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A search for heavy pseudoscalar (A) and scalar (H) Higgs bosons decaying into a top quark pair (tt̄)
has been performed with 20.3 fb−1 of proton-proton collision data collected by the ATLAS experiment
at the Large Hadron Collider at a center-of-mass energy

ffiffiffi
s

p ¼ 8 TeV. Interference effects between the
signal process and standard model tt̄ production, which are expected to distort the signal shape from a
single peak to a peak-dip structure, are taken into account. No significant deviation from the standard
model prediction is observed in the tt̄ invariant mass spectrum in final states with an electron or muon,
large missing transverse momentum, and at least four jets. The results are interpreted within the context
of a type-II two-Higgs-doublet model. Exclusion limits on the signal strength are derived as a function
of the mass mA=H and the ratio of the vacuum expectation values of the two Higgs fields, tan β, for
mA=H > 500 GeV.
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Introduction.—The production of new particles at the
Large Hadron Collider (LHC) with masses close to the TeV
scale is predicted by many models of physics beyond the
standard model (SM). In this Letter, a search for massive
pseudoscalar and scalar resonances decaying into a top-
antitop quark pair (tt̄) is presented. It is the first search in
this final state to take into account the significant interfer-
ence between the signal and the background from SM tt̄
production. The search is conducted on a sample of pp
collision data with an integrated luminosity of 20.3 fb−1 at
a center-of-mass energy

ffiffiffi
s

p ¼ 8 TeV, collected with the
ATLAS detector [1].
New pseudoscalar (A) and scalar (H) states coupling

strongly to tt̄ are predicted by a class of models in which
the Higgs sector is extended to include a second Higgs
doublet, the two-Higgs-doublet models (2HDMs) [2].
These models are motivated by many theories beyond
the SM, such as supersymmetry [3–8] and axion models
[9]. In 2HDMs of type II [2], such as the minimal
supersymmetric standard model (MSSM) [10–14], these
states decay predominantly into tt̄ pairs if mA=H≥500GeV
and the ratio of the vacuum expectation values of the two
Higgs fields, tan β, is small (tan β ≲ 3).
To date, this parameter region has not been probed

directly by searches in other final states [15–20] or by
previous searches for tt̄ resonances [21–25]. The latter,

which aim to identify resonant excesses in the tt̄ invariant
mass (mtt̄) spectrum, have a reduced sensitivity to 2HDM
signatures as they do not take into account interference
effects between the signal and the dominant background
from SM tt̄ production. These are significant for (pseudo)
scalar Higgs bosons with masses above the tt̄ production
threshold where the interference between the gluon-gluon
(gg) initiated loop production and the irreducible back-
ground from SM tt̄ production yields a non-negligible
imaginary term in the amplitude, which at the LHC is
dominated by gg → tt̄ production [26–31]. As a result
of the interference, the signal shape is distorted from a
Breit-Wigner peak to a peak-dip structure.
The results of the search are interpreted in a CP-

conserving type-II 2HDM with a softly broken Z2 sym-
metry [32]. The lighter of the two neutralCP-even states, h,
is assumed to be the Higgs boson discovered at a mass of
mh ¼ 125 GeV [33,34] with couplings as predicted by
the SM. This corresponds to the condition sin ðα − βÞ ¼ 1,
referred to as the alignment limit, where α denotes the
mixing angle between the two CP-even states. The param-
eter m12 of the Z2 breaking term of the potential is taken to
be m2

12 ¼ m2
A tan β=ð1þ tan2 βÞ. In this model, the pro-

duction cross sections and widths of A andH, as well as the
signal shape, are determined by tan β and the masses mA
and mH. The search results are derived assuming mass
degeneracy, mH ¼ mA, such that both processes contribute
to the mtt̄ spectrum, a scenario motivated, for example, by
the MSSM [32]. We also consider two scenarios in which
only the interference pattern of either A or H appears in the
mtt̄ spectrum [35].
Data and Monte Carlo samples.—This analysis closely

follows the resolved-topology analysis in Ref. [22]. Events
with signatures compatible with tt̄ → WþbW−b̄, with one
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W boson decaying hadronically and the other leptonically,
the lepton-plus-jets channel (lþ jets, l ¼ e, μ), were
collected using single-electron and single-muon triggers.
The trigger efficiency is constant in the transverse momen-
tum (pT) of leptons with pT > 25 GeV [36,37]. The
dominant background arises from SM tt̄ production,
followed by a contribution from W þ jets processes.
Data-driven techniques were used to normalize the
W þ jets background contribution and to estimate the
background from multijet events. All other background
processes were estimated using Monte Carlo (MC) simu-
lation. The background estimates for all processes are
identical to those in Ref. [22].
The signal process gg → A=H → tt̄, including the

decays of the top quarks and resulting W bosons, was
simulated using MADGRAPH5_aMC@NLO [38] v2.3.3
with the model of Ref. [39], which implements the A=H
production through loop-induced gluon-gluon fusion
with loop contributions from top and bottom quarks at
leading order (LO) in QCD. The CT10 set [40] of
parton distribution functions (PDFs) was used and the
renormalization and factorization scales were set toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

decay productsðp2
T þm2Þ

q
.

For the statistical interpretation, the tt̄ invariant mass
distributions in the signal regions in data were compared to
a combination of the expected distributions from all
background processes B, the pure signal process S, and
the signal-plus-interference component Sþ I for a given
signal hypothesis, as illustrated in Eq. (1) below. The most
reliable description of the tt̄ background [41] is obtained at
next-to-leading order (NLO) with POWHEG-BOX [42–45] +
PYTHIA6[46]. Therefore, the Sþ I contribution was mod-
eled separately from this background process by modifying
the MADGRAPH5_aMC@NLO software to remove the pure
SM tt̄ process to yield only the Sþ I contribution on an
event-by-event basis. The nominal tt̄ background predic-
tion in mtt̄ is in good agreement with that obtained from
MADGRAPH5_aMC@NLO in all signal regions. The Sþ I
events obtained with the modified software can have
positive or negative weights. Figure 1 shows the tt̄ invariant
mass distributions for the S and Sþ I components in a
model with tan β ¼ 0.68 and a pseudoscalar of mass
mA ¼ 500 GeV. The Sþ I component exhibits a peak-
dip structure with the minimum around mA=H for all signal
hypotheses studied in this search. The width of both the S
and Sþ I distribution decreases with increasing tan β.
The Sþ I distributions from the modified

MADGRAPH5_aMC@NLO software were validated
against those from the unmodified program. The latter
were obtained by generating a large inclusive sample
Sþ I þ Btt̄ for a given parameter point and a LO SM tt̄
background Btt̄ sample with the same generator settings.
The difference between the resulting two mtt̄ distributions
corresponds to the Sþ I component, which agrees with

that obtained with the modified software within 0.4%
across the whole spectrum. The difference is taken as a
systematic uncertainty in Sþ I.
PYTHIA6 with the Perugia 2011c set of tuned param-

eters [47] was used to model the parton shower and
hadronization for all S and Sþ I samples and the stable
particles obtained after hadronization were passed
through the ATLAS fast detector simulation [48]. The
effects of additional collisions within the same or nearby
bunch crossings were simulated by overlaying additional
pp collisions, simulated with PYTHIA V8.1 [49], on each
event. Correction factors were applied to adjust the
trigger and selection efficiencies in simulated events to
those measured in data. The S and Sþ I samples with this
setup were generated separately for pseudoscalar and
scalar Higgs bosons.
Event samples for both the S and Sþ I components for

different values of ðmA=H; tan βÞ were obtained from signal
samples S after the detector simulation by applying an
event-by-event reweighting. This reweighting substantially
reduces the computing time required. Theweight is the ratio
of the MADGRAPH5_aMC@NLO matrix elements, calcu-
lated from the four-momenta of the incoming gluons and
outgoing top quarks of the generated event with the new
and the old values of ðmA=H; tan βÞ, respectively. All SþI
and a small number of S samples were obtained through
reweighting. Signal hypotheses withmA=H<500GeV were
not considered as they require an accurate modeling of the
Higgs boson decay into virtual top quarks and the imple-
mentation of higher-order corrections that are not available
in the MADGRAPH5_aMC@NLO model. The requirement
tan β ≥ 0.4 was imposed to ensure the perturbativity of the
top-quark Yukawa coupling [2].
Correction factors KS were applied to normalize the

generated signal (S) cross section to the value calculated at
partial next-to-next-to-leading-order (NNLO) precision in

FIG. 1. Distributions of the invariant mass of the tt̄ pair from the
decay of a pseudoscalar A of mass mA ¼ 500 GeV before the
emission of final-state radiation and before the parton shower for
the pure resonance S (filled) and signalþ interference contribu-
tion Sþ I (unfilled). Events from all tt̄ decay modes are included.
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QCD [50–52]. The correction factor for the interference
component I is KI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KS × KB

p
, as suggested in Ref. [53],

where KB ¼ 1.87 is the correction factor to normalize the
total cross section of the SM tt̄ background generated at LO
with MADGRAPH to the cross section calculated at NNLO
accuracy in the strong coupling constant αs, including
resummation of next-to-next-to-leading-logarithmic soft
gluon terms. The values of KS range between two and
three for the tested signal hypotheses.
Event selection.—The event selection criteria for the

signal regions provide a high selection efficiency for tt̄
events. Only events with a resolved topology, in which
the three jets from the hadronically decaying top quark are
well separated in the detector, are selected. This is the
most efficient selection strategy for signal hypotheses
with mA=H < 800 GeV. Events with a merged topology,
in which the top quark is reconstructed as a single jet, are
not considered. The event reconstruction and selection
criteria are identical to those in Ref. [22] except that events
that would satisfy the criteria for both topologies are
classified as “resolved” instead of “merged.”
Events are required to contain exactly one isolated

electron [54] or muon [55] with pT > 25 GeV and pseu-
dorapidity jηj < 2.5 [56]. Events must have large missing
transverse momentum, Emiss

T > 20 GeV, computed as the
magnitude of the negative vector sum of lepton and jet
transverse momenta [57]. In addition, Emiss

T þmW
T >

60 GeV is required to further suppress the contribution
from multijet events, where mW

T is the lepton–Emiss
T trans-

verse mass [22]. Events must contain at least four hadronic
jets with pT > 25 GeV and jηj < 2.5, reconstructed using
the anti-kt algorithm [58,59] with radius parameter
R ¼ 0.4. Jets from additional collisions in the same bunch
crossing are rejected using dedicated tracking and vertex
requirements [60]. At least one of the jets must be identified
as originating from the decay of a b-hadron (b-jet) using
a multivariate tagging algorithm with a 70% efficiency
for b-jets and light-quark and gluon mistag rates of
0.5%–2% [61].
Event reconstruction.—Jets are assigned to the top

quarks using a χ2 algorithm that relies on kinematic
constraints and the expected values of the top quark and
W boson masses [22]. The invariant mass mreco

tt̄ of the
candidate tt̄ pair is reconstructed from the four selected jets,
the lepton, and the Emiss

T vector. The experimental reso-
lution for the tt̄ invariant mass is 8% for mA=H ¼ 500 GeV.
Events in the eþ jets and μþ jets channels are classified
into three categories, based on whether a b-tagged jet was
assigned to either the hadronically or the semileptonically
decaying top quark, or to both of them. Each category
defines a signal region; hence six orthogonal signal regions
are used in the statistical analysis.
Systematic uncertainties.—The impact of the systematic

uncertainties on both the normalization and the shape of the
mreco

tt̄ distributions is taken into account. The average

impact of the dominant uncertainties on the event yields
is summarized in Table I.
The experimental uncertainties with the largest impact

on the event yields and the shape of the mreco
tt̄ distributions

are those related to the jet energy scale (JES) and the jet
energy resolution (JER) [63,64], followed by uncertainties
on the b-tagging efficiency and misidentification rates [61].
The uncertainties related to leptons include those in the
reconstruction and isolation efficiency, the single-lepton
triggers, and the energy scale and resolution [54,55].
The uncertainty of 6.5% in the NNLOþ NNLL cross

section for SM tt̄ production is the dominant uncertainty in
the total background normalization [22]. Modeling uncer-
tainties affecting the shape of the mreco

tt̄ distribution for the
SM tt̄ background are also taken into account. These

TABLE I. Average impact of the dominant uncertainties on the
estimated yields for the total background and for a pseudoscalar A
with mA ¼ 500 GeV and tan β ¼ 0.68 in percent of the nominal
value for all signal regions combined. Only uncertainties with a
yield impact > 0.5% are shown. Dots (� � �) indicate that an
uncertainty is not applicable to a sample.

Systematic uncertainties [%] Total background S Sþ I

Luminosity [62] 1.7 1.9 1.9
PDF 2.5 2.1 12
tt̄ initial-/final-state radiation 3.2 � � � � � �
tt̄ parton shower þ fragmentation 4.9 � � � � � �
tt̄ normalization 5.7 � � � � � �
tt̄ event generator 0.5 � � � � � �
Top quark mass 0.5 2.2 13
Jet energy scale 6.4 4.9 9.3
Jet energy resolution 1.3 1.6 1.7
b-tagging: b-jet efficiency 1.5 1.3 1.1
b-tagging: c-jet efficiency 0.2 0.2 0.8
Electron efficiency 0.3 0.4 0.7
Muon efficiency 0.9 1.0 1.0
Signal MC scales � � � 7.3 7.3
Reweighting � � � � � � 5.0
MC statistical uncertainty 0.5 2.4 11

Total uncertainty 11 10 25

TABLE II. Number of events observed in data and expected
number of background events after the event selection, before the
profile-likelihood fit to the full data set. The uncertainty in the
background yields is derived by summing all uncertainties in
quadrature. The “other bkg.” component comprises single top
quark, tt̄þW=Z, Z þ jets, diboson, and multijet production.

Type eþ jets μþ jets

tt̄ 95 000� 11 000 93 000� 11 000
W þ jets 6600� 2100 7200� 2300
Other bkg. 11 200� 1400 6100� 600
Total 112 800� 13 000 106 300� 12 000

Data 115 785 110 218
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include uncertainties related to the choice of NLO event
generator, the modeling of the parton shower and frag-
mentation, the modeling of gluon initial- and final-state
radiation, and the value of the top quark mass mt. Other
sources of uncertainty related to the various background
components are described in Ref. [22].
The largest uncertainty in the modeling of the Sþ I and

S components is related to the�1.0 GeV uncertainty of the
value mt ¼ 172.5 GeV [65]. Uncertainties related to the
choice of PDF set and renormalization and factorization
scales are also considered. The latter is estimated by
varying the scales by factors of 0.5 and 2.0, which yields
a constant �7.3% variation across the mreco

tt̄ spectrum.
An asymmetric variation, for which the bins at the low and
high ends of the mreco

tt̄ spectrum are taken as anticorrelated
[66] is also considered to estimate the impact of the scale
variations on the shape of the mreco

tt̄ spectrum. For the

Sþ I samples, an additional constant �5% uncertainty is
included to cover the difference between reweighted and
generated distributions.
Results.—A breakdown of the observed and expected

event yields in the eþ jets and μþ jets channels and their
total uncertainties is shown in Table II. Good agreement is
found between the observed number of events in data and
the expected total number of background events.
The exclusion limits are derived separately for each

signal hypothesis from a profile-likelihood fit [67] of the
expected mreco

tt̄ distributions to the observed ones simulta-
neously in all signal regions, taking the statistical and
systematic uncertainties into account as nuisance parame-
ters [22]. Only bins with mreco

tt̄ > 320 GeV are considered
to avoid threshold effects not well described by the
simulation. The shape of the binned mreco

tt̄ distributions is
parametrized in terms of the signal strength μ [26,27]:

μSþ ffiffiffi
μ

p
I þ B ¼ ðμ − ffiffiffi

μ
p ÞSþ ffiffiffi

μ
p ðSþ IÞ þ B: ð1Þ

The fitted variable is
ffiffiffi
μ

p
and the case μ ¼ 1 (μ ¼ 0)

corresponds to the type-II 2HDM in the alignment limit
(the background-only hypothesis). This approach relies on
the assumption that, for a given signal hypothesis, the shape
of the tt̄ invariant mass distributions for S and Sþ I in
Eq. (1) does not change with μ. The terms S and Sþ I on
the right-hand side of Eq. (1) correspond to the mreco

tt̄
distributions obtained from the S and Sþ I samples,
respectively, while B stands for the expected mreco

tt̄ distri-
bution of the total background.
The level of agreement between the observed and

expected mass spectra is quantified in a fit under the
background-only hypothesis in which only the nuisance
parameters are allowed to vary. The observed mreco

tt̄ spectra
are compatible with the postfit expected spectra within the
(constrained) uncertainty bands (Fig. 2).
The upper limits on μ at 95% confidence level (C.L.)

are obtained with the C.L.s method [68] for a number of
ðmA=H; tan βÞ values. The upper limits at intermediate
points are obtained from a linear interpolation among

FIG. 2. Distribution of mreco
tt̄ for the data and the expected

background after the profile-likelihood fit under the background-
only hypothesis for all signal regions combined. The lines in the
bottom panel show the individual Sþ I distributions (scaled by a
factor of 4) for a pseudoscalar A (solid line) and scalar H (bold
dashed line) with mA=H ¼ 500 GeV and tan β ¼ 0.68 relative to
the total background.

FIG. 3. The 95% C.L. observed and expected exclusion regions for the type-II 2HDM (μ ¼ 1) considering only a pseudoscalar A (left),
only a scalar H (middle), and the mass-degenerate scenario mA ¼ mH (right). Blue points indicate parameter values at which signal
samples are produced.

PRL 119, 191803 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

10 NOVEMBER 2017

191803-4



the three closest points. In Fig. 3, the observed and
expected exclusion regions for the type-II 2HDM
(μ ¼ 1) are shown for the three scenarios discussed in
the Introduction. The excluded values of tan β for the
different mass hypotheses are listed in Table III.
Conclusion.—In conclusion, the search for massive

pseudoscalar and scalar resonances decaying to tt̄ in
20.3 fb−1 of pp collisions at 8 TeV recorded by the
ATLAS experiment yields no statistically significant devi-
ations from the SM prediction. The results are interpreted in
a type-II 2HDM in the alignment limit, and upper limits are
set on the signal strength μ at 95% C.L. in the mA=H versus
tan β plane. Unlike previous searches for tt̄ resonances, this
analysis takes into account interference effects between the
signal process and the background from SM tt̄ production.
It tightens significantly the previously published constraints
on the 2HDM parameter space in the low tan β and high
mass (mA=H > 500 GeV) region.

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-DSM/IRFU, France; SRNSF,
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,
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. [69].

[1] ATLAS Collaboration, The ATLAS experiment at the
CERN large hadron collider, J. Instrum. 3, S08003 (2008).

[2] G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M.
Sher, and J. P. Silva, Theory and phenomenology of two-
Higgs-doublet models, Phys. Rep. 516, 1 (2012).

[3] Yu. A. Golfand and E. P. Likhtman, Extension of the algebra
of Poincare group generators and violation of p invariance,
Pis’ma Zh. Eksp. Teor. Fiz. 13, 452 (1971) [JETP Lett. 13,
323 (1971)].

[4] D. Volkov and V. Akulov, Is the neutrino a goldstone
particle?, Phys. Lett. B 46, 109 (1973).

[5] J. Wess and B. Zumino, Supergauge transformations in four
dimensions, Nucl. Phys. B70, 39 (1974).

[6] J. Wess and B. Zumino, Supergauge invariant extension of
quantum electrodynamics, Nucl. Phys. B78, 1 (1974).

[7] S. Ferrara and B. Zumino, Supergauge invariant Yang-Mills
theories, Nucl. Phys. B79, 413 (1974).

[8] A. Salam and J. Strathdee, Super-symmetry and non-
Abelian gauges, Phys. Lett. 51B, 353 (1974).

[9] J. E. Kim, Light pseudoscalars, particle physics and cos-
mology, Phys. Rep. 150, 1 (1987).

[10] P. Fayet, Supersymmetry and weak, electromagnetic and
strong interactions, Phys. Lett. 64B, 159 (1976).

[11] P. Fayet, Spontaneously broken supersymmetric theories of
weak, electromagnetic and strong interactions, Phys. Lett. B
69, 489 (1977).

[12] G. R. Farrar and P. Fayet, Phenomenology of the produc-
tion, decay, and detection of new hadronic states associated
with supersymmetry, Phys. Lett. 76B, 575 (1978).

[13] P. Fayet, Relations between the masses of the superpartners
of leptons and quarks, the Goldstino coupling and the
neutral currents, Phys. Lett. 84B, 416 (1979).

[14] S. Dimopoulos and H. Georgi, Softly broken supersym-
metry and SU(5), Nucl. Phys. B193, 150 (1981).

TABLE III. The 95% C.L. observed (obs.) and expected (exp.)
exclusion limits on tan β for a type-II 2HDM in the alignment
limit considering only a pseudoscalar A (left), only a scalar H
(middle), and the mass-degenerate scenario mA ¼ mH (right).
Dots (� � �) indicate that no value of tan β ≥ 0.4 is excluded.

Mass mA mH mA ¼ mH
[GeV] tan β: obs. exp. obs. exp. obs. exp.

500 <1.00 <1.16 <1.00 <0.77 <1.55 <1.50
550 <0.69 <0.79 <0.72 <0.52 <1.10 <0.92
600 � � � <0.59 <0.73 � � � <1.09 <0.93
650 � � � � � � � � � � � � � � � <0.62

PRL 119, 191803 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

10 NOVEMBER 2017

191803-5

https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/0370-2693(73)90490-5
https://doi.org/10.1016/0550-3213(74)90355-1
https://doi.org/10.1016/0550-3213(74)90112-6
https://doi.org/10.1016/0550-3213(74)90559-8
https://doi.org/10.1016/0370-2693(74)90226-3
https://doi.org/10.1016/0370-1573(87)90017-2
https://doi.org/10.1016/0370-2693(76)90319-1
https://doi.org/10.1016/0370-2693(77)90852-8
https://doi.org/10.1016/0370-2693(77)90852-8
https://doi.org/10.1016/0370-2693(78)90858-4
https://doi.org/10.1016/0370-2693(79)91229-2
https://doi.org/10.1016/0550-3213(81)90522-8


[15] ATLAS Collaboration, Constraints on new phenomena
via Higgs boson couplings and invisible decays with the
ATLAS detector, J. High Energy Phys. 11 (2015) 206.

[16] ATLAS Collaboration, Search for minimal supersymmetric
standard model Higgs bosons H ¼ A and for a Z0 boson in
the ττ final state produced in pp collisions at

ffiffiffi
s

p ¼ 13 TeV
with the ATLAS detector, Eur. Phys. J. C 76, 585 (2016).

[17] CMS Collaboration, Searches for heavy Higgs bosons in
two-Higgs-doublet models and for t → ch decay using
multilepton and diphoton final states in pp collisions atffiffiffi
s

p ¼ 8 TeV, Phys. Rev. D 90, 112013 (2014).
[18] CMS Collaboration, Search for neutral MSSM Higgs

bosons decaying into a pair of bottom quarks, J. High
Energy Phys. 11 (2015) 071.

[19] CMS Collaboration, Searches for a heavy scalar boson H
decaying to a pair of 125 GeV Higgs bosons hh or for a
heavy pseudoscalar boson A decaying to Zh, in the final
states with h → ττ, Phys. Lett. B 755, 217 (2016).

[20] A. Djouadi, L. Maiani, A. Polosa, J. Quevillon, and V.
Riquer, Fully covering the MSSM Higgs sector at the LHC,
J. High Energy Phys. 06 (2015) 168.

[21] CMS Collaboration, Search for tt̄ resonances in highly-
boosted leptonþ jets and fully hadronic final states in
proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy
Phys. 07 (2017) 001.

[22] ATLAS Collaboration, A search for tt̄ resonances using
lepton-plus-jets events in proton-proton collisions at

ffiffiffi
s

p ¼
8 TeV with the ATLAS detector, J. High Energy Phys. 08
(2015) 148.

[23] CMS Collaboration, Searches for New Physics Using
the tt̄ Invariant Mass Distribution in pp Collisions atffiffiffi
s

p ¼ 8 TeV, Phys. Rev. Lett. 111, 211804 (2013).
[24] T. Aaltonen et al. (CDF Collaboration), Search for Resonant

Top-Antitop Production in the Lepton Plus Jets Decay Mode
Using the Full CDF Data Set, Phys. Rev. Lett. 110, 121802
(2013).

[25] V. M. Abazov et al. (D0 Collaboration), Search for a narrow
tt̄ resonance in pp̄ collisions at

ffiffiffi
s

p ¼ 1.96 TeV, Phys. Rev.
D 85, 051101 (2012).

[26] K. J. F. Gaemers and F. Hoogeveen, Higgs production and
decay into heavy flavors with the gluon fusion mechanism,
Phys. Lett. 146B, 347 (1984).

[27] D. Dicus, A. Stange, and S. Willenbrock, Higgs decay
to top quarks at hadron colliders, Phys. Lett. B 333, 126
(1994).

[28] W. Bernreuther, M. Flesch, and P. Haberl, Signatures of
Higgs bosons in the top quark decay channel at hadron
colliders, Phys. Rev. D 58, 114031 (1998).

[29] R. Frederix and F. Maltoni, Top pair invariant mass
distribution: A window on new physics, J. High Energy
Phys. 01 (2009) 047.

[30] M. Carena and Z. Liu, Challenges and opportunities for
heavy scalar searches in the tt̄ channel at the LHC, J. High
Energy Phys. 11 (2016) 159.

[31] D. Buarque Franzosi, E. Vryonidou, and C. Zhang, Scalar
production and decay to top quarks including interference
effectsatNLOinQCDinanEFTapproach, arXiv:1707.06760.

[32] J. F. Gunion and H. E. Haber, The CP conserving two
Higgs doublet model: The approach to the decoupling limit,
Phys. Rev. D 67, 075019 (2003).

[33] ATLAS Collaboration, Observation of a new particle in the
search for the standard model Higgs boson with the ATLAS
detector at the LHC, Phys. Lett. B 716, 1 (2012).

[34] CMS Collaboration, Observation of a new boson at a mass
of 125 GeV with the CMS experiment at the LHC, Phys.
Lett. B 716, 30 (2012).

[35] Scenarios with mH ≠ mA may not yield a stable Higgs
potential for the chosen value of m12 without extending the
2HDM.

[36] ATLAS Collaboration, Electron reconstruction and identi-
fication efficiency measurements with the ATLAS detector
using the 2011 LHC proton-proton collision data, Eur. Phys.
J. C 74, 2941 (2014).

[37] ATLAS Collaboration, Performance of the ATLAS muon
trigger in pp collisions at

ffiffiffi
s

p ¼ 8 TeV, Eur. Phys. J. C 75,
120 (2015).

[38] 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.

[39] D. Buarque Franzosi and C. Zhang, Bottom and Top
loop structure in ggH and ggA, https://cp3.irmp.ucl.ac.be/
projects/madgraph/wiki/Models/ggHFullLoop. We thank
D. B. Franzosi for making the code to generate the Sþ I
distributions available to us.

[40] H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky,
J. Pumplin, and C.-P. Yuan, New parton distributions for
collider physics, Phys. Rev. D 82, 074024 (2010) .

[41] ATLAS Collaboration, Report No. ATL-PHYS-PUB-2015-
002, 2015, https://cds.cern.ch/record/1981319.

[42] 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.

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

[44] 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.

[45] 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.

[46] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4
Physics and Manual, J. High Energy Phys. 05 (2006)
026.

[47] P. Z. Skands, Tuning Monte Carlo generators: The Perugia
tunes, Phys. Rev. D 82, 074018 (2010).

[48] ATLAS Collaboration, Report No. ATL-PHYS-PUB-2010-
013, 2010, https://cds.cern.ch/record/1300517.

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

[50] D. Eriksson, J. Rathsman, and O. Stal, 2HDMC: Two-
Higgs-doublet model calculator, Comput. Phys. Commun.
181, 189 (2010).

[51] R. V. Harlander, S. Liebler, and H. Mantler, SusHi: A
program for the calculation of Higgs production in gluon

PRL 119, 191803 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

10 NOVEMBER 2017

191803-6

https://doi.org/10.1007/JHEP11(2015)206
https://doi.org/10.1140/epjc/s10052-016-4400-6
https://doi.org/10.1103/PhysRevD.90.112013
https://doi.org/10.1007/JHEP11(2015)071
https://doi.org/10.1007/JHEP11(2015)071
https://doi.org/10.1016/j.physletb.2016.01.056
https://doi.org/10.1007/JHEP06(2015)168
https://doi.org/10.1007/JHEP07(2017)001
https://doi.org/10.1007/JHEP07(2017)001
https://doi.org/10.1007/JHEP08(2015)148
https://doi.org/10.1007/JHEP08(2015)148
https://doi.org/10.1103/PhysRevLett.111.211804
https://doi.org/10.1103/PhysRevLett.110.121802
https://doi.org/10.1103/PhysRevLett.110.121802
https://doi.org/10.1103/PhysRevD.85.051101
https://doi.org/10.1103/PhysRevD.85.051101
https://doi.org/10.1016/0370-2693(84)91711-8
https://doi.org/10.1016/0370-2693(94)91017-0
https://doi.org/10.1016/0370-2693(94)91017-0
https://doi.org/10.1103/PhysRevD.58.114031
https://doi.org/10.1088/1126-6708/2009/01/047
https://doi.org/10.1088/1126-6708/2009/01/047
https://doi.org/10.1007/JHEP11(2016)159
https://doi.org/10.1007/JHEP11(2016)159
http://arXiv.org/abs/1707.06760
https://doi.org/10.1103/PhysRevD.67.075019
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1140/epjc/s10052-014-2941-0
https://doi.org/10.1140/epjc/s10052-014-2941-0
https://doi.org/10.1140/epjc/s10052-015-3325-9
https://doi.org/10.1140/epjc/s10052-015-3325-9
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/ggHFullLoop
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/ggHFullLoop
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/ggHFullLoop
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/ggHFullLoop
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/ggHFullLoop
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/ggHFullLoop
https://doi.org/10.1103/PhysRevD.82.074024
https://cds.cern.ch/record/1981319
https://cds.cern.ch/record/1981319
https://cds.cern.ch/record/1981319
https://doi.org/10.1088/1126-6708/2007/09/126
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/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1103/PhysRevD.82.074018
https://cds.cern.ch/record/1300517
https://cds.cern.ch/record/1300517
https://cds.cern.ch/record/1300517
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.cpc.2009.09.011
https://doi.org/10.1016/j.cpc.2009.09.011


fusion and bottom-quark annihilation in the standard model
and the MSSM, Comput. Phys. Commun. 184, 1605 (2013).

[52] R. V. Harlander, S. Liebler, and H. Mantler, SusHi Bento:
Beyond NNLO and the heavy-top limit, Comput. Phys.
Commun. 212, 239 (2017).

[53] B. Hespel, F. Maltoni, and E. Vryonidou, Signal background
interference effects in heavy scalar production and decay to a
top-anti-top pair, J. High Energy Phys. 10 (2016) 016.

[54] ATLAS Collaboration, Electron effciency measurements
with the ATLAS detector using 2012 LHC proton-proton
collision data, Eur. Phys. J. C 77, 195 (2017).

[55] ATLAS Collaboration, Measurement of the muon
reconstruction performance of the ATLAS detector using
2011 and 2012 LHC proton-proton collision data, Eur. Phys.
J. C 74, 3130 (2014).

[56] The ATLAS experiment uses a right-handed coordinate
system with its origin at the nominal interaction point (IP) in
the center of the detector and the z axis along the beam pipe.
The x axis points from the IP to the center of the LHC ring,
and the y axis points upward. Cylindrical coordinates ðr;ϕÞ
are used in the transverse plane, ϕ being the azimuthal
angle around the z axis. The pseudorapidity is defined in
terms of the polar angle θ as η ¼ − ln½tanðθ=2Þ�. Transverse
momenta are computed from the three-momenta, p, as
pT ¼ jpj sin θ.

[57] ATLAS Collaboration, Performance of algorithms that
reconstruct missing transverse momentum in

ffiffiffi
s

p ¼ 8 TeV
proton-proton collisions in the ATLAS detector, Eur. Phys.
J. C 77, 241 (2017).

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

[59] M. Cacciari, G. P. Salam, and G. Soyez, FastJet User
Manual, Eur. Phys. J. C 72, 1896 (2012).

[60] ATLAS Collaboration, Performance of pile-up mitigation
techniques for jets in pp collisions at

ffiffiffi
s

p ¼ 8 TeV using the
ATLAS detector, Eur. Phys. J. C 76, 581 (2016).

[61] ATLAS Collaboration, Performance of b-jet identification
in the ATLAS experiment, J. Instrum. 11, P04008
(2016).

[62] ATLAS Collaboration, Luminosity determination in pp
collisions at

ffiffiffi
s

p ¼ 8 TeV using the ATLAS detector at
the LHC, Eur. Phys. J. C 76, 653 (2016).

[63] ATLAS Collaboration, Jet energy measurement with the
ATLAS detector in proton-proton collisions at

ffiffiffi
s

p ¼ 7 TeV,
Eur. Phys. J. C 73, 2304 (2013).

[64] ATLAS Collaboration, Jet energy measurement and its
systematic uncertainty in proton-proton collisions at

ffiffiffi
s

p ¼
7 TeV with the ATLAS detector, Eur. Phys. J. C 75, 17
(2015).

[65] ATLAS, CDF, CMS, and D0 Collaborations, First combi-
nation of Tevatron and LHC measurements of the top-quark
mass, arXiv:1403.4427.

[66] J. M. Lindert et al., Precise predictions for Vþ jets dark
matter backgrounds, arXiv: 1705.04664.

[67] G. Cowan, K. Cranmer, E. Gross, and O. Vitells,
Asymptotic formulae for likelihood-based tests of new
physics, Eur. Phys. J. C 71, 1554 (2011); Erratum, Eur.
Phys. J. C 73, 2501(E) (2013).

[68] A. L. Read, Presentation of search results: The CL(s)
technique, J. Phys. G 28, 2693 (2002).

[69] ATLAS Collaboration, Report No. ATL-GEN-PUB-2016-
002, https://cds.cern.ch/record/2202407.

M. Aaboud,137d G. Aad,88 B. Abbott,115 O. Abdinov,12,a B. Abeloos,119 S. H. Abidi,161 O. S. AbouZeid,139 N. L. Abraham,151

H. Abramowicz,155 H. Abreu,154 R. Abreu,118 Y. Abulaiti,148a,148b B. S. Acharya,167a,167b,b S. Adachi,157 L. Adamczyk,41a

J. Adelman,110 M. Adersberger,102 T. Adye,133 A. A. Affolder,139 T. Agatonovic-Jovin,14 C. Agheorghiesei,28c

J. A. Aguilar-Saavedra,128a,128f S. P. Ahlen,24 F. Ahmadov,68,c G. Aielli,135a,135b S. Akatsuka,71 H. Akerstedt,148a,148b

T. P. A. Åkesson,84 E. Akilli,52 A. V. Akimov,98 G. L. Alberghi,22a,22b J. Albert,172 P. Albicocco,50 M. J. Alconada Verzini,74

S. C. Alderweireldt,108 M. Aleksa,32 I. N. Aleksandrov,68 C. Alexa,28b G. Alexander,155 T. Alexopoulos,10 M. Alhroob,115

B. Ali,130 M. Aliev,76a,76b G. Alimonti,94a J. Alison,33 S. P. Alkire,38 B. M.M. Allbrooke,151 B.W. Allen,118 P. P. Allport,19

A. Aloisio,106a,106b A. Alonso,39 F. Alonso,74 C. Alpigiani,140 A. A. Alshehri,56 M. I. Alstaty,88 B. Alvarez Gonzalez,32

D. Álvarez Piqueras,170 M. G. Alviggi,106a,106b B. T. Amadio,16 Y. Amaral Coutinho,26a C. Amelung,25 D. Amidei,92

S. P. Amor Dos Santos,128a,128c S. Amoroso,32 G. Amundsen,25 C. Anastopoulos,141 L. S. Ancu,52 N. Andari,19 T. Andeen,11

C. F. Anders,60b J. K. Anders,77 K. J. Anderson,33 A. Andreazza,94a,94b V. Andrei,60a S. Angelidakis,9 I. Angelozzi,109

A. Angerami,38 A. V. Anisenkov,111,d N. Anjos,13 A. Annovi,126a,126b C. Antel,60a M. Antonelli,50 A. Antonov,100,a

D. J. Antrim,166 F. Anulli,134a M. Aoki,69 L. Aperio Bella,32 G. Arabidze,93 Y. Arai,69 J. P. Araque,128a V. Araujo Ferraz,26a

A. T. H. Arce,48 R. E. Ardell,80 F. A. Arduh,74 J-F. Arguin,97 S. Argyropoulos,66 M. Arik,20a A. J. Armbruster,32

L. J. Armitage,79 O. Arnaez,161 H. Arnold,51 M. Arratia,30 O. Arslan,23 A. Artamonov,99 G. Artoni,122 S. Artz,86 S. Asai,157

N. Asbah,45 A. Ashkenazi,155 L. Asquith,151 K. Assamagan,27 R. Astalos,146a M. Atkinson,169 N. B. Atlay,143 K. Augsten,130

G. Avolio,32 B. Axen,16 M. K. Ayoub,119 G. Azuelos,97,e A. E. Baas,60a M. J. Baca,19 H. Bachacou,138 K. Bachas,76a,76b

M. Backes,122 M. Backhaus,32 P. Bagnaia,134a,134b M. Bahmani,42 H. Bahrasemani,144 J. T. Baines,133 M. Bajic,39

O. K. Baker,179 E. M. Baldin,111,d P. Balek,175 F. Balli,138 W. K. Balunas,124 E. Banas,42 A. Bandyopadhyay,23

Sw. Banerjee,176,f A. A. E. Bannoura,178 L. Barak,32 E. L. Barberio,91 D. Barberis,53a,53b M. Barbero,88 T. Barillari,103

PRL 119, 191803 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

10 NOVEMBER 2017

191803-7

https://doi.org/10.1016/j.cpc.2013.02.006
https://doi.org/10.1016/j.cpc.2016.10.015
https://doi.org/10.1016/j.cpc.2016.10.015
https://doi.org/10.1007/JHEP10(2016)016
https://doi.org/10.1140/epjc/s10052-017-4756-2
https://doi.org/10.1140/epjc/s10052-014-3130-x
https://doi.org/10.1140/epjc/s10052-014-3130-x
https://doi.org/10.1140/epjc/s10052-017-4780-2
https://doi.org/10.1140/epjc/s10052-017-4780-2
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1140/epjc/s10052-016-4395-z
https://doi.org/10.1088/1748-0221/11/04/P04008
https://doi.org/10.1088/1748-0221/11/04/P04008
https://doi.org/10.1140/epjc/s10052-016-4466-1
https://doi.org/10.1140/epjc/s10052-013-2304-2
https://doi.org/10.1140/epjc/s10052-014-3190-y
https://doi.org/10.1140/epjc/s10052-014-3190-y
http://arXiv.org/abs/1403.4427
http://arXiv.org/abs/ 1705.04664
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1088/0954-3899/28/10/313
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407


M-S Barisits,32 J. T. Barkeloo,118 T. Barklow,145 N. Barlow,30 S. L. Barnes,36c B. M. Barnett,133 R. M. Barnett,16

Z. Barnovska-Blenessy,36a A. Baroncelli,136a G. Barone,25 A. J. Barr,122 L. Barranco Navarro,170 F. Barreiro,85

J. Barreiro Guimarães da Costa,35a R. Bartoldus,145 A. E. Barton,75 P. Bartos,146a A. Basalaev,125 A. Bassalat,119,g

R. L. Bates,56 S. J. Batista,161 J. R. Batley,30 M. Battaglia,139 M. Bauce,134a,134b F. Bauer,138 H. S. Bawa,145,h

J. B. Beacham,113 M. D. Beattie,75 T. Beau,83 P. H. Beauchemin,165 P. Bechtle,23 H. P. Beck,18,i H. C. Beck,57 K. Becker,122

M. Becker,86 M. Beckingham,173 C. Becot,112 A. J. Beddall,20e A. Beddall,20b V. A. Bednyakov,68 M. Bedognetti,109

C. P. Bee,150 T. A. Beermann,32 M. Begalli,26a M. Begel,27 J. K. Behr,45 A. S. Bell,81 G. Bella,155 L. Bellagamba,22a

A. Bellerive,31 M. Bellomo,154 K. Belotskiy,100 O. Beltramello,32 N. L. Belyaev,100 O. Benary,155,a D. Benchekroun,137a

M. Bender,102 K. Bendtz,148a,148b N. Benekos,10 Y. Benhammou,155 E. Benhar Noccioli,179 J. Benitez,66 D. P. Benjamin,48

M. Benoit,52 J. R. Bensinger,25 S. Bentvelsen,109 L. Beresford,122 M. Beretta,50 D. Berge,109 E. Bergeaas Kuutmann,168

N. Berger,5 J. Beringer,16 S. Berlendis,58 N. R. Bernard,89 G. Bernardi,83 C. Bernius,145 F. U. Bernlochner,23 T. Berry,80

P. Berta,86 C. Bertella,35a G. Bertoli,148a,148b F. Bertolucci,126a,126b I. A. Bertram,75 C. Bertsche,45 D. Bertsche,115

G. J. Besjes,39 O. Bessidskaia Bylund,148a,148b M. Bessner,45 N. Besson,138 C. Betancourt,51 A. Bethani,87 S. Bethke,103

A. J. Bevan,79 J. Beyer,103 R. M. Bianchi,127 O. Biebel,102 D. Biedermann,17 R. Bielski,87 K. Bierwagen,86

N. V. Biesuz,126a,126b M. Biglietti,136a T. R. V. Billoud,97 H. Bilokon,50 M. Bindi,57 A. Bingul,20b C. Bini,134a,134b

S. Biondi,22a,22b T. Bisanz,57 C. Bittrich,47 D. M. Bjergaard,48 C.W. Black,152 J. E. Black,145 K. M. Black,24 R. E. Blair,6

T. Blazek,146a I. Bloch,45 C. Blocker,25 A. Blue,56 W. Blum,86,a U. Blumenschein,79 S. Blunier,34a G. J. Bobbink,109

V. S. Bobrovnikov,111,d S. S. Bocchetta,84 A. Bocci,48 C. Bock,102 M. Boehler,51 D. Boerner,178 D. Bogavac,102

A. G. Bogdanchikov,111 C. Bohm,148a V. Boisvert,80 P. Bokan,168,j T. Bold,41a A. S. Boldyrev,101 A. E. Bolz,60b

M. Bomben,83 M. Bona,79 M. Boonekamp,138 A. Borisov,132 G. Borissov,75 J. Bortfeldt,32 D. Bortoletto,122

V. Bortolotto,62a,62b,62c D. Boscherini,22a M. Bosman,13 J. D. Bossio Sola,29 J. Boudreau,127 J. Bouffard,2

E. V. Bouhova-Thacker,75 D. Boumediene,37 C. Bourdarios,119 S. K. Boutle,56 A. Boveia,113 J. Boyd,32 I. R. Boyko,68

J. Bracinik,19 A. Brandt,8 G. Brandt,57 O. Brandt,60a U. Bratzler,158 B. Brau,89 J. E. Brau,118 W. D. Breaden Madden,56

K. Brendlinger,45 A. J. Brennan,91 L. Brenner,109 R. Brenner,168 S. Bressler,175 D. L. Briglin,19 T. M. Bristow,49 D. Britton,56

D. Britzger,45 F. M. Brochu,30 I. Brock,23 R. Brock,93 G. Brooijmans,38 T. Brooks,80 W. K. Brooks,34b J. Brosamer,16

E. Brost,110 J. H Broughton,19 P. A. Bruckman de Renstrom,42 D. Bruncko,146b A. Bruni,22a G. Bruni,22a L. S. Bruni,109

BH Brunt,30 M. Bruschi,22a N. Bruscino,23 P. Bryant,33 L. Bryngemark,45 T. Buanes,15 Q. Buat,144 P. Buchholz,143

A. G. Buckley,56 I. A. Budagov,68 F. Buehrer,51 M. K. Bugge,121 O. Bulekov,100 D. Bullock,8 T. J. Burch,110 S. Burdin,77

C. D. Burgard,51 A. M. Burger,5 B. Burghgrave,110 K. Burka,42 S. Burke,133 I. Burmeister,46 J. T. P. Burr,122 E. Busato,37

D. Büscher,51 V. Büscher,86 P. Bussey,56 J. M. Butler,24 C. M. Buttar,56 J. M. Butterworth,81 P. Butti,32 W. Buttinger,27

A. Buzatu,35c A. R. Buzykaev,111,d S. Cabrera Urbán,170 D. Caforio,130 V. M. Cairo,40a,40b O. Cakir,4a N. Calace,52

P. Calafiura,16 A. Calandri,88 G. Calderini,83 P. Calfayan,64 G. Callea,40a,40b L. P. Caloba,26a S. Calvente Lopez,85 D. Calvet,37

S. Calvet,37 T. P. Calvet,88 R. Camacho Toro,33 S. Camarda,32 P. Camarri,135a,135b D. Cameron,121 R. Caminal Armadans,169

C. Camincher,58 S. Campana,32 M. Campanelli,81 A. Camplani,94a,94b A. Campoverde,143 V. Canale,106a,106b M. Cano Bret,36c

J. Cantero,116 T. Cao,155 M. D. M. Capeans Garrido,32 I. Caprini,28b M. Caprini,28b M. Capua,40a,40b R. M. Carbone,38

R. Cardarelli,135a F. Cardillo,51 I. Carli,131 T. Carli,32 G. Carlino,106a B. T. Carlson,127 L. Carminati,94a,94b

R. M. D. Carney,148a,148b S. Caron,108 E. Carquin,34b S. Carrá,94a,94b G. D. Carrillo-Montoya,32 D. Casadei,19

M. P. Casado,13,k M. Casolino,13 D.W. Casper,166 R. Castelijn,109 V. Castillo Gimenez,170 N. F. Castro,128a,l A. Catinaccio,32

J. R. Catmore,121 A. Cattai,32 J. Caudron,23 V. Cavaliere,169 E. Cavallaro,13 D. Cavalli,94a M. Cavalli-Sforza,13

V. Cavasinni,126a,126b E. Celebi,20d F. Ceradini,136a,136b L. Cerda Alberich,170 A. S. Cerqueira,26b A. Cerri,151

L. Cerrito,135a,135b F. Cerutti,16 A. Cervelli,18 S. A. Cetin,20d A. Chafaq,137a D. Chakraborty,110 S. K. Chan,59 W. S. Chan,109

Y. L. Chan,62a P. Chang,169 J. D. Chapman,30 D. G. Charlton,19 C. C. Chau,31 C. A. Chavez Barajas,151 S. Che,113

S. Cheatham,167a,167c A. Chegwidden,93 S. Chekanov,6 S. V. Chekulaev,163a G. A. Chelkov,68,m M. A. Chelstowska,32

C. Chen,67 H. Chen,27 J. Chen,36a S. Chen,35b S. Chen,157 X. Chen,35c,n Y. Chen,70 Y. Chen,45 H. C. Cheng,92 H. J. Cheng,35a

A. Cheplakov,68 E. Cheremushkina,132 R. Cherkaoui El Moursli,137e E. Cheu,7 K. Cheung,63 L. Chevalier,138 V. Chiarella,50

G. Chiarelli,126a,126b G. Chiodini,76a A. S. Chisholm,32 A. Chitan,28b Y. H. Chiu,172 M. V. Chizhov,68 K. Choi,64

A. R. Chomont,37 S. Chouridou,156 Y. S. Chow,62a V. Christodoulou,81 M. C. Chu,62a J. Chudoba,129 A. J. Chuinard,90

J. J. Chwastowski,42 L. Chytka,117 A. K. Ciftci,4a D. Cinca,46 V. Cindro,78 I. A. Cioara,23 C. Ciocca,22a,22b A. Ciocio,16

F. Cirotto,106a,106b Z. H. Citron,175 M. Citterio,94a M. Ciubancan,28b A. Clark,52 B. L. Clark,59 M. R. Clark,38 P. J. Clark,49

PRL 119, 191803 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

10 NOVEMBER 2017

191803-8



R. N. Clarke,16 C. Clement,148a,148b Y. Coadou,88 M. Cobal,167a,167c A. Coccaro,52 J. Cochran,67 L. Colasurdo,108 B. Cole,38

A. P. Colijn,109 J. Collot,58 T. Colombo,166 P. Conde Muiño,128a,128b E. Coniavitis,51 S. H. Connell,147b I. A. Connelly,87

S. Constantinescu,28b G. Conti,32 F. Conventi,106a,o M. Cooke,16 A. M. Cooper-Sarkar,122 F. Cormier,171 K. J. R. Cormier,161

M. Corradi,134a,134b F. Corriveau,90,p A. Cortes-Gonzalez,32 G. Cortiana,103 G. Costa,94a M. J. Costa,170 D. Costanzo,141

G. Cottin,30 G. Cowan,80 B. E. Cox,87 K. Cranmer,112 S. J. Crawley,56 R. A. Creager,124 G. Cree,31 S. Crépé-Renaudin,58
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Casablanca, Morocco
137bCentre National de l’Energie des Sciences Techniques Nucleaires, Rabat, Morocco
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