Feindt,44 A. Fröhlich,44 C. Garbers ,44 E. Garutti ,44 P. Gunnellini,44 J. Haller ,44

A. Hinzmann ,44 A. Karavdina,44 G. Kasieczka ,44 R. Klanner ,44 R. Kogler ,44 V. Kutzner ,44 J. Lange ,44

T. Lange ,44 A. Malara ,44 C. E. N. Niemeyer,44 A. Nigamova ,44 K. J. Pena Rodriguez ,44 O. Rieger,44 P. Schleper ,44

S. Schumann,44 J. Schwandt ,44 D. Schwarz ,44 J. Sonneveld ,44 H. Stadie ,44 G. Steinbrück ,44 B. Vormwald ,44

I. Zoi ,44 J. Bechtel ,45 T. Berger,45 E. Butz ,45 R. Caspart ,45 T. Chwalek ,45 W. De Boer,45 A. Dierlamm ,45 A. Droll,45

K. El Morabit ,45 N. Faltermann ,45 K. Flöh,45 M. Giffels ,45 A. Gottmann ,45 F. Hartmann ,45,x C. Heidecker,45

U. Husemann ,45 I. Katkov,45,n P. Keicher,45 R. Koppenhöfer ,45 S. Maier ,45 M. Metzler,45 S. Mitra ,45 Th. Müller ,45

M. Musich ,45 G. Quast ,45 K. Rabbertz ,45 J. Rauser,45 D. Savoiu ,45 D. Schäfer,45 M. Schnepf,45 M. Schröder ,45

D. Seith,45 I. Shvetsov,45 H. J. Simonis ,45 R. Ulrich ,45 M. Wassmer ,45 M. Weber ,45 R. Wolf ,45 S. Wozniewski ,45

G. Anagnostou,46 P. Asenov ,46 G. Daskalakis ,46 T. Geralis ,46 A. Kyriakis,46 G. Paspalaki ,46 A. Stakia ,46

M. Diamantopoulou,47 D. Karasavvas,47 G. Karathanasis ,47 P. Kontaxakis ,47 C. K. Koraka ,47

A. Manousakis-Katsikakis ,47 A. Panagiotou,47 I. Papavergou ,47 N. Saoulidou ,47 K. Theofilatos ,47 E. Tziaferi ,47

K. Vellidis ,47 E. Vourliotis ,47 G. Bakas ,48 K. Kousouris ,48 I. Papakrivopoulos ,48 G. Tsipolitis,48

A. Zacharopoulou,48 I. Evangelou ,49 C. Foudas,49 P. Gianneios ,49 P. Katsoulis,49 P. Kokkas ,49 K. Manitara,49

N. Manthos ,49 I. Papadopoulos ,49 J. Strologas ,49 M. Bartók ,50,cc M. Csanád ,50 M.M. A. Gadallah ,50,dd

S. Lökös ,50,ee P. Major ,50 K. Mandal ,50 A. Mehta ,50 G. Pásztor ,50 O. Surányi ,50 G. I. Veres ,50 G. Bencze,51

C. Hajdu ,51 D. Horvath ,51,ff F. Sikler ,51 V. Veszpremi ,51 G. Vesztergombi,51,a,gg S. Czellar,52 J. Karancsi ,52,cc

J. Molnar,52 Z. Szillasi,52 D. Teyssier ,52 P. Raics,53 Z. L. Trocsanyi ,53 B. Ujvari ,53 T. Csorgo ,54,hh F. Nemes ,54,hh

T. Novak ,54 S. Choudhury,55 J. R. Komaragiri ,55 D. Kumar ,55 L. Panwar ,55 P. C. Tiwari ,55 S. Bansal ,56

S. B. Beri,56 V. Bhatnagar ,56 G. Chaudhary ,56 S. Chauhan ,56 N. Dhingra ,56,ii R. Gupta,56 A. Kaur ,56 S. Kaur ,56

P. Kumari ,56 M. Meena ,56 K. Sandeep ,56 S. Sharma ,56 J. B. Singh ,56 A. K. Virdi ,56 A. Ahmed ,57

A. Bhardwaj ,57 B. C. Choudhary ,57 R. B. Garg,57 M. Gola,57 S. Keshri ,57 A. Kumar ,57 M. Naimuddin ,57

P. Priyanka ,57 K. Ranjan ,57 A. Shah ,57 M. Bharti,58,jj R. Bhattacharya ,58 S. Bhattacharya ,58 D. Bhowmik,58

S. Dutta,58 S. Ghosh ,58 B. Gomber ,58,kk M. Maity,58,ll S. Nandan ,58 P. Palit ,58 P. K. Rout ,58 G. Saha ,58 B. Sahu ,58

S. Sarkar,58 M. Sharan,58 B. Singh,58,jj S. Thakur ,58,jj P. K. Behera ,59 S. C. Behera ,59 P. Kalbhor ,59 A. Muhammad ,59

R. Pradhan ,59 P. R. Pujahari ,59 A. Sharma ,59 A. K. Sikdar ,59 D. Dutta ,60 V. Kumar ,60 K. Naskar ,60,mm

P. K. Netrakanti,60 L. M. Pant,60 P. Shukla ,60 T. Aziz,61 M. A. Bhat,61 S. Dugad,61 R. Kumar Verma ,61 G. B. Mohanty ,61

U. Sarkar ,61 S. Banerjee ,62 S. Bhattacharya ,62 S. Chatterjee ,62 R. Chudasama ,62 M. Guchait ,62 S. Karmakar ,62

S. Kumar ,62 G. Majumder ,62 K. Mazumdar ,62 S. Mukherjee ,62 D. Roy ,62 S. Bahinipati ,63,nn D. Dash ,63

C. Kar ,63 P. Mal ,63 T. Mishra ,63 V. K. Muraleedharan Nair Bindhu ,63 A. Nayak ,63,oo N. Sur ,63 S. K. Swain,63

S. Dube ,64 B. Kansal ,64 S. Pandey ,64 A. Rane ,64 A. Rastogi ,64 S. Sharma ,64 H. Bakhshiansohi ,65,pp

M. Zeinali ,65,qq S. Chenarani ,66,rr S. M. Etesami ,66 M. Khakzad ,66 M. Mohammadi Najafabadi ,66 M. Felcini ,67

M. Grunewald ,67 M. Abbrescia ,68a,68b R. Aly ,68a,68c,p C. Aruta ,68a,68b A. Colaleo ,68a D. Creanza ,68a,68c

N. De Filippis ,68a,68c M. De Palma ,68a,68b A. Di Florio ,68a,68b A. Di Pilato ,68a,68b W. Elmetenawee ,68a,68b L. Fiore ,68a

A. Gelmi ,68a,68b M. Gul ,68a G. Iaselli ,68a,68c M. Ince ,68a,68b S. Lezki ,68a,68b G. Maggi ,68a,68c M. Maggi ,68a

I. Margjeka ,68a,68b V. Mastrapasqua ,68a,68b J. A. Merlin,68a S. My ,68a,68b S. Nuzzo ,68a,68b A. Pompili ,68a,68b

G. Pugliese ,68a,68c A. Ranieri ,68a G. Selvaggi ,68a,68b L. Silvestris ,68a F. M. Simone ,68a,68b R. Venditti ,68a

P. Verwilligen ,68a G. Abbiendi ,69a C. Battilana ,69a,69b D. Bonacorsi ,69a,69b L. Borgonovi ,69a

S. Braibant-Giacomelli ,69a,69b R. Campanini ,69a,69b P. Capiluppi ,69a,69b A. Castro ,69a,69b F. R. Cavallo ,69a

C. Ciocca ,69a M. Cuffiani ,69a,69b G. M. Dallavalle ,69a T. Diotalevi ,69a,69b F. Fabbri ,69a A. Fanfani ,69a,69b

E. Fontanesi ,69a,69b P. Giacomelli ,69a L. Giommi ,69a,69b C. Grandi ,69a L. Guiducci ,69a,69b F. Iemmi ,69a,69b

S. Lo Meo ,69a,ss S. Marcellini ,69a G. Masetti ,69a F. L. Navarria ,69a,69b A. Perrotta ,69a F. Primavera ,69a,69b

A. M. Rossi ,69a,69b T. Rovelli ,69a,69b G. P. Siroli ,69a,69b N. Tosi ,69a S. Albergo ,70a,70b,tt S. Costa ,70a,70b,tt

A. Di Mattia ,70a R. Potenza,70a,70b A. Tricomi ,70a,70b,tt C. Tuve ,70a,70b G. Barbagli ,71a A. Cassese ,71a

PHYSICAL REVIEW LETTERS 131, 051901 (2023)

051901-8

https://orcid.org/0000-0001-8532-2356
https://orcid.org/0000-0003-2436-8195
https://orcid.org/0000-0002-1780-1344
https://orcid.org/0000-0001-7242-8426
https://orcid.org/0000-0002-8331-8166
https://orcid.org/0000-0002-3984-4732
https://orcid.org/0000-0003-3416-0726
https://orcid.org/0000-0002-7385-3317
https://orcid.org/0000-0002-9932-7622
https://orcid.org/0000-0002-9952-9267
https://orcid.org/0000-0001-6699-6662
https://orcid.org/0000-0002-2240-6699
https://orcid.org/0000-0003-4301-2688
https://orcid.org/0000-0001-5352-7744
https://orcid.org/0000-0001-8730-5031
https://orcid.org/0000-0001-8596-2812
https://orcid.org/0000-0002-3872-4114
https://orcid.org/0000-0001-8584-9705
https://orcid.org/0000-0002-8724-9604
https://orcid.org/0000-0002-5090-8004
https://orcid.org/0000-0001-9955-9258
https://orcid.org/0000-0003-3783-6330
https://orcid.org/0000-0003-1644-8523
https://orcid.org/0000-0001-9387-7407
https://orcid.org/0000-0001-5135-7489
https://orcid.org/0000-0003-0252-3609
https://orcid.org/0000-0002-8908-409X
https://orcid.org/0000-0003-4472-867X
https://orcid.org/0000-0001-5094-2256
https://orcid.org/0000-0003-0634-5539
https://orcid.org/0000-0001-9347-7657
https://orcid.org/0000-0002-2633-4696
https://orcid.org/0000-0003-3457-2755
https://orcid.org/0000-0002-7004-9227
https://orcid.org/0000-0002-5336-4399
https://orcid.org/0000-0003-1985-3807
https://orcid.org/0000-0001-7513-6330
https://orcid.org/0000-0001-6242-7331
https://orcid.org/0000-0001-8645-9282
https://orcid.org/0000-0002-8522-8500
https://orcid.org/0000-0002-2877-9744
https://orcid.org/0000-0001-5628-6827
https://orcid.org/0000-0002-0052-597X
https://orcid.org/0000-0002-3821-7331
https://orcid.org/0000-0001-8362-4414
https://orcid.org/0000-0002-0513-8119
https://orcid.org/0000-0002-8355-2761
https://orcid.org/0000-0003-2607-7287
https://orcid.org/0000-0002-5738-9446
https://orcid.org/0000-0001-5245-7318
https://orcid.org/0000-0002-2403-5801
https://orcid.org/0000-0002-5502-9412
https://orcid.org/0000-0002-8009-3723
https://orcid.org/0000-0001-7804-9902
https://orcid.org/0000-0001-5886-220X
https://orcid.org/0000-0001-6506-3107
https://orcid.org/0000-0003-0193-3032
https://orcid.org/0000-0001-6696-349X
https://orcid.org/0000-0001-8989-8387
https://orcid.org/0000-0002-6198-8388
https://orcid.org/0000-0002-6256-5715
https://orcid.org/0000-0001-9828-9778
https://orcid.org/0000-0002-3060-2278
https://orcid.org/0000-0003-4337-0098
https://orcid.org/0000-0001-7938-5684
https://orcid.org/0000-0002-4021-4260
https://orcid.org/0000-0001-7040-9846
https://orcid.org/0000-0001-6794-7475
https://orcid.org/0000-0001-8058-9828
https://orcid.org/0000-0002-7467-2980
https://orcid.org/0000-0002-2535-402X
https://orcid.org/0000-0002-0408-2811
https://orcid.org/0000-0002-3639-2267
https://orcid.org/0000-0001-9456-383X
https://orcid.org/0000-0001-8563-0412
https://orcid.org/0000-0003-2379-9903
https://orcid.org/0000-0001-6070-7698
https://orcid.org/0000-0001-7188-979X
https://orcid.org/0000-0001-6815-1065
https://orcid.org/0000-0001-6277-7171
https://orcid.org/0000-0001-5115-5828
https://orcid.org/0000-0002-4860-5979
https://orcid.org/0000-0002-4548-9992
https://orcid.org/0000-0002-0530-1182
https://orcid.org/0000-0002-7992-2686
https://orcid.org/0000-0001-6958-4196
https://orcid.org/0000-0001-8448-883X
https://orcid.org/0000-0003-4958-0408
https://orcid.org/0000-0001-5680-8357
https://orcid.org/0000-0002-2270-0492
https://orcid.org/0000-0003-0287-1937
https://orcid.org/0000-0002-6360-0869
https://orcid.org/0000-0002-8440-0487
https://orcid.org/0000-0002-5903-5481
https://orcid.org/0009-0003-7233-0738
https://orcid.org/0009-0009-3752-6253
https://orcid.org/0000-0003-3247-8909
https://orcid.org/0000-0002-9937-3063
https://orcid.org/0000-0002-2225-7160
https://orcid.org/0000-0002-4440-2701
https://orcid.org/0000-0002-3154-6925
https://orcid.org/0000-0002-8305-6661
https://orcid.org/0000-0002-4447-4836
https://orcid.org/0000-0002-5476-0414
https://orcid.org/0000-0002-3966-7182
https://orcid.org/0000-0002-0433-4484
https://orcid.org/0000-0003-0707-9762
https://orcid.org/0000-0002-4684-495X
https://orcid.org/0000-0002-5440-4356
https://orcid.org/0000-0002-7193-800X
https://orcid.org/0000-0003-0091-477X
https://orcid.org/0000-0001-9608-3901
https://orcid.org/0000-0001-9783-0315
https://orcid.org/0000-0003-0802-7665
https://orcid.org/0000-0002-5259-7983
https://orcid.org/0000-0002-2129-1279
https://orcid.org/0000-0003-0498-4265
https://orcid.org/0000-0002-9110-9663
https://orcid.org/0000-0002-1451-6484
https://orcid.org/0000-0001-6253-4356
https://orcid.org/0000-0002-9344-6655
https://orcid.org/0000-0002-6636-5331
https://orcid.org/0000-0003-2461-4907
https://orcid.org/0000-0002-3667-3843
https://orcid.org/0000-0003-1992-0336
https://orcid.org/0000-0002-8392-9610
https://orcid.org/0000-0003-0168-3336
https://orcid.org/0000-0001-6974-4129
https://orcid.org/0000-0002-7200-6204
https://orcid.org/0000-0002-1640-9180
https://orcid.org/0000-0002-7602-1284
https://orcid.org/0000-0002-6623-8586
https://orcid.org/0000-0003-4536-3967
https://orcid.org/0000-0002-3220-3668
https://orcid.org/0000-0002-2037-2325
https://orcid.org/0000-0001-9029-2462
https://orcid.org/0000-0002-0866-8932
https://orcid.org/0000-0002-4500-8853
https://orcid.org/0000-0002-7544-3258
https://orcid.org/0000-0001-5029-1887
https://orcid.org/0000-0003-3280-2350
https://orcid.org/0000-0003-3407-4094
https://orcid.org/0000-0003-4542-386X
https://orcid.org/0000-0002-0933-685X
https://orcid.org/0000-0002-5540-3750
https://orcid.org/0000-0002-6157-2016
https://orcid.org/0000-0002-7575-8639
https://orcid.org/0000-0002-8110-4957
https://orcid.org/0009-0006-5692-5688
https://orcid.org/0000-0002-4446-0258
https://orcid.org/0000-0002-9380-8919
https://orcid.org/0000-0002-1948-029X
https://orcid.org/0000-0001-8149-6180
https://orcid.org/0000-0002-6125-1941
https://orcid.org/0000-0002-8073-5140
https://orcid.org/0000-0002-1647-0360
https://orcid.org/0000-0002-1527-2266
https://orcid.org/0000-0002-0798-2727
https://orcid.org/0000-0002-5892-3743
https://orcid.org/0000-0002-7535-7149
https://orcid.org/0000-0001-7000-6510
https://orcid.org/0000-0002-0994-7212
https://orcid.org/0000-0002-0688-923X
https://orcid.org/0000-0002-5437-5217
https://orcid.org/0000-0002-0046-9568
https://orcid.org/0000-0001-8694-8326
https://orcid.org/0000-0003-0638-4378
https://orcid.org/0000-0001-8118-5331
https://orcid.org/0000-0002-8264-156X
https://orcid.org/0000-0001-6850-7666
https://orcid.org/0000-0002-9892-4601
https://orcid.org/0000-0002-7953-4683
https://orcid.org/0000-0002-3197-0048
https://orcid.org/0000-0003-2660-0349
https://orcid.org/0009-0007-8848-6146
https://orcid.org/0009-0004-0928-7922
https://orcid.org/0000-0001-9715-5663
https://orcid.org/0000-0002-2405-915X
https://orcid.org/0000-0002-3815-5222
https://orcid.org/0000-0003-3136-1653
https://orcid.org/0000-0003-3122-0594
https://orcid.org/0000-0001-9858-1357
https://orcid.org/0000-0002-3744-5332
https://orcid.org/0000-0001-9685-0226
https://orcid.org/0000-0002-6407-6974
https://orcid.org/0000-0002-0870-8420
https://orcid.org/0000-0002-2121-3932
https://orcid.org/0000-0003-4671-815X
https://orcid.org/0000-0002-7716-4981
https://orcid.org/0000-0001-5233-553X
https://orcid.org/0000-0002-5145-3777
https://orcid.org/0000-0002-6604-1011
https://orcid.org/0000-0003-0440-6019
https://orcid.org/0000-0001-8444-2807
https://orcid.org/0000-0003-1245-6710
https://orcid.org/0000-0001-6886-0726
https://orcid.org/0000-0001-5741-3357
https://orcid.org/0000-0001-8367-6257
https://orcid.org/0000-0002-1425-076X
https://orcid.org/0000-0001-6501-4137
https://orcid.org/0000-0002-2212-5715
https://orcid.org/0000-0001-6131-5987
https://orcid.org/0000-0002-2051-9331
https://orcid.org/0000-0002-5754-0388
https://orcid.org/0000-0001-8727-7544
https://orcid.org/0000-0001-6808-1335
https://orcid.org/0000-0001-9524-3264
https://orcid.org/0000-0002-0711-6319
https://orcid.org/0000-0001-6153-3044
https://orcid.org/0000-0002-0625-6811
https://orcid.org/0000-0001-8240-1913
https://orcid.org/0000-0003-3719-8041
https://orcid.org/0000-0002-9233-3632
https://orcid.org/0000-0001-7069-0252
https://orcid.org/0000-0002-9470-1320
https://orcid.org/0000-0002-9211-2709
https://orcid.org/0000-0002-5704-1896
https://orcid.org/0000-0003-2546-5341
https://orcid.org/0000-0001-6907-0195
https://orcid.org/0000-0002-6909-774X
https://orcid.org/0000-0001-5391-7689
https://orcid.org/0000-0002-8431-3922
https://orcid.org/0000-0002-3198-3025
https://orcid.org/0000-0002-9082-5924
https://orcid.org/0000-0002-9938-2680
https://orcid.org/0000-0003-1089-6317
https://orcid.org/0000-0003-1291-4005
https://orcid.org/0000-0001-5460-2638
https://orcid.org/0000-0001-7912-4062
https://orcid.org/0000-0003-0093-6741
https://orcid.org/0000-0002-8985-4891
https://orcid.org/0000-0002-1924-983X
https://orcid.org/0000-0001-6925-8649
https://orcid.org/0000-0002-9285-8631
https://orcid.org/0000-0003-4499-7562
https://orcid.org/0000-0002-3753-3068
https://orcid.org/0000-0002-0835-9574
https://orcid.org/0000-0001-8679-4443
https://orcid.org/0000-0003-2419-7971
https://orcid.org/0000-0002-2744-0597
https://orcid.org/0000-0003-4485-1897
https://orcid.org/0000-0003-2527-0456
https://orcid.org/0000-0002-0326-7515
https://orcid.org/0000-0003-0080-6373
https://orcid.org/0000-0003-2510-5039
https://orcid.org/0000-0002-8614-0420
https://orcid.org/0000-0003-0780-8785
https://orcid.org/0000-0002-8446-9660
https://orcid.org/0000-0003-2256-4117
https://orcid.org/0000-0002-0662-5904
https://orcid.org/0000-0002-6368-7220
https://orcid.org/0000-0003-3539-4313
https://orcid.org/0000-0001-5998-3070
https://orcid.org/0000-0002-6013-8293
https://orcid.org/0000-0001-5911-4051
https://orcid.org/0000-0003-3249-9208
https://orcid.org/0000-0002-1233-8100
https://orcid.org/0000-0002-6377-800X
https://orcid.org/0000-0001-7961-4889
https://orcid.org/0000-0002-7996-7139
https://orcid.org/0000-0001-6253-8656
https://orcid.org/0000-0002-5973-1305
https://orcid.org/0000-0002-9746-4842
https://orcid.org/0000-0002-3528-4125
https://orcid.org/0000-0002-0474-0247
https://orcid.org/0000-0001-7901-4189
https://orcid.org/0000-0001-9919-0569
https://orcid.org/0000-0002-9964-015X
https://orcid.org/0000-0002-5071-5501
https://orcid.org/0000-0003-0739-3153
https://orcid.org/0000-0002-1738-8676
https://orcid.org/0000-0003-3010-4516


R. Ceccarelli ,71a,71b V. Ciulli ,71a,71b C. Civinini ,71a R. D’Alessandro ,71a,71b F. Fiori ,71a E. Focardi ,71a,71b

G. Latino ,71a,71b P. Lenzi ,71a,71b M. Lizzo ,71a,71b M. Meschini ,71a S. Paoletti ,71a R. Seidita ,71a,71b G. Sguazzoni ,71a

L. Viliani ,71a L. Benussi ,72 S. Bianco ,72 D. Piccolo ,72 M. Bozzo ,73a,73b F. Ferro ,73a R. Mulargia ,73a,73b

E. Robutti ,73a S. Tosi ,73a,73b A. Benaglia ,74a A. Beschi,74a,74b F. Brivio ,74a,74b F. Cetorelli ,74a,74b V. Ciriolo,74a,74b,x

F. De Guio ,74a,74b M. E. Dinardo ,74a,74b P. Dini ,74a S. Gennai ,74a A. Ghezzi ,74a,74b P. Govoni ,74a,74b L. Guzzi ,74a,74b

M. Malberti ,74a S. Malvezzi ,74a A. Massironi ,74a D. Menasce ,74a F. Monti ,74a,74b L. Moroni ,74a

M. Paganoni ,74a,74b D. Pedrini ,74a S. Ragazzi ,74a,74b T. Tabarelli de Fatis ,74a,74b D. Valsecchi ,74a,74b,x

D. Zuolo ,74a,74b S. Buontempo ,75a N. Cavallo ,75a,75c A. De Iorio ,75a,75b F. Fabozzi ,75a,75c F. Fienga ,75a

A. O. M. Iorio ,75a,75b L. Lista ,75a,75b S. Meola ,75a,75d,x P. Paolucci ,75a,x B. Rossi ,75a C. Sciacca ,75a,75b P. Azzi ,76a

N. Bacchetta ,76a D. Bisello ,76a,76b P. Bortignon ,76a A. Bragagnolo ,76a,76b R. Carlin ,76a,76b P. Checchia ,76a

P. De Castro Manzano ,76a T. Dorigo ,76a F. Gasparini ,76a,76b U. Gasparini ,76a,76b S. Y. Hoh ,76a,76b L. Layer,76a,uu

M. Margoni ,76a,76b A. T. Meneguzzo ,76a,76b M. Presilla ,76a,76b P. Ronchese ,76a,76b R. Rossin ,76a,76b

F. Simonetto ,76a,76b G. Strong ,76a M. Tosi ,76a,76b H. YARAR,76a,76b M. Zanetti ,76a,76b P. Zotto ,76a,76b

A. Zucchetta ,76a,76b G. Zumerle ,76a,76b C. Aime` ,77a,77b A. Braghieri ,77a S. Calzaferri ,77a,77b D. Fiorina ,77a,77b

P. Montagna ,77a,77b S. P. Ratti,77a,77b V. Re ,77a M. Ressegotti ,77a,77b C. Riccardi ,77a,77b P. Salvini ,77a I. Vai ,77a

P. Vitulo ,77a,77b M. Biasini ,78a,78b G. M. Bilei ,78a D. Ciangottini ,78a,78b L. Fanò ,78a,78b P. Lariccia,78a,78b

G. Mantovani,78a,78b V. Mariani ,78a,78b M. Menichelli ,78a F. Moscatelli ,78a A. Piccinelli ,78a,78b A. Rossi ,78a,78b

A. Santocchia ,78a,78b D. Spiga ,78a T. Tedeschi ,78a,78b K. Androsov ,79a P. Azzurri ,79a G. Bagliesi ,79a

V. Bertacchi ,79a,79c L. Bianchini ,79a T. Boccali ,79a R. Castaldi ,79a M. A. Ciocci ,79a,79b R. Dell’Orso ,79a

M. R. Di Domenico ,79a,79d S. Donato ,79a L. Giannini ,79a,79c A. Giassi ,79a M. T. Grippo ,79a F. Ligabue ,79a,79c

E. Manca ,79a,79c G. Mandorli ,79a,79c A. Messineo ,79a,79b F. Palla ,79a G. Ramirez-Sanchez ,79a,79c A. Rizzi ,79a,79b

G. Rolandi ,79a,79c S. Roy Chowdhury ,79a,79c A. Scribano ,79a N. Shafiei ,79a,79b P. Spagnolo ,79a R. Tenchini ,79a

G. Tonelli ,79a,79b N. Turini ,79a,79d A. Venturi ,79a P. G. Verdini ,79a F. Cavallari ,80a M. Cipriani ,80a,80b

D. Del Re ,80a,80b E. Di Marco ,80a M. Diemoz ,80a E. Longo ,80a,80b P. Meridiani ,80a G. Organtini ,80a,80b

F. Pandolfi ,80a R. Paramatti ,80a,80b C. Quaranta ,80a,80b S. Rahatlou ,80a,80b C. Rovelli ,80a F. Santanastasio ,80a,80b

L. Soffi ,80a,80b R. Tramontano ,80a,80b N. Amapane ,81a,81b R. Arcidiacono ,81a,81c S. Argiro ,81a,81b M. Arneodo ,81a,81c

N. Bartosik ,81a R. Bellan ,81a,81b A. Bellora ,81a,81b J. Berenguer Antequera ,81a,81b C. Biino ,81a A. Cappati ,81a,81b

N. Cartiglia ,81a S. Cometti ,81a M. Costa ,81a,81b R. Covarelli ,81a,81b N. Demaria ,81a B. Kiani ,81a,81b F. Legger ,81a

C. Mariotti ,81a S. Maselli ,81a E. Migliore ,81a,81b V. Monaco ,81a,81b E. Monteil ,81a,81b M. Monteno ,81a

M.M. Obertino ,81a,81b G. Ortona ,81a L. Pacher ,81a,81b N. Pastrone ,81a M. Pelliccioni ,81a G. L. Pinna Angioni,81a,81b

M. Ruspa ,81a,81c R. Salvatico ,81a,81b F. Siviero ,81a,81b V. Sola ,81a A. Solano ,81a,81b D. Soldi ,81a,81b A. Staiano ,81a

M. Tornago ,81a,81b D. Trocino ,81a,81b S. Belforte ,82a V. Candelise ,82a,82b M. Casarsa ,82a F. Cossutti ,82a

A. Da Rold ,82a,82b G. Della Ricca ,82a,82b F. Vazzoler ,82a,82b S. Dogra ,83 C. Huh ,83 B. Kim ,83 D. H. Kim ,83

G. N. Kim ,83 J. Lee ,83 S. W. Lee ,83 C. S. Moon ,83 Y. D. Oh ,83 S. I. Pak ,83 B. C. Radburn-Smith ,83

S. Sekmen ,83 Y. C. Yang ,83 H. Kim ,84 D. H. Moon ,84 B. Francois ,85 T. J. Kim ,85 J. Park ,85 S. Cho,86 S. Choi ,86

Y. Go,86 S. Ha ,86 B. Hong ,86 B. Kim ,86 K. Lee,86 K. S. Lee ,86 J. Lim,86 J. Park ,86 S. K. Park,86 J. Yoo ,86 J. Goh ,87

A. Gurtu ,87 H. S. Kim ,88 Y. Kim,88 J. Almond,89 J. H. Bhyun,89 J. Choi ,89 S. Jeon ,89 J. Kim ,89 J. S. Kim,89 S. Ko ,89

H. Kwon ,89 H. Lee ,89 K. Lee ,89 S. Lee,89 K. Nam,89 B. H. Oh ,89 M. Oh ,89 S. B. Oh ,89 H. Seo ,89 U. K. Yang,89

I. Yoon ,89 D. Jeon,90 J. H. Kim,90 B. Ko,90 J. S. H. Lee ,90 I. C. Park ,90 Y. Roh,90 D. Song,90 I. J. Watson ,90

H. D. Yoo ,91 Y. Choi ,92 C. Hwang,92 Y. Jeong ,92 H. Lee ,92 Y. Lee ,92 I. Yu ,92 Y. Maghrbi ,93 V. Veckalns ,94

A. Juodagalvis ,95 A. Rinkevicius ,95 G. Tamulaitis ,95 A. Vaitkevicius,95 W. A. T. Wan Abdullah,96 M. N. Yusli,96

Z. Zolkapli,96 J. F. Benitez ,97 A. Castaneda Hernandez ,97 J. A. Murillo Quijada ,97 L. Valencia Palomo ,97

G. Ayala ,98 H. Castilla-Valdez ,98 E. De La Cruz-Burelo ,98 I. Heredia-De La Cruz ,98,vv R. Lopez-Fernandez ,98

C. A. Mondragon Herrera,98 D. A. Perez Navarro ,98 A. Sánchez Hernández ,98 S. Carrillo Moreno,99

C. Oropeza Barrera ,99 M. Ramírez García ,99 F. Vazquez Valencia ,99 J. Eysermans ,100 I. Pedraza ,100

H. A. Salazar Ibarguen ,100 C. Uribe Estrada ,100 A. Morelos Pineda ,101 J. Mijuskovic,102,e N. Raicevic ,102

D. Krofcheck ,103 S. Bheesette,104 P. H. Butler ,104 A. Ahmad ,105 M. I. Asghar,105 A. Awais ,105 M. I. M. Awan,105

H. R. Hoorani ,105 W. A. Khan ,105 M. A. Shah,105 M. Shoaib ,105 M. Waqas ,105 V. Avati,106 L. Grzanka ,106

M. Malawski ,106 H. Bialkowska ,107 M. Bluj ,107 B. Boimska ,107 T. Frueboes ,107 M. Górski ,107 M. Kazana ,107

PHYSICAL REVIEW LETTERS 131, 051901 (2023)

051901-9

https://orcid.org/0000-0003-3232-9380
https://orcid.org/0000-0003-1947-3396
https://orcid.org/0000-0002-4952-3799
https://orcid.org/0000-0001-7997-0306
https://orcid.org/0000-0001-8770-9343
https://orcid.org/0000-0002-3763-5267
https://orcid.org/0000-0002-4098-3502
https://orcid.org/0000-0002-6927-8807
https://orcid.org/0000-0001-7297-2624
https://orcid.org/0000-0002-9161-3990
https://orcid.org/0000-0003-3592-9509
https://orcid.org/0000-0002-3533-6191
https://orcid.org/0000-0002-0791-3350
https://orcid.org/0000-0002-1909-6343
https://orcid.org/0000-0002-2363-8889
https://orcid.org/0000-0002-8300-4124
https://orcid.org/0000-0001-5404-543X
https://orcid.org/0000-0002-1715-0457
https://orcid.org/0000-0002-7663-0805
https://orcid.org/0000-0003-2437-013X
https://orcid.org/0000-0001-9038-4500
https://orcid.org/0000-0002-7275-9193
https://orcid.org/0000-0003-1124-8450
https://orcid.org/0000-0001-9523-6451
https://orcid.org/0000-0002-3061-1553
https://orcid.org/0000-0001-5927-8865
https://orcid.org/0000-0002-8575-7250
https://orcid.org/0000-0001-7375-4899
https://orcid.org/0000-0001-5269-8517
https://orcid.org/0000-0002-8184-7953
https://orcid.org/0000-0002-0227-1301
https://orcid.org/0000-0002-3086-8260
https://orcid.org/0000-0001-6794-8419
https://orcid.org/0000-0002-0218-4910
https://orcid.org/0000-0002-0782-0883
https://orcid.org/0000-0002-9918-1686
https://orcid.org/0000-0001-5846-3655
https://orcid.org/0000-0002-8387-762X
https://orcid.org/0000-0003-2461-275X
https://orcid.org/0000-0003-2414-4175
https://orcid.org/0000-0001-8219-2074
https://orcid.org/0000-0001-6262-4685
https://orcid.org/0000-0001-8587-8266
https://orcid.org/0000-0003-3072-1020
https://orcid.org/0000-0001-9526-556X
https://orcid.org/0000-0003-1327-9058
https://orcid.org/0000-0002-9258-1345
https://orcid.org/0000-0001-9821-4151
https://orcid.org/0000-0001-5978-4952
https://orcid.org/0000-0002-3798-1135
https://orcid.org/0000-0001-6471-5492
https://orcid.org/0000-0002-8233-7277
https://orcid.org/0000-0002-8773-4781
https://orcid.org/0000-0002-0807-8772
https://orcid.org/0000-0002-8412-4072
https://orcid.org/0000-0002-3129-828X
https://orcid.org/0000-0002-2205-5737
https://orcid.org/0000-0002-2359-8477
https://orcid.org/0000-0002-5360-1454
https://orcid.org/0000-0003-3474-2099
https://orcid.org/0000-0001-7915-1650
https://orcid.org/0000-0002-8312-1531
https://orcid.org/0000-0002-4828-6568
https://orcid.org/0000-0002-1659-8727
https://orcid.org/0000-0002-1315-563X
https://orcid.org/0000-0002-7253-2669
https://orcid.org/0000-0003-3233-5123
https://orcid.org/0000-0003-1797-4330
https://orcid.org/0000-0002-5861-8140
https://orcid.org/0000-0003-2808-7315
https://orcid.org/0000-0001-7002-2051
https://orcid.org/0000-0003-3466-7500
https://orcid.org/0000-0002-8279-2464
https://orcid.org/0000-0002-4640-6108
https://orcid.org/0000-0003-4050-1769
https://orcid.org/0000-0003-4281-4582
https://orcid.org/0000-0003-3953-5996
https://orcid.org/0000-0003-0380-1172
https://orcid.org/0000-0003-3075-2679
https://orcid.org/0000-0003-0449-4717
https://orcid.org/0000-0002-9606-5604
https://orcid.org/0000-0002-1162-2505
https://orcid.org/0000-0002-7104-257X
https://orcid.org/0000-0001-9647-9420
https://orcid.org/0000-0003-0697-3420
https://orcid.org/0000-0002-6777-1761
https://orcid.org/0000-0003-0165-3962
https://orcid.org/0000-0001-9207-7256
https://orcid.org/0000-0003-0037-5032
https://orcid.org/0000-0001-9247-7778
https://orcid.org/0000-0002-6348-6293
https://orcid.org/0000-0002-4159-9123
https://orcid.org/0000-0002-0843-4108
https://orcid.org/0000-0002-9007-629X
https://orcid.org/0000-0001-7108-8116
https://orcid.org/0000-0002-9004-735X
https://orcid.org/0000-0002-7676-3106
https://orcid.org/0000-0003-0386-0527
https://orcid.org/0000-0002-2031-2955
https://orcid.org/0000-0002-9770-2249
https://orcid.org/0000-0002-2991-6384
https://orcid.org/0000-0002-7125-2905
https://orcid.org/0000-0003-2694-6542
https://orcid.org/0000-0002-1717-5654
https://orcid.org/0000-0003-4298-1620
https://orcid.org/0000-0001-9971-1176
https://orcid.org/0000-0002-6598-6865
https://orcid.org/0000-0002-9930-9299
https://orcid.org/0000-0003-0146-845X
https://orcid.org/0000-0003-0002-5462
https://orcid.org/0000-0003-1414-9343
https://orcid.org/0000-0002-7138-7017
https://orcid.org/0000-0001-7646-4977
https://orcid.org/0000-0002-5621-7706
https://orcid.org/0000-0001-9428-2296
https://orcid.org/0000-0002-4560-1614
https://orcid.org/0000-0002-1549-7107
https://orcid.org/0000-0001-8946-655X
https://orcid.org/0000-0002-5183-9020
https://orcid.org/0000-0001-7551-5613
https://orcid.org/0000-0002-6361-438X
https://orcid.org/0000-0001-7804-5514
https://orcid.org/0000-0002-4543-2718
https://orcid.org/0000-0002-0635-274X
https://orcid.org/0000-0001-5742-5593
https://orcid.org/0000-0002-4338-6332
https://orcid.org/0000-0002-8243-371X
https://orcid.org/0000-0001-7962-5203
https://orcid.org/0000-0003-2574-4383
https://orcid.org/0000-0003-2606-9156
https://orcid.org/0000-0002-9395-5230
https://orcid.org/0000-0002-0249-4142
https://orcid.org/0000-0002-0042-9507
https://orcid.org/0000-0002-1061-3877
https://orcid.org/0000-0002-0151-4439
https://orcid.org/0000-0003-0870-5796
https://orcid.org/0000-0002-5920-2438
https://orcid.org/0000-0002-3810-8530
https://orcid.org/0000-0001-6238-6787
https://orcid.org/0000-0002-8480-2259
https://orcid.org/0000-0002-3229-0781
https://orcid.org/0000-0001-8713-3874
https://orcid.org/0000-0002-0080-9550
https://orcid.org/0000-0002-0042-6891
https://orcid.org/0000-0001-9794-3360
https://orcid.org/0000-0003-2173-7530
https://orcid.org/0000-0003-2505-8359
https://orcid.org/0000-0003-2532-9876
https://orcid.org/0000-0001-5979-5299
https://orcid.org/0000-0001-9449-2509
https://orcid.org/0000-0001-5904-142X
https://orcid.org/0000-0003-2150-3750
https://orcid.org/0000-0002-7790-7132
https://orcid.org/0000-0002-7196-2237
https://orcid.org/0000-0002-2539-2376
https://orcid.org/0000-0002-2753-5473
https://orcid.org/0000-0003-3153-0891
https://orcid.org/0000-0002-1397-7246
https://orcid.org/0000-0003-4386-0564
https://orcid.org/0000-0002-0548-9189
https://orcid.org/0000-0001-6621-7606
https://orcid.org/0000-0003-0156-0790
https://orcid.org/0000-0003-1216-5235
https://orcid.org/0000-0003-0743-9465
https://orcid.org/0000-0002-1202-7652
https://orcid.org/0000-0003-1400-0709
https://orcid.org/0000-0002-6864-3294
https://orcid.org/0000-0001-9871-7859
https://orcid.org/0000-0002-2271-5192
https://orcid.org/0000-0002-3617-2432
https://orcid.org/0000-0002-2350-213X
https://orcid.org/0000-0002-3521-6333
https://orcid.org/0000-0002-8781-8192
https://orcid.org/0000-0001-8411-2971
https://orcid.org/0000-0003-1288-4838
https://orcid.org/0000-0001-7291-1979
https://orcid.org/0000-0003-4728-6678
https://orcid.org/0000-0002-7655-3475
https://orcid.org/0000-0002-2751-0567
https://orcid.org/0000-0002-4427-4076
https://orcid.org/0000-0001-6288-951X
https://orcid.org/0000-0002-2971-8214
https://orcid.org/0000-0001-9059-4831
https://orcid.org/0000-0003-1803-624X
https://orcid.org/0000-0001-6768-1056
https://orcid.org/0000-0002-2830-5872
https://orcid.org/0000-0001-8443-4460
https://orcid.org/0000-0002-3641-5983
https://orcid.org/0000-0002-1353-8964
https://orcid.org/0000-0001-5672-214X
https://orcid.org/0000-0003-0342-7977
https://orcid.org/0000-0003-2831-6982
https://orcid.org/0000-0001-8111-9318
https://orcid.org/0000-0002-0812-0758
https://orcid.org/0000-0002-8513-2824
https://orcid.org/0000-0002-9539-6815
https://orcid.org/0000-0002-9023-6847
https://orcid.org/0000-0002-3482-9082
https://orcid.org/0000-0002-5351-7201
https://orcid.org/0000-0002-1028-3468
https://orcid.org/0000-0001-8229-7829
https://orcid.org/0000-0002-7219-9931
https://orcid.org/0000-0002-1447-3533
https://orcid.org/0000-0003-1488-9675
https://orcid.org/0000-0003-1726-5681
https://orcid.org/0000-0003-1009-4621
https://orcid.org/0000-0001-8019-9387
https://orcid.org/0000-0002-5628-9187
https://orcid.org/0000-0002-2190-9059
https://orcid.org/0000-0001-8336-2434
https://orcid.org/0000-0002-4683-6669
https://orcid.org/0000-0001-6225-9876
https://orcid.org/0000-0003-2538-1551
https://orcid.org/0000-0002-2259-9929
https://orcid.org/0000-0002-9539-6815
https://orcid.org/0000-0002-3680-7039
https://orcid.org/0000-0002-4683-6669
https://orcid.org/0000-0003-0463-3043
https://orcid.org/0000-0002-1129-2083
https://orcid.org/0000-0002-7155-003X
https://orcid.org/0000-0002-6543-9191
https://orcid.org/0000-0002-2483-5104
https://orcid.org/0000-0003-1208-6940
https://orcid.org/0000-0001-9876-6642
https://orcid.org/0000-0003-4377-9969
https://orcid.org/0009-0002-5165-5018
https://orcid.org/0000-0002-1138-3700
https://orcid.org/0000-0003-0808-4184
https://orcid.org/0000-0002-9539-7789
https://orcid.org/0000-0003-2618-9203
https://orcid.org/0000-0003-0710-4956
https://orcid.org/0000-0002-3932-0605
https://orcid.org/0000-0002-3491-8026
https://orcid.org/0000-0002-2153-1519
https://orcid.org/0000-0003-4510-6776
https://orcid.org/0000-0003-2141-3413
https://orcid.org/0000-0002-3892-3500
https://orcid.org/0000-0003-3499-7948
https://orcid.org/0000-0002-6697-9464
https://orcid.org/0000-0002-1138-3700
https://orcid.org/0000-0002-4000-5901
https://orcid.org/0000-0003-1567-5548
https://orcid.org/0000-0002-4960-7458
https://orcid.org/0000-0003-3676-9711
https://orcid.org/0000-0002-1501-3328
https://orcid.org/0000-0002-7510-255X
https://orcid.org/0000-0002-2913-9634
https://orcid.org/0000-0002-2633-6712
https://orcid.org/0000-0003-4766-1546
https://orcid.org/0000-0003-4933-2092
https://orcid.org/0000-0002-8736-440X
https://orcid.org/0000-0002-8294-8692
https://orcid.org/0009-0005-9590-9958
https://orcid.org/0000-0002-7469-6974
https://orcid.org/0000-0002-8133-6467
https://orcid.org/0000-0002-2389-4831
https://orcid.org/0000-0001-9280-4150
https://orcid.org/0000-0001-9548-0358
https://orcid.org/0000-0001-9724-0016
https://orcid.org/0000-0002-4564-3822
https://orcid.org/0000-0001-6379-3982
https://orcid.org/0000-0001-6483-7123
https://orcid.org/0000-0002-2669-4659
https://orcid.org/0000-0003-4556-7302
https://orcid.org/0000-0002-2425-7340
https://orcid.org/0000-0002-0338-9862
https://orcid.org/0000-0002-2386-2290
https://orcid.org/0000-0001-5494-7302
https://orcid.org/0000-0001-9878-2140
https://orcid.org/0000-0002-4770-1897
https://orcid.org/0000-0003-3563-257X
https://orcid.org/0000-0002-0088-5043
https://orcid.org/0000-0003-0488-0941
https://orcid.org/0000-0001-6791-8252
https://orcid.org/0000-0002-3846-9483
https://orcid.org/0000-0002-3599-854X
https://orcid.org/0000-0001-6005-0243
https://orcid.org/0000-0002-5956-6258
https://orcid.org/0000-0003-1229-1442
https://orcid.org/0000-0002-4200-1541
https://orcid.org/0000-0003-0451-0510
https://orcid.org/0000-0003-2146-187X
https://orcid.org/0000-0002-7821-3036


M. Szleper ,107 P. Traczyk ,107 P. Zalewski ,107 K. Bunkowski ,108 K. Doroba ,108 A. Kalinowski ,108 M. Konecki ,108

J. Krolikowski ,108 M. Walczak ,108 M. Araujo ,109 P. Bargassa ,109 D. Bastos ,109 A. Boletti ,109 P. Faccioli ,109

M. Gallinaro ,109 J. Hollar ,109 N. Leonardo ,109 T. Niknejad ,109 J. Seixas ,109 K. Shchelina ,109 O. Toldaiev ,109

J. Varela ,109 P. Adzic ,110,ww M. Dordevic ,110 P. Milenovic ,110 J. Milosevic ,110 M. Aguilar-Benitez,111

J. Alcaraz Maestre ,111 A. Álvarez Fernández ,111 I. Bachiller,111 M. Barrio Luna,111 C. F. Bedoya ,111

C. A. Carrillo Montoya ,111 M. Cepeda ,111 M. Cerrada ,111 N. Colino ,111 B. De La Cruz ,111 A. Delgado Peris ,111

J. P. Fernández Ramos ,111 J. Flix ,111 M. C. Fouz ,111 O. Gonzalez Lopez ,111 S. Goy Lopez ,111 J. M. Hernandez ,111

M. I. Josa ,111 J. León Holgado ,111 D. Moran ,111 Á. Navarro Tobar ,111 A. Pérez-Calero Yzquierdo ,111
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76bUniversità di Padova, Padova, Italy
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