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A measurement is reported of the jet mass distribution in hadronic decays of boosted top quarks
produced in pp collisions at

ffiffiffi
s

p ¼ 13 TeV. The data were collected with the CMS detector at the LHC and
correspond to an integrated luminosity of 35.9 fb−1. The measurement is performed in the leptonþ jets
channel of tt̄ events, where the lepton is an electron or muon. The products of the hadronic top quark decay
t → bW → bqq̄0 are reconstructed as a single jet with transverse momentum larger than 400 GeV. The tt̄
cross section as a function of the jet mass is unfolded at the particle level and used to extract a value
of the top quark mass of 172.6� 2.5 GeV. A novel jet reconstruction technique is used for the first time at
the LHC, which improves the precision by a factor of 3 relative to an earlier measurement. This highlights
the potential of measurements using boosted top quarks, where the new technique will enable future
precision measurements.

DOI: 10.1103/PhysRevLett.124.202001

The top quark is the most massive known elementary
particle. Its large mass mt leads to significant contributions
from quantum corrections to the mass of the Higgs boson
and precision observables in the electroweak sector. As a
consequence, the top quark plays an important role in the
mechanism of electroweak symmetry breaking. Precision
measurements of mt provide a crucial input for consistency
checks of the standard model [1,2]. Direct measurements
of mt at the CERN LHC reach a precision of around
0.5 GeV [3–9]. However, an ambiguity in the interpretation
of the results originates from the modeling of parton-
shower dynamics and nonperturbative effects in quantum
chromodynamics (QCD). The result can depend on the
Monte Carlo (MC) event generator, the tuning of its free
parameters, and the observables used [10]. Precisely relat-
ing the experimentally obtained value of mt to the pole
mass or a mass in another well-defined renormalization
scheme is therefore difficult from first principles [11].
As an alternative, a value of the pole mass can be

extracted through measurements of the total [12–14,14,15]
and differential [16,17] tt̄ production cross sections, with a
precision of approximately 1 GeV. These measurements are
dominated by tt̄ threshold production, where uncertainties
due to parton distribution functions (PDFs) and higher-
order QCD corrections are important [18–20]. Another

way to determine mt involves measuring top quarks
produced with large Lorentz boosts, where the decay
products t → bW → bqq̄0 are contained in a single jet.
The jet mass (mjet) peak location is sensitive to mt and can
be calculated from first principles [21–27] in soft-collinear
effective theory [28–31].
A past measurement reporting the tt̄ cross section as a

function of mjet in the lþ jets final state, where l is an
electron or muon, was carried out in proton-proton (pp)
collisions at

ffiffiffi
s

p ¼ 8 TeV [32]. This Letter reports a new
measurement of the mjet distribution in pp collisions at
13 TeV using several important improvements, including
jet clustering with the XCone algorithm [33], used for the
first time in an LHC analysis, and an improved unfolding
procedure using sideband regions with high granularity.
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. A silicon pixel and strip tracker, a
lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass and scintillator hadron calorimeter, each
composed of a central barrel and two end sections, reside
within the solenoid volume. Forward calorimeters extend
the pseudorapidity (η) coverage provided by the barrel and
end detectors. Muons are detected in gas-ionization cham-
bers embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector,
together with a definition of the coordinate system, can be
found in Ref. [34]. The particle-flow (PF) algorithm [35]
aims to reconstruct and identify each individual particle in
an event, using an optimized combination of information
from the various elements of the CMS detector. The
candidate vertex with the largest sum of the square of

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 124, 202001 (2020)

0031-9007=20=124(20)=202001(19) 202001-1 © 2020 CERN, for the CMS Collaboration

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.124.202001&domain=pdf&date_stamp=2020-05-21
https://doi.org/10.1103/PhysRevLett.124.202001
https://doi.org/10.1103/PhysRevLett.124.202001
https://doi.org/10.1103/PhysRevLett.124.202001
https://doi.org/10.1103/PhysRevLett.124.202001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


the transverse momenta p2
T of the physics objects is taken

to be the primary pp interaction vertex; more details are
given in Sec. 9.4.1 in Ref. [36]. From PF candidates, jets
are reconstructed using the anti-kT [37] or the XCone [33]
algorithm as implemented in the FASTJET software package
[38]. The anti-kT jets are obtained using a distance
parameter of 0.4. In the jet-clustering procedure, charged
PF candidates are excluded if they are associated to vertices
from additional inelastic pp interactions within the same
bunch crossing (pileup).
The POWHEG [39–44] v2 generator is used for simulating

tt̄ production at next-to-leading order (NLO). Alternatively,
tt̄ production is simulated with MadGraph5_aMC@NLO v2.2.2

[45,46] at NLO to check a potential generator dependence
of the measured cross sections. Background events result-
ing from the production of single top quarks are also
generated in POWHEG at NLO, where spin correlations are
taken into account [47]. The production of a W boson with
additional jets is simulated using MadGraph5_aMC@NLO at
NLO. Events from Drell-Yan (DY) production with addi-
tional jets are simulated in MadGraph5_aMC@NLO at leading
order (LO) and are normalized to the next-to-next-to-
leading-order cross section [48]. The simulation of the
production of two heavy gauge bosons with additional jets
is performed at LO with PYTHIAv8.212 [49]. Events in which
jets are produced only through QCD interactions are also
simulated with PYTHIA at LO.
In simulated MadGraph5_aMC@NLO events, the matrix

element (ME) calculations at NLO and LO accuracy are
matched to parton showers with the FxFx [50] and MLM
[51] algorithms, respectively. The parton shower, hadroni-
zation process, and multiple-parton interactions are simu-
lated using PYTHIA. The NNPDF3.0 [52] PDFs at LO and
NLO are used for the respective processes simulated at
LO and NLO. The UE tune CUETP8M2T4 [53] is used to
simulate tt̄ and single top quark production in the t channel;
all other processes are simulated using CUETP8M1
[54,55]. The detector response is simulated with the
GEANT4 package [56,57]. Simulated events are processed
through the software chain used for collision data and are
reweighted to match the observed distribution in the
number of pileup interactions in the data.
This analysis uses data recorded with the CMS detector

that correspond to an integrated luminosity of 35.9 fb−1

[58]. Events containing the decay of a top quark to a final
state including a muon are selected using a single-muon
trigger [59] that requires the presence of at least one muon
candidate with a transverse momentum pT > 50 GeV and
jηj < 2.4. For events containing a final-state electron, the
trigger requires the presence of at least one isolated
candidate with pT > 27 GeV, or an electron candidate
without an isolation requirement but with pT > 115 GeV
and jηj < 2.5, or at least one photon candidate with pT >
175 GeV and jηj < 2.5. The latter requirement ensures that
events containing electrons with high pT are selected with
high efficiency.

Lepton candidates (electrons or muons) must have
pT > 55 GeV, jηj < 2.4. Following the requirement at
the trigger level, electrons with pT < 120 GeV must
pass an isolation requirement [60], where the isolation is
defined as the pT sum of charged hadrons and neutral
particles in a cone with radius ΔR ¼ 0.3 around the
electron. The angular distance between two objects is
defined as ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
, where ϕ is the azimu-

thal angle in radians. Electrons with pT > 120 GeV and
muons with pT > 55 GeV are required to pass a two-
dimensional selection of either ΔRðl; jÞ > 0.4 or
pT;relðl; jÞ > 40 GeV, where j is the anti-kT jet with
minimal angular separation ΔR from the lepton l and
pT;relðl; jÞ is the component of the lepton momentum
orthogonal to the anti-kT-jet axis [61,62]. Each selected
event must contain a single lepton.
The XCone jets are obtained through a two-step jet

clustering [63]. First, the exclusive XCone algorithm is
applied with a distance parameter of Rjet ¼ 1.2 and the
specification of returning two jets, corresponding to the two
boosted top quarks in the event. Using the constituents
of these two large jets as input, XCone is run again with the
distance parameter Rsub ¼ 0.4 and the parameter of the
number of subjets in each jet Nsub ¼ 3. Subjets are
considered only if they are within jηj < 2.4. This procedure
results in exactly two large-radius XCone jets with three
XCone subjets each. The final result is not influenced by
the number of subjets within the large XCone jet including
the lepton, where Nsub ¼ 2 would be the natural choice for
clustering the visible products of the decay t → bW → blν.
The four-momentum of the lepton candidate is subtracted
from the four-momentum of the anti-kT jet or XCone subjet
if ΔRðl; jÞ < 0.4. Jet energy corrections [64] derived for
anti-kT jets are applied to anti-kT jets and XCone subjets.
The jet energy resolution in simulated events is smeared to
match the resolution in data. An additional correction
applied to the XCone-subjet momenta is obtained from
simulated tt̄ events in the all-jets channel to account for
differences between the XCone-subjet momenta and the
momenta of anti-kT jets. This correction is parametrized as
a function of XCone subjet pT and jηj and has an average
size of 2%, with an average uncertainty of 0.3%.
The four-momenta of the three XCone subjets are

combined to form the final XCone jet. The XCone jet
used to perform the measurement is the one with the largest
distanceΔR to the selected lepton. Each of the three XCone
subjets in this jet must have pT > 30 GeV. The XCone-jet
mass mjet is the invariant mass of all PF candidates
clustered into the three XCone subjets.
In order to identify jets originating from the hadroniza-

tion of b quarks, the combined secondary vertex v2
(CSVv2) [65] algorithm is applied to the anti-kT jets.
These candidate b jets are required to have pT > 30 GeV
and jηj < 2.4 and must pass the tight working point of the
CSVv2 algorithm.
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The fiducial region chosen for this measurement is
studied using simulations at the particle level, defined by
all particles with average lifetimes longer than 10−8 s. The
kinematic phase space of this region is defined through tt̄
events containing one lepton with pl

T > 60 GeV, which
originates from the decay of aW boson; the τ lepton decays
are not considered part of the signal. Particle-level jets are
obtained with a clustering identical to the one in the data.
The particle-level XCone jet with largest distanceΔR to the
lepton is required to have pT > 400 GeV, and each of its
XCone subjets must have pT > 30 GeV. Its mass has to be
greater than the mass obtained by summing the four-
momenta of the second-highest XCone jet in pT and the
lepton. The resulting distribution inmjet at the particle level
has a width half as large as for Cambridge-Aachen (CA)
jets [66,67] with Rjet ¼ 1.2, as used in a previous meas-
urement [32]. The improvement is due to the two-step
XCone jet clustering procedure, which acts as a grooming
algorithm [68–70], similar to trimming [71], on the
large jet. The advantage of XCone over other grooming
algorithms in this measurement is its dynamical interpo-
lation between the resolved and boosted regime, i.e.,
between three well-separated subjets and three subjets
close together, which would not be resolved by other
reconstruction methods.
At the reconstruction level, the same criteria are used as

in the definition of the fiducial phase space at the particle
level. In addition, at the reconstruction level, an event
has to have at least one b-tagged anti-kT jet and
pmiss
T > 50 GeV, which suppresses non-tt̄ backgrounds.

Here, pmiss
T is the magnitude of the negative vector sum

of the transverse momenta of the PF candidates in an
event [72]. The resulting mjet distribution for XCone jets

with pjet
T > 400 GeV is displayed in Fig. 1. Backgrounds

originate from singly produced top quarks and from
W þ jets events. Contributions from DYþ jets, diboson,
and QCD multijet production are found to be negligible.
The tt̄ simulation is scaled, such that the number of
simulated events matches the number of background-
subtracted events in the data. The distribution shows a
pronounced and narrow peak close to the value of mt. The
XCone-jet reconstruction results in a large improvement
of the experimental resolution in mjet. With XCone, a
resolution of 6% is achieved, compared to a resolution of
approximately 14% for CA jets with Rjet ¼ 1.2.
The measurement at the particle level uses a regularized

unfolding procedure based on a least-squares fit, imple-
mented in the TUnfold [73] framework. The optimal regu-
larization strength is determined through a minimization
of the average global correlation coefficient in the output
bins [74]. The response matrix is evaluated by using tt̄
events simulated with POWHEG that pass the particle- or
reconstruction-level requirements. Prior to the unfolding,
contributions from background processes are subtracted

from data. Sideband regions are included in the unfolding
process to constrain migrations into and out of the
measurement phase space. Five sideband regions are
defined by the requirements: 55<pl

T<60GeV, 350<pjet
T <

400GeV, at least one XCone subjet with pT < 30 GeV,
mjet less than the mass of the second XCone jet and lepton
system, and at least one anti-kT jet passing a looser
b-tagging requirement with no anti-kT jet passing the tight
b-tagging requirement. In addition, the measurement region
is divided into three bins in pjet

T . Except for the sideband
with a looser b tag, all sideband selections have corre-
sponding selections at the particle level in the evaluation of
the migration matrix. In this matrix, the number of bins in
mjet at the particle level is larger than the number of bins in
which the final measurement is presented. This helps to
reduce the dependence on variations in signal modeling
through a more precise determination of migration effects.
The electron and muon channels are combined before the
unfolding to increase the statistical precision but are also
unfolded separately to verify their consistency.
Experimental uncertainties are estimated using simula-

tion and propagated through the unfolding process. We
consider uncertainties in the pileup reweighting [75],
trigger, lepton identification and b-tagging [65] efficien-
cies, and also those related to the jet energy scale [64] and
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FIG. 1. Reconstructed distribution of mjet after the full event
selection in the lþ jets channel. The vertical bars on the points
show the statistical uncertainty. The hatched region shows the
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jet energy resolution for anti-kT jets and XCone subjets,
and additional XCone-subjet corrections. Uncertainties
related to the integrated luminosity [58] and the production
cross sections of all significant background processes [76–
81] are also included. Uncertainties arising from choices in
modeling the signal include changes made in renormaliza-
tion and factorization scales μR and μF, changes in mt by
�3 GeV, changes in PDFs, and choices in modeling of
parton showers (PS) and their matching to the ME
calculation and the underlying event (UE). Uncertainties
in the modeling of PS include changes in scales of initial-
and final-state radiation (ISR and FSR, respectively) and
changes in the ME matching parameter hdamp [53]. The
uncertainty related to modeling the UE is estimated by
changing the model of color reconnection in PYTHIA [82]
and using two other schemes [83,84]. Uncertainties from
modeling b quark fragmentation and the semileptonic
branching fractions of b hadrons are found to be negligible.
The measured differential cross section in the data is

shown in Fig. 2 (top) and compared to the predictions from
POWHEG and MadGraph5_aMC@NLO with mt ¼ 172.5 GeV.
In the peak region, the total relative uncertainty is between
16% and 36%, of which the dominant contribution is
12%–31% from the jet energy scale uncertainty. The largest
model uncertainty is from FSR modeling, with an uncer-
tainty of 4%–18%. The statistical uncertainty is 6%–7%.
The total measured tt̄ cross section in the fiducial region of
112 < mjet < 232 GeV is σ ¼ 527� 15ðstatÞ � 39ðexpÞ�
29ðmodelÞ fb. The cross section predicted by POWHEG is
680� 109 fb, where the theoretical uncertainty is obtained
by changing the scales μR and μF, the ISR and FSR PS
scales, the parameter hdamp, and the UE modeling in the
simulation. A smaller cross section is observed in the data
relative to the simulation, in agreement with previous high-
pT top quark measurements [32,85–88].
Figure 2 (bottom) shows the normalized differential

cross section as a function of mjet, which is obtained by
dividing the differential cross section by the total cross
section in the fiducial region. The normalized differential
cross section benefits from a partial cancellation of sys-
tematic uncertainties and shows good agreement with the
prediction from POWHEG for a value of mt ¼ 172.5 GeV.
The normalized differential cross section can be used to

extract a value of mt. A fit is performed based on the χ2

evaluated as χ2 ¼ dTV−1d, where d is the vector of
differences between the measured normalized cross sec-
tions and the predictions obtained from POWHEG for
different values of mt. The symbol V represents the
covariance matrix that contains statistical, experimental
systematic, signal modeling in the unfolding, and theoreti-
cal uncertainties. The result is

mt ¼ 172.6� 0.4ðstatÞ � 1.6ðexpÞ
� 1.5ðmodelÞ � 1.0ðtheoÞ GeV:

This result is a determination of mt from decays of boosted
top quarks, with an average energy scale of approximately
480 GeV, much larger than the scale in mt measurements
from threshold production. The improvement in precision
by a factor of 3.6 relative to the measurement at 8 TeV [32]
is attributed primarily to the novel jet reconstruction using
XCone. The improvement by a factor of 2 in both the mjet

width at the particle level and experimental resolution,
together with more integrated luminosity and an increased
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value of
ffiffiffi
s

p
, provides a reduction by a factor of about 14 in

the statistical uncertainty.
The systematic uncertainties are also reduced through

the XCone-jet reconstruction, which enables a more precise
calibration of the XCone-subjet energies and a better
stability against contributions from pileup and the UE.
Uncertainties from modeling are reduced through the use of
additional sideband regions with higher granularity in the
unfolding.
In summary, a measurement has been presented of the tt̄

differential cross section for t → bW → bqq̄0 decays of
boosted top quarks as a function of the jet mass mjet. A
determination of mt from the normalized mjet distribution
provides a value of 172.6� 2.5 GeV, with an uncertainty
close to that of events at the tt̄ production threshold. This
measurement shows for the first time the importance of
boosted top quarks for extracting standard model param-
eters such asmt. The differential cross section as a function
of mjet will enable a determination of mt using precise
analytical calculations, feasible only in the boosted regime
[26]. This is an important step in understanding the
ambiguities arising between the top quark pole mass and
mt measurements at hadron colliders. The novel
reconstruction technique using the XCone jet algorithm
results in the accuracy necessary for precision measure-
ments at large top quark momenta, which will become
increasingly important in future work at the LHC.
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C. Collard,35 E. Conte,35,p J.-C. Fontaine,35,p D. Gelé,35 U. Goerlach,35 M. Jansová,35 A.-C. Le Bihan,35 N. Tonon,35

P. Van Hove,35 S. Gadrat,36 S. Beauceron,37 C. Bernet,37 G. Boudoul,37 C. Camen,37 A. Carle,37 N. Chanon,37 R. Chierici,37

D. Contardo,37 P. Depasse,37 H. El Mamouni,37 J. Fay,37 S. Gascon,37 M. Gouzevitch,37 B. Ille,37 Sa. Jain,37 F. Lagarde,37

PHYSICAL REVIEW LETTERS 124, 202001 (2020)

202001-8

https://doi.org/10.1103/PhysRevD.94.072002
https://doi.org/10.1103/PhysRevD.94.072002
https://doi.org/10.1103/PhysRevD.97.112003


I. B. Laktineh,37 H. Lattaud,37 A. Lesauvage,37 M. Lethuillier,37 L. Mirabito,37 S. Perries,37 V. Sordini,37 L. Torterotot,37

G. Touquet,37 M. Vander Donckt,37 S. Viret,37 T. Toriashvili,38,q D. Lomidze,39 C. Autermann,40 L. Feld,40 M. K. Kiesel,40

K. Klein,40 M. Lipinski,40 D. Meuser,40 A. Pauls,40 M. Preuten,40 M. P. Rauch,40 J. Schulz,40 M. Teroerde,40 B. Wittmer,40

M. Erdmann,41 B. Fischer,41 S. Ghosh,41 T. Hebbeker,41 K. Hoepfner,41 H. Keller,41 L. Mastrolorenzo,41 M. Merschmeyer,41

A. Meyer,41 P. Millet,41 G. Mocellin,41 S. Mondal,41 S. Mukherjee,41 D. Noll,41 A. Novak,41 T. Pook,41 A. Pozdnyakov,41

T. Quast,41 M. Radziej,41 Y. Rath,41 H. Reithler,41 J. Roemer,41 A. Schmidt,41 S. C. Schuler,41 A. Sharma,41 S. Wiedenbeck,41

S. Zaleski,41 G. Flügge,42 W. Haj Ahmad,42,r O. Hlushchenko,42 T. Kress,42 T. Müller,42 A. Nowack,42 C. Pistone,42

O. Pooth,42 D. Roy,42 H. Sert,42 A. Stahl,42,s M. Aldaya Martin,43 P. Asmuss,43 I. Babounikau,43 H. Bakhshiansohi,43

K. Beernaert,43 O. Behnke,43 A. Bermúdez Martínez,43 D. Bertsche,43 A. A. Bin Anuar,43 K. Borras,43,t V. Botta,43

A. Campbell,43 A. Cardini,43 P. Connor,43 S. Consuegra Rodríguez,43 C. Contreras-Campana,43 V. Danilov,43 A. De Wit,43

M.M. Defranchis,43 C. Diez Pardos,43 D. Domínguez Damiani,43 G. Eckerlin,43 D. Eckstein,43 T. Eichhorn,43 A. Elwood,43

E. Eren,43 E. Gallo,43,u A. Geiser,43 A. Grohsjean,43 M. Guthoff,43 M. Haranko,43 A. Harb,43 A. Jafari,43 N. Z. Jomhari,43

H. Jung,43 A. Kasem,43,t M. Kasemann,43 H. Kaveh,43 J. Keaveney,43 C. Kleinwort,43 J. Knolle,43 D. Krücker,43 W. Lange,43

T. Lenz,43 J. Lidrych,43 K. Lipka,43 W. Lohmann,43,v R. Mankel,43 I.-A. Melzer-Pellmann,43 A. B. Meyer,43 M. Meyer,43

M. Missiroli,43 G. Mittag,43 J. Mnich,43 A. Mussgiller,43 V. Myronenko,43 D. Pérez Adán,43 S. K. Pflitsch,43 D. Pitzl,43
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M. Dittmar,128 M. Donegà,128 C. Dorfer,128 T. A. Gómez Espinosa,128 C. Grab,128 D. Hits,128 W. Lustermann,128

R. A. Manzoni,128 M. T. Meinhard,128 F. Micheli,128 P. Musella,128 F. Nessi-Tedaldi,128 F. Pauss,128 G. Perrin,128

L. Perrozzi,128 S. Pigazzini,128 M. G. Ratti,128 M. Reichmann,128 C. Reissel,128 T. Reitenspiess,128 D. Ruini,128

PHYSICAL REVIEW LETTERS 124, 202001 (2020)

202001-11



D. A. Sanz Becerra,128 M. Schönenberger,128 L. Shchutska,128 M. L. Vesterbacka Olsson,128 R. Wallny,128 D. H. Zhu,128

T. K. Aarrestad,129 C. Amsler,129,zz D. Brzhechko,129 M. F. Canelli,129 A. De Cosa,129 R. Del Burgo,129 B. Kilminster,129

S. Leontsinis,129 V. M. Mikuni,129 I. Neutelings,129 G. Rauco,129 P. Robmann,129 K. Schweiger,129 C. Seitz,129

Y. Takahashi,129 S. Wertz,129 A. Zucchetta,129 T. H. Doan,130 C. M. Kuo,130 W. Lin,130 A. Roy,130 S. S. Yu,130 P. Chang,131

Y. Chao,131 K. F. Chen,131 P. H. Chen,131 W.-S. Hou,131 Y. y. Li,131 R.-S. Lu,131 E. Paganis,131 A. Psallidas,131 A. Steen,131

B. Asavapibhop,132 C. Asawatangtrakuldee,132 N. Srimanobhas,132 N. Suwonjandee,132 A. Bat,133 F. Boran,133

A. Celik,133,aaa S. Cerci,133,bbb S. Damarseckin,133,ccc Z. S. Demiroglu,133 F. Dolek,133 C. Dozen,133,ddd I. Dumanoglu,133

G. Gokbulut,133 Emine Gurpinar Guler,133,eee Y. Guler,133 I. Hos,133,fff C. Isik,133 E. E. Kangal,133,ggg O. Kara,133

U. Kiminsu,133 G. Onengut,133 K. Ozdemir,133,hhh S. Ozturk,133,iii A. Polatoz,133 A. E. Simsek,133 D. Sunar Cerci,133,bbb

U. G. Tok,133 S. Turkcapar,133 I. S. Zorbakir,133 C. Zorbilmez,133 B. Isildak,134,jjj G. Karapinar,134,kkk M. Yalvac,134

I. O. Atakisi,135 E. Gülmez,135 M. Kaya,135,lll O. Kaya,135,mmm Ö. Özçelik,135 S. Tekten,135 E. A. Yetkin,135,nnn A. Cakir,136

K. Cankocak,136 Y. Komurcu,136 S. Sen,136,ooo B. Kaynak,137 S. Ozkorucuklu,137 B. Grynyov,138 L. Levchuk,139 E. Bhal,140

S. Bologna,140 J. J. Brooke,140 D. Burns,140,ppp E. Clement,140 D. Cussans,140 H. Flacher,140 J. Goldstein,140 G. P. Heath,140

H. F. Heath,140 L. Kreczko,140 B. Krikler,140 S. Paramesvaran,140 B. Penning,140 T. Sakuma,140 S. Seif El Nasr-Storey,140

V. J. Smith,140 J. Taylor,140 A. Titterton,140 K.W. Bell,141 A. Belyaev,141,qqq C. Brew,141 R. M. Brown,141

D. J. A. Cockerill,141 J. A. Coughlan,141 K. Harder,141 S. Harper,141 J. Linacre,141 K. Manolopoulos,141 D. M. Newbold,141

E. Olaiya,141 D. Petyt,141 T. Reis,141 T. Schuh,141 C. H. Shepherd-Themistocleous,141 A. Thea,141 I. R. Tomalin,141

T. Williams,141 W. J. Womersley,141 R. Bainbridge,142 P. Bloch,142 J. Borg,142 S. Breeze,142 O. Buchmuller,142

A. Bundock,142 Gurpreet Singh CHAHAL,142,rrr D. Colling,142 P. Dauncey,142 G. Davies,142 M. Della Negra,142

R. Di Maria,142 P. Everaerts,142 G. Hall,142 G. Iles,142 M. Komm,142 C. Laner,142 L. Lyons,142 A.-M. Magnan,142 S. Malik,142

A. Martelli,142 V. Milosevic,142 A. Morton,142 J. Nash,142,sss V. Palladino,142 M. Pesaresi,142 D. M. Raymond,142

A. Richards,142 A. Rose,142 E. Scott,142 C. Seez,142 A. Shtipliyski,142 M. Stoye,142 T. Strebler,142 A. Tapper,142 K. Uchida,142

T. Virdee,142,s N. Wardle,142 D. Winterbottom,142 J. Wright,142 A. G. Zecchinelli,142 S. C. Zenz,142 J. E. Cole,143

P. R. Hobson,143 A. Khan,143 P. Kyberd,143 C. K. Mackay,143 I. D. Reid,143 L. Teodorescu,143 S. Zahid,143 K. Call,144

B. Caraway,144 J. Dittmann,144 K. Hatakeyama,144 C. Madrid,144 B. McMaster,144 N. Pastika,144 C. Smith,144 R. Bartek,145

A. Dominguez,145 R. Uniyal,145 A. M. Vargas Hernandez,145 A. Buccilli,146 S. I. Cooper,146 C. Henderson,146 P. Rumerio,146

C. West,146 A. Albert,147 D. Arcaro,147 Z. Demiragli,147 D. Gastler,147 C. Richardson,147 J. Rohlf,147 D. Sperka,147

I. Suarez,147 L. Sulak,147 D. Zou,147 G. Benelli,148 B. Burkle,148 X. Coubez,148,t D. Cutts,148 Y. t. Duh,148 M. Hadley,148

U. Heintz,148 J. M. Hogan,148,ttt K. H. M. Kwok,148 E. Laird,148 G. Landsberg,148 K. T. Lau,148 J. Lee,148 Z. Mao,148

M. Narain,148 S. Sagir,148,uuu R. Syarif,148 E. Usai,148 D. Yu,148 W. Zhang,148 R. Band,149 C. Brainerd,149 R. Breedon,149

M. Calderon De La Barca Sanchez,149 M. Chertok,149 J. Conway,149 R. Conway,149 P. T. Cox,149 R. Erbacher,149 C. Flores,149

G. Funk,149 F. Jensen,149 W. Ko,149 O. Kukral,149 R. Lander,149 M. Mulhearn,149 D. Pellett,149 J. Pilot,149 M. Shi,149

D. Taylor,149 K. Tos,149 M. Tripathi,149 Z. Wang,149 F. Zhang,149 M. Bachtis,150 C. Bravo,150 R. Cousins,150 A. Dasgupta,150

A. Florent,150 J. Hauser,150 M. Ignatenko,150 N. Mccoll,150 W. A. Nash,150 S. Regnard,150 D. Saltzberg,150 C. Schnaible,150

B. Stone,150 V. Valuev,150 K. Burt,151 Y. Chen,151 R. Clare,151 J. W. Gary,151 S. M. A. Ghiasi Shirazi,151 G. Hanson,151

G. Karapostoli,151 E. Kennedy,151 O. R. Long,151 M. Olmedo Negrete,151 M. I. Paneva,151 W. Si,151 L. Wang,151

S. Wimpenny,151 B. R. Yates,151 Y. Zhang,151 J. G. Branson,152 P. Chang,152 S. Cittolin,152 S. Cooperstein,152 N. Deelen,152

M. Derdzinski,152 R. Gerosa,152 D. Gilbert,152 B. Hashemi,152 D. Klein,152 V. Krutelyov,152 J. Letts,152 M. Masciovecchio,152

S. May,152 S. Padhi,152 M. Pieri,152 V. Sharma,152 M. Tadel,152 F. Würthwein,152 A. Yagil,152 G. Zevi Della Porta,152

N. Amin,153 R. Bhandari,153 C. Campagnari,153 M. Citron,153 V. Dutta,153 M. Franco Sevilla,153 J. Incandela,153 B. Marsh,153

H. Mei,153 A. Ovcharova,153 H. Qu,153 J. Richman,153 U. Sarica,153 D. Stuart,153 S. Wang,153 D. Anderson,154

A. Bornheim,154 O. Cerri,154 I. Dutta,154 J. M. Lawhorn,154 N. Lu,154 J. Mao,154 H. B. Newman,154 T. Q. Nguyen,154

J. Pata,154 M. Spiropulu,154 J. R. Vlimant,154 S. Xie,154 Z. Zhang,154 R. Y. Zhu,154 M. B. Andrews,155 T. Ferguson,155

T. Mudholkar,155 M. Paulini,155 M. Sun,155 I. Vorobiev,155 M.Weinberg,155 J. P. Cumalat,156 W. T. Ford,156 E. MacDonald,156

T. Mulholland,156 R. Patel,156 A. Perloff,156 K. Stenson,156 K. A. Ulmer,156 S. R. Wagner,156 J. Alexander,157 Y. Cheng,157

J. Chu,157 A. Datta,157 A. Frankenthal,157 K. Mcdermott,157 J. R. Patterson,157 D. Quach,157 A. Ryd,157 S. M. Tan,157

Z. Tao,157 J. Thom,157 P. Wittich,157 M. Zientek,157 S. Abdullin,158 M. Albrow,158 M. Alyari,158 G. Apollinari,158

A. Apresyan,158 A. Apyan,158 S. Banerjee,158 L. A. T. Bauerdick,158 A. Beretvas,158 D. Berry,158 J. Berryhill,158 P. C. Bhat,158

K. Burkett,158 J. N. Butler,158 A. Canepa,158 G. B. Cerati,158 H.W. K. Cheung,158 F. Chlebana,158 M. Cremonesi,158

PHYSICAL REVIEW LETTERS 124, 202001 (2020)

202001-12



J. Duarte,158 V. D. Elvira,158 J. Freeman,158 Z. Gecse,158 E. Gottschalk,158 L. Gray,158 D. Green,158 S. Grünendahl,158

O. Gutsche,158 Allison Reinsvold Hall,158 J. Hanlon,158 R. M. Harris,158 S. Hasegawa,158 R. Heller,158 J. Hirschauer,158

B. Jayatilaka,158 S. Jindariani,158 M. Johnson,158 U. Joshi,158 T. Klijnsma,158 B. Klima,158 M. J. Kortelainen,158 B. Kreis,158

S. Lammel,158 J. Lewis,158 D. Lincoln,158 R. Lipton,158 M. Liu,158 T. Liu,158 J. Lykken,158 K. Maeshima,158

J. M. Marraffino,158 D. Mason,158 P. McBride,158 P. Merkel,158 S. Mrenna,158 S. Nahn,158 V. O’Dell,158 V. Papadimitriou,158

K. Pedro,158 C. Pena,158 G. Rakness,158 F. Ravera,158 L. Ristori,158 B. Schneider,158 E. Sexton-Kennedy,158 N. Smith,158

A. Soha,158 W. J. Spalding,158 L. Spiegel,158 S. Stoynev,158 J. Strait,158 N. Strobbe,158 L. Taylor,158 S. Tkaczyk,158

N. V. Tran,158 L. Uplegger,158 E. W. Vaandering,158 C. Vernieri,158 R. Vidal,158 M. Wang,158 H. A. Weber,158 D. Acosta,159

P. Avery,159 D. Bourilkov,159 A. Brinkerhoff,159 L. Cadamuro,159 A. Carnes,159 V. Cherepanov,159 F. Errico,159 R. D. Field,159

S. V. Gleyzer,159 B. M. Joshi,159 M. Kim,159 J. Konigsberg,159 A. Korytov,159 K. H. Lo,159 P. Ma,159 K. Matchev,159

N. Menendez,159 G. Mitselmakher,159 D. Rosenzweig,159 K. Shi,159 J. Wang,159 S. Wang,159 X. Zuo,159 Y. R. Joshi,160

T. Adams,161 A. Askew,161 S. Hagopian,161 V. Hagopian,161 K. F. Johnson,161 R. Khurana,161 T. Kolberg,161 G. Martinez,161

T. Perry,161 H. Prosper,161 C. Schiber,161 R. Yohay,161 J. Zhang,161 M.M. Baarmand,162 M. Hohlmann,162 D. Noonan,162

M. Rahmani,162 M. Saunders,162 F. Yumiceva,162 M. R. Adams,163 L. Apanasevich,163 R. R. Betts,163 R. Cavanaugh,163

X. Chen,163 S. Dittmer,163 O. Evdokimov,163 C. E. Gerber,163 D. A. Hangal,163 D. J. Hofman,163 K. Jung,163 C. Mills,163

T. Roy,163 M. B. Tonjes,163 N. Varelas,163 J. Viinikainen,163 H. Wang,163 X. Wang,163 Z. Wu,163 M. Alhusseini,164

B. Bilki,164,eee W. Clarida,164 K. Dilsiz,164,vvv S. Durgut,164 R. P. Gandrajula,164 M. Haytmyradov,164 V. Khristenko,164

O. K. Köseyan,164 J.-P. Merlo,164 A. Mestvirishvili,164,www A. Moeller,164 J. Nachtman,164 H. Ogul,164,xxx Y. Onel,164

F. Ozok,164,yyy A. Penzo,164 C. Snyder,164 E. Tiras,164 J. Wetzel,164 B. Blumenfeld,165 A. Cocoros,165 N. Eminizer,165

A. V. Gritsan,165 W. T. Hung,165 S. Kyriacou,165 P. Maksimovic,165 J. Roskes,165 M. Swartz,165 C. Baldenegro Barrera,166

P. Baringer,166 A. Bean,166 S. Boren,166 J. Bowen,166 A. Bylinkin,166 T. Isidori,166 S. Khalil,166 J. King,166 G. Krintiras,166

A. Kropivnitskaya,166 C. Lindsey,166 D. Majumder,166 W. Mcbrayer,166 N. Minafra,166 M. Murray,166 C. Rogan,166

C. Royon,166 S. Sanders,166 E. Schmitz,166 J. D. Tapia Takaki,166 Q. Wang,166 J. Williams,166 G. Wilson,166 S. Duric,167

A. Ivanov,167 K. Kaadze,167 D. Kim,167 Y. Maravin,167 D. R. Mendis,167 T. Mitchell,167 A. Modak,167 A. Mohammadi,167

F. Rebassoo,168 D. Wright,168 A. Baden,169 O. Baron,169 A. Belloni,169 S. C. Eno,169 Y. Feng,169 N. J. Hadley,169 S. Jabeen,169

G. Y. Jeng,169 R. G. Kellogg,169 J. Kunkle,169 A. C. Mignerey,169 S. Nabili,169 F. Ricci-Tam,169 M. Seidel,169 Y. H. Shin,169

A. Skuja,169 S. C. Tonwar,169 K. Wong,169 D. Abercrombie,170 B. Allen,170 A. Baty,170 R. Bi,170 S. Brandt,170 W. Busza,170

I. A. Cali,170 M. D’Alfonso,170 G. Gomez Ceballos,170 M. Goncharov,170 P. Harris,170 D. Hsu,170 M. Hu,170 M. Klute,170

D. Kovalskyi,170 Y.-J. Lee,170 P. D. Luckey,170 B. Maier,170 A. C. Marini,170 C. Mcginn,170 C. Mironov,170 S. Narayanan,170

X. Niu,170 C. Paus,170 D. Rankin,170 C. Roland,170 G. Roland,170 Z. Shi,170 G. S. F. Stephans,170 K. Sumorok,170 K. Tatar,170

D. Velicanu,170 J. Wang,170 T. W. Wang,170 B. Wyslouch,170 R. M. Chatterjee,171 A. Evans,171 S. Guts,171,a P. Hansen,171

J. Hiltbrand,171 Sh. Jain,171 Y. Kubota,171 Z. Lesko,171 J. Mans,171 M. Revering,171 R. Rusack,171 R. Saradhy,171

N. Schroeder,171 M. A. Wadud,171 J. G. Acosta,172 S. Oliveros,172 K. Bloom,173 S. Chauhan,173 D. R. Claes,173

C. Fangmeier,173 L. Finco,173 F. Golf,173 R. Kamalieddin,173 I. Kravchenko,173 J. E. Siado,173 G. R. Snow,173,a B. Stieger,173

W. Tabb,173 G. Agarwal,174 C. Harrington,174 I. Iashvili,174 A. Kharchilava,174 C. McLean,174 D. Nguyen,174 A. Parker,174

J. Pekkanen,174 S. Rappoccio,174 B. Roozbahani,174 G. Alverson,175 E. Barberis,175 C. Freer,175 Y. Haddad,175

A. Hortiangtham,175 G. Madigan,175 B. Marzocchi,175 D. M. Morse,175 T. Orimoto,175 L. Skinnari,175

A. Tishelman-Charny,175 T. Wamorkar,175 B. Wang,175 A. Wisecarver,175 D. Wood,175 S. Bhattacharya,176 J. Bueghly,176

T. Gunter,176 K. A. Hahn,176 N. Odell,176 M. H. Schmitt,176 K. Sung,176 M. Trovato,176 M. Velasco,176 R. Bucci,177 N. Dev,177

R. Goldouzian,177 M. Hildreth,177 K. Hurtado Anampa,177 C. Jessop,177 D. J. Karmgard,177 K. Lannon,177 W. Li,177

N. Loukas,177 N. Marinelli,177 I. Mcalister,177 F. Meng,177 C. Mueller,177 Y. Musienko,177,mm M. Planer,177 R. Ruchti,177

P. Siddireddy,177 G. Smith,177 S. Taroni,177 M. Wayne,177 A. Wightman,177 M. Wolf,177 A. Woodard,177 J. Alimena,178

B. Bylsma,178 L. S. Durkin,178 B. Francis,178 C. Hill,178 W. Ji,178 A. Lefeld,178 T. Y. Ling,178 B. L. Winer,178 G. Dezoort,179

P. Elmer,179 J. Hardenbrook,179 N. Haubrich,179 S. Higginbotham,179 A. Kalogeropoulos,179 S. Kwan,179 D. Lange,179

M. T. Lucchini,179 J. Luo,179 D. Marlow,179 K. Mei,179 I. Ojalvo,179 J. Olsen,179 C. Palmer,179 P. Piroué,179
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A. Loeliger,192 K. Long,192 R. Loveless,192 J. Madhusudanan Sreekala,192 D. Pinna,192 T. Ruggles,192 A. Savin,192

V. Sharma,192 W. H. Smith,192 D. Teague,192 S. Trembath-reichert,192 and N. Woods192

(CMS Collaboration)

1Yerevan Physics Institute, Yerevan, Armenia
2Institut für Hochenergiephysik, Wien, Austria

3Institute for Nuclear Problems, Minsk, Belarus
4Universiteit Antwerpen, Antwerpen, Belgium
5Vrije Universiteit Brussel, Brussel, Belgium
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33IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

34Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris, Palaiseau, France

PHYSICAL REVIEW LETTERS 124, 202001 (2020)

202001-14
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69bUniversità di Catania, Catania, Italy

70aINFN Sezione di Firenze, Firenze, Italy
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