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A combination of the searches for pair-produced vectorlike partners of the top and bottom quarks in
various decay channels (T → Zt=Wb=Ht, B → Zb=Wt=Hb) is performed using 36.1 fb−1 of pp collision
data at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector at the Large Hadron Collider. The observed data are found

to be in good agreement with the standard model background prediction in all individual searches.
Therefore, combined 95% confidence-level upper limits are set on the production cross section for a range
of vectorlike quark scenarios, significantly improving upon the reach of the individual searches. Model-
independent limits are set assuming the vectorlike quarks decay to standard model particles. A singlet T is
excluded for masses below 1.31 TeV and a singlet B is excluded for masses below 1.22 TeV. Assuming a
weak isospin ðT; BÞ doublet and jVTbj ≪ jVtBj, T and B masses below 1.37 TeV are excluded.

DOI: 10.1103/PhysRevLett.121.211801

Introduction.—Naturalness arguments [1] suggest there
should be a mechanism that cancels out the quadratically
divergent contributions to the Higgs boson mass caused by
radiative corrections from standard model (SM) particles.
Several explanations are proposed in theories beyond the
SM. Little Higgs [2,3] and composite Higgs [4,5] models
introduce a spontaneously broken global symmetry, with
the Higgs boson emerging as a pseudo Nambu-Goldstone
boson [6]. Such models predict the existence of vectorlike
quarks (VLQs), color-triplet spin-1=2 fermions whose left-
and right-handed chiralities transform in the same way
under weak isospin [7,8]. In these models, VLQs are
expected to couple preferentially to third-generation quarks
[7,9] and can have flavor-changing neutral-current decays
in addition to charged-current decays. An up-type VLQ T
with charge þ2=3 can decay into Wb, Zt, or Ht. Similarly,
a down-type quark B with charge −1=3 can decay into Wt,
Zb, or Hb. In order to be consistent with results from
precision electroweak measurements, the mass-splitting
between VLQs belonging to the same SU(2) multiplet is
required to be small [10], forbidding cascade decays such
as T → WB. Couplings between the VLQs and the first-
and second-generation quarks, although not favored, are
not excluded [11,12].
At the Large Hadron Collider (LHC), VLQs with masses

below approximately 1 TeVwould mainly be pair produced,

a process dominated by the strong interaction. The
corresponding predicted cross section ranges from 195
to 2.0 fb for quark masses from 800 to 1500 GeV [13]
and depends only on the quark mass. Production of single
VLQs via the electroweak interaction is also possible,
but depends on the strength of the interaction between
the newquarks and theweak gauge bosons. Representative
Feynman diagrams for BB̄ and TT̄ production and decay
are shown in Fig. 1.
The branching ratio (B) for each decay mode

(T → Wb; Zt; Ht and B → Wt; Zb;Hb) depends on the
VLQ mass and weak-isospin quantum numbers, as calcu-
lated in Ref. [8]. For a singlet T, all three decay modes have
sizable branching ratios, while the charged-current decay
mode T → Wb is absent if T is either in a ðX; TÞ doublet,
where X is a VLQ with a charge of þ5=3, or in a ðT; BÞ
doublet with jVTbj ≪ jVtBj, where Vij are the elements
of a generalized Cabibbo-Kobayashi-Maskawa matrix
[8,14,15]. Since the T quark branching ratios are identical
in both doublets, no distinction is made between them when
referring to the doublet T results. A singlet B will have a
sizable branching ratio to all three decay channels, while
the branching ratios in the doublet case depend on whether
it is in a ðT; BÞ doublet or ðB; YÞ doublet, where Y is a VLQ
with a charge of −4=3. For a ðB; YÞ doublet, only neutral
current couplings to SM quarks are allowed at leading order
(LO), so the B → Wt decay is forbidden. Conversely, for a
ðT; BÞ doublet with jVTbj ≪ jVtBj, B → Wt is the only
allowed decay. Therefore, the specific B doublet scenario
will be stated when interpreting the results.
Contributing analyses.—Searches for pair-produced

VLQ partners of the third-generation quarks have been
performed by ATLAS [16–22] and CMS [23–25] at the
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LHC at
ffiffiffi

s
p ¼ 13 TeV. This Letter presents the full

combination of the ATLAS searches using 36.1 fb−1 of
data collected in 2015 and 2016. The ATLAS detector is
described in Ref. [26]. Below is a brief description of each
contributing analysis.
HðbbÞtþ X [16]: The primary targets of this analysis are

TT̄ events with at least one VLQ decaying into Ht, with
H → bb̄. Events must have at least six jets [27] and either
one lepton (electron [28] or muon [29]) or missing trans-
verse momentum [30] Emiss

T > 200 GeV with zero leptons.
The analysis uses b-tagging [31,32] as well as dedicated
top and Higgs jet tagging to classify the events into 22 and
12 search regions for the zero-lepton and one-lepton
selections, respectively. The final discriminant is the scalar
sum (ST) of the transverse momenta of the selected jets,
lepton, and missing transverse momentum. The dominant
background is the associated production of a tt̄ pair with
b- and c-quark jets, which is modeled viaMonte Carlo (MC)
simulation and assigned dedicated modeling uncertainties.
WðlνÞbþ X [17]: This analysis primarily targets TT̄ →

WbWb events with one W decaying leptonically and the
other hadronically. Event selection requires one lepton,
≥ 3 jets, at least one of them being b-tagged, and a hadro-
nically decaying W boson identified using jet substructure
techniques [33]. The final discriminant is the reconstructed
mass of the T → Wb → lνb candidate. The dominant
background is from tt̄ pair production, which is modeled
usingMC simulationwith dedicatedmodeling uncertainties.
WðlνÞtþ X [18]: Very similar to the WðlνÞbþ X

analysis, this analysis is optimized to target BB̄ signals,
especially in the case where B → Wt. This analysis
discriminates between the signal and the dominant tt̄
background in the signal regions using either a boosted
decision tree discriminant or the reconstructed mass of the
B candidate.
ZðννÞtþ X [19]: This analysis targets TT̄ → ZtZt

events with an invisible Z decay. Events must have
Emiss
T > 300 GeV, one charged lepton from the decay of

a top quark, and ≥ 4 small-radius jets, which are reclustered
[34] into large-radius jets. The analysis defines a single-
bin signal region that capitalizes on various Emiss

T -based

variables and requires at least two high-mass large-radius
jets due to hadronically decaying top quarks and/or heavy
bosons from the VLQ decays. The dominant backgrounds
are tt̄þ jets, W þ jets, and single-top events, which are
estimated from MC simulation and normalized using
dedicated control regions.
ZðllÞt=bþ X [20]: This analysis searches for TT̄ and

BB̄ events containing a leptonically decaying Z boson
(Z → lþl−) and at least two b-jets. The analysis has one
trilepton signal region and three dilepton signal regions,
depending on the number of large-radius jets (0, 1, or ≥ 2).
The final discriminant depends on the signal region. The
dominant backgrounds for the dilepton channels are
Z þ jets and/or tt̄ and diboson, while the trilepton channels
are dominated by diboson (WZ) and tt̄Z events, each
modeled by MC simulation and validated with dedicated
control regions.
Trilepton or same-sign dilepton [21]: This analysis

targets TT̄ and BB̄ decays with multilepton final states,
with particular emphasis on events containing a pair of
charged leptons with the same electric charge (“same
sign”). Eight single-bin signal regions are defined in accord
with the number of leptons and b-tagged jets. The back-
ground composition for this analysis varies between signal
regions. Contributions from instrumental backgrounds
(fake or nonprompt leptons and electrons with incorrectly
measured charge) are estimated using data-driven tech-
niques, while background processes with prompt leptons,
originating mostly from tt̄þW and diboson events, are
modeled with MC simulations.
Fully hadronic [22]: This analysis focuses on final states

with zero leptons, low Emiss
T , at least four (small-radius)

high-pT jets, and at least two b-tagged jets. This is the only
analysis with significant sensitivity to BB̄ → HbHb̄.
Small-radius jets are reclustered into large-radius jets,
which may be identified as top quarks, W=Z, or H bosons
using a multiclass deep neural network [35]. The final
discriminant is the distribution of the signal likelihood
calculated using the matrix-element method [36]. The
dominant background is from multijet production, which
is estimated using a data-driven technique.

(a) (b)

FIG. 1. Representative leading-order Feynman diagrams for (a) TT̄ and (b) BB̄ pair production. The studied VLQ decays are also
displayed.
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Most of the analyses were designed to be complemen-
tary. While each analysis provides sensitivity to various
decay configurations, the most sensitive is shown in
Table I. All analyses use consistent definitions for the
reconstructed physics objects, so only a few additional
selection requirements were needed to suppress overlap.
Compared to the standalone analyses, theWðlνÞbþ X and
ZðννÞtþ X analyses removed events with ≥6 jets and
≥3 b-jets to avoid overlap with the HðbbÞtþ X selection.
The ZðννÞtþ X analysis also requires ST < 1.8 TeV in a
control region to mitigate the overlap with a signal region
in the WðlνÞbþ X analysis. To reduce overlap with the
ZðllÞt=bþ X analysis, the trilepton or same-sign dilepton
analysis removed events with more than three leptons or
events with a lepton pair having an invariant mass com-
patible with a Z boson (Z veto). This Z veto is the only
added selection requirement with significant impact on the
individual analysis sensitivity; however, that sensitivity is
recovered by the ZðllÞt=bþ X analysis. After applying
these additional selection requirements, the fraction of

events falling into more than one analysis region was
evaluated to be less than 1% between any two signal
regions and less than 3% between any pair of signal or
control regions and has negligible impact on the results.
The VLQ signal samples used by the analyses were

generated with the LO generator PROTOS v2.2 [37] using
the NNPDF2.3 LO [38] set of parton distribution functions
(PDF) and passed to PYTHIA 8.186 [39] for parton
showering and fragmentation. The samples are normalized
using cross sections computed with TOP++ v2.0 [13] at
next-to-next-to-leading order (NNLO) in QCD, including
resummation of next-to-next-to-leading logarithmic soft
gluon terms [40–44], and using the MSTW 2008 NNLO
[45,46] PDF. Further information about simulated events
and details of the background estimations for each analysis
can be found in the respective publications.
Statistical analysis.—The statistical analysis is the same

as in the individual analyses and is based on a binned
likelihood function constructed as the product of the
Poisson probabilities of all bins entering the combination.
This function depends on the signal-strength parameter μ,
a factor multiplying the theoretical signal cross section
(μ≡ σ=σtheory), and a set of nuisance parameters that
encode the effect of the systematic uncertainties on the
signal and background expectations. These parameters
are included with Gaussian or log-normal constraints.
Additional unconstrained nuisance parameters are included
to control the normalization of the main backgrounds,
following the settings used in the standalone searches. The
combination is achieved by performing a fit with all bins
from all the regions considered from each analysis.
The analysis is limited by statistical uncertainties,

and the precise correlation model for the systematic

TABLE I. The most sensitive decay channel for each analysis
entering the combination. A “� � �” indicates that the analysis was
not used for that signal process.

Analysis TT̄ decay BB̄ decay

HðbbÞtþ X [16] HtHt̄ � � �
WðlνÞbþ X [17] WbWb̄ � � �
WðlνÞtþ X [18] � � � WtWt̄
ZðννÞtþ X [19] ZtZt̄ � � �
ZðllÞt=bþ X [20] ZtZt̄ ZbZb̄
Tril./s.s. dilepton [21] HtHt̄ WtWt̄
Fully hadronic [22] HtHt̄ HbHb̄
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FIG. 2. Observed (solid lines) and expected (dashed line) 95% C.L. upper limits on the TT̄ cross section versus mass for the
combination and the standalone analyses in black and colored lines, respectively. The (a) singlet and (b) doublet scenarios [8] are
displayed. The shaded bands correspond to�1 and�2 standard deviations around the combined expected limit. The rapidly falling thin
red line and band show the theory prediction and corresponding uncertainty [13], respectively.
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uncertainties was found to not significantly affect the
results. The detector-related uncertainties are treated as
fully correlated across analyses, with the following excep-
tions. The central values and uncertainties of the b-tagging
and the luminosity measurement were updated after the
publication of the ZðννÞtþ X and WðlνÞbþ X analyses.
Therefore, to avoid propagating constraints caused by
the change in the method, these uncertainties are corre-
lated between the ZðννÞtþ X and WðlνÞbþ X analyses,
but uncorrelated with the other searches, which are corre-
lated among themselves. The modeling uncertainties
and background normalization parameters are treated as
uncorrelated between analyses. Although some back-
ground processes are common to multiple analyses, the
phase space and the techniques used to estimate those

backgrounds can be quite different. Residual correlations
are therefore expected to be negligible.
Results.—The behavior of the combination is consistent

with the fits from the individual analyses. The postfit
values of all nuisance parameters are compatible with
the standalone analyses, with the constraints generally
determined by the analysis most sensitive to the given
nuisance parameter. Similarly, the background predic-
tions in each analysis after the combined fit are very close
to the results from the standalone analyses. After the
combination, no significant excess is observed in the
data, so 95% confidence level (C.L.) limits are set on
the cross section of a VLQ signal. To increase the
applicability and usefulness of this combination, limits
are evaluated both for benchmark scenarios with specific
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FIG. 3. Observed (solid lines) and expected (dashed line) 95% C.L. upper limits on the BB̄ cross section versus mass for the
combination and the standalone analyses in black and colored lines, respectively. The (a) singlet, (b) ðT; BÞ doublet, and (c) ðB; YÞ
doublet scenarios [8] are displayed. The shaded bands correspond to �1 and �2 standard deviations around the combined expected
limit. The rapidly falling thin red line and band show the theory prediction and corresponding uncertainty [13], respectively.
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branching ratios and for general combinations of branch-
ing ratios.
For an assumed set of branching ratios, upper limits are

set on the production cross sections for TT̄ and BB̄ as a
function of the VLQ mass using the CLs method [47,48]
with the asymptotic approximation [49]. Observed and
expected upper limits on the TT̄ cross sections as a function
of mass are shown in Fig. 2 for the benchmark scenarios of
an isospin singlet or doublet T. Analogous limits on the BB̄
cross section are shown in Fig. 3. The observed limits from
the individual analyses, after the additional selections
defined in this Letter, are also shown. For a singlet T,
masses below 1.31 TeV are excluded, while a T in an
isospin doublet is excluded for masses below 1.37 TeV. A
singlet B is excluded for masses below 1.22 TeV, a B in a
ðT; BÞ doublet is excluded for masses below 1.37 TeV, and
a B in a ðB; YÞ doublet is excluded for masses below
1.14 TeV.
The combination is significantly more sensitive than any

one analysis. For example, in the case of the SU(2) singlet,
the observed limit on the TT̄ cross section is improved by
up to a factor of ∼1.7, which translates to an increase of
110 GeV in the observed mass limit.
In addition, model-independent lower limits are set on

the VLQ mass for all combinations of branching ratios,
assuming BðT → HtÞ þ BðT → ZtÞ þ BðT → WbÞ ¼ 1
and BðB → HbÞ þ BðB → ZbÞ þ BðB → WtÞ ¼ 1. The
resulting lower limits on the VLQ mass as a function of
branching ratio are presented in Fig. 4. Limits correspond-
ing to BðT → WbÞ ¼ 1 and BðB → WtÞ ¼ 1 are found to
also be applicable to YȲ → WbWb and XX̄ → WtWt,
respectively. The high degree of complementarity between
the analyses is clearly demonstrated in Fig. 4. For any
combination of branching ratios, the combined analysis
leads to observed (expected) lower mass limits of 1.31
(1.22) TeV for T and 1.03 (0.98) TeV for B. Limits on the
signal strength, which can be used to interpret the results in

scenarios with additional VLQ decays that escape detection
[50], are available in the HEPData repository [51,52].
Conclusion.—The ATLAS Collaboration has performed

a combination of seven analyses searching for pair-pro-
duced VLQs. Upper limits on the cross section are
determined and used to set lower limits on the VLQ mass
for various benchmark scenarios and for general combi-
nations of branching ratios. This combination results in the
most stringent limits to date on VLQ pair production.
Because of the high degree of complementarity between the
analyses, the combination has significantly better sensi-
tivity than the standalone analyses, for the first time
excluding T (B) masses below 1.31 (1.03) TeV for any
combination of decays into SM particles.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWFW and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and
FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN;
CONICYT, Chile; CAS, MOST and NSFC, China;
COLCIENCIAS, Colombia; MSMT CR, MPO CR and
VSC CR, Czech Republic; DNRF and DNSRC, Denmark;
IN2P3-CNRS, CEA-DRF/IRFU, France; SRNSFG,
Georgia; BMBF, HGF, and MPG, Germany; GSRT,
Greece; RGC, Hong Kong SAR, China; ISF, I-CORE
and Benoziyo Center, Israel; INFN, Italy; MEXT and
JSPS, Japan; CNRST, Morocco; NWO, Netherlands;
RCN, Norway; MNiSW and NCN, Poland; FCT,
Portugal; MNE/IFA, Romania; MES of Russia and NRC
KI, Russian Federation; JINR; MESTD, Serbia; MSSR,
Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South
Africa; MINECO, Spain; SRC andWallenberg Foundation,
Sweden; SERI, SNSF and Cantons of Bern and Geneva,
Switzerland; MOST, Taiwan; TAEK, Turkey; STFC,

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 Wb)→BR(T

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 H
t)

→
B

R
(T

1300

1320

1340

1360

1380

1400

1420

95
%

 C
L 

m
as

s 
lim

it 
[G

eV
]

ATLAS
-1 = 13 TeV, 36.1 fbs

VLQ combination

Observed lower mass limit

1320

13
50

1375

1400

SU(2) doublet

SU(2) singlet

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 Wt)→BR(B

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 H
b)

→
B

R
(B

1000

1050

1100

1150

1200

1250

1300

1350

1400

95
%

 C
L 

m
as

s 
lim

it 
[G

eV
]

ATLAS
-1 = 13 TeV, 36.1 fbs

VLQ combination

Observed lower mass limit

1100

12
00

13
00

SU(2) (T,B) doublet

SU(2) (B,Y) doublet

SU(2) singlet

(b)

FIG. 4. Observed lower limits at 95% C.L. on the mass of the (a) T and (b) B as a function of branching ratio assuming BðT →
HtÞ þ BðT → ZtÞ þ BðT → WbÞ ¼ 1 and BðB → HbÞ þ BðB → ZbÞ þ BðB → WtÞ ¼ 1. The yellow markers indicate the branching
ratios for the SU(2) singlet and doublet scenarios where the branching ratios become approximately independent of the VLQ mass [8].

PHYSICAL REVIEW LETTERS 121, 211801 (2018)

211801-5



United Kingdom; DOE and NSF, United States of America.
In addition, individual groups and members have received
support from BCKDF, the Canada Council, CANARIE,
CRC, Compute Canada, FQRNT, and the Ontario
Innovation Trust, Canada; EPLANET, ERC, ERDF, FP7,
Horizon 2020 and Marie Skłodowska-Curie Actions,
European Union; Investissements d’Avenir Labex and
Idex, ANR, Région Auvergne and Fondation Partager le
Savoir, France; DFG and AvH Foundation, Germany;
Herakleitos, Thales and Aristeia programmes co-financed
by EU-ESF and the Greek NSRF; BSF, GIF and Minerva,
Israel; BRF, Norway; CERCA Programme Generalitat de
Catalunya, Generalitat Valenciana, Spain; the Royal
Society and Leverhulme Trust, United Kingdom. The
crucial computing support from all WLCG partners is
acknowledged gratefully, in particular from CERN, the
ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF
(Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/
GridKA (Germany), INFN-CNAF (Italy), NL-T1
(Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK)
and BNL (USA), the Tier-2 facilities worldwide and large
non-WLCG resource providers. Major contributors of
computing resources are listed in Ref. [53].

[1] L. Susskind, Dynamics of spontaneous symmetry breaking
in the Weinberg-Salam theory, Phys. Rev. D 20, 2619
(1979).

[2] N. Arkani-Hamed, A. G. Cohen, E. Katz, and A. E. Nelson,
The littlest Higgs, J. High Energy Phys. 07 (2002) 034.

[3] M. Schmaltz and D. Tucker-Smith, Little Higgs theories,
Annu. Rev. Nucl. Part. Sci. 55, 229 (2005).

[4] D. B. Kaplan, H. Georgi, and S. Dimopoulos, Composite
Higgs scalars, Phys. Lett. B 136B, 187 (1984).

[5] K. Agashe, R. Contino, and A. Pomarol, The minimal
composite Higgs model, Nucl. Phys. B719, 165 (2005).

[6] C. T. Hill and E. H. Simmons, Strong dynamics and electro-
weak symmetry breaking, Phys. Rep. 381, 235 (2003).

[7] F. del Aguila and M. J. Bowick, The possibility of new
fermions with ΔI ¼ 0 mass, Nucl. Phys. B224, 107 (1983).

[8] J. A. Aguilar-Saavedra, Identifying top partners at LHC,
J. High Energy Phys. 11 (2009) 030.

[9] J. A. Aguilar-Saavedra, Mixing with vector-like quarks:
Constraints and expectations, EPJ Web Conf. 60, 16012
(2013).

[10] J. A. Aguilar-Saavedra, R. Benbrik, S. Heinemeyer, and M.
Perez-Victoria, Handbook of vectorlike quarks: Mixing and
single production, Phys. Rev. D 88, 094010 (2013).

[11] A. Atre, M. Carena, T. Han, and J. Santiago, Heavy quarks
above the top at the Tevatron, Phys. Rev. D 79, 054018
(2009).

[12] A. Atre, G. Azuelos, M. Carena, T. Han, E. Ozcan, J.
Santiago, and G. Unel, Model-independent searches for
new quarks at the LHC, J. High Energy Phys. 08 (2011)
080.

[13] M. Czakon and A. Mitov, TOP++: A program for the
calculation of the top-pair cross-section at hadron colliders,
Comput. Phys. Commun. 185, 2930 (2014).

[14] N. Cabibbo, Unitary Symmetry and Leptonic Decays, Phys.
Rev. Lett. 10 (1963) 531.

[15] M. Kobayashi and T. Maskawa, CP violation in the
renormalizable theory of weak interaction, Prog. Theor.
Phys. 49, 652 (1973).

[16] ATLAS Collaboration, Search for pair production of up-
type vector-like quarks and for four-topquark events in final
states with multiple b-jets with the ATLAS detector, J. High
Energy Phys. 07 (2018) 089.

[17] ATLAS Collaboration, Search for pair production of heavy
vector-like quarks decaying to high-pT W bosons and b
quarks in the lepton-plus-jets final state in pp collisions at
ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector, J. High Energy
Phys. 10 (2017) 141.

[18] ATLAS Collaboration, Search for pair production of heavy
vector-like quarks decaying into high-pT W bosons and top
quarks in the lepton-plus-jets final state in pp collisions at
ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector, J. High Energy
Phys. 08 (2018) 048.

[19] ATLAS Collaboration, Search for pair production of
vector-like top quarks in events with one lepton, jets, and
missing transverse momentum in

ffiffiffi

s
p ¼ 13 TeV pp colli-

sions with the ATLAS detector, J. High Energy Phys. 08
(2017) 052.

[20] ATLAS Collaboration, Search for pair- and single-
production of vector-like quarks in final states with at least
one Z boson decaying into a pair of electrons or muons in
pp collision data collected with the ATLAS detector at
ffiffiffi

s
p ¼ 13 TeV, arXiv:1806.10555.

[21] ATLAS Collaboration, Search for new phenomena in events
with same-charge leptons and b-jets in pp collisions at
ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector, arXiv:1807.11883.

[22] ATLAS Collaboration, Search for pair production of heavy
vector-like quarks decaying into hadronic final states in pp
collisions at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector, arXiv:

1808.01771.
[23] CMS Collaboration, Search for pair production of vector-

like T and B quarks in single-lepton final states using
boosted jet substructure in proton-proton collisions at
ffiffiffi

s
p ¼ 13 TeV, J. High Energy Phys. 11 (2017) 085.

[24] CMS Collaboration, Search for pair production of vector-
like quarks in the bWb̄W channel from proton-proton
collisions at

ffiffiffi

s
p ¼ 13 TeV, Phys. Lett. B 779, 82 (2018).

[25] CMS Collaboration, Search for vector-like T and B quark
pairs in final states with leptons at

ffiffiffi

s
p ¼ 13 TeV, J. High

Energy Phys. 08 (2018) 177.
[26] ATLAS Collaboration, The ATLAS experiment at the

CERN Large Hadron Collider, J. Instrum. 3, S08003
(2008).

[27] ATLAS Collaboration, Jet energy scale measurements and
their systematic uncertainties in proton-proton collisions at
ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector, Phys. Rev. D 96,
072002 (2017).

[28] ATLAS Collaboration, Electron and photon energy calibra-
tion with the ATLAS detector using LHC Run 1 data, Eur.
Phys. J. C 74, 3071 (2014).

PHYSICAL REVIEW LETTERS 121, 211801 (2018)

211801-6

https://doi.org/10.1103/PhysRevD.20.2619
https://doi.org/10.1103/PhysRevD.20.2619
https://doi.org/10.1088/1126-6708/2002/07/034
https://doi.org/10.1146/annurev.nucl.55.090704.151502
https://doi.org/10.1016/0370-2693(84)91178-X
https://doi.org/10.1016/j.nuclphysb.2005.04.035
https://doi.org/10.1016/S0370-1573(03)00140-6
https://doi.org/10.1016/0550-3213(83)90316-4
https://doi.org/10.1088/1126-6708/2009/11/030
https://doi.org/10.1051/epjconf/20136016012
https://doi.org/10.1051/epjconf/20136016012
https://doi.org/10.1103/PhysRevD.88.094010
https://doi.org/10.1103/PhysRevD.79.054018
https://doi.org/10.1103/PhysRevD.79.054018
https://doi.org/10.1007/JHEP08(2011)080
https://doi.org/10.1007/JHEP08(2011)080
https://doi.org/10.1016/j.cpc.2014.06.021
https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP10(2017)141
https://doi.org/10.1007/JHEP10(2017)141
https://doi.org/10.1007/JHEP08(2018)048
https://doi.org/10.1007/JHEP08(2018)048
https://doi.org/10.1007/JHEP08(2017)052
https://doi.org/10.1007/JHEP08(2017)052
http://arXiv.org/abs/1806.10555
http://arXiv.org/abs/1807.11883
http://arXiv.org/abs/1808.01771
http://arXiv.org/abs/1808.01771
https://doi.org/10.1007/JHEP11(2017)085
https://doi.org/10.1016/j.physletb.2018.01.077
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1103/PhysRevD.96.072002
https://doi.org/10.1103/PhysRevD.96.072002
https://doi.org/10.1140/epjc/s10052-014-3071-4
https://doi.org/10.1140/epjc/s10052-014-3071-4


[29] ATLAS Collaboration, Muon reconstruction performance of
the ATLAS detector in proton-proton collision data at
ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C 76, 292 (2016).

[30] ATLAS Collaboration, Performance of missing trans-
verse momentum reconstruction with the ATLAS detector
using proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV, arXiv:

1802.08168.
[31] ATLAS Collaboration, Performance of b-jet identification

in the ATLAS experiment, J. Instrum. 11, P04008 (2016).
[32] ATLAS Collaboration, Optimisation of the ATLAS b-tagging

performance for the 2016 LHC Run, Report No. ATL-PHYS-
PUB-2016-012, https://cds.cern.ch/record/2160731.

[33] ATLASCollaboration, Identificationof boosted, hadronically-
decaying W and Z bosons in

ffiffiffi

s
p ¼ 13 TeV Monte Carlo

simulations for ATLAS, https://cds.cern.ch/record/2041461.
[34] B. Nachman, P. Nef, A. Schwartzman, M. Swiatlowski, and

C. Wanotayaroj, Jets from jets: Re-clustering as a tool for
large radius jet reconstruction and grooming at the LHC,
J. High Energy Phys. 02 (2015) 075.

[35] J. Schmidhuber, Deep learning in neural networks: An
overview, Neural Netw. 61, 85 (2015).

[36] K. Kondo, Dynamical likelihood method for reconstruction
of events with missing momentum. I. Method and toy
models, J. Phys. Soc. Jpn. 57, 4126 (1988).

[37] J. A. Aguilar-Saavedra, PROTOS—A PROgram for TOp
simulations, http://jaguilar.web.cern.ch/jaguilar/protos/.

[38] 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, Parton distributions with LHC data,
Nucl. Phys. B867, 244 (2013).

[39] T. Sjöstrand, S. Mrenna, and P. Z. Skands, A brief intro-
duction to PYTHIA 8.1, Comput. Phys. Commun. 178, 852
(2008).

[40] M. Cacciari, M. Czakon, M. Mangano, A. Mitov, and
P.Nason, Top-pair production at hadron colliders with
next-to-next-to-leading logarithmic soft-gluon resumma-
tion, Phys. Lett. B 710, 612 (2012).

[41] P. Bärnreuther, M. Czakon, and A. Mitov, Percent-Level-
Precision Physics at the Tevatron: Next-to-Next-to-Leading

Order QCD Corrections to qq̄ → tt̄þ X, Phys. Rev. Lett.
109, 132001 (2012).

[42] M. Czakon and A. Mitov, NNLO corrections to top-pair
production at hadron colliders: The all-fermionic scattering
channels, J. High Energy Phys. 12 (2012) 054.

[43] M. Czakon and A. Mitov, NNLO corrections to top pair
production at hadron colliders: The quark-gluon reaction,
J. High Energy Phys. 01 (2013) 080.

[44] M. Czakon, P. Fiedler, and A. Mitov, Total Top-Quark Pair-
Production Cross Section at Hadron Colliders Through
Oðα4SÞ, Phys. Rev. Lett. 110, 252004 (2013).

[45] A. D. Martin,W. J. Stirling, R. S. Thorne, and G.Watt,
Parton distributions for the LHC, Eur. Phys. J. C 63, 189
(2009).

[46] A. D. Martin, W. J. Stirling, R. S. Thorne, and G.Watt,
Uncertainties on αS in global PDF analyses and implications
for predicted hadronic cross sections, Eur. Phys. J. C 64, 653
(2009).

[47] T. Junk, Confidence level computation for combining
searches with small statistics, Nucl. Instrum. Methods Phys.
Res., Sect. A 434, 435 (1999).

[48] A. L. Read, Presentation of search results: The CLs tech-
nique, J. Phys. G 28, 2693 (2002).

[49] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011).

[50] G. Ballesteros, A. Carmona, and M. Chala, Exceptional
composite dark matter, Eur. Phys. J. C 77, 468 (2017).

[51] E. Maguire, L. Heinrich, and G.Watt, HEPData: A reposi-
tory for high energy physics data, J. Phys. Conf. Ser. 898,
102006 (2017).

[52] ATLAS Collaboration, HEPData: Combination of the
searches for vector-like partners of the third generation
quarks at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector, https://

www.hepdata.net/record/83541.
[53] ATLAS Collaboration, ATLAS computing acknowledge-

ments, Report No. ATL-GEN-PUB-2016-002, https://cds
.cern.ch/record/2202407.

M. Aaboud,34d G. Aad,99 B. Abbott,124 O. Abdinov,13,a B. Abeloos,128 D. K. Abhayasinghe,91 S. H. Abidi,164

O. S. AbouZeid,39 N. L. Abraham,153 H. Abramowicz,158 H. Abreu,157 Y. Abulaiti,6 B. S. Acharya,64a,64b,b S. Adachi,160

L. Adam,97 L. Adamczyk,81a J. Adelman,119 M. Adersberger,112 A. Adiguzel,12c,c T. Adye,141 A. A. Affolder,143 Y. Afik,157

C. Agheorghiesei,27c J. A. Aguilar-Saavedra,136f,136a F. Ahmadov,77,d G. Aielli,71a,71b S. Akatsuka,83 T. P. A. Åkesson,94

E. Akilli,52 A. V. Akimov,108 G. L. Alberghi,23b,23a J. Albert,173 P. Albicocco,49 M. J. Alconada Verzini,86

S. Alderweireldt,117 M. Aleksa,35 I. N. Aleksandrov,77 C. Alexa,27b T. Alexopoulos,10 M. Alhroob,124 B. Ali,138

G. Alimonti,66a J. Alison,36 S. P. Alkire,145 C. Allaire,128 B. M.M. Allbrooke,153 B.W. Allen,127 P. P. Allport,21

A. Aloisio,67a,67b A. Alonso,39 F. Alonso,86 C. Alpigiani,145 A. A. Alshehri,55 M. I. Alstaty,99 B. Alvarez Gonzalez,35

D. Álvarez Piqueras,171 M. G. Alviggi,67a,67b B. T. Amadio,18 Y. Amaral Coutinho,78b A. Ambler,101 L. Ambroz,131

C. Amelung,26 D. Amidei,103 S. P. Amor Dos Santos,136a,136c S. Amoroso,44 C. S. Amrouche,52 C. Anastopoulos,146

L. S. Ancu,52 N. Andari,142 T. Andeen,11 C. F. Anders,59b J. K. Anders,20 K. J. Anderson,36 A. Andreazza,66a,66b V. Andrei,59a

C. R. Anelli,173 S. Angelidakis,37 I. Angelozzi,118 A. Angerami,38 A. V. Anisenkov,120b,120a A. Annovi,69a C. Antel,59a

M. T. Anthony,146 M. Antonelli,49 D. J. A. Antrim,168 F. Anulli,70a M. Aoki,79 J. A. Aparisi Pozo,171 L. Aperio Bella,35

G. Arabidze,104 J. P. Araque,136a V. Araujo Ferraz,78b R. Araujo Pereira,78b A. T. H. Arce,47 R. E. Ardell,91 F. A. Arduh,86

PHYSICAL REVIEW LETTERS 121, 211801 (2018)

211801-7

https://doi.org/10.1140/epjc/s10052-016-4120-y
http://arXiv.org/abs/1802.08168
http://arXiv.org/abs/1802.08168
https://doi.org/10.1088/1748-0221/11/04/P04008
https://cds.cern.ch/record/2160731
https://cds.cern.ch/record/2160731
https://cds.cern.ch/record/2160731
https://cds.cern.ch/record/2041461
https://cds.cern.ch/record/2041461
https://cds.cern.ch/record/2041461
https://doi.org/10.1007/JHEP02(2015)075
https://doi.org/10.1016/j.neunet.2014.09.003
https://doi.org/10.1143/JPSJ.57.4126
http://jaguilar.web.cern.ch/jaguilar/protos/
http://jaguilar.web.cern.ch/jaguilar/protos/
http://jaguilar.web.cern.ch/jaguilar/protos/
http://jaguilar.web.cern.ch/jaguilar/protos/
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.physletb.2012.03.013
https://doi.org/10.1103/PhysRevLett.109.132001
https://doi.org/10.1103/PhysRevLett.109.132001
https://doi.org/10.1007/JHEP12(2012)054
https://doi.org/10.1007/JHEP01(2013)080
https://doi.org/10.1103/PhysRevLett.110.252004
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1164-2
https://doi.org/10.1140/epjc/s10052-009-1164-2
https://doi.org/10.1016/S0168-9002(99)00498-2
https://doi.org/10.1016/S0168-9002(99)00498-2
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-017-5040-1
https://doi.org/10.1088/1742-6596/898/10/102006
https://doi.org/10.1088/1742-6596/898/10/102006
https://www.hepdata.net/record/83541
https://www.hepdata.net/record/83541
https://www.hepdata.net/record/83541
https://www.hepdata.net/record/83541
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407


J-F. Arguin,107 S. Argyropoulos,75 A. J. Armbruster,35 L. J. Armitage,90 A. Armstrong,168 O. Arnaez,164 H. Arnold,118

M. Arratia,31 O. Arslan,24 A. Artamonov,109,a G. Artoni,131 S. Artz,97 S. Asai,160 N. Asbah,57 E. M. Asimakopoulou,169

L. Asquith,153 K. Assamagan,29 R. Astalos,28a R. J. Atkin,32a M. Atkinson,170 N. B. Atlay,148 K. Augsten,138 G. Avolio,35

R. Avramidou,58a M. K. Ayoub,15a A. M. Azoulay,165b G. Azuelos,107,e A. E. Baas,59a M. J. Baca,21 H. Bachacou,142

K. Bachas,65a,65b M. Backes,131 P. Bagnaia,70a,70b M. Bahmani,82 H. Bahrasemani,149 A. J. Bailey,171 J. T. Baines,141

M. Bajic,39 C. Bakalis,10 O. K. Baker,180 P. J. Bakker,118 D. Bakshi Gupta,8 S. Balaji,154 E. M. Baldin,120b,120a P. Balek,177

F. Balli,142 W. K. Balunas,133 J. Balz,97 E. Banas,82 A. Bandyopadhyay,24 S. Banerjee,178,f A. A. E. Bannoura,179 L. Barak,158

W.M. Barbe,37 E. L. Barberio,102 D. Barberis,53b,53a M. Barbero,99 T. Barillari,113 M-S. Barisits,35 J. Barkeloo,127

T. Barklow,150 R. Barnea,157 S. L. Barnes,58c B. M. Barnett,141 R. M. Barnett,18 Z. Barnovska-Blenessy,58a A. Baroncelli,72a

G. Barone,29 A. J. Barr,131 L. Barranco Navarro,171 F. Barreiro,96 J. Barreiro Guimarães da Costa,15a R. Bartoldus,150

A. E. Barton,87 P. Bartos,28a A. Basalaev,134 A. Bassalat,128 R. L. Bates,55 S. J. Batista,164 S. Batlamous,34e J. R. Batley,31

M. Battaglia,143 M. Bauce,70a,70b F. Bauer,142 K. T. Bauer,168 H. S. Bawa,150,g J. B. Beacham,122 T. Beau,132

P. H. Beauchemin,167 P. Bechtle,24 H. C. Beck,51 H. P. Beck,20,h K. Becker,50 M. Becker,97 C. Becot,44 A. Beddall,12d

A. J. Beddall,12a V. A. Bednyakov,77 M. Bedognetti,118 C. P. Bee,152 T. A. Beermann,74 M. Begalli,78b M. Begel,29

A. Behera,152 J. K. Behr,44 A. S. Bell,92 G. Bella,158 L. Bellagamba,23b A. Bellerive,33 M. Bellomo,157 P. Bellos,9

K. Belotskiy,110 N. L. Belyaev,110 O. Benary,158,a D. Benchekroun,34a M. Bender,112 N. Benekos,10 Y. Benhammou,158

E. Benhar Noccioli,180 J. Benitez,75 D. P. Benjamin,47 M. Benoit,52 J. R. Bensinger,26 S. Bentvelsen,118 L. Beresford,131

M. Beretta,49 D. Berge,44 E. Bergeaas Kuutmann,169 N. Berger,5 L. J. Bergsten,26 J. Beringer,18 S. Berlendis,7

N. R. Bernard,100 G. Bernardi,132 C. Bernius,150 F. U. Bernlochner,24 T. Berry,91 P. Berta,97 C. Bertella,15a G. Bertoli,43a,43b

I. A. Bertram,87 G. J. Besjes,39 O. Bessidskaia Bylund,179 M. Bessner,44 N. Besson,142 A. Bethani,98 S. Bethke,113 A. Betti,24

A. J. Bevan,90 J. Beyer,113 R. Bi,135 R. M. B. Bianchi,135 O. Biebel,112 D. Biedermann,19 R. Bielski,35 K. Bierwagen,97

N. V. Biesuz,69a,69b M. Biglietti,72a T. R. V. Billoud,107 M. Bindi,51 A. Bingul,12d C. Bini,70a,70b S. Biondi,23b,23a M. Birman,177

T. Bisanz,51 J. P. Biswal,158 C. Bittrich,46 D. M. Bjergaard,47 J. E. Black,150 K. M. Black,25 T. Blazek,28a I. Bloch,44

C. Blocker,26 A. Blue,55 U. Blumenschein,90 Dr. Blunier,144a G. J. Bobbink,118 V. S. Bobrovnikov,120b,120a S. S. Bocchetta,94

A. Bocci,47 D. Boerner,179 D. Bogavac,112 A. G. Bogdanchikov,120b,120a C. Bohm,43a V. Boisvert,91 P. Bokan,169,i T. Bold,81a

A. S. Boldyrev,111 A. E. Bolz,59b M. Bomben,132 M. Bona,90 J. S. Bonilla,127 M. Boonekamp,142 A. Borisov,140

G. Borissov,87 J. Bortfeldt,35 D. Bortoletto,131 V. Bortolotto,71a,71b D. Boscherini,23b M. Bosman,14 J. D. Bossio Sola,30

K. Bouaouda,34a J. Boudreau,135 E. V. Bouhova-Thacker,87 D. Boumediene,37 C. Bourdarios,128 S. K. Boutle,55

A. Boveia,122 J. Boyd,35 D. Boye,32b I. R. Boyko,77 A. J. Bozson,91 J. Bracinik,21 N. Brahimi,99 A. Brandt,8 G. Brandt,179

O. Brandt,59a F. Braren,44 U. Bratzler,161 B. Brau,100 J. E. Brau,127 W. D. Breaden Madden,55 K. Brendlinger,44 L. Brenner,44

R. Brenner,169 S. Bressler,177 B. Brickwedde,97 D. L. Briglin,21 D. Britton,55 D. Britzger,113 I. Brock,24 R. Brock,104

G. Brooijmans,38 T. Brooks,91 W. K. Brooks,144b E. Brost,119 J. H. Broughton,21 P. A. Bruckman de Renstrom,82

D. Bruncko,28b A. Bruni,23b G. Bruni,23b L. S. Bruni,118 S. Bruno,71a,71b B. H. Brunt,31 M. Bruschi,23b N. Bruscino,135

P. Bryant,36 L. Bryngemark,44 T. Buanes,17 Q. Buat,35 P. Buchholz,148 A. G. Buckley,55 I. A. Budagov,77 F. Buehrer,50

M. K. Bugge,130 O. Bulekov,110 D. Bullock,8 T. J. Burch,119 S. Burdin,88 C. D. Burgard,118 A. M. Burger,5 B. Burghgrave,119

K. Burka,82 S. Burke,141 I. Burmeister,45 J. T. P. Burr,131 V. Büscher,97 E. Buschmann,51 P. Bussey,55 J. M. Butler,25

C. M. Buttar,55 J. M. Butterworth,92 P. Butti,35 W. Buttinger,35 A. Buzatu,155 A. R. Buzykaev,120b,120a G. Cabras,23b,23a

S. Cabrera Urbán,171 D. Caforio,138 H. Cai,170 V. M.M. Cairo,2 O. Cakir,4a N. Calace,52 P. Calafiura,18 A. Calandri,99

G. Calderini,132 P. Calfayan,63 G. Callea,40b,40a L. P. Caloba,78b S. Calvente Lopez,96 D. Calvet,37 S. Calvet,37 T. P. Calvet,152

M. Calvetti,69a,69b R. Camacho Toro,132 S. Camarda,35 P. Camarri,71a,71b D. Cameron,130 R. Caminal Armadans,100

C. Camincher,35 S. Campana,35 M. Campanelli,92 A. Camplani,39 A. Campoverde,148 V. Canale,67a,67b M. Cano Bret,58c

J. Cantero,125 T. Cao,158 Y. Cao,170 M. D. M. Capeans Garrido,35 I. Caprini,27b M. Caprini,27b M. Capua,40b,40a

R. M. Carbone,38 R. Cardarelli,71a F. C. Cardillo,146 I. Carli,139 T. Carli,35 G. Carlino,67a B. T. Carlson,135 L. Carminati,66a,66b

R. M. D. Carney,43a,43b S. Caron,117 E. Carquin,144b S. Carrá,66a,66b G. D. Carrillo-Montoya,35 D. Casadei,32b M. P. Casado,14,j

A. F. Casha,164 D.W. Casper,168 R. Castelijn,118 F. L. Castillo,171 V. Castillo Gimenez,171 N. F. Castro,136a,136e

A. Catinaccio,35 J. R. Catmore,130 A. Cattai,35 J. Caudron,24 V. Cavaliere,29 E. Cavallaro,14 D. Cavalli,66a

M. Cavalli-Sforza,14 V. Cavasinni,69a,69b E. Celebi,12b F. Ceradini,72a,72b L. Cerda Alberich,171 A. S. Cerqueira,78a A. Cerri,153

L. Cerrito,71a,71b F. Cerutti,18 A. Cervelli,23b,23a S. A. Cetin,12b A. Chafaq,34a D. Chakraborty,119 S. K. Chan,57 W. S. Chan,118

Y. L. Chan,61a J. D. Chapman,31 B. Chargeishvili,156b D. G. Charlton,21 C. C. Chau,33 C. A. Chavez Barajas,153 S. Che,122

PHYSICAL REVIEW LETTERS 121, 211801 (2018)

211801-8



A. Chegwidden,104 S. Chekanov,6 S. V. Chekulaev,165a G. A. Chelkov,77,k M. A. Chelstowska,35 C. Chen,58a C. H. Chen,76

H. Chen,29 J. Chen,58a J. Chen,38 S. Chen,133 S. J. Chen,15c X. Chen,15b,l Y. Chen,80 Y-H. Chen,44 H. C. Cheng,103

H. J. Cheng,15d A. Cheplakov,77 E. Cheremushkina,140 R. Cherkaoui El Moursli,34e E. Cheu,7 K. Cheung,62 L. Chevalier,142

V. Chiarella,49 G. Chiarelli,69a G. Chiodini,65a A. S. Chisholm,35,21 A. Chitan,27b I. Chiu,160 Y. H. Chiu,173 M. V. Chizhov,77

K. Choi,63 A. R. Chomont,128 S. Chouridou,159 Y. S. Chow,118 V. Christodoulou,92 M. C. Chu,61a J. Chudoba,137

A. J. Chuinard,101 J. J. Chwastowski,82 L. Chytka,126 D. Cinca,45 V. Cindro,89 I. A. Cioară,24 A. Ciocio,18 F. Cirotto,67a,67b

Z. H. Citron,177 M. Citterio,66a A. Clark,52 M. R. Clark,38 P. J. Clark,48 C. Clement,43a,43b Y. Coadou,99 M. Cobal,64a,64c

A. Coccaro,53b,53a J. Cochran,76 H. Cohen,158 A. E. C. Coimbra,177 L. Colasurdo,117 B. Cole,38 A. P. Colijn,118 J. Collot,56

P. Conde Muiño,136a,136b E. Coniavitis,50 S. H. Connell,32b I. A. Connelly,98 S. Constantinescu,27b F. Conventi,67a,m

A. M. Cooper-Sarkar,131 F. Cormier,172 K. J. R. Cormier,164 L. D. Corpe,92 M. Corradi,70a,70b E. E. Corrigan,94

F. Corriveau,101,n A. Cortes-Gonzalez,35 M. J. Costa,171 F. Costanza,5 D. Costanzo,146 G. Cottin,31 G. Cowan,91 B. E. Cox,98

J. Crane,98 K. Cranmer,121 S. J. Crawley,55 R. A. Creager,133 G. Cree,33 S. Crépé-Renaudin,56 F. Crescioli,132

M. Cristinziani,24 V. Croft,121 G. Crosetti,40b,40a A. Cueto,96 T. Cuhadar Donszelmann,146 A. R. Cukierman,150

S. Czekierda,82 P. Czodrowski,35 M. J. Da Cunha Sargedas De Sousa,58b,136b C. Da Via,98 W. Dabrowski,81a T. Dado,28a,i

S. Dahbi,34e T. Dai,103 F. Dallaire,107 C. Dallapiccola,100 M. Dam,39 G. D’amen,23b,23a J. Damp,97 J. R. Dandoy,133

M. F. Daneri,30 N. P. Dang,178,f N. D Dann,98 M. Danninger,172 V. Dao,35 G. Darbo,53b S. Darmora,8 O. Dartsi,5

A. Dattagupta,127 T. Daubney,44 S. D’Auria,66a,66b W. Davey,24 C. David,44 T. Davidek,139 D. R. Davis,47 E. Dawe,102

I. Dawson,146 K. De,8 R. De Asmundis,67a A. De Benedetti,124 M. De Beurs,118 S. De Castro,23b,23a S. De Cecco,70a,70b

N. De Groot,117 P. de Jong,118 H. De la Torre,104 F. De Lorenzi,76 A. De Maria,69a,69b D. De Pedis,70a A. De Salvo,70a

U. De Sanctis,71a,71b M. De Santis,71a,71b A. De Santo,153 K. De Vasconcelos Corga,99 J. B. De Vivie De Regie,128

C. Debenedetti,143 D. V. Dedovich,77 N. Dehghanian,3 M. Del Gaudio,40b,40a J. Del Peso,96 Y. Delabat Diaz,44 D. Delgove,128

F. Deliot,142 C. M. Delitzsch,7 M. Della Pietra,67a,67b D. Della Volpe,52 A. Dell’Acqua,35 L. Dell’Asta,25 M. Delmastro,5

C. Delporte,128 P. A. Delsart,56 D. A. DeMarco,164 S. Demers,180 M. Demichev,77 S. P. Denisov,140 D. Denysiuk,118

L. D’Eramo,132 D. Derendarz,82 J. E. Derkaoui,34d F. Derue,132 P. Dervan,88 K. Desch,24 C. Deterre,44 K. Dette,164

M. R. Devesa,30 P. O. Deviveiros,35 A. Dewhurst,141 S. Dhaliwal,26 F. A. Di Bello,52 A. Di Ciaccio,71a,71b L. Di Ciaccio,5

W. K. Di Clemente,133 C. Di Donato,67a,67b A. Di Girolamo,35 G. Di Gregorio,69a,69b B. Di Micco,72a,72b R. Di Nardo,100

K. F. Di Petrillo,57 R. Di Sipio,164 D. Di Valentino,33 C. Diaconu,99 M. Diamond,164 F. A. Dias,39 T. Dias Do Vale,136a

M. A. Diaz,144a J. Dickinson,18 E. B. Diehl,103 J. Dietrich,19 S. Díez Cornell,44 A. Dimitrievska,18 J. Dingfelder,24 F. Dittus,35

F. Djama,99 T. Djobava,156b J. I. Djuvsland,59a M. A. B. Do Vale,78c M. Dobre,27b D. Dodsworth,26 C. Doglioni,94

J. Dolejsi,139 Z. Dolezal,139 M. Donadelli,78d J. Donini,37 A. D’onofrio,90 M. D’Onofrio,88 J. Dopke,141 A. Doria,67a

M. T. Dova,86 A. T. Doyle,55 E. Drechsler,51 E. Dreyer,149 T. Dreyer,51 Y. Du,58b F. Dubinin,108 M. Dubovsky,28a

A. Dubreuil,52 E. Duchovni,177 G. Duckeck,112 A. Ducourthial,132 O. A. Ducu,107,o D. Duda,113 A. Dudarev,35

A. C. Dudder,97 E. M. Duffield,18 L. Duflot,128 M. Dührssen,35 C. Dülsen,179 M. Dumancic,177 A. E. Dumitriu,27b,p

A. K. Duncan,55 M. Dunford,59a A. Duperrin,99 H. Duran Yildiz,4a M. Düren,54 A. Durglishvili,156b D. Duschinger,46

B. Dutta,44 D. Duvnjak,1 M. Dyndal,44 S. Dysch,98 B. S. Dziedzic,82 C. Eckardt,44 K. M. Ecker,113 R. C. Edgar,103 T. Eifert,35

G. Eigen,17 K. Einsweiler,18 T. Ekelof,169 M. El Kacimi,34c R. El Kosseifi,99 V. Ellajosyula,99 M. Ellert,169 F. Ellinghaus,179

A. A. Elliot,90 N. Ellis,35 J. Elmsheuser,29 M. Elsing,35 D. Emeliyanov,141 A. Emerman,38 Y. Enari,160 J. S. Ennis,175

M. B. Epland,47 J. Erdmann,45 A. Ereditato,20 S. Errede,170 M. Escalier,128 C. Escobar,171 O. Estrada Pastor,171

A. I. Etienvre,142 E. Etzion,158 H. Evans,63 A. Ezhilov,134 M. Ezzi,34e F. Fabbri,55 L. Fabbri,23b,23a V. Fabiani,117 G. Facini,92

R. M. Faisca Rodrigues Pereira,136a R. M. Fakhrutdinov,140 S. Falciano,70a P. J. Falke,5 S. Falke,5 J. Faltova,139 Y. Fang,15a

M. Fanti,66a,66b A. Farbin,8 A. Farilla,72a E. M. Farina,68a,68b T. Farooque,104 S. Farrell,18 S. M. Farrington,175 P. Farthouat,35

F. Fassi,34e P. Fassnacht,35 D. Fassouliotis,9 M. Faucci Giannelli,48 A. Favareto,53b,53a W. J. Fawcett,31 L. Fayard,128

O. L. Fedin,134,q W. Fedorko,172 M. Feickert,41 S. Feigl,130 L. Feligioni,99 C. Feng,58b E. J. Feng,35 M. Feng,47 M. J. Fenton,55

A. B. Fenyuk,140 L. Feremenga,8 J. Ferrando,44 A. Ferrari,169 P. Ferrari,118 R. Ferrari,68a D. E. Ferreira de Lima,59b

A. Ferrer,171 D. Ferrere,52 C. Ferretti,103 F. Fiedler,97 A. Filipčič,89 F. Filthaut,117 K. D. Finelli,25 M. C. N. Fiolhais,136a,136c,r

L. Fiorini,171 C. Fischer,14 W. C. Fisher,104 N. Flaschel,44 I. Fleck,148 P. Fleischmann,103 R. R. M. Fletcher,133 T. Flick,179

B. M. Flierl,112 L. M. Flores,133 L. R. Flores Castillo,61a F. M. Follega,73a,73b N. Fomin,17 G. T. Forcolin,73a,73b A. Formica,142

F. A. Förster,14 A. C. Forti,98 A. G. Foster,21 D. Fournier,128 H. Fox,87 S. Fracchia,146 P. Francavilla,69a,69b M. Franchini,23b,23a

S. Franchino,59a D. Francis,35 L. Franconi,143 M. Franklin,57 M. Frate,168 M. Fraternali,68a,68b A. N. Fray,90 D. Freeborn,92

PHYSICAL REVIEW LETTERS 121, 211801 (2018)

211801-9



S. M. Fressard-Batraneanu,35 B. Freund,107 W. S. Freund,78b E. M. Freundlich,45 D. C. Frizzell,124 D. Froidevaux,35

J. A. Frost,131 C. Fukunaga,161 E. Fullana Torregrosa,171 T. Fusayasu,114 J. Fuster,171 O. Gabizon,157 A. Gabrielli,23b,23a

A. Gabrielli,18 G. P. Gach,81a S. Gadatsch,52 P. Gadow,113 G. Gagliardi,53b,53a L. G. Gagnon,107 C. Galea,27b

B. Galhardo,136a,136c E. J. Gallas,131 B. J. Gallop,141 P. Gallus,138 G. Galster,39 R. Gamboa Goni,90 K. K. Gan,122

S. Ganguly,177 J. Gao,58a Y. Gao,88 Y. S. Gao,150,g C. García,171 J. E. García Navarro,171 J. A. García Pascual,15a

M. Garcia-Sciveres,18 R.W. Gardner,36 N. Garelli,150 V. Garonne,130 K. Gasnikova,44 A. Gaudiello,53b,53a G. Gaudio,68a

I. L. Gavrilenko,108 A. Gavrilyuk,109 C. Gay,172 G. Gaycken,24 E. N. Gazis,10 C. N. P. Gee,141 J. Geisen,51 M. Geisen,97

M. P. Geisler,59a K. Gellerstedt,43a,43b C. Gemme,53b M. H. Genest,56 C. Geng,103 S. Gentile,70a,70b S. George,91

D. Gerbaudo,14 G. Gessner,45 S. Ghasemi,148 M. Ghasemi Bostanabad,173 M. Ghneimat,24 B. Giacobbe,23b S. Giagu,70a,70b

N. Giangiacomi,23b,23a P. Giannetti,69a A. Giannini,67a,67b S. M. Gibson,91 M. Gignac,143 D. Gillberg,33 G. Gilles,179

D. M. Gingrich,3,e M. P. Giordani,64a,64c F. M. Giorgi,23b P. F. Giraud,142 P. Giromini,57 G. Giugliarelli,64a,64c D. Giugni,66a

F. Giuli,131 M. Giulini,59b S. Gkaitatzis,159 I. Gkialas,9,s E. L. Gkougkousis,14 P. Gkountoumis,10 L. K. Gladilin,111

C. Glasman,96 J. Glatzer,14 P. C. F. Glaysher,44 A. Glazov,44 M. Goblirsch-Kolb,26 J. Godlewski,82 S. Goldfarb,102

T. Golling,52 D. Golubkov,140 A. Gomes,136a,136b,136d R. Goncalves Gama,78a R. Gonçalo,136a G. Gonella,50 L. Gonella,21

A. Gongadze,77 F. Gonnella,21 J. L. Gonski,57 S. González de la Hoz,171 S. Gonzalez-Sevilla,52 L. Goossens,35

P. A. Gorbounov,109 H. A. Gordon,29 B. Gorini,35 E. Gorini,65a,65b A. Gorišek,89 A. T. Goshaw,47 C. Gössling,45

M. I. Gostkin,77 C. A. Gottardo,24 C. R. Goudet,128 D. Goujdami,34c A. G. Goussiou,145 N. Govender,32b,t C. Goy,5

E. Gozani,157 I. Grabowska-Bold,81a P. O. J. Gradin,169 E. C. Graham,88 J. Gramling,168 E. Gramstad,130 S. Grancagnolo,19

V. Gratchev,134 P. M. Gravila,27f F. G. Gravili,65a,65b C. Gray,55 H. M. Gray,18 Z. D. Greenwood,93,u C. Grefe,24

K. Gregersen,94 I. M. Gregor,44 P. Grenier,150 K. Grevtsov,44 N. A. Grieser,124 J. Griffiths,8 A. A. Grillo,143 K. Grimm,150

S. Grinstein,14,v Ph. Gris,37 J.-F. Grivaz,128 S. Groh,97 E. Gross,177 J. Grosse-Knetter,51 G. C. Grossi,93 Z. J. Grout,92

C. Grud,103 A. Grummer,116 L. Guan,103 W. Guan,178 J. Guenther,35 A. Guerguichon,128 F. Guescini,165a D. Guest,168

R. Gugel,50 B. Gui,122 T. Guillemin,5 S. Guindon,35 U. Gul,55 C. Gumpert,35 J. Guo,58c W. Guo,103 Y. Guo,58a,w Z. Guo,99

R. Gupta,44 S. Gurbuz,12c G. Gustavino,124 B. J. Gutelman,157 P. Gutierrez,124 C. Gutschow,92 C. Guyot,142 M. P. Guzik,81a

C. Gwenlan,131 C. B. Gwilliam,88 A. Haas,121 C. Haber,18 H. K. Hadavand,8 N. Haddad,34e A. Hadef,58a S. Hageböck,24

M. Hagihara,166 H. Hakobyan,181,a M. Haleem,174 J. Haley,125 G. Halladjian,104 G. D. Hallewell,99 K. Hamacher,179

P. Hamal,126 K. Hamano,173 A. Hamilton,32a G. N. Hamity,146 K. Han,58a,x L. Han,58a S. Han,15d K. Hanagaki,79,y

M. Hance,143 D. M. Handl,112 B. Haney,133 R. Hankache,132 P. Hanke,59a E. Hansen,94 J. B. Hansen,39 J. D. Hansen,39

M. C. Hansen,24 P. H. Hansen,39 K. Hara,166 A. S. Hard,178 T. Harenberg,179 S. Harkusha,105 P. F. Harrison,175

N. M. Hartmann,112 Y. Hasegawa,147 A. Hasib,48 S. Hassani,142 S. Haug,20 R. Hauser,104 L. Hauswald,46 L. B. Havener,38

M. Havranek,138 C. M. Hawkes,21 R. J. Hawkings,35 D. Hayden,104 C. Hayes,152 C. P. Hays,131 J. M. Hays,90

H. S. Hayward,88 S. J. Haywood,141 M. P. Heath,48 V. Hedberg,94 L. Heelan,8 S. Heer,24 K. K. Heidegger,50 J. Heilman,33

S. Heim,44 T. Heim,18 B. Heinemann,44,z J. J. Heinrich,112 L. Heinrich,121 C. Heinz,54 J. Hejbal,137 L. Helary,35 A. Held,172

S. Hellesund,130 S. Hellman,43a,43b C. Helsens,35 R. C.W. Henderson,87 Y. Heng,178 S. Henkelmann,172

A. M. Henriques Correia,35 G. H. Herbert,19 H. Herde,26 V. Herget,174 Y. Hernández Jiménez,32c H. Herr,97
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68aINFN Sezione di Pavia, Italy

68bDipartimento di Fisica, Università di Pavia, Pavia, Italy
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129Graduate School of Science, Osaka University, Osaka, Japan

130Department of Physics, University of Oslo, Oslo, Norway
131Department of Physics, Oxford University, Oxford, United Kingdom
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