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Results are reported from a search for new particles that decay into a photon and two gluons, in events
with jets. Novel jet substructure techniques are developed that allow photons to be identified in an
environment densely populated with hadrons. The analyzed proton-proton collision data were collected by
the CMS experiment at the LHC, in 2016 at

ffiffiffi
s

p ¼ 13 TeV, and correspond to an integrated luminosity of
35.9 fb−1. The spectra of total transverse hadronic energy of candidate events are examined for deviations
from the standard model predictions. No statistically significant excess is observed over the expected
background. The first cross section limits on new physics processes resulting in such events are set. The
results are interpreted as upper limits on the rate of gluino pair production, utilizing a simplified stealth
supersymmetry model. The excluded gluino masses extend up to 1.7 TeV, for a neutralino mass of 200 GeV
and exceed previous mass constraints set by analyses targeting events with isolated photons.

DOI: 10.1103/PhysRevLett.123.241801

Despite the success of the standard model (SM) of
particle physics, there are a number of indications, such
as the cosmological observations of dark matter and the low
measured value of the Higgs boson mass, that suggest the
existence of new physics at the TeV energy scale. No
evidence for new physics has been uncovered thus far by
the LHC. Signs of new phenomena could be hidden by high
rate background SM processes that have yet to be properly
explored. A large number of well-motivated theoretical
scenarios predict the appearance of new physics in proton-
proton collision events with low missing transverse
momentum (pmiss

T ) and nonisolated photons and leptons,
which would appear as multijet events in a collider detector.
These scenarios arise in hidden valley models [1,2] and
a number of supersymmetric (SUSY) models, such as
R parity violating SUSY [3] and stealth SUSY [4–6].
Stealth SUSY predicts a hidden sector of particles with

minimal couplings to the SUSY breaking mechanism. As a
result, the superpartners in this sector are nearly mass
degenerate. In the present analysis, a simplified stealth
SUSY model is used as a benchmark. The model has only
one light hidden sector superparticle pair, the singlino, and
the singlet (S̃ and S, respectively). Gluinos (g̃), the gluon
superpartners, are expected to be created with large cross
sections at the LHC and to decay to neutralinos χ̃01 and a

quark-antiquark pair. Stealth SUSY assumes gauginos
(either neutralinos or charginos), which decay to a S̃ and
a photon (γ), to be the portal to the hidden sector. The S̃ is
expected to decay to an S and a massless gravitino (G̃), with
the subsequent decay of the S to a pair of gluons. Because
of the mass degeneracy of the hidden-sector pair, the G̃ is
expected to be produced with low momentum and the event
to be characterized by low pmiss

T . A diagram depicting the
decay chain of a gluino according to this simplified stealth
SUSY model is presented in Fig. 1.
Previous searches at CMS for stealth SUSY [7,8] required

two isolated photons. The isolation requirement reduces the
sensitivity for scenarios where a large mass difference exists
between the electroweak gauginos, in this case the χ̃01 and the
colored superparticle (g̃). If this large mass interval is pre-
sent, the χ̃01 is expected to be produced with a large Lorentz
boost and its decay products to be collimated, resulting in
photons that are not isolated in the event. Since we search for
events with jets composed of one photon from the χ̃01 decay
and a pair of gluons from the S decay, which we refer to as
photon jets, our search is complementary to previous
searches. It is possible to identify photon jets by utilizing
a combination of existing and novel jet substructure tools.
Within the simplified stealth SUSY model we consider,
superparticles would be produced at the LHC in events with
two photon jets associated with a large number of hadrons.
The distribution of the total transverse hadronic energy of
events containing photon jets is used to discriminate possible
new physics obscured by the SM multijet background.
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 are a
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silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel
and two end cap sections. Forward calorimeters extend the
pseudorapidity (η) coverage provided by the barrel and end
cap detectors. Muons are detected in gas-ionization cham-
bers embedded in the steel flux-return yoke outside the
solenoid. Observed events that are considered potentially
interesting are selected by a two-tiered trigger system [9].
A more 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. [10].
Particle objects are reconstructed by the particle-flow

algorithm [11], from combinations of observations from the
CMS detector components. The particle objects are clus-
tered into jets using the anti-kT algorithm [12] implemented
in FASTJET [13] with a distance parameter of 0.8 (AK8 jets)
and 0.4 (AK4 jets). The AK4 jet collection is utilized
mainly for triggering purposes, while the larger radius AK8
jet collection, for the reconstruction of the χ̃01 decays. The
primary vertex is defined as the reconstructed vertex with
the largest quadratic sum of the transverse momenta (pT) of
AK4 jets clustered from tracks associated with the vertex
and the negative vector-pT sum of these jets. Charged-
particle candidates not associated with the primary vertex
are ignored to reduce pileup effects in the event recon-
struction. Pileup refers to additional proton-proton (p p)
collisions within the same or neighboring bunch crossings
of the LHC beams. Jets are required to pass loose
identification criteria [14], to reduce misreconstructed jets
and jets reconstructed from calorimeter noise [15]. In
addition, energy corrections are applied to the jets [16].
Kinematic requirements of a minimum jet pT of 200 GeV
and the jet pseudorapidity (η), to be −2 < η < 2 are applied
to AK8 jets. The AK8 jet pT is used to measure the total
transverse hadronic activity in the event, defined as
HT ¼ P

pT, where the sum is over all the AK8 jets in
the event. For the analysis, we consider events that have
HT > 1 TeV and contain at least 3 AK8 jets.
The data analyzed were collected by the CMS experi-

ment at the LHC from p p collisions at
ffiffiffi
s

p ¼ 13 TeV
during the 2016 data taking period, and correspond to an
integrated luminosity of 35.9 fb−1. Events are selected by
the trigger system if they pass a minimum HT requirement
of 900 GeV, calculated using the AK4 jets with a minimum

pT of 50 GeV and jηj < 2.5. For the purpose of correcting
data-to-simulation differences, events were also collected
with a combination of muon triggers, selecting events
containing at least one muon with pT greater than 50 GeV.
Pair production of gluinos for a range of different g̃ and χ̃01

masses, with the S and S̃ masses fixed to 90 and 100 GeV,
respectively, are simulated using MADGRAPH5_aMC@NLO

[17]. The decay and hadronization are done with PYTHIA

[18] using the CUETP8M1 tune [19] for the underlying event
and the NNPDF3.0 parton distribution functions (PDF) [20].
The detector is simulated with the CMS fast simulation
package (FASTSIM) [21,22]. To estimate systematic uncer-
tainties related to the detector simulation, the full CMS
detector simulation (FULLSIM) based on GEANT4 [23] is also
used and its results are compared to those of FASTSIM. An
uncertainty due to the hadronization model is evaluated by
an alternative signal simulation with HERWIG [24] and the
TUNEEE5C [25] underlying event tune. Signal events are
normalized using the theoretical gluino pair production cross
sections [26] at next-to-leading order, assuming a 100%
branching fraction to the g̃ decay channel shown in Fig. 1.
We simulate SM processes to study the behavior of the

background, to construct templates from which we estimate
the efficiency corrections used for simulated signals, and to
estimate the various uncertainties. The dominant back-
ground is from quantum chromodynamic (QCD) multijet
processes. Simulation of QCD processes is done using
MADGRAPH5AMC@NLO with MLM matching [27] and
hadronized with PYTHIA8 with the CUETP8M1 tune. The
production of hadronically and leptonically decaying W
bosons in conjunction with jets (W þ jets) is also simulated
this way. Top quark-antiquark pairs (tt̄) are simulated with
POWHEGV2 [28–31] and hadronized by PYTHIA8 using the
CUETP8M2T4 [19] underlying event tune. As an alternative
to PYTHIA, HERWIG with the TUNEEE5C underlying event
tune are also used for hadronization of tt̄ pairs. All samples
are simulated with the NNPDF3.0 PDFs. The detector
response is simulated using GEANT4.
Each AK8 jet in the event is examined to identify

candidate photon jets, which will have a three-prong sub-
structure and a photon from the χ̃01 decay. We require that
there is at least one photon cluster in the AK8 jet, with
pT > 20 GeV and at least 95% of the energy deposited in
ECAL, consistent with a photon shower shape [32]. This
photon candidate is also required to not have any associated
hits in the pixel detector (pixel veto). Photons converting in
the tracker material can produce multiple PF objects, which
are replaced by the reconstructed photon object four vector.
The photon and theAK8 jet constituents are reclustered using
the kT algorithm [33] and the merging history is examined to
identify the three subjets of the jet. The clustering algorithm
combines two objects into one at each step.We identify as the
first subjet, the less massive of the two objects merged in the
last step of the clustering sequence. The other object, themore
massive of the two, specifies the second and third subjets.
To be considered a photon jet, the AK8 jet must have three

FIG. 1. The decay diagram for a single gluino as predicted by
stealth SUSY. This analysis searches for pair produced gluinos
and thus two such decay chains are expected in each signal event.
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subjetswithpT > 10 GeV.Wefurther examine the subjet that
contains the photon and define the photon subjet energy
fraction (fγ) as the ratio of the photon’s transverse energy to
the subjet’spT. The fγ distribution is shown in Fig. 2 for data,
simulated multijet backgrounds, and simulated signal. This
variable is a measure of the activity around the photon and
serves as a strong discriminator against the QCD multijet
background.
An additional jet-substructure tool is used to enhance the

discrimination between signal like three-prong jets, and
background dominated single prong jets. In this approach,
the N-subjettiness variables [34] denoted by τN are used to
determine the consistency of a jet with N or fewer prongs.
The τN values are defined as the following:

τN ≡ 1

d0

X

i

pTiminfΔR1;i;ΔR2;i;…ΔRN;ig; ð1Þ

where the index i refers to each jet constituent, ΔR is the
angular distance between a jet constituent and a candidate
subjet axis, and d0 is a normalization constant. Jets
composed of three subjets should have small values for
the ratio τ3=τ1. Photon jets are required to satisfy the
condition τ3=τ1 < 0.4. Photon jets satisfying the additional
requirement fγ > 0.9 are categorized as tight photon jets,
the rest are referred to as loose photon jets. Events are
characterized by their multiplicity of loose and tight photon
jets, and are labeled as X-Y where X is the number of loose
photon jets, of which Y also satisfies the tight photon jet
criteria. We define the signal region (SR) as that containing
events with exactly two loose photon jets, while the
background dominated region (BR) contains events with

one or less loose photon jet. The SR is further split into
three multiplicity categories, 2-0, 2-1, and 2-2, with the last
one being the most sensitive to the signal.
The SM multijet background is estimated from data. The

probabilities for a QCD jet to be labeled as a loose or tight
photon jet, referred to as mistag rates, are measured in the BR
as a function of the jet pT and η. The loose mistag rate is
measured by taking the ratio of the number of jets passing the
loose selection in the BR, to the total number of the jets in the
BR, as a function of jet pT and η. The tight photon jet mistag
rate is the ratio of thenumber of tight photon jets to thenumber
of all loose photon jets in the BR. The probabilities of each
event to populate the three SR categories are calculated by
generating an ensemble of 104 pseudoexperiments for each
event in theBR, using theAK8 jet kinematic variables and the
measured mistag rates. One can then obtain the background
HT distributions, for each SR category. This is achieved by
constructing an HT distribution of all events in the BR and
weighting each event by the calculated probabilities for it to
pass the SR selections. Themistag rates are variedwithin their
statistical uncertainties to determine the uncertainty in the
background prediction. It was found that the background
contribution is underestimated in events where overlap
between neighboring jets exists. Therefore, in each event,
the minimum pairwise distance in the η-ϕ space between
AK8 jets, defined asΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
, is required to

beΔR > 1.5. Thevalidity of the backgroundmethod is tested
by confirming that there is agreement between prediction and
observation for the numbers of events in theHT distributions
and for their shapes. The tests are performed both with
simulated events and with a subset of the data corresponding
to 10% of the total integrated luminosity. In each case the
method is found to achieve closure to within 5%. Other SM
processes such as tt̄ andW þ jets are simulated and estimated
to have a negligible contribution in the SR.
Tomeasure thesignal efficiencycorrection for the looseand

tight photon jet selections, since no SM process predicts jets
composed of a collimated photon and two gluons, we select
AK8 jets that are composedof an electron, a bottomquark and
a final-state radiation gluon, originating from top quark
decays. This approach requires the pixel veto constraint to
be reversed in order to allow an electron in a jet to emulate a
photon.A tt̄dominated sample is selectedby taggingevents in
which the combination of amuon, a loosely b-taggedAK4 jet
[35] and pmiss

T is back to back to an AK8 jet (probe jet). The
probe jets are used for the measurement of the loose and
tight photon jet rates. The measurement is done by fitting
simulation-based templates to the probe jets, estimating the
data composition (e.g., jets originating from light quarks or
gluons, or fully merged hadronic W boson or top quark
decays) and measuring the loose and tight photon jets
selection efficiency. The procedure is repeated in simulation
and the efficiency correction is defined as the ratio of the loose
or tight efficiencymeasured indata over theoneobtained from
tt̄ simulation. The templates are constructed using the probe
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the QCD jets distribution.
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jet mass. Using simulated top pairs and signal samples
hadronized with PYTHIA and HERWIG, an uncertainty is
derived to address the differences in the jet constituents
between top and signal jets. Finally, the signal yield is scaled
to correct for the difference between data and simulation, and
the associated uncertainty in the yield is estimated by
measuring the impact of changing the scaling factor by its
uncertainty.

The dominant source of systematic uncertainty is the
data-to-simulation efficiency correction for signal-like jets.
This ranges from 30 to 50% depending on the event jet
composition. The uncertainties considered and their mag-
nitudes are listed in Table I. These include uncertainties
associated with the following sources: background estima-
tion, jet calibration and resolution corrections, which can
affect the measured jet energy [36], pileup modeling, the
total integrated luminosity measurement [37], simulation
effects for signal such as the difference between the full and
fast detector simulation, and the PDF choice [38]. Initial-
state radiation effects on signal efficiency and triggering
efficiency uncertainties are estimated to be negligible and
not included. Systematic uncertainties are introduced as
shape or normalization variations for the limit setting
procedure, as indicated in Table I.
The search is performed separately on events with exactly

three AK8 jets and events with four or more AK8 jets. A
joint statistical analysis is performed using theHT spectra in
the six SR considered. The HT distributions in the SR are
presented in Fig. 3, where it can be seen that the data are
consistent with the background prediction. We interpret the
results as upper limits on the cross section for pair-produced
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FIG. 3. The HT distributions in the signal regions for the three-jet AK8 (upper row) and the ≥ 4 AK8 jets categories (lower row).
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TABLE I. Impact of systematic uncertainties on either signal
acceptance ( s) or background ( b). Shape uncertainties are
denoted by an asterisk ( �), while the others are considered
normalization uncertainties.

Source Impact

Simulation-to-data signal efficiency correction �s 30–50%
Background estimation �b 5–20%
Jet energy resolution �sb <10%
Jet energy scale corrections �sb <10%
Pileup reweighting �s <5%
Integrated luminosity s 2.5%
Detector FULLSIM–FASTSIM s 1–2%
PDF choice uncertainty s 1%
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gluinos, decaying according to the simplified stealth SUSY
model, using a Bayesian limit setting method with a flat
signal prior [39]. The systematic uncertainties are incorpo-
rated as nuisance parameters with log-normal priors and are
assumed to be correlated among the six SR. The cross
section limits for all SR categories are shown in Fig. 4.
Production of g̃ with masses up to 1.7 TeVare excluded at a
95% confidence level, for an assumed χ̃01 mass of 200 GeV.
For neutralino masses between 1.0 and 1.2 TeV, the
maximum excluded gluino mass is 1.5–1.7 TeV. This is
the first result on boosted final states with photons and
gluons merging into a single jet. The resulting limits improve
over those obtained in previous analyses searching for
isolated photons.
To summarize, a search for new particles decaying to a

photon and two gluons in events with jets is presented. The
search is performed in events with two jets that have
substructure and are composed of a photon and two gluons.
A dataset of proton-proton collisions at a center-of-mass
energy of 13 TeV collected by the CMS experiment,
corresponding to an integrated luminosity of 35.9 fb−1,
is analyzed. To identify the candidate jets, novel jet
substructure techniques have been developed and used to
complement established methods. The total transverse
hadronic activity distributions of events in the signal region
are compared to the expected distributions, estimated from
data. No statistically significant excess is observed above
the standard model background expectation. We establish
upper limits at 95% confidence level on the cross section
for gluino pair production, using a simplified stealth
SUSY model. The excluded gluino masses extend up to

1.5–1.7 TeV, depending on the neutralino mass, with the
highest exclusion set for neutralinos with a mass of
200 GeV. This is the first search of this kind targeting
the region of parameter space where photons from neu-
tralino decays are not isolated.
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[3] R. Barbier, C. Bérat, M. Besançon, M. Chemtob, A.
Deandrea, E. Dudas, P. Fayet, S. Lavignac, G. Moreau,
E. Perez, and Y. Sirois, R-parity-violating supersymmetry,
Phys. Rep. 420, 1 (2005).

[4] J. Fan, M. Reece, and J. T. Ruderman, A stealth supersym-
metry sampler, J. High Energy Phys. 07 (2012) 196.

[5] J. Fan, M. Reece, and J. T. Ruderman, Stealth supersym-
metry, J. High Energy Phys. 11 (2011) 012.

[6] J. Fan, R. Krall, D. Pinner, M. Reece, and J. T. Ruderman,
Stealth supersymmetry simplified, J. High Energy Phys. 07
(2016) 016.

1000 1100 1200 1300 1400 1500 1600 1700

200

400

600

800

1000

1200

1400  (
fb

)
g~

g~σ
95

%
 C

L 
on

 

 (13 TeV)-135.9 fb

CMS

Observed limit 
thσ 1 ±Observed limit 

Expected limit 
exσ 1 ±Expected limit 

 (GeV)g~M

 (
G

eV
)

0 χ∼
M 10

FIG. 4. The upper limit at 95% confidence level on the g̃ pair
production cross section as a function of g̃ and χ̃01 masses. The
region enclosed by the red (lighter) solid line is excluded. The
black (darker) solid line presents the expected excluded area.
The uncertainty in the observed limit corresponds to the theo-
retical uncertainties in the signal cross section. Exclusion in the
low χ̃01 and high g̃mass region is a result of the implementation of
the substructure techniques.

PHYSICAL REVIEW LETTERS 123, 241801 (2019)

241801-5

https://doi.org/10.1016/j.physletb.2007.06.055
https://arXiv.org/abs/hep-ph/0607160
https://doi.org/10.1016/j.physrep.2005.08.006
https://doi.org/10.1007/JHEP07(2012)196
https://doi.org/10.1007/JHEP11(2011)012
https://doi.org/10.1007/JHEP07(2016)016
https://doi.org/10.1007/JHEP07(2016)016


[7] CMS Collaboration, Search for stealth supersymmetry in
events with jets, either photons or leptons, and low missing
transverse momentum in pp collisions at 8 TeV, Phys. Lett.
B 743, 503 (2015).

[8] CMS Collaboration, Search for supersymmetry in events
with photons and low missing transverse energy in
pp collisions at

ffiffiffi
s

p ¼ 7 TeV, Phys. Lett. B 719, 42 (2013).
[9] CMS Collaboration, The CMS trigger system, J. Instrum.

12, P01020 (2017).
[10] CMS Collaboration, The CMS experiment at the CERN

LHC, J. Instrum. 3, S08004 (2008).
[11] CMS Collaboration, Particle-flow reconstruction and global

event description with the CMS detector, J. Instrum. 12,
P10003 (2017).

[12] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kT jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[13] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[14] CMS Collaboration, Jet algorithms performance in 13 TeV
data, CMS physics analysis summary CMS-PAS-JME-16-
003, 2016, https://cds.cern.ch/record/2256875.

[15] CMS Collaboration, Identification and filtering of unchar-
acteristic noise in the CMS hadron calorimeter, J. Instrum. 5,
T03014 (2010).

[16] CMS Collaboration, Jet energy scale and resolution in the
CMS experiment in pp collisions at 8 TeV, J. Instrum. 12,
P02014 (2017).

[17] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching
to parton shower simulations, J. High Energy Phys. 07
(2014) 079.

[18] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[19] CMS Collaboration, Event generator tunes obtained from
underlying event and multiparton scattering measurements,
Eur. Phys. J. C 76, 155 (2016).

[20] R. D. Ball, V. Bertone, S. Carrazza, C. S. Deans, L. Del
Debbio, S. Forte, A. Guffanti, N. P. Hartland, J. I. Latorre, J.
Rojo, and M. Ubiali (NNPDF Collaboration), Parton dis-
tributions with LHC data, Nucl. Phys. B867, 244 (2013).

[21] S. Abdullin, P. Azzi, F. Beaudette, P. Janot, and A. Perrotta,
The fast simulation of the CMS detector at LHC, Proceed-
ings, 18th International Conference on Computing in High
Energy and Nuclear Physics (CHEP 2010), (IOP Publish-
ing, Taipei, Taiwan, 2010); J. Phys. Conf. Ser. 331, 032049
(2011).

[22] A. Giammanco, The fast Simulation of the CMS Experi-
ment, Proceedings, 20th International Conference on
Computing in High Energy and Nuclear Physics (CHEP
2013): Amsterdam, The Netherlands, 2013 (IOP Publishing,
Bristol, 2013); The Fast Simulation of the CMS Experiment,
J. Phys. Conf. Ser. 513, 022012 (2014).

[23] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4—A
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[24] M. Bähr, S. Gieseke, M. A. Gigg, D. Grellscheid, K.
Hamilton, O. Latunde-Dada, S. Plätzer, P. Richardson,
M. H. Seymour, A. Sherstnev, and B. R. Webber, Herwigþþ
physics and manual, Eur. Phys. J. C 58, 639 (2008).

[25] S. Gieseke, C. Rohr, and A. Siodmok, Colour reconnections
in Herwigþþ, Eur. Phys. J. C 72, 2225 (2012).

[26] C. Borschensky, M. Krämer, A. Kulesza, M. Mangano, S.
Padhi, T. Plehn, and X. Portell, Squark and gluino pro-
duction cross sections in pp collisions at

ffiffiffi
s

p ¼ 13, 14, 33
and 100 TeV, Eur. Phys. J. C 74, 3174 (2014).

[27] J. Alwall, S. Höche, F. Krauss, N. Lavesson, L. Lönnblad, F.
Maltoni, M. L. Mangano, M. Moretti, C. G. Papadopoulos,
F. Piccinini, S. Schumann, M. Treccani, J. Winter, and M.
Worek, Comparative study of various algorithms for the
merging of parton showers and matrix elements in hadronic
collisions, Eur. Phys. J. C 53, 473 (2008).

[28] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[29] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: the POW-
HEG method, J. High Energy Phys. 11 (2007) 070.

[30] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: the POWHEG BOX, J. High Energy
Phys. 06 (2010) 043.

[31] S. Frixione, P. Nason, and G. Ridolfi, A positive-weight
next-to-leading-order Monte Carlo for heavy flavour ha-
droproduction, J. High Energy Phys. 09 (2007) 126.

[32] CMS Collaboration, Performance of photon reconstruction
and identification with the CMS detector in proton-proton
collisions at sqrtðsÞ ¼ 8 TeV, J. Instrum. 10, P08010
(2015).

[33] S. Catani, Y. L. Dokshitzer, M. H. Seymour, and B. R.
Webber, Longitudinally invariant kT clustering algorithms
for hadron hadron collisions, Nucl. Phys. B406, 187 (1993).

[34] J. Thaler and K. Van Tilburg, Identifying boosted objects
with N-subjettiness, J. High Energy Phys. 03 (2011) 15.

[35] CMS Collaboration, Identification of heavy-flavour jets
with the CMS detector in pp collisions at 13 TeV, J. Instrum.
13, P05011 (2018).

[36] CMS Collaboration, Determination of jet energy calibration
and transverse momentum resolution in CMS, J. Instrum. 6,
P11002 (2011).

[37] CMS Collaboration, CMS luminosity measurements for the
2016 data taking period, CMS Physics Analysis Summary
CMS-PAS-LUM-17-001, CERN, 2017, https://cds.cern.ch/
record/2257069.

[38] J. Butterworth et al., PDF4LHC recommendations for LHC
Run II, J. Phys. G 43, 023001 (2016).

[39] M. Tanabashi et al. (Particle Data Group), Review of
particle physics, Phys. Rev. D 98, 030001 (2018).

PHYSICAL REVIEW LETTERS 123, 241801 (2019)

241801-6

https://doi.org/10.1016/j.physletb.2015.03.017
https://doi.org/10.1016/j.physletb.2015.03.017
https://doi.org/10.1016/j.physletb.2012.12.055
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1748-0221/12/10/P10003
https://doi.org/10.1088/1748-0221/12/10/P10003
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://cds.cern.ch/record/2256875
https://cds.cern.ch/record/2256875
https://cds.cern.ch/record/2256875
https://doi.org/10.1088/1748-0221/5/03/T03014
https://doi.org/10.1088/1748-0221/5/03/T03014
https://doi.org/10.1088/1748-0221/12/02/P02014
https://doi.org/10.1088/1748-0221/12/02/P02014
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1140/epjc/s10052-016-3988-x
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1088/1742-6596/331/3/032049
https://doi.org/10.1088/1742-6596/331/3/032049
https://doi.org/10.1088/1742-6596/513/2/022012
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1140/epjc/s10052-008-0798-9
https://doi.org/10.1140/epjc/s10052-012-2225-5
https://doi.org/10.1140/epjc/s10052-014-3174-y
https://doi.org/10.1140/epjc/s10052-007-0490-5
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2007/11/070
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1088/1126-6708/2007/09/126
https://doi.org/10.1088/1748-0221/10/08/P08010
https://doi.org/10.1088/1748-0221/10/08/P08010
https://doi.org/10.1016/0550-3213(93)90166-M
https://doi.org/10.1007/JHEP03(2011)015
https://doi.org/10.1088/1748-0221/13/05/P05011
https://doi.org/10.1088/1748-0221/13/05/P05011
https://doi.org/10.1088/1748-0221/6/11/P11002
https://doi.org/10.1088/1748-0221/6/11/P11002
https://cds.cern.ch/record/2257069
https://cds.cern.ch/record/2257069
https://cds.cern.ch/record/2257069
https://cds.cern.ch/record/2257069
https://doi.org/10.1088/0954-3899/43/2/023001
https://doi.org/10.1103/PhysRevD.98.030001


A.M. Sirunyan,1,a A. Tumasyan,1 W. Adam,2 F. Ambrogi,2 T. Bergauer,2 J. Brandstetter,2 M. Dragicevic,2 J. Erö,2

A. Escalante Del Valle,2 M. Flechl,2 R. Frühwirth,2,b M. Jeitler,2,b N. Krammer,2 I. Krätschmer,2 D. Liko,2 T. Madlener,2

I. Mikulec,2 N. Rad,2 J. Schieck,2,b R. Schöfbeck,2 M. Spanring,2 D. Spitzbart,2 W. Waltenberger,2 C.-E. Wulz,2,b

M. Zarucki,2 V. Drugakov,3 V. Mossolov,3 J. Suarez Gonzalez,3 M. R. Darwish,4 E. A. De Wolf,4 D. Di Croce,4 X. Janssen,4

J. Lauwers,4 A. Lelek,4 M. Pieters,4 H. Rejeb Sfar,4 H. Van Haevermaet,4 P. Van Mechelen,4 S. Van Putte,4

N. Van Remortel,4 F. Blekman,5 E. S. Bols,5 S. S. Chhibra,5 J. D’Hondt,5 J. De Clercq,5 D. Lontkovskyi,5 S. Lowette,5

I. Marchesini,5 S. Moortgat,5 L. Moreels,5 Q. Python,5 K. Skovpen,5 S. Tavernier,5 W. Van Doninck,5 P. Van Mulders,5

I. Van Parijs,5 D. Beghin,6 B. Bilin,6 H. Brun,6 B. Clerbaux,6 G. De Lentdecker,6 H. Delannoy,6 B. Dorney,6 L. Favart,6

A. Grebenyuk,6 A. K. Kalsi,6 J. Luetic,6 A. Popov,6 N. Postiau,6 E. Starling,6 L. Thomas,6 C. Vander Velde,6 P. Vanlaer,6

D. Vannerom,6 Q. Wang,6 T. Cornelis,7 D. Dobur,7 I. Khvastunov,7,c C. Roskas,7 D. Trocino,7 M. Tytgat,7 W. Verbeke,7

B. Vermassen,7 M. Vit,7 N. Zaganidis,7 O. Bondu,8 G. Bruno,8 C. Caputo,8 P. David,8 C. Delaere,8 M. Delcourt,8

A. Giammanco,8 V. Lemaitre,8 A. Magitteri,8 J. Prisciandaro,8 A. Saggio,8 M. Vidal Marono,8 P. Vischia,8 J. Zobec,8

F. L. Alves,9 G. A. Alves,9 G. Correia Silva,9 C. Hensel,9 A. Moraes,9 P. Rebello Teles,9 E. Belchior Batista Das Chagas,10

W. Carvalho,10 J. Chinellato,10,d E. Coelho,10 E. M. Da Costa,10 G. G. Da Silveira,10,e D. De Jesus Damiao,10

C. De Oliveira Martins,10 S. Fonseca De Souza,10 L. M. Huertas Guativa,10 H. Malbouisson,10 J. Martins,10,f

D. Matos Figueiredo,10 M. Medina Jaime,10,g M. Melo De Almeida,10 C. Mora Herrera,10 L. Mundim,10 H. Nogima,10

W. L. Prado Da Silva,10 L. J. Sanchez Rosas,10 A. Santoro,10 A. Sznajder,10 M. Thiel,10 E. J. Tonelli Manganote,10,d

F. Torres Da Silva De Araujo,10 A. Vilela Pereira,10 S. Ahuja,11a C. A. Bernardes,11a L. Calligaris,11a

T. R. Fernandez Perez Tomei,11a E. M. Gregores,11a,11b D. S. Lemos,11a P. G. Mercadante,11a,11b S. F. Novaes,11a

Sandra S. Padula,11a A. Aleksandrov,12 G. Antchev,12 R. Hadjiiska,12 P. Iaydjiev,12 A. Marinov,12 M. Misheva,12

M. Rodozov,12 M. Shopova,12 G. Sultanov,12 M. Bonchev,13 A. Dimitrov,13 T. Ivanov,13 L. Litov,13 B. Pavlov,13 P. Petkov,13

W. Fang,14,h X. Gao,14,h L. Yuan,14 M. Ahmad,15 G. M. Chen,15 H. S. Chen,15 M. Chen,15 C. H. Jiang,15 D. Leggat,15

H. Liao,15 Z. Liu,15 S. M. Shaheen,15,i A. Spiezia,15 J. Tao,15 E. Yazgan,15 H. Zhang,15 S. Zhang,15,i J. Zhao,15 A. Agapitos,16

Y. Ban,16 G. Chen,16 A. Levin,16 J. Li,16 L. Li,16 Q. Li,16 Y. Mao,16 S. J. Qian,16 D. Wang,16 Z. Hu,17 Y. Wang,17 C. Avila,18

A. Cabrera,18 L. F. Chaparro Sierra,18 C. Florez,18 C. F. González Hernández,18 M. A. Segura Delgado,18 J. Mejia Guisao,19

J. D. Ruiz Alvarez,19 C. A. Salazar González,19 N. Vanegas Arbelaez,19 D. Giljanović,20 N. Godinovic,20 D. Lelas,20

I. Puljak,20 T. Sculac,20 Z. Antunovic,21 M. Kovac,21 V. Brigljevic,22 S. Ceci,22 D. Ferencek,22 K. Kadija,22 B. Mesic,22

M. Roguljic,22 A. Starodumov,22,j T. Susa,22 M.W. Ather,23 A. Attikis,23 E. Erodotou,23 A. Ioannou,23 M. Kolosova,23

S. Konstantinou,23 G. Mavromanolakis,23 J. Mousa,23 C. Nicolaou,23 F. Ptochos,23 P. A. Razis,23 H. Rykaczewski,23

D. Tsiakkouri,23 M. Finger,24,k M. Finger Jr.,24,k A. Kveton,24 J. Tomsa,24 E. Ayala,25 E. Carrera Jarrin,26 S. Abu Zeid,27,l

S. Khalil,27,m S. Bhowmik,28 A. Carvalho Antunes De Oliveira,28 R. K. Dewanjee,28 K. Ehataht,28 M. Kadastik,28

M. Raidal,28 C. Veelken,28 P. Eerola,29 L. Forthomme,29 H. Kirschenmann,29 K. Osterberg,29 M. Voutilainen,29 F. Garcia,30

J. Havukainen,30 J. K. Heikkilä,30 T. Järvinen,30 V. Karimäki,30 R. Kinnunen,30 T. Lampén,30 K. Lassila-Perini,30

S. Laurila,30 S. Lehti,30 T. Lindén,30 P. Luukka,30 T. Mäenpää,30 H. Siikonen,30 E. Tuominen,30 J. Tuominiemi,30 T. Tuuva,31

M. Besancon,32 F. Couderc,32 M. Dejardin,32 D. Denegri,32 B. Fabbro,32 J. L. Faure,32 F. Ferri,32 S. Ganjour,32

A. Givernaud,32 P. Gras,32 G. Hamel de Monchenault,32 P. Jarry,32 C. Leloup,32 E. Locci,32 J. Malcles,32 J. Rander,32

A. Rosowsky,32 M. Ö. Sahin,32 A. Savoy-Navarro,32,n M. Titov,32 C. Amendola,33 F. Beaudette,33 P. Busson,33 C. Charlot,33

B. Diab,33 G. Falmagne,33 R. Granier de Cassagnac,33 I. Kucher,33 A. Lobanov,33 C. Martin Perez,33 M. Nguyen,33

C. Ochando,33 P. Paganini,33 J. Rembser,33 R. Salerno,33 J. B. Sauvan,33 Y. Sirois,33 A. Zabi,33 A. Zghiche,33 J.-L. Agram,34,o

J. Andrea,34 D. Bloch,34 G. Bourgatte,34 J.-M. Brom,34 E. C. Chabert,34 C. Collard,34 E. Conte,34,o J.-C. Fontaine,34,o
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76bUniversità di Perugia, Perugia, Italy

77aINFN Sezione di Pisa, Pisa, Italy
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