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The first study of charm quark diffusion with respect to the jet axis in heavy ion collisions is presented.
The measurement is performed using jets with pjet

T > 60 GeV=c and D0 mesons with pD
T > 4 GeV=c in

lead-lead (Pb-Pb) and proton-proton (pp) collisions at a nucleon-nucleon center-of-mass energy of
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, recorded by the CMS detector at the LHC. The radial distribution of D0 mesons with
respect to the jet axis is sensitive to the production mechanisms of the meson, as well as to the energy loss
and diffusion processes undergone by its parent parton inside the strongly interacting medium produced in
Pb-Pb collisions. When compared to Monte Carlo event generators, the radial distribution in pp collisions
is found to be well described by PYTHIA, while the slope of the distribution predicted by SHERPA is steeper
than that of the data. In Pb-Pb collisions, compared to the pp results, the D0 meson distribution for
4 < pD

T < 20 GeV=c hints at a larger distance on average with respect to the jet axis, reflecting a diffusion
of charm quarks in the medium created in heavy ion collisions. At higher pD

T , the Pb-Pb and pp radial
distributions are found to be similar.

DOI: 10.1103/PhysRevLett.125.102001

The quark gluon plasma (QGP), the deconfined matter
created in collisions of heavy ions accelerated to ultra-
relativistic energies [1,2], can be probed by studying the
remnants of hard scatterings occurring in this medium. The
outgoing partons (quarks and gluons), which produce final-
state jets of particles, interact strongly with the QGP and
lose energy [3–5], a phenomenon known as jet quenching,
as observed at the BNL Relativistic Heavy Ion Collider
(RHIC) [6,7] and the CERN LHC [8–10]. Jet quenching
results in modifications of the energy and structure of jets
observed in heavy ion collisions, compared to proton-
proton (pp) collisions. One of the most striking features of
jet quenching is the enhanced production of low transverse
momentum hadrons (pT ≈ 2–5 GeV=c) at large angles
with respect to the final-state jet axis. This phenomenon
manifests itself in the form of modifications of the jet
fragmentation function [11–13], as well as the jet radial
profile and the energy flow [14–17]. Interpretations of
experimental results include medium-induced gluon radi-
ation, modification of jet splitting functions, and medium
response to the hard scattered partons [4,5,18–20].
Studying heavy flavor (HF) mesons in jets should give

further insight into the origin of the observed modifications

for light flavored particles [21] and can provide new
information about HF jet fragmentation in both pp and
lead-lead (Pb-Pb) collisions. Moreover, measurements of
angular correlations between HF mesons and jets can be
used to constrain parton energy loss mechanisms and to
better understand the heavy quark diffusion (i.e., propaga-
tion) inside the medium [21–25]. This is complementary
information to that obtained with measurements of inclu-
sive HF meson spectra [26–30], HF meson azimuthal
anisotropy [30–34], and HF-tagged jets [35,36].
In this Letter, the first measurements of the radial

distributions of D0 mesons in jets from the same parton
scattering are presented, for two D0 meson pT intervals: a
low-pT interval 4 < pD

T < 20 GeV=c, and a high-pT one,
pD
T > 20 GeV=c. The D0 mesons are measured via their

hadronic decay channels D0 → K−πþ and D0 → Kþπ−
with the CMS detector at the LHC. The observable is the
normalized radial distribution of theD0 meson with respect
to the jet axis, defined as

1

NjD

dNjD

dr
¼ 1

NjD

NjDjΔr
Δr

; ð1Þ

where the distance from the jet axis, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔϕjDÞ2 þ ðΔηjDÞ2
q

, is defined as the quadratic sum of

the differences in pseudorapidity (ΔηjD) and azimuth
(ΔϕjD) of the D0 meson with respect to the jet axis, and
Δr is the width of the r interval. The quantity NjDjΔr is the
number of D0 mesons in the Δr interval, and NjD is the
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integral of the distribution in the r region from 0 to 0.3, the
distance parameter used for the jet reconstruction.
The main feature of the CMS detector [37] is a super-

conducting solenoid, providing a magnetic field of 3.8 T.
Within the solenoid volume is a silicon pixel and strip
tracker, which is used to detect charged particles, a lead
tungstate crystal electromagnetic calorimeter, and a brass
and scintillator hadron calorimeter, each composed of a
barrel and two end cap sections. Hadron forward calorim-
eters extend the coverage up to jηj ¼ 5.2 and are used for
collision event selection. Muons are detected in gas-
ionization chambers embedded in the steel flux-return
yoke outside the solenoid.
The pp (Pb-Pb) dataset used in this analysis corresponds

to an integrated luminosity of 27.4 pb−1 (404 μb−1). High-
pT jet events were selected by a high-level trigger algorithm
[38] with a pjet

T threshold of 60 GeV=c. For the off-line
analysis, events must pass a set of selection criteria
designed to reject beam-gas collisions and beam scraping
events [39,40]. The Pb-Pb results are reported for the
inclusive sample: no selection on centrality (i.e., the degree
of overlap of the two colliding nuclei) is made.
Several Monte Carlo (MC) simulated event samples are

used to evaluate the background contributions, signal
efficiencies, and detector acceptance corrections. The
simulated events include both prompt (produced directly
from the c quark fragmentation) and nonprompt (from b
hadron decays) D0 meson events. The pp collisions are
generated using PYTHIA v.8.212 [41], tune CUETP8M1 [42].
The EvtGen 1.3.0 [43] generator is used to simulateD0 meson
and b hadron decays, and final-state photon radiation in the
D0 meson decays is simulated with PHOTOS 2.0 [44]. For the
Pb-Pb MC samples, each PYTHIA event is embedded into a
Pb-Pb collision event generated with HYDJET 1.9 [45],
which is tuned to reproduce global event properties. The
MC events are propagated through the CMS detector using
the GEANT4 package [46].
The particle-flow (PF) algorithm [47] is used to

reconstruct and identify each individual particle in a
pp or Pb-Pb event. To form jets, the PF particles are
clustered using an anti-kT algorithm provided by the
FastJet framework [48,49] with a distance parameter
of 0.3. In order to subtract the underlying event (UE)
background in Pb-Pb collisions [9,50], an iterative
algorithm [51] is employed. In pp collisions, jets are
reconstructed without UE subtraction. The jet energy
corrections are derived from simulation, separately for
pp and Pb-Pb data, and are confirmed via energy-balance
methods applied to dijet, multijet, photonþ jet, and
leptonically decaying Z þ jet events in pp data [52].
Jets with jηjetj < 1.6 and corrected pjet

T > 60 GeV=c are
selected for this analysis.
The D0 candidates are reconstructed by combining pairs

of oppositely charged particle tracks with an invariant mass
within�0.2 GeV=cc of the world-averageD0 meson mass,

1.8 GeV=cc [53]. They are reconstructed independently
from the PF jets, which do use the same track collection. In
order to suppress the combinatorial background, each track
is required to have pT > 2 GeV=c, to be within jηj < 2,
and pass a set of quality selections [39]. For each pair of
selected tracks, two D0 candidates are created by assuming
that one of the particles has the mass of the pion, while the
other has the mass of the kaon, and vice versa. The D0

candidates are required to have rapidity jyj < 2 and
pD
T > 4 GeV=c. They are further paired with every selected

jet in the same event and have their invariant mass
distributions recorded in two pD

T bins, 4 < pD
T < 20 and

pD
T > 20 GeV=c, and four r bins, 0–0.05, 0.05–0.1,

0.1–0.3, and 0.3–0.5. In order to reduce further the
combinatorial background, the D0 candidates are required
to pass three additional topological selections. The three-
dimensional (3D) decay length (distance between the
primary vertex and D0 secondary vertex L3D) normalized
to its uncertainty is required to be larger than 2.34–4.00.
The pointing angle θp (defined as the angle between the
total momentum vector of the D0 candidate and the vector
connecting the primary and secondary vertices) is required
to be smaller than 0.020–0.046 rad. In both cases (the 3D
decay length and θp), the selection criteria depend on the
pD
T and r bins and are optimized separately for the pp and

Pb-Pb data. The selection is optimized using a multivariate
technique [54] in order to maximize the statistical signifi-
cance of theD0 meson signals. Tighter selections are found
for the low-pD

T bin, with increasing or decreasing r values,
for θp and the 3D decay length significance, respectively.
Finally, the χ2 probability of the secondary vertex fit is
required to be larger than 5%. These selections ensure a
prompt D0 meson fraction larger than 80% in both pD

T bins
of this analysis.
TheD0 meson yield in each pT and r interval is extracted

with a binned maximum likelihood fit to the invariant mass
distributions in the range 1.7 < mπK < 2.0 GeV=cc. The
combinatorial background originating from random pairs
of tracks not produced by a D0 meson decay is modeled by
a third-order polynomial. The signal shape is found to be
best modeled by the sum of two Gaussian functions with
the same mean but different widths. The two Gaussians are
found to best capture the many contributions to theD0 peak
resolution from tracks with a highly η-dependent pT
resolution. The common mean of the Gaussian functions,
the D0 yield, and all the background parameters are free
parameters in the fit. An additional Gaussian function with
a larger width is used to describe the invariant mass shape
of D0 candidates with an incorrect mass assignment from
the exchange of the pion and kaon designations. The widths
of the Gaussian functions that describe the D0 signal shape
and the shape of the D0 candidates with swapped mass
assignments are fixed by simulation, after correcting for the
difference in resolution between data and MC simulations.
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The ratio between the numbers of the signal D0 candidates
and the ones with swapped mass assignments is fixed to the
value extracted from simulation. No significant variation
with r was observed for the shape of the combinatorial
background or in the mean and in the root mean square of
the distributions of signalD0 mesons orD0 candidates with
swapped mass. Two examples of D0 candidate invariant
mass distributions, for pp and Pb-Pb collisions, are
available in the Supplemental Material [55].
The raw D0 radial distributions undergo several correc-

tions, all calculated in bins of pD
T and r. First, theD0 meson

yields are corrected for detector acceptance and for trigger,
track reconstruction, and selection inefficiencies. The
correction factors are obtained from a PYTHIA (PYTHIA
+HYDJET) MC sample for the pp (Pb-Pb) analysis. Second,
the background contribution from combining a D0 meson
with either a jet not coming from the same hard scattering
or with a misreconstructed jet is subtracted using an event
mixing technique, in which the background is estimated by
combining the distributions of D0-jet pairs formed with
(i) jets from the signal event andD0 mesons from minimum
bias (MB) events [39], (ii) jets from MB events with D0

mesons from the signal event, and (iii) jets and D0 mesons
from MB events. In this procedure, each signal event is
mixed with a MB event, which has a similar primary vertex
position, amount of energy deposited in the forward
hadronic calorimeters, and event plane angle [56]. The
resulting background radial distributions, which are in all
cases less than 10%, are then subtracted from the raw D0

radial distributions measured in the signal event. Finally,
the background-subtracted radial distribution is corrected
for jet resolution effects, using PYTHIA+HYDJET and PYTHIA

simulations, for the Pb-Pb and pp results, respectively. The
correction was calculated as the ratio between the D0 radial
distributions after and before smearing the generated pjet

T by
energy and angular resolution corrections.
Several sources of systematic uncertainty are considered

for theD0 meson yield extraction and the jet reconstruction,
and are studied in bins of pD

T and r. The uncertainty in the
raw yield extraction (2.6%–5.4% for pp and 1.4%–8.2%
for Pb-Pb data) is evaluated by repeating the fit procedure
using different background and signal fit functions and by
varying the widths of the Gaussian functions that describe
the D0 signal according to the differences (up to 20%, as
observed for the most forward region) between data and
simulation. In the signal variation study, the sum of three
Gaussian functions with the same mean but different widths
is considered, while in the background variation study, a
second-order polynomial function is used. This functional
form gives a good description of the combinatorial back-
ground according to studies performed on same-sign
pairs, which provide a pure combinatorial background
with the same kinematic conditions. In these studies, the
secondary vertex candidates are obtained by combining

two same-sign tracks, which are assigned pion and kaon
masses. The systematic uncertainty from the selection of
the D0 meson candidates (3.6% and 0.5% for the low- and
high-pD

T bin, respectively, for pp, and 3.5% and 2.7% for
Pb-Pb data) is estimated by considering the differences in
the D0 kinematic variables between simulation and data
when applying each of theD0 candidate selection variables.
The study is performed by varying one selection at a time
and by considering the maximum relative discrepancies in
the yield between data and simulation. The total uncertainty
is the quadratic sum of the maximum relative discrepancy
obtained by varying each of the three topological selection
variables separately.
The systematic uncertainties for the jets include compo-

nents for the uncertainty in the jet energy scale (JES) and jet
energy resolution (JER). The systematic uncertainty per-
taining to the JES is estimated by varying the pjet

T by 2.8%
(in both pp and Pb-Pb data), which represents the sum in
quadrature of the observed data-to-simulation differences
(2%) and the nonclosure (i.e., deviation from unity) in
simulation, when comparing reconstructed (detector-level)
versus truth (generator-level) jets smeared by the known
detector and reconstruction effects. An additional uncer-
tainty 1.8%–42% for Pb-Pb data is added to account for the
different detector response to quark versus gluon jets, since
in Pb-Pb events, as opposed to pp events, the quark- vs
gluon-initiated jet composition is not known because of the
energy loss in the medium. The largest variation is
observed at high pD

T and largest r value, a region influenced
by the small sample size. The assigned uncertainty repre-
sents the maximum difference from the nominal results
when applying JES corrections obtained with a pure-gluon
sample or a pure-quark sample.
The systematic uncertainty due to the JER in Pb-Pb

collisions is estimated by varying the pjet
T energy resolution

by 15% to account for an imperfect description of the
fluctuations of the UE in the MC simulation. The variation
considered is estimated by studying the effects of these
fluctuations using two different methods: the random-cone
technique [52,57] and by embedding signal PYTHIA dijet
events into background HYDJET samples. The random cone
method consists of reconstructing many jets in a zero bias
event, clustering particles in randomly placed cones in the
entire ðη;ϕÞ space. When the method is applied in events
with negligible contribution from hard scatterings, as is the
case for zero bias events, the standard deviation of the
distribution of pjet

T obtained with this procedure can be used
to estimate the magnitude of the UE fluctuations. The
relative variations in the D0 spectra are 0.3%–3.0% in pp
and 0.6%–5.6% in Pb-Pb collisions. The systematic uncer-
tainties from the trigger efficiency correction are estimated
by the difference between the result with no correction
and the nominal result, which are 0.3%–2.7% in pp and
0.7%–15% in Pb-Pb data. Finally, a remaining nonclosure
observed in MC simulations between generated and
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reconstructed distributions of D0 mesons in jets, is cor-
rected bin by bin. The magnitude of the correction is quoted
as the systematic uncertainty in the resolution unfolding,
which varies in the range 1.3%–31% in pp and 0.7%–32%
in Pb-Pb data.
The top panels of Fig. 1 show the measured D0 meson

radial distributions in pp and Pb-Pb collisions. The calcu-
lated hri for the Pb-Pb (pp) distributions is 0.198�
0.015ðstatÞ�0.005ðsystÞ [0.160�0.007ðstatÞ�0.009ðsystÞ]
and 0.048 � 0.002ðstatÞ � 0.004ðsystÞ [0.046�
0.001ðstatÞ � 0.003ðsystÞ], for the low- and high-pD

T
intervals, respectively. This result indicates that D0 mesons
at low pT are farther away from the jet axis in Pb-Pb
compared topp collisions. At highpD

T , themeasured spectra
in pp and Pb-Pb collisions fall rapidly, at a similar rate, as a
function of r, similar to what was observed in inclusive jet-
hadron correlation functions [16].
The pp results are compared to calculations from two

pp MC event generators: PYTHIA [41], a leading-order
matrix element event generator, and SHERPA [58], which
computes the next-to-leading QCD matrix elements

matched to parton shower to generate the charm-jet events
[21]. For low-pT D0 mesons, the measured spectrum in pp
collisions reaches a maximum at 0.05 < r < 0.1, consistent
with both PYTHIA and SHERPA [21]. In the r > 0.3 region,
however, PYTHIA captures the features of the data better
than SHERPA, which underpredicts the pp spectrum, in both
pD
T intervals. The Pb-Pb spectra is compared to an energy

loss model, CCNU [21], which uses SHERPA for simulating
the pp baseline. The CCNU calculation includes in-
medium elastic (collisional) and inelastic (radiative) inter-
actions for both the heavy and the light quarks. This model,
which predicts a small depletion (increase) of theD0 meson
yield at small (large) r compared to pp collisions, is
consistent with data.
To measure the medium modification of the radial

profile, the ratio of Pb-Pb to pp spectra is also presented
in the first subpanel of Fig. 1. In this ratio, the uncertainties
from JES, JER, and D0 candidate selections are considered
uncorrelated between pp and Pb-Pb datasets and are not
canceled in the ratio. The uncertainties from the modeling
of the signal shape, as well as the nonclosures observed, are

FIG. 1. Distributions ofD0 mesons in jets, as a function of the distance from the jet axis (r) for jets of pjet
T > 60 GeV=c and jηjetj < 1.6

measured in pp and Pb-Pb collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV. The measurement is performed in the pD

T range 4–20 GeV=c (left) and
pD
T > 20 GeV=c (right). Each spectrum is normalized to its integral in the region 0 < r < 0.3. The vertical bars (boxes) correspond to

statistical (systematic) uncertainties. The Pb-Pb spectra are compared to the CCNU energy loss model [21], while the pp spectra are
compared with predictions from the PYTHIA and SHERPA pp MC event generators. The ratios of the D0 meson radial distributions in
Pb-Pb and pp data are shown in the middle panels. In the bottom panels, the ratios of the D0 meson radial distributions of pp over the
two MC event generators are presented.
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partially canceled: the systematic uncertainties are reesti-
mated directly on the ratio of the Pb-Pb to pp yields. The
ratio increases slightly as a function of r at low pD

T ,
corresponding to a small shift of the D0 mesons to larger
radii in Pb-Pb, while the ratio is consistent with unity
within the uncertainties at high pD

T . This shows that the
modification of the radial profile of high pD

T is small. These
features of the ratios at low and high pD

T are qualitatively
different from inclusive charged particle radial distributions
with respect to the jet axis measured in similar transverse
momentum ranges [16]. The inclusive measurements
show a ratio significantly smaller than 1, corresponding
to a shift of the light quark mesons to smaller radii in Pb-Pb,
for all tracks with pT > 4 GeV=c measured in jets with
pjet
T > 120 GeV, for r > 0.1 and more central Pb-Pb

collisions. The CCNU model gives a good description of
the ratio of Pb-Pb to pp spectra. Although this ratio is less
sensitive to the choice of pp reference spectra, the pp
measurements presented in this Letter could improve the
description of the pp baseline.
In summary, this Letter presents the first measurement of

the radial distributions of D0 mesons with respect to the jet
axis in Pb-Pb and pp collisions, performed with the CMS
detector using jets with transverse momentum pjet

T >
60 GeV=c and D0 mesons with pD

T > 4 GeV=c. When
compared to the results of Monte Carlo event generators,
the radial distribution in pp collisions is found to be well
described by PYTHIA, while the slope of the distribution
predicted by SHERPA is steeper than that of the data. The
modification of the D0 meson radial distributions in Pb-Pb
collisions are studied by comparing them to those from pp
collisions. The comparisons hint at a modification of theD0

meson radial profile in Pb-Pb collisions at low pD
T that

vanishes at higher pD
T . The results show that this modifi-

cation is different from that of the light flavor hadrons. This
measurement provides new experimental constraints on the
mechanisms of heavy flavor production in pp collisions, as
well as on the processes affecting the heavy quark
propagation inside the quark-gluon plasma.
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M. Donegà,119 C. Dorfer,119 T. A. Gómez Espinosa,119 C. Grab,119 D. Hits,119 T. Klijnsma,119 W. Lustermann,119

R. A. Manzoni,119 M. Marionneau,119 M. T. Meinhard,119 F. Micheli,119 P. Musella,119 F. Nessi-Tedaldi,119 J. Pata,119

F. Pauss,119 G. Perrin,119 L. Perrozzi,119 S. Pigazzini,119 M. Quittnat,119 C. Reissel,119 D. Ruini,119 D. A. Sanz Becerra,119

M. Schönenberger,119 L. Shchutska,119 V. R. Tavolaro,119 K. Theofilatos,119 M. L. Vesterbacka Olsson,119 R. Wallny,119

D. H. Zhu,119 T. K. Aarrestad,120 C. Amsler,120,xx D. Brzhechko,120 M. F. Canelli,120 A. De Cosa,120 R. Del Burgo,120

S. Donato,120 C. Galloni,120 T. Hreus,120 B. Kilminster,120 S. Leontsinis,120 I. Neutelings,120 G. Rauco,120 P. Robmann,120

D. Salerno,120 K. Schweiger,120 C. Seitz,120 Y. Takahashi,120 A. Zucchetta,120 Y. H. Chang,121 K. y. Cheng,121 T. H. Doan,121

R. Khurana,121 C. M. Kuo,121 W. Lin,121 A. Pozdnyakov,121 S. S. Yu,121 P. Chang,122 Y. Chao,122 K. F. Chen,122

P. H. Chen,122 W.-S. Hou,122 Arun Kumar,122 Y. F. Liu,122 R.-S. Lu,122 E. Paganis,122 A. Psallidas,122 A. Steen,122

B. Asavapibhop,123 N. Srimanobhas,123 N. Suwonjandee,123 A. Bat,124 F. Boran,124 S. Cerci,124,yy S. Damarseckin,124

Z. S. Demiroglu,124 F. Dolek,124 C. Dozen,124 I. Dumanoglu,124 E. Eskut,124 S. Girgis,124 G. Gokbulut,124 Y. Guler,124

E. Gurpinar,124 I. Hos,124,zz C. Isik,124 E. E. Kangal,124,aaa O. Kara,124 A. Kayis Topaksu,124 U. Kiminsu,124 M. Oglakci,124

G. Onengut,124 K. Ozdemir,124,bbb A. Polatoz,124 B. Tali,124,yy U. G. Tok,124 S. Turkcapar,124 I. S. Zorbakir,124

C. Zorbilmez,124 B. Isildak,125,ccc G. Karapinar,125,ddd M. Yalvac,125 M. Zeyrek,125 I. O. Atakisi,126 E. Gülmez,126

M. Kaya,126,eee O. Kaya,126,fff S. Tekten,126 E. A. Yetkin,126,ggg M. N. Agaras,127 A. Cakir,127 K. Cankocak,127 Y. Komurcu,127

S. Sen,127,hhh B. Grynyov,128 L. Levchuk,129 F. Ball,130 L. Beck,130 J. J. Brooke,130 D. Burns,130 E. Clement,130 D. Cussans,130

O. Davignon,130 H. Flacher,130 J. Goldstein,130 G. P. Heath,130 H. F. Heath,130 L. Kreczko,130 D. M. Newbold,130,iii

S. Paramesvaran,130 B. Penning,130 T. Sakuma,130 D. Smith,130 V. J. Smith,130 J. Taylor,130 A. Titterton,130 A. Belyaev,131,jjj

C. Brew,131 R. M. Brown,131 D. Cieri,131 D. J. A. Cockerill,131 J. A. Coughlan,131 K. Harder,131 S. Harper,131 J. Linacre,131

E. Olaiya,131 D. Petyt,131 C. H. Shepherd-Themistocleous,131 A. Thea,131 I. R. Tomalin,131 T. Williams,131

W. J. Womersley,131 R. Bainbridge,132 P. Bloch,132 J. Borg,132 S. Breeze,132 O. Buchmuller,132 A. Bundock,132 D. Colling,132

P. Dauncey,132 G. Davies,132 M. Della Negra,132 R. Di Maria,132 Y. Haddad,132 G. Hall,132 G. Iles,132 T. James,132

M. Komm,132 C. Laner,132 L. Lyons,132 A.-M. Magnan,132 S. Malik,132 A. Martelli,132 J. Nash,132,kkk A. Nikitenko,132,h

V. Palladino,132 M. Pesaresi,132 D. M. Raymond,132 A. Richards,132 A. Rose,132 E. Scott,132 C. Seez,132 A. Shtipliyski,132

G. Singh,132 M. Stoye,132 T. Strebler,132 S. Summers,132 A. Tapper,132 K. Uchida,132 T. Virdee,132,q N. Wardle,132

D. Winterbottom,132 J. Wright,132 S. C. Zenz,132 J. E. Cole,133 P. R. Hobson,133 A. Khan,133 P. Kyberd,133 C. K. Mackay,133

A. Morton,133 I. D. Reid,133 L. Teodorescu,133 S. Zahid,133 K. Call,134 J. Dittmann,134 K. Hatakeyama,134 H. Liu,134

C. Madrid,134 B. Mcmaster,134 N. Pastika,134 C. Smith,134 R. Bartek,135 A. Dominguez,135 A. Buccilli,136 S. I. Cooper,136

C. Henderson,136 P. Rumerio,136 C. West,136 D. Arcaro,137 T. Bose,137 D. Gastler,137 D. Pinna,137 D. Rankin,137

C. Richardson,137 J. Rohlf,137 L. Sulak,137 D. Zou,137 G. Benelli,138 X. Coubez,138 D. Cutts,138 M. Hadley,138 J. Hakala,138

U. Heintz,138 J. M. Hogan,138,lll K. H. M. Kwok,138 E. Laird,138 G. Landsberg,138 J. Lee,138 Z. Mao,138 M. Narain,138

S. Sagir,138,mmm R. Syarif,138 E. Usai,138 D. Yu,138 R. Band,139 C. Brainerd,139 R. Breedon,139 D. Burns,139

M. Calderon De La Barca Sanchez,139 M. Chertok,139 J. Conway,139 R. Conway,139 P. T. Cox,139 R. Erbacher,139 C. Flores,139

G. Funk,139 W. Ko,139 O. Kukral,139 R. Lander,139 M. Mulhearn,139 D. Pellett,139 J. Pilot,139 S. Shalhout,139 M. Shi,139

D. Stolp,139 D. Taylor,139 K. Tos,139 M. Tripathi,139 Z. Wang,139 F. Zhang,139 M. Bachtis,140 C. Bravo,140 R. Cousins,140

A. Dasgupta,140 A. Florent,140 J. Hauser,140 M. Ignatenko,140 N. Mccoll,140 S. Regnard,140 D. Saltzberg,140 C. Schnaible,140

V. Valuev,140 E. Bouvier,141 K. Burt,141 R. Clare,141 J. W. Gary,141 S. M. A. Ghiasi Shirazi,141 G. Hanson,141

G. Karapostoli,141 E. Kennedy,141 F. Lacroix,141 O. R. Long,141 M. Olmedo Negrete,141 M. I. Paneva,141 W. Si,141

L. Wang,141 H. Wei,141 S. Wimpenny,141 B. R. Yates,141 J. G. Branson,142 P. Chang,142 S. Cittolin,142 M. Derdzinski,142

R. Gerosa,142 D. Gilbert,142 B. Hashemi,142 A. Holzner,142 D. Klein,142 G. Kole,142 V. Krutelyov,142 J. Letts,142

M. Masciovecchio,142 D. Olivito,142 S. Padhi,142 M. Pieri,142 M. Sani,142 V. Sharma,142 S. Simon,142 M. Tadel,142

A. Vartak,142 S. Wasserbaech,142,nnn J. Wood,142 F. Würthwein,142 A. Yagil,142 G. Zevi Della Porta,142 N. Amin,143

R. Bhandari,143 J. Bradmiller-Feld,143 C. Campagnari,143 M. Citron,143 A. Dishaw,143 V. Dutta,143 M. Franco Sevilla,143

L. Gouskos,143 R. Heller,143 J. Incandela,143 A. Ovcharova,143 H. Qu,143 J. Richman,143 D. Stuart,143 I. Suarez,143 S. Wang,143

J. Yoo,143 D. Anderson,144 A. Bornheim,144 J. M. Lawhorn,144 H. B. Newman,144 T. Q. Nguyen,144 M. Spiropulu,144

J. R. Vlimant,144 R. Wilkinson,144 S. Xie,144 Z. Zhang,144 R. Y. Zhu,144 M. B. Andrews,145 T. Ferguson,145 T. Mudholkar,145

M. Paulini,145 M. Sun,145 I. Vorobiev,145 M. Weinberg,145 J. P. Cumalat,146 W. T. Ford,146 F. Jensen,146 A. Johnson,146

M. Krohn,146 E. MacDonald,146 T. Mulholland,146 R. Patel,146 A. Perloff,146 K. Stenson,146 K. A. Ulmer,146 S. R. Wagner,146

J. Alexander,147 J. Chaves,147 Y. Cheng,147 J. Chu,147 A. Datta,147 K. Mcdermott,147 N. Mirman,147 J. R. Patterson,147

PHYSICAL REVIEW LETTERS 125, 102001 (2020)

102001-11



D. Quach,147 A. Rinkevicius,147 A. Ryd,147 L. Skinnari,147 L. Soffi,147 S. M. Tan,147 Z. Tao,147 J. Thom,147 J. Tucker,147

P. Wittich,147 M. Zientek,147 S. Abdullin,148 M. Albrow,148 M. Alyari,148 G. Apollinari,148 A. Apresyan,148 A. Apyan,148

S. Banerjee,148 L. A. T. Bauerdick,148 A. Beretvas,148 J. Berryhill,148 P. C. Bhat,148 K. Burkett,148 J. N. Butler,148

A. Canepa,148 G. B. Cerati,148 H.W. K. Cheung,148 F. Chlebana,148 M. Cremonesi,148 J. Duarte,148 V. D. Elvira,148

J. Freeman,148 Z. Gecse,148 E. Gottschalk,148 L. Gray,148 D. Green,148 S. Grünendahl,148 O. Gutsche,148 J. Hanlon,148

R. M. Harris,148 S. Hasegawa,148 J. Hirschauer,148 Z. Hu,148 B. Jayatilaka,148 S. Jindariani,148 M. Johnson,148 U. Joshi,148

B. Klima,148 M. J. Kortelainen,148 B. Kreis,148 S. Lammel,148 D. Lincoln,148 R. Lipton,148 M. Liu,148 T. Liu,148 J. Lykken,148

K. Maeshima,148 J. M. Marraffino,148 D. Mason,148 P. McBride,148 P. Merkel,148 S. Mrenna,148 S. Nahn,148 V. O’Dell,148

K. Pedro,148 C. Pena,148 O. Prokofyev,148 G. Rakness,148 L. Ristori,148 A. Savoy-Navarro,148,ooo B. Schneider,148

E. Sexton-Kennedy,148 A. Soha,148 W. J. Spalding,148 L. Spiegel,148 S. Stoynev,148 J. Strait,148 N. Strobbe,148 L. Taylor,148

S. Tkaczyk,148 N. V. Tran,148 L. Uplegger,148 E.W. Vaandering,148 C. Vernieri,148 M. Verzocchi,148 R. Vidal,148 M. Wang,148

H. A. Weber,148 A. Whitbeck,148 D. Acosta,149 P. Avery,149 P. Bortignon,149 D. Bourilkov,149 A. Brinkerhoff,149

L. Cadamuro,149 A. Carnes,149 M. Carver,149 D. Curry,149 R. D. Field,149 S. V. Gleyzer,149 B. M. Joshi,149 J. Konigsberg,149

A. Korytov,149 K. H. Lo,149 P. Ma,149 K. Matchev,149 H. Mei,149 G. Mitselmakher,149 D. Rosenzweig,149 K. Shi,149

D. Sperka,149 J. Wang,149 S. Wang,149 X. Zuo,149 Y. R. Joshi,150 S. Linn,150 A. Ackert,151 T. Adams,151 A. Askew,151

S. Hagopian,151 V. Hagopian,151 K. F. Johnson,151 T. Kolberg,151 G. Martinez,151 T. Perry,151 H. Prosper,151 A. Saha,151

C. Schiber,151 R. Yohay,151 M. M. Baarmand,152 V. Bhopatkar,152 S. Colafranceschi,152 M. Hohlmann,152 D. Noonan,152

M. Rahmani,152 T. Roy,152 F. Yumiceva,152 M. R. Adams,153 L. Apanasevich,153 D. Berry,153 R. R. Betts,153

R. Cavanaugh,153 X. Chen,153 S. Dittmer,153 O. Evdokimov,153 C. E. Gerber,153 D. A. Hangal,153 D. J. Hofman,153

K. Jung,153 J. Kamin,153 C. Mills,153 I. D. Sandoval Gonzalez,153 M. B. Tonjes,153 H. Trauger,153 N. Varelas,153 H. Wang,153

X. Wang,153 Z. Wu,153 J. Zhang,153 M. Alhusseini,154 B. Bilki,154,ppp W. Clarida,154 K. Dilsiz,154,qqq S. Durgut,154

R. P. Gandrajula,154 M. Haytmyradov,154 V. Khristenko,154 J.-P. Merlo,154 A. Mestvirishvili,154 A. Moeller,154

J. Nachtman,154 H. Ogul,154,rrr Y. Onel,154 F. Ozok,154,sss A. Penzo,154 C. Snyder,154 E. Tiras,154 J. Wetzel,154

B. Blumenfeld,155 A. Cocoros,155 N. Eminizer,155 D. Fehling,155 L. Feng,155 A. V. Gritsan,155 W. T. Hung,155

P. Maksimovic,155 J. Roskes,155 U. Sarica,155 M. Swartz,155 M. Xiao,155 C. You,155 A. Al-bataineh,156 P. Baringer,156

A. Bean,156 S. Boren,156 J. Bowen,156 A. Bylinkin,156 J. Castle,156 S. Khalil,156 A. Kropivnitskaya,156 D. Majumder,156

W. Mcbrayer,156 M. Murray,156 C. Rogan,156 S. Sanders,156 E. Schmitz,156 J. D. Tapia Takaki,156 Q. Wang,156 S. Duric,157

A. Ivanov,157 K. Kaadze,157 D. Kim,157 Y. Maravin,157 D. R. Mendis,157 T. Mitchell,157 A. Modak,157 A. Mohammadi,157

L. K. Saini,157 N. Skhirtladze,157 F. Rebassoo,158 D. Wright,158 A. Baden,159 O. Baron,159 A. Belloni,159 S. C. Eno,159

Y. Feng,159 C. Ferraioli,159 N. J. Hadley,159 S. Jabeen,159 G. Y. Jeng,159 R. G. Kellogg,159 J. Kunkle,159 A. C. Mignerey,159

S. Nabili,159 F. Ricci-Tam,159 Y. H. Shin,159 A. Skuja,159 S. C. Tonwar,159 K. Wong,159 D. Abercrombie,160 B. Allen,160

V. Azzolini,160 A. Baty,160 G. Bauer,160 R. Bi,160 S. Brandt,160 W. Busza,160 I. A. Cali,160 M. D’Alfonso,160 Z. Demiragli,160

G. Gomez Ceballos,160 M. Goncharov,160 P. Harris,160 D. Hsu,160 M. Hu,160 Y. Iiyama,160 G. M. Innocenti,160 M. Klute,160

D. Kovalskyi,160 Y.-J. Lee,160 P. D. Luckey,160 B. Maier,160 A. C. Marini,160 C. Mcginn,160 C. Mironov,160 S. Narayanan,160

X. Niu,160 C. Paus,160 C. Roland,160 G. Roland,160 G. S. F. Stephans,160 K. Sumorok,160 K. Tatar,160 D. Velicanu,160

J. Wang,160 T. W. Wang,160 B. Wyslouch,160 S. Zhaozhong,160 A. C. Benvenuti,161,a R. M. Chatterjee,161 A. Evans,161

P. Hansen,161 Sh. Jain,161 S. Kalafut,161 Y. Kubota,161 Z. Lesko,161 J. Mans,161 N. Ruckstuhl,161 R. Rusack,161

J. Turkewitz,161 M. A. Wadud,161 J. G. Acosta,162 S. Oliveros,162 E. Avdeeva,163 K. Bloom,163 D. R. Claes,163

C. Fangmeier,163 F. Golf,163 R. Gonzalez Suarez,163 R. Kamalieddin,163 I. Kravchenko,163 J. Monroy,163 J. E. Siado,163

G. R. Snow,163 B. Stieger,163 A. Godshalk,164 C. Harrington,164 I. Iashvili,164 A. Kharchilava,164 C. Mclean,164 D. Nguyen,164

A. Parker,164 S. Rappoccio,164 B. Roozbahani,164 G. Alverson,165 E. Barberis,165 C. Freer,165 A. Hortiangtham,165

D. M. Morse,165 T. Orimoto,165 R. Teixeira De Lima,165 T. Wamorkar,165 B. Wang,165 A. Wisecarver,165 D. Wood,165

S. Bhattacharya,166 O. Charaf,166 K. A. Hahn,166 N. Mucia,166 N. Odell,166 M. H. Schmitt,166 K. Sung,166 M. Trovato,166

M. Velasco,166 R. Bucci,167 N. Dev,167 M. Hildreth,167 K. Hurtado Anampa,167 C. Jessop,167 D. J. Karmgard,167

N. Kellams,167 K. Lannon,167 W. Li,167 N. Loukas,167 N. Marinelli,167 F. Meng,167 C. Mueller,167 Y. Musienko,167,jj

M. Planer,167 A. Reinsvold,167 R. Ruchti,167 P. Siddireddy,167 G. Smith,167 S. Taroni,167 M. Wayne,167 A. Wightman,167

M. Wolf,167 A. Woodard,167 J. Alimena,168 L. Antonelli,168 B. Bylsma,168 L. S. Durkin,168 S. Flowers,168 B. Francis,168

A. Hart,168 C. Hill,168 W. Ji,168 T. Y. Ling,168 W. Luo,168 B. L. Winer,168 S. Cooperstein,169 P. Elmer,169 J. Hardenbrook,169

S. Higginbotham,169 A. Kalogeropoulos,169 D. Lange,169 M. T. Lucchini,169 J. Luo,169 D. Marlow,169 K. Mei,169 I. Ojalvo,169

PHYSICAL REVIEW LETTERS 125, 102001 (2020)

102001-12
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31IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
32Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris
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67bUniversità di Firenze, Firenze, Italy

68INFN Laboratori Nazionali di Frascati, Frascati, Italy
69aINFN Sezione di Genova, Genova, Italy
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71dUniversità G. Marconi, Roma, Italy
72aINFN Sezione di Padova, Padova, Italy
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