
Observation of Forward Neutron Multiplicity Dependence of Dimuon Acoplanarity
in Ultraperipheral Pb-Pb Collisions at

ffiffiffiffiffiffiffiffi

sNN
p

= 5.02 TeV

A.M. Sirunyan et al.
*

(CMS Collaboration)

(Received 10 November 2020; revised 20 April 2021; accepted 21 July 2021; published 17 September 2021)

The first measurement of the dependence of γγ → μþμ− production on the multiplicity of neutrons
emitted very close to the beam direction in ultraperipheral heavy ion collisions is reported. Data for lead-
lead interactions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, with an integrated luminosity of approximately 1.5 nb−1, are

collected using the CMS detector at the LHC. The azimuthal correlations between the two muons in the
invariant mass region 8 < mμμ < 60 GeV are extracted for events including 0, 1, or at least 2 neutrons
detected in the forward pseudorapidity range jηj > 8.3. The back-to-back correlation structure from
leading-order photon-photon scattering is found to be significantly broader for events with a larger number
of emitted neutrons from each nucleus, corresponding to interactions with a smaller impact parameter. This
observation provides a data-driven demonstration that the average transverse momentum of photons
emitted from relativistic heavy ions has an impact parameter dependence. These results provide new
constraints on models of photon-induced interactions in ultraperipheral collisions. They also provide a
baseline to search for possible final-state effects on lepton pairs caused by traversing a quark-gluon plasma
produced in hadronic heavy ion collisions.
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The Lorentz-boosted electromagnetic (EM) fields sur-
rounding relativistic heavy ions with large charges can be
treated as a flux of quasireal photons [1,2] with the flux
intensity proportional to the square of the ion charge.
Therefore, ions accelerated at colliders can interact when
their impact parameter (b) is greater than twice the nuclear
radius (RA), via photon-photon and photon-nucleus proc-
esses, the so-called ultraperipheral collisions (UPCs) [3–7].
Photon-photon interactions can be used to test quantum
electrodynamics (QED) and to search for physics beyond
the standard model [8–17]. Photon-nucleus interactions
probe the gluon distribution at small Bjorken x in the
nucleon or nucleus [12,13,18–25].
The momentum of emitted quasireal photons is pre-

dominantly along the beam direction and the transverse
momentum (pT) is small, typically less than 30 MeV [5,6].
Therefore, the lepton pairs produced from leading-order
photon-photon scattering (γγ → lþl−) possess small pair
pT and are nearly back-to-back in the azimuthal angle (ϕ).
Recently, photon-photon [26,27] and photon-nucleus
[28,29] processes have been observed at very low pT in
hadronic (b < 2RA) heavy ion collisions. Interestingly, a

broadening of lepton pair azimuthal angle correlations (or,
equivalently, an increase of lepton pair pT) is observed in
hadronic collisions compared to that from UPCs [26,27].
In hadronic events, a deconfined state of partonic matter,
known as the quark-gluon plasma (QGP), can be formed.
Therefore, final-state EM modifications of lepton pairs
inside a QGP medium have been proposed as possible
interpretations of the broadening effect [26,27,30]. The
initial pT of the lepton pairs depends on the overlap integral
of the photon fluxes produced by the two nuclei, and as a
result, the average pair pT (hpTi) could depend on the b
between the two colliding ions. Although models of the
flux of photons integrated over a given b range have large
uncertainties [7,31,32], a QED calculation [32] predicts
larger hpTi for smaller b values. Such a larger hpTi in the
initial state would broaden the pair angular correlation,
which could explain the effects observed in more central
hadronic collisions.
To disentangle possible contributions from initial- and

final-state effects to the modifications observed in hadronic
heavy ion collisions, an experimental handle on the b
dependence of lepton pair production in UPCs is essential.
The photon-photon interactions can occur in conjunction
with the excitation of one or both of the ions via photon
absorption into giant dipole resonances or higher excited
states [5–8,33,34]. The giant dipole resonances typically
decay by emitting a single neutron, while higher excited
states may emit two or more neutrons. These forward
neutrons have very low relative momentum with respect to
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their parent ions and therefore approximately retain the
beam rapidity. The contribution of higher excitations
becomes larger as b gets smaller [5–8]. Therefore, the
number of emitted neutrons detected in the forward region
can be used to classify UPC events into different b ranges.
This Letter reports the first measurement of the forward

neutron multiplicity dependence of γγ → μþμ− production
in the muon pair invariant mass region 8 < mμμ < 60 GeV
in lead-lead (Pb-Pb) UPCs at a nucleon-nucleon center-of-
mass energy

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, using data collected with

the CMS detector during the 2018 LHC run. The Pb-Pb
sample that includes information about forward neutrons
corresponds to an integrated luminosity of approximately
1.5 nb−1. Azimuthal correlations of muon pairs, quantified
by the acoplanarity, α ¼ 1 − jϕþ − ϕ−j=π, are presented
for several different classes of neutron multiplicity detected
in the forward pseudorapidity range jηj > 8.3. Here, ϕ�
represent the azimuthal angle of each muon in the lab
frame. A larger average α for lepton pairs from leading-
order γγ scatterings corresponds to fewer back-to-back
azimuthal correlations and thus larger initial pT of the
interacting photons. The muon azimuthal angle is used
instead of pT because of its superior experimental reso-
lution. The average invariant mass of muon pairs in various
neutron multiplicity classes is also presented as a probe of
the initial photon energy and its b dependence. Tabulated
results are provided in the HEPData record for this
analysis [35].
The central feature of the CMS apparatus is a super-

conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume, there
are four subdetectors, including a silicon pixel and strip
tracker detector, a lead-tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter,
each composed of a barrel and two end cap sections.
Muons are detected in the range jηj < 2.4 in gas-ionization
detectors embedded in the steel flux-return yoke outside the
solenoid, with detection planes made using three technol-
ogies: drift tubes, cathode strip chambers, and resistive-
plate chambers. Matching muons to tracks measured in
the silicon tracker leads to a relative pT resolution around
1% [36] and an azimuthal angle resolution better than
7 × 10−4 rad for a typical muon in this analysis. The CMS
experiment has extensive forward calorimetry, including
two steel and quartz-fiber Cherenkov hadron forward (HF)
calorimeters that cover the range of 2.9 < jηj < 5.2, which
are used to reject hadronic Pb-Pb collision events. Two zero
degree calorimeters (ZDC) [37], made of quartz fibers and
plates embedded in tungsten absorbers, are used to detect
neutrons from nuclear dissociation events in the range
jηj > 8.3. 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. [38].
Events used in this study were selected online using a

hardware-based trigger system that requires at least one

muon candidate coincident with a Pb-Pb bunch crossing
[39]. On the trigger level, there is no explicit selection on
the minimum muon pT and events with an energy deposit
above the noise threshold in both HF calorimeters are
vetoed. For the off-line analysis, events have to pass a set of
selection criteria designed to reject beam-related back-
ground processes (beam-gas collisions and beam scraping
events) and hadronic collisions. Events are required to have
a primary interaction vertex, formed by two or more tracks,
within 20 cm from the CMS detector center along the beam
axis. The cluster shapes in the pixel detector must be
compatible with those expected from particles produced by
a Pb-Pb collision [40]. To suppress hadronic Pb-Pb
collisions, the largest energy deposits in the HF calorim-
eters are required to be below 7.3 and 7.6 GeV in the
positive and negative rapidity sides, respectively, where
these noise thresholds are determined from empty bunch
crossing events. In addition, events must contain exactly
two muon candidates and no additional tracks in the range
jηj < 2.4. Selected events are then classified by neutron
multiplicity, which is determined by the energies deposited
in the ZDCs. For single neutrons, the relative energy
resolution of the ZDCs is ∼22%–26%, while the detection
efficiency is close to 100% in simulated events [37]. Based
on neutron peaks observed in the total ZDC energy
distribution (available in the Supplemental Material
[41]), events are divided into three neutron multiplicity
classes (0n, 1n, and Xn with X ≥ 2) on each side. The
corresponding purities of selected neutron multiplicity
classes are estimated by a multi-Gaussian function fit to
the energy distribution. The purities are nearly 100% for the
0n and Xn classes, but only ∼93%–95% for the 1n class
because of detector resolution effects. From the combina-
tions of the number of neutrons in each ZDC separately, a
total of six neutron multiplicity classes, labeled as 0n0n,
0n1n, 0nXn, 1n1n, 1nXn, and XnXn, are used in this
study. The 0n0n class corresponds to no Coulomb breakup
of either nucleus and the 1nXn class corresponds to one
neutron emitted from one nucleus and at least two neutrons
emitted from the other nucleus.
Muons are selected in the kinematic range of pμ

T >
3.5 GeV and jημj < 2.4. They are reconstructed using the
combined information of the tracker and muon detectors
(so-called “soft muons” defined in Ref. [36]). The opposite-
sign distribution (signal and background) is reconstructed
by combining μþ and μ− candidates, while the combina-
torial background is estimated using events containing
same-sign muons. One of the muon candidates in the
opposite- or same-sign pair is required to match a trigger
muon. The studied dimuon kinematic range is 8 < mμμ <
60 GeV and jyμμj < 2.4 to ensure high efficiency and also
to suppress the contribution from photoproduced resonan-
ces (charmonia and Z bosons).
The detector reconstruction efficiency is estimated using

a dedicated γγ → μþμ− Monte Carlo simulation sample
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produced by the STARLIGHT (v3.0) event generator [43]
without restriction on the Coulomb breakup of either
nucleus. Only lþl− pairs from the leading-order γγ
scattering are generated, and the calculation is performed
by integrating over the entire b space for UPC events. No
differential b dependence of the initial photon pT is
considered in STARLIGHT. The CMS detector response is
simulated further using GEANT4 with these STARLIGHT

generated events [44]. The muon trigger (εμtrig) and
reconstruction (εμreco) efficiencies are estimated as functions
of pμ

T , η
μ, and ϕμ. To correct for detector inefficiencies,

each muon pair event is scaled by ðεtrigεrecoÞ−1, where

εtrig ¼ 1 − ð1 − εμ
þ

trigÞð1 − εμ
−

trigÞ and εreco ¼ εμ
þ

recoε
μ−
reco. The

reconstruction and trigger efficiencies rapidly reach a
plateau as functions of pT with values of ∼95%–99%
above pμ

T ≈ 6 GeV for jημj < 1.2 and above pμ
T ≈ 4 GeV

for 1.2 < jημj < 2.4. Systematic uncertainties associated
with the efficiency corrections are negligible since they
largely cancel out in the final observables, which are
normalized by the total yield.
The cross section of single electromagnetic dissociation

(EMD) [45,46] of Pb nuclei in Pb-Pb collisions was
measured to be 187.4� 0.2ðstatÞþ13.2

−11.2ðsystÞb at
ffiffiffiffiffiffiffiffi

sNN
p ¼

2.76 TeV [47]. It is expected to be even larger at
ffiffiffiffiffiffiffiffi

sNN
p ¼

5.02 TeV given the stronger EM fields. Because of the
large single-EMD cross section, a single measured
γγ → μþμ− event may contain concurrent EMD Pb-Pb
events in the same bunch crossing. These concurrent events
can emit neutrons and migrate the neutron multiplicity of a

single γγ → μþμ− interaction to higher values. This EMD
pileup effect is quantified by measuring the ZDC energy
distributions from “zero-bias” triggered events that require
only the presence of both beams in the same bunch
crossing. No valid collision vertex or track is allowed to
be present in the event. The same HF veto thresholds as for
the γγ → μþμ− events are applied. The neutron multiplicity
classes in these selected zero-bias events are used to
estimate the probability of a γγ → μþμ− event being
assigned an incorrect neutron multiplicity because of pileup
effects. By inverting a matrix of these migration proba-
bilities, the true observable distributions are extracted from
the measured data. In this study, about 11% of measured
γγ → μþμ− events have neutron multiplicity migration
caused by EMD pileup.
Figure 1 shows the corrected α distributions of μþμ−

pairs in Pb-Pb collisions within the kinematic range
(pμ

T > 3.5 GeV, jημj < 2.4, and jyμμj < 2.4) for different
neutron multiplicity classes. The α distributions are nor-
malized to unit integral over their measured range
[ð1=NsÞdNs=dα, where Ns represents the signal yield].
Each α spectrum is characterized by a narrow core close to
zero and a long tail. The core component mostly originates
from the leading-order γγ scattering, while in the tail
component, higher-order γγ processes dominate. These
higher-order processes include, e.g., extra photon radiation
from the produced lepton(s), multiple-photon interactions,
or scattering of (one or both) photons emitted from one of
the protons inside the nucleus [9,30]. The tail contribution
in the XnXn class is larger than that in the 0n0n class.
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FIG. 1. Neutron multiplicity dependence of acoplanarity distributions from γγ → μþμ− for pμ
T > 3.5 GeV, jημj < 2.4, jyμμj < 2.4, and

8 < mμμ < 60 GeV in ultraperipheral Pb-Pb collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV. The α distributions are normalized to unit integral over

their measured range. The dot-dot-dashed and dotted lines indicate the core and tail contributions, respectively, found using a fit to
Eq. (1). The vertical lines on data points depict the statistical uncertainties, while the systematic uncertainties and horizontal bin widths
are shown as gray boxes.
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This is consistent with the expectation of larger contribu-
tions of higher-order γγ processes in UPC events that have
smaller b and produce more neutrons in the forward region.
To investigate a possible b dependence of the initial

photon pT , the core contribution to the α distribution
is decoupled from the tail contribution using a two-
component empirical fit function (where ci and ti are
the fit parameters), as shown in Fig. 1,

core∶ c1e−α=c2þc3α0.25 ;

tail∶ t1½1þ ðt2=t3Þα�−t3 ; ð1Þ

except for the case of 1n1n, where a simple exponential
function is used for the tail component, given the limited
number of events. The core component is largely modeled
by an exponential function with a correction term (c3) to
account for the small depletion in the very small α (e.g.,
< 5 × 10−4) region, which tends to become more evident as
the neutron multiplicity increases. This core functional form
is validated by the STARLIGHT event generator and leading-
order QED calculations, resulting in a < 0.3% discrepancy
on the average acoplanarity from the fit and theoretical
predictions. A binned χ2 goodness-of-fit minimization is
performed using the integral of the function across each bin
to account for the finite binning effect of the histogram. The
average acoplanarity of μþμ− pairs from the core component
(hαcorei) is then calculated using the fit function.
The measured α distribution and hαcorei of μþμ− pairs

have several sources of systematic uncertainty arising from
the contamination of hadronic collisions, EMD pileup
correction, neutron multiplicity classification, and fit pro-
cedure. The uncertainty of the hadronic contamination is
estimated by removing the requirement that selected events
only contain two muons and is found to be < 1.1%.
To estimate the systematic uncertainty associated with
the HF noise threshold, the threshold to define the hadronic
contamination is tightened to 5 GeV for both UPCs and
zero-bias triggered events. The difference from the nominal
result is quoted as the systematic uncertainty and contrib-
utes < 2.7%. The uncertainty arising from impure 1n class
selection (< 0.7%) is estimated by subtracting the contri-
butions of 2n events selected with tight energy require-
ments, according to the 2n contamination probability. The
systematic uncertainty associated with contamination of
photoproduced ϒ mesons (∼0.6%) is estimated by com-
paring α distributions from STARLIGHT between pure
γγ → μþμ− and γγ → μþμ− mixed with photoproduced
coherent ϒð1SÞ, with the relative yield ratio of ϒð1SÞ over
γγ → μþμ− estimated by fitting the invariant mass distri-
bution. The systematic uncertainty in hαcorei associated
with the binned χ2 fit procedure is estimated by varying the
bin width of α distributions and is found to be less than 4%.
The total systematic uncertainties are derived from a
quadratic sum of all systematic sources and are found
to be at most 5.1% in hαcorei. To measure hmμμi, a

second-order polynomial function is fit to the mass spec-
trum (available in the Supplemental Material [41]), to
interpolate the contribution of γγ scattering to dimuon pair
production over the ϒ mass region. The systematic uncer-
tainty related to this procedure is estimated by comparing
the nominal result to the one obtained by a third-order
polynomial function fit. Together with the aforementioned
systematic sources, the total systematic uncertainty in
hmμμi is below 1.8%, across all neutron multiplicity classes.

The neutron multiplicity dependence of hαcorei for μþμ−
pairs in ultraperipheral Pb-Pb collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼

5.02 TeV is shown in Fig. 2 (upper), in the mass region
8 < mμμ < 60 GeV. A strong neutron multiplicity depend-
ence of hαcorei is clearly observed, while the hαcorei
predicted by STARLIGHT is almost constant at a value of
about 1.35 × 10−3, shown as the dot-dashed line in Fig. 2
(upper). The hαcorei for inclusive UPCs is measured to
be ½1227� 7ðstatÞ � 8ðsystÞ� × 10−6, about 10% lower
than the STARLIGHT prediction. In general, the hαcorei in
data becomes larger as the emitted neutron multiplicity
increases. A fit to the dependence of hαcorei on the neutron
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FIG. 2. Neutron multiplicity dependence of (upper) hαcorei and
(lower) hmμμi of μþμ− pairs in ultraperipheral Pb-Pb collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV. The vertical lines on data points depict the
statistical uncertainties, while the systematic uncertainties of the
data are shown as shaded areas. The dot-dashed line shows
the STARLIGHT prediction, and the dashed line corresponds to the
leading-order QED calculation of Ref. [48].
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multiplicity with a constant value is rejected with a p value
corresponding to 5.7 standard deviations. This observation
demonstrates that initial photons producing μþμ− pairs
have a significant b dependence of their pT, which impacts
the pT and acoplanarity of muon pairs in the final state.
This initial-state contribution must be properly taken into
account when exploring possible final-state EM effects
arising from a hot QGP medium formed in hadronic heavy
ion collisions [26,27]. A recent leading-order QED calcu-
lation [48], incorporating a b dependence of the initial
photon pT [32], has provided results for all the reported
neutron multiplicity classes. The average b values esti-
mated in Ref. [48] range from about 112 to 22 fm for the
0n0n to XnXn neutron multiplicity classes, respectively.
The model calculation can qualitatively describe the
increasing trend of hαcorei data with the neutron multiplic-
ity, shown as the dashed line in Fig. 2 (upper). However, the
data are systematically higher than the model calculation
(plotted without uncertainties) by about 5%, which may be
related to the presence in data of soft photon radiation from
the muons [30].
Figure 3 shows a direct comparison between data and

model calculations for the α distributions with α < 0.008 in
all the reported neutron multiplicity classes. The α dis-
tribution is clearly observed to broaden in the high neutron
multiplicity class. The QED calculation, incorporating a b
dependence of the initial photon pT , can describe the α
distributions reasonably well, while STARLIGHT fails to
describe the data.
A rapidity dependence of the α distribution is also

investigated for 0n1n, 0nXn, and 1nXn classes (available
in the Supplemental Material [41]) for dimuon rapidity

in the hemisphere containing larger (smaller) neutron
multiplicity. In the 0nXn class, the tail contribution in
the rapidity hemisphere with Xn is significantly larger than
that in the rapidity hemisphere with zero neutrons, sug-
gesting contributions from different higher-order processes
that correlate with the dimuon pair production. However,
no rapidity dependence is observed for the hαcorei values
extracted from the fits using Eq. (1). This is consistent with
the expectation that the hαcorei is dominated by leading-
order γγ → μþμ− scatterings and illustrates that the
employed core functional form is robust.
In Fig. 2 (lower), the average invariant mass hmμμi of all

muon pairs passing the selection criteria, is shown as a
function of the neutron multiplicity. A clear neutron
multiplicity dependence of hmμμi is observed, with the
hmμμi value measured in XnXn events being larger than
that in 0n0n events with a significance exceeding 5
standard deviations. This trend of hmμμi can be qualita-
tively described by both model calculations. As the muon
pair invariant mass is largely determined by the initial
photon energy, this observation suggests that the energy of
the photons involved in UPCs is, on average, larger in
collisions with smaller b, a conclusion similar to that
previously drawn for the initial photon pT .
In summary, the first measurements of γγ → μþμ−

production as a function of forward neutron multiplicity
in ultraperipheral lead-lead collisions at a nucleon-nucleon
center-of-mass energy of 5.02 TeV are reported. A signifi-
cant broadening of back-to-back azimuthal correlations is
seen, with respect to the leading-order γγ → μþμ− process,
for increasing multiplicities of emitted forward neutrons.
This observed trend is qualitatively reproduced by a
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leading-order quantum electrodynamics calculation,
demonstrating the importance of an impact-parameter-
dependent photon pT . A similar trend of increasing average
invariant mass of muon pairs with neutron multiplicity is
also observed. These measurements provide the first
experimental demonstration that the initial energy and
transverse momentum of photons exchanged in ultraper-
ipheral heavy ion collisions depend on the impact param-
eter of the interaction. These results call for theoretical
efforts to improve the precision in modeling photon-
induced interactions. Future searches for electromagnetic
interactions of leptons inside the quark-gluon plasma
created in heavy ion collisions should incorporate a base-
line where the initial broadening effects presented in this
Letter are properly taken into account.
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C. Dorfer,132 T. Gadek,132 T. A. Gómez Espinosa,132 C. Grab,132 D. Hits,132 W. Lustermann,132 A.-M. Lyon,132

R. A. Manzoni,132 M. T. Meinhard,132 F. Micheli,132 F. Nessi-Tedaldi,132 F. Pauss,132 V. Perovic,132 G. Perrin,132

L. Perrozzi,132 S. Pigazzini,132 M. G. Ratti,132 M. Reichmann,132 C. Reissel,132 T. Reitenspiess,132 B. Ristic,132 D. Ruini,132

D. A. Sanz Becerra,132 M. Schönenberger,132 V. Stampf,132 M. L. Vesterbacka Olsson,132 R. Wallny,132 D. H. Zhu,132

C. Amsler,133,jjj C. Botta,133 D. Brzhechko,133 M. F. Canelli,133 R. Del Burgo,133 J. K. Heikkilä,133 M. Huwiler,133

A. Jofrehei,133 B. Kilminster,133 S. Leontsinis,133 A. Macchiolo,133 P. Meiring,133 V. M. Mikuni,133 U. Molinatti,133

I. Neutelings,133 G. Rauco,133 A. Reimers,133 P. Robmann,133 K. Schweiger,133 Y. Takahashi,133 S. Wertz,133 C. Adloff,134,kkk

C. M. Kuo,134 W. Lin,134 A. Roy,134 T. Sarkar,134,jj S. S. Yu,134 L. Ceard,135 P. Chang,135 Y. Chao,135 K. F. Chen,135

P. H. Chen,135 W.-S. Hou,135 Y. y. Li,135 R.-S. Lu,135 E. Paganis,135 A. Psallidas,135 A. Steen,135 E. Yazgan,135

B. Asavapibhop,136 C. Asawatangtrakuldee,136 N. Srimanobhas,136 F. Boran,137 S. Damarseckin,137,lll Z. S. Demiroglu,137

F. Dolek,137 C. Dozen,137,mmm I. Dumanoglu,137,nnn E. Eskut,137 G. Gokbulut,137 Y. Guler,137 E. Gurpinar Guler,137,ooo

I. Hos,137,ppp C. Isik,137 E. E. Kangal,137,qqq O. Kara,137 A. Kayis Topaksu,137 U. Kiminsu,137 G. Onengut,137

PHYSICAL REVIEW LETTERS 127, 122001 (2021)

122001-11



K. Ozdemir,137,rrr A. Polatoz,137 A. E. Simsek,137 B. Tali,137,sss U. G. Tok,137 S. Turkcapar,137 I. S. Zorbakir,137

C. Zorbilmez,137 B. Isildak,138,ttt G. Karapinar,138,uuu K. Ocalan,138,vvv M. Yalvac,138,www I. O. Atakisi,139 E. Gülmez,139

M. Kaya,139,xxx O. Kaya,139,yyy Ö. Özçelik,139 S. Tekten,139,zzz E. A. Yetkin,139,aaaa A. Cakir,140 K. Cankocak,140,nnn

Y. Komurcu,140 S. Sen,140,bbbb F. Aydogmus Sen,141 S. Cerci,141,sss B. Kaynak,141 S. Ozkorucuklu,141 D. Sunar Cerci,141,sss

B. Grynyov,142 L. Levchuk,143 E. Bhal,144 S. Bologna,144 J. J. Brooke,144 E. Clement,144 D. Cussans,144 H. Flacher,144

J. Goldstein,144 G. P. Heath,144 H. F. Heath,144 L. Kreczko,144 B. Krikler,144 S. Paramesvaran,144 T. Sakuma,144

S. Seif El Nasr-Storey,144 V. J. Smith,144 J. Taylor,144 A. Titterton,144 K.W. Bell,145 A. Belyaev,145,cccc C. Brew,145

R. M. Brown,145 D. J. A. Cockerill,145 K. V. Ellis,145 K. Harder,145 S. Harper,145 J. Linacre,145 K. Manolopoulos,145

D. M. Newbold,145 E. Olaiya,145 D. Petyt,145 T. Reis,145 T. Schuh,145 C. H. Shepherd-Themistocleous,145 A. Thea,145

I. R. Tomalin,145 T. Williams,145 R. Bainbridge,146 P. Bloch,146 S. Bonomally,146 J. Borg,146 S. Breeze,146 O. Buchmuller,146

A. Bundock,146 V. Cepaitis,146 G. S. Chahal,146,dddd D. Colling,146 P. Dauncey,146 G. Davies,146 M. Della Negra,146

G. Fedi,146 G. Hall,146 G. Iles,146 J. Langford,146 L. Lyons,146 A.-M. Magnan,146 S. Malik,146 A. Martelli,146 V. Milosevic,146

J. Nash,146,eeee V. Palladino,146 M. Pesaresi,146 D. M. Raymond,146 A. Richards,146 A. Rose,146 E. Scott,146 C. Seez,146

A. Shtipliyski,146 M. Stoye,146 A. Tapper,146 K. Uchida,146 T. Virdee,146,u N. Wardle,146 S. N. Webb,146 D. Winterbottom,146

A. G. Zecchinelli,146 J. E. Cole,147 P. R. Hobson,147 A. Khan,147 P. Kyberd,147 C. K. Mackay,147 I. D. Reid,147

L. Teodorescu,147 S. Zahid,147 A. Brinkerhoff,148 K. Call,148 B. Caraway,148 J. Dittmann,148 K. Hatakeyama,148

A. R. Kanuganti,148 C. Madrid,148 B. McMaster,148 N. Pastika,148 S. Sawant,148 C. Smith,148 J. Wilson,148 R. Bartek,149

A. Dominguez,149 R. Uniyal,149 A. M. Vargas Hernandez,149 A. Buccilli,150 O. Charaf,150 S. I. Cooper,150 S. V. Gleyzer,150

C. Henderson,150 P. Rumerio,150 C. West,150 A. Akpinar,151 A. Albert,151 D. Arcaro,151 C. Cosby,151 Z. Demiragli,151

D. Gastler,151 J. Rohlf,151 K. Salyer,151 D. Sperka,151 D. Spitzbart,151 I. Suarez,151 S. Yuan,151 D. Zou,151 G. Benelli,152

B. Burkle,152 X. Coubez,152,v D. Cutts,152 Y. t. Duh,152 M. Hadley,152 U. Heintz,152 J. M. Hogan,152,ffff K. H. M. Kwok,152

E. Laird,152 G. Landsberg,152 K. T. Lau,152 J. Lee,152 M. Narain,152 S. Sagir,152,gggg R. Syarif,152 E. Usai,152 W. Y. Wong,152

D. Yu,152 W. Zhang,152 R. Band,153 C. Brainerd,153 R. Breedon,153 M. Calderon De La Barca Sanchez,153 M. Chertok,153

J. Conway,153 R. Conway,153 P. T. Cox,153 R. Erbacher,153 C. Flores,153 G. Funk,153 F. Jensen,153 W. Ko,153,a O. Kukral,153

R. Lander,153 M. Mulhearn,153 D. Pellett,153 J. Pilot,153 M. Shi,153 D. Taylor,153 K. Tos,153 M. Tripathi,153 Y. Yao,153

F. Zhang,153 M. Bachtis,154 R. Cousins,154 A. Dasgupta,154 D. Hamilton,154 J. Hauser,154 M. Ignatenko,154 T. Lam,154

N. Mccoll,154 W. A. Nash,154 S. Regnard,154 D. Saltzberg,154 C. Schnaible,154 B. Stone,154 V. Valuev,154 K. Burt,155

Y. Chen,155 R. Clare,155 J. W. Gary,155 S. M. A. Ghiasi Shirazi,155 G. Hanson,155 G. Karapostoli,155 O. R. Long,155

N. Manganelli,155 M. Olmedo Negrete,155 M. I. Paneva,155 W. Si,155 S. Wimpenny,155 Y. Zhang,155 J. G. Branson,156

P. Chang,156 S. Cittolin,156 S. Cooperstein,156 N. Deelen,156 J. Duarte,156 R. Gerosa,156 D. Gilbert,156 V. Krutelyov,156

J. Letts,156 M. Masciovecchio,156 S. May,156 S. Padhi,156 M. Pieri,156 V. Sharma,156 M. Tadel,156 F. Würthwein,156

A. Yagil,156 N. Amin,157 C. Campagnari,157 M. Citron,157 A. Dorsett,157 V. Dutta,157 J. Incandela,157 B. Marsh,157 H. Mei,157

A. Ovcharova,157 H. Qu,157 M. Quinnan,157 J. Richman,157 U. Sarica,157 D. Stuart,157 S. Wang,157 D. Anderson,158

A. Bornheim,158 O. Cerri,158 I. Dutta,158 J. M. Lawhorn,158 N. Lu,158 J. Mao,158 H. B. Newman,158 T. Q. Nguyen,158

J. Pata,158 M. Spiropulu,158 J. R. Vlimant,158 S. Xie,158 Z. Zhang,158 R. Y. Zhu,158 J. Alison,159 M. B. Andrews,159

T. Ferguson,159 T. Mudholkar,159 M. Paulini,159 M. Sun,159 I. Vorobiev,159 J. P. Cumalat,160 W. T. Ford,160 E. MacDonald,160

T. Mulholland,160 R. Patel,160 A. Perloff,160 K. Stenson,160 K. A. Ulmer,160 S. R. Wagner,160 J. Alexander,161 Y. Cheng,161

J. Chu,161 D. J. Cranshaw,161 A. Datta,161 A. Frankenthal,161 K. Mcdermott,161 J. Monroy,161 J. R. Patterson,161 D. Quach,161

A. Ryd,161 W. Sun,161 S. M. Tan,161 Z. Tao,161 J. Thom,161 P. Wittich,161 M. Zientek,161 S. Abdullin,162 M. Albrow,162

M. Alyari,162 G. Apollinari,162 A. Apresyan,162 A. Apyan,162 S. Banerjee,162 L. A. T. Bauerdick,162 A. Beretvas,162

D. Berry,162 J. Berryhill,162 P. C. Bhat,162 K. Burkett,162 J. N. Butler,162 A. Canepa,162 G. B. Cerati,162 H.W. K. Cheung,162

F. Chlebana,162 M. Cremonesi,162 V. D. Elvira,162 J. Freeman,162 Z. Gecse,162 E. Gottschalk,162 L. Gray,162 D. Green,162

S. Grünendahl,162 O. Gutsche,162 R. M. Harris,162 S. Hasegawa,162 R. Heller,162 T. C. Herwig,162 J. Hirschauer,162

B. Jayatilaka,162 S. Jindariani,162 M. Johnson,162 U. Joshi,162 P. Klabbers,162 T. Klijnsma,162 B. Klima,162

M. J. Kortelainen,162 S. Lammel,162 D. Lincoln,162 R. Lipton,162 M. Liu,162 T. Liu,162 J. Lykken,162 K. Maeshima,162

D. Mason,162 P. McBride,162 P. Merkel,162 S. Mrenna,162 S. Nahn,162 V. O’Dell,162 V. Papadimitriou,162 K. Pedro,162

C. Pena,162,hhhh O. Prokofyev,162 F. Ravera,162 A. Reinsvold Hall,162 L. Ristori,162 B. Schneider,162 E. Sexton-Kennedy,162

N. Smith,162 A. Soha,162 W. J. Spalding,162 L. Spiegel,162 S. Stoynev,162 J. Strait,162 L. Taylor,162 S. Tkaczyk,162

N. V. Tran,162 L. Uplegger,162 E.W. Vaandering,162 H. A. Weber,162 A. Woodard,162 D. Acosta,163 P. Avery,163

PHYSICAL REVIEW LETTERS 127, 122001 (2021)

122001-12



D. Bourilkov,163 L. Cadamuro,163 V. Cherepanov,163 F. Errico,163 R. D. Field,163 D. Guerrero,163 B. M. Joshi,163 M. Kim,163

J. Konigsberg,163 A. Korytov,163 K. H. Lo,163 K. Matchev,163 N. Menendez,163 G. Mitselmakher,163 D. Rosenzweig,163

K. Shi,163 J. Sturdy,163 J. Wang,163 S. Wang,163 X. Zuo,163 T. Adams,164 A. Askew,164 D. Diaz,164 R. Habibullah,164

S. Hagopian,164 V. Hagopian,164 K. F. Johnson,164 R. Khurana,164 T. Kolberg,164 G. Martinez,164 H. Prosper,164 C. Schiber,164

R. Yohay,164 J. Zhang,164 M.M. Baarmand,165 S. Butalla,165 T. Elkafrawy,165,iiii M. Hohlmann,165 D. Noonan,165

M. Rahmani,165 M. Saunders,165 F. Yumiceva,165 M. R. Adams,166 L. Apanasevich,166 H. Becerril Gonzalez,166

R. Cavanaugh,166 X. Chen,166 S. Dittmer,166 O. Evdokimov,166 C. E. Gerber,166 D. A. Hangal,166 D. J. Hofman,166

C. Mills,166 G. Oh,166 T. Roy,166 M. B. Tonjes,166 N. Varelas,166 J. Viinikainen,166 X. Wang,166 Z. Wu,166 M. Alhusseini,167

K. Dilsiz,167,jjjj S. Durgut,167 R. P. Gandrajula,167 M. Haytmyradov,167 V. Khristenko,167 O. K. Köseyan,167 J.-P. Merlo,167

A. Mestvirishvili,167,kkkk A. Moeller,167 J. Nachtman,167 H. Ogul,167,llll Y. Onel,167 F. Ozok,167,mmmm A. Penzo,167

C. Snyder,167 E. Tiras,167 J. Wetzel,167 K. Yi,167,nnnn O. Amram,168 B. Blumenfeld,168 L. Corcodilos,168 M. Eminizer,168

A. V. Gritsan,168 S. Kyriacou,168 P. Maksimovic,168 C. Mantilla,168 J. Roskes,168 M. Swartz,168 T. Á. Vámi,168

C. Baldenegro Barrera,169 P. Baringer,169 A. Bean,169 A. Bylinkin,169 T. Isidori,169 S. Khalil,169 J. King,169 G. Krintiras,169

A. Kropivnitskaya,169 C. Lindsey,169 N. Minafra,169 M. Murray,169 C. Rogan,169 C. Royon,169 S. Sanders,169 E. Schmitz,169

J. D. Tapia Takaki,169 Q. Wang,169 J. Williams,169 G. Wilson,169 S. Duric,170 A. Ivanov,170 K. Kaadze,170 D. Kim,170

Y. Maravin,170 T. Mitchell,170 A. Modak,170 A. Mohammadi,170 F. Rebassoo,171 D. Wright,171 E. Adams,172 A. Baden,172

O. Baron,172 A. Belloni,172 S. C. Eno,172 Y. Feng,172 N. J. Hadley,172 S. Jabeen,172 G. Y. Jeng,172 R. G. Kellogg,172

T. Koeth,172 A. C. Mignerey,172 S. Nabili,172 M. Seidel,172 A. Skuja,172 S. C. Tonwar,172 L. Wang,172 K. Wong,172

D. Abercrombie,173 B. Allen,173 R. Bi,173 S. Brandt,173 W. Busza,173 I. A. Cali,173 Y. Chen,173 M. D’Alfonso,173

G. Gomez Ceballos,173 M. Goncharov,173 P. Harris,173 D. Hsu,173 M. Hu,173 M. Klute,173 D. Kovalskyi,173 J. Krupa,173

Y.-J. Lee,173 P. D. Luckey,173 B. Maier,173 A. C. Marini,173 C. Mcginn,173 C. Mironov,173 S. Narayanan,173 X. Niu,173

C. Paus,173 D. Rankin,173 C. Roland,173 G. Roland,173 Z. Shi,173 G. S. F. Stephans,173 K. Sumorok,173 K. Tatar,173

D. Velicanu,173 J. Wang,173 T. W. Wang,173 Z. Wang,173 B. Wyslouch,173 R. M. Chatterjee,174 A. Evans,174 S. Guts,174,a

P. Hansen,174 J. Hiltbrand,174 Sh. Jain,174 M. Krohn,174 Y. Kubota,174 Z. Lesko,174 J. Mans,174 M. Revering,174 R. Rusack,174

R. Saradhy,174 N. Schroeder,174 N. Strobbe,174 M. A. Wadud,174 J. G. Acosta,175 S. Oliveros,175 K. Bloom,176 S. Chauhan,176

D. R. Claes,176 C. Fangmeier,176 L. Finco,176 F. Golf,176 J. R. González Fernández,176 I. Kravchenko,176 J. E. Siado,176

G. R. Snow,176,a B. Stieger,176 W. Tabb,176 F. Yan,176 G. Agarwal,177 H. Bandyopadhyay,177 C. Harrington,177 L. Hay,177

I. Iashvili,177 A. Kharchilava,177 C. McLean,177 D. Nguyen,177 J. Pekkanen,177 S. Rappoccio,177 B. Roozbahani,177

G. Alverson,178 E. Barberis,178 C. Freer,178 Y. Haddad,178 A. Hortiangtham,178 J. Li,178 G. Madigan,178 B. Marzocchi,178

D. M. Morse,178 V. Nguyen,178 T. Orimoto,178 A. Parker,178 L. Skinnari,178 A. Tishelman-Charny,178 T. Wamorkar,178

B. Wang,178 A. Wisecarver,178 D. Wood,178 S. Bhattacharya,179 J. Bueghly,179 Z. Chen,179 A. Gilbert,179 T. Gunter,179

K. A. Hahn,179 N. Odell,179 M. H. Schmitt,179 K. Sung,179 M. Velasco,179 R. Bucci,180 N. Dev,180 R. Goldouzian,180

M. Hildreth,180 K. Hurtado Anampa,180 C. Jessop,180 D. J. Karmgard,180 K. Lannon,180 N. Loukas,180 N. Marinelli,180

I. Mcalister,180 F. Meng,180 K. Mohrman,180 Y. Musienko,180,uu R. Ruchti,180 P. Siddireddy,180 S. Taroni,180 M. Wayne,180

A. Wightman,180 M. Wolf,180 L. Zygala,180 J. Alimena,181 B. Bylsma,181 B. Cardwell,181 L. S. Durkin,181 B. Francis,181

C. Hill,181 A. Lefeld,181 B. L. Winer,181 B. R. Yates,181 P. Das,182 G. Dezoort,182 P. Elmer,182 B. Greenberg,182

N. Haubrich,182 S. Higginbotham,182 A. Kalogeropoulos,182 G. Kopp,182 S. Kwan,182 D. Lange,182 M. T. Lucchini,182

J. Luo,182 D. Marlow,182 K. Mei,182 I. Ojalvo,182 J. Olsen,182 C. Palmer,182 P. Piroué,182 D. Stickland,182 C. Tully,182
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70bUniversità di Bologna, Bologna, Italy

71aINFN Sezione di Catania, Catania, Italy
71bUniversità di Catania, Catania, Italy

72aINFN Sezione di Firenze, Firenze, Italy
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124Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain

125Universidad Autónoma de Madrid, Madrid, Spain
126Universidad de Oviedo, Instituto Universitario de Ciencias y Tecnologías Espaciales de Asturias (ICTEA), Oviedo, Spain

127Instituto de Física de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
128University of Colombo, Colombo, Sri Lanka

129University of Ruhuna, Department of Physics, Matara, Sri Lanka
130CERN, European Organization for Nuclear Research, Geneva, Switzerland

131Paul Scherrer Institut, Villigen, Switzerland
132ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland

133Universität Zürich, Zurich, Switzerland
134National Central University, Chung-Li, Taiwan

135National Taiwan University (NTU), Taipei, Taiwan
136Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok, Thailand

137Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey
138Middle East Technical University, Physics Department, Ankara, Turkey

139Bogazici University, Istanbul, Turkey
140Istanbul Technical University, Istanbul, Turkey

PHYSICAL REVIEW LETTERS 127, 122001 (2021)

122001-16



141Istanbul University, Istanbul, Turkey
142Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkov, Ukraine

143National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
144University of Bristol, Bristol, United Kingdom

145Rutherford Appleton Laboratory, Didcot, United Kingdom
146Imperial College, London, United Kingdom

147Brunel University, Uxbridge, United Kingdom
148Baylor University, Waco, Texas, USA

149Catholic University of America, Washington, DC, USA
150The University of Alabama, Tuscaloosa, Alabama, USA

151Boston University, Boston, Massachusetts, USA
152Brown University, Providence, Rhode Island, USA

153University of California, Davis, Davis, California, USA
154University of California, Los Angeles, California, USA

155University of California, Riverside, Riverside, California, USA
156University of California, San Diego, La Jolla, California, USA

157University of California, Santa Barbara - Department of Physics, Santa Barbara, California, USA
158California Institute of Technology, Pasadena, California, USA
159Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
160University of Colorado Boulder, Boulder, Colorado, USA

161Cornell University, Ithaca, New York, USA
162Fermi National Accelerator Laboratory, Batavia, Illinois, USA

163University of Florida, Gainesville, Florida, USA
164Florida State University, Tallahassee, Florida, USA

165Florida Institute of Technology, Melbourne, Florida, USA
166University of Illinois at Chicago (UIC), Chicago, Illinois, USA

167The University of Iowa, Iowa City, Iowa, USA
168Johns Hopkins University, Baltimore, Maryland, USA
169The University of Kansas, Lawrence, Kansas, USA
170Kansas State University, Manhattan, Kansas, USA

171Lawrence Livermore National Laboratory, Livermore, California, USA
172University of Maryland, College Park, Maryland, USA

173Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
174University of Minnesota, Minneapolis, Minnesota, USA

175University of Mississippi, Oxford, Mississippi, USA
176University of Nebraska-Lincoln, Lincoln, Nebraska, USA

177State University of New York at Buffalo, Buffalo, New York, USA
178Northeastern University, Boston, Massachusetts, USA

179Northwestern University, Evanston, Illinois, USA
180University of Notre Dame, Notre Dame, Indiana, USA

181The Ohio State University, Columbus, Ohio, USA
182Princeton University, Princeton, New Jersey, USA

183University of Puerto Rico, Mayaguez, Puerto Rico, USA
184Purdue University, West Lafayette, Indiana, USA

185Purdue University Northwest, Hammond, Indiana, USA
186Rice University, Houston, Texas, USA

187University of Rochester, Rochester, New York, USA
188Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA

189University of Tennessee, Knoxville, Tennessee, USA
190Texas A&M University, College Station, Texas, USA

191Texas Tech University, Lubbock, Texas, USA
192Vanderbilt University, Nashville, Tennessee, USA

193University of Virginia, Charlottesville, Virginia, USA
194Wayne State University, Detroit, Michigan, USA

195University of Wisconsin - Madison, Madison, WI, Wisconsin, USA

aDeceased.
bAlso at Vienna University of Technology, Vienna, Austria.
cAlso at Institute of Basic and Applied Sciences, Faculty of Engineering, Arab Academy for Science, Technology and Maritime
Transport, Alexandria, Egypt.

PHYSICAL REVIEW LETTERS 127, 122001 (2021)

122001-17
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cccAlso at INFN Sezione di Padova, Università di Padova, Padova, Italy, Università di Trento, Trento, Italy.
dddAlso at Budker Institute of Nuclear Physics, Novosibirsk, Russia.
eeeAlso at Faculty of Physics, University of Belgrade, Belgrade, Serbia.
fffAlso at Trincomalee Campus, Eastern University, Sri Lanka.

gggAlso at INFN Sezione di Pavia, Università di Pavia, Pavia, Italy.
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