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1 Introduction

With its mass being close to the electroweak scale the top quark is very special. It might

intimately be connected to the underlying mechanism of electroweak symmetry breaking

(EWSB). Consequently, studying top-quark production and decays at colliders might pro-

vide a portal to New Physics (NP). The Large Hadron Collider (LHC), providing proton-

proton collisions currently at 13 TeV centre-of-mass energy, can be seen as a top-quark

factory. It allows to search for anomalous top-quark production and decay processes, con-

sidered as low energy modifications of the Standard Model (SM) parametrized by effective

operators [1–6], or, as the direct production of intermediate resonances, which have been

hunted for a long time at different experiments [7–9].

Heavy scalar resonances that decay into a pair of top quarks are predicted by several NP

scenarios, in particular the Two Higgs Doublet Model (THDM), supersymmetric theories

and models of dynamical EWSB. In this paper, we provide a framework to reinterpret

the SM tt̄ differential cross section measurements as exclusion limits for signatures of NP

resonances decaying into tt̄. The framework relies on the comparison between particle-level

data with state-of-the-art event simulation and the interpretation of deviations in terms of

NP models. It is based on four main ingredients

1. A Monte Carlo event generator which allows the precise and realistic description of

particle-level observables.
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In order to theoretically describe top-quark pair production at the LHC, we make

use of state-of-the-art event simulations provided by the Sherpa [10] event-generator

framework. This implies the usage of techniques to match leading and next-to-leading

order QCD matrix elements with parton showers and merging different parton-

multiplicity final states.

2. The precise measurement of SM processes from fiducial kinematical regions provided

as differential particle-level observables by LHC experiments, and available through

the Rivet package [11]. Here we used the ATLAS analyses of top-quark pair pro-

duction in the boosted [12] and resolved [13] regimes.

3. A general parametrization of NP whose predictions for colliders can be computed

efficiently. We adopt a Lagrangian which describes scalar resonances that can be CP-

even or odd and color singlet or octet. We devise a reweighting method to describe

the model prediction in the m(tt̄) distribution for a wide range of the parameter space

in a fast and efficient manner.

4. A statistical interpretation to decide what regions of parameter space of the model

are ruled out at a given confidence level. We adopt here a simplified χ2 analysis.

A similar method to constrain NP with SM measurements in several other channels has

recently been presented in ref. [14]. These approaches are complementary to model-specific

searches in the respective final states. They provide systematic methods for the theory

community to derive more realistic exclusion limits for any particular model, not relying

on the experiment-specific assumptions.

In the rest of the paper we explain these 4 points in detail. In section II we describe

the set-up of our event simulation. In section III we give details on the analyses used in

the boosted and the resolved regime and validate our SM predictions by comparing them

to experimental data. In section IV we introduce our simplified model of beyond the SM

scalar resonances and describe the implementation in our simulation framework, based on

an event-by-event reweighting. In section V we present a statistical analysis to assess the

region in parameter space accessible by the LHC experiments and provide interpretations

in terms of some specific models. We finally conclude in section VI.

2 Simulation framework

When searching for imprints of resonant contributions in top-quark pair production at the

LHC, a detailed understanding of the SM production process is vital. In particular, as there

are non-trivial interference effects between NP signals and SM amplitudes that determine

the shape of the resulting top-pair invariant-mass distribution. In order to obtain realistic

and reliable predictions for the top-pair production process, we make use of state-of-the-art

particle-level simulations, based on higher-order matrix elements matched to parton-shower

simulations and hadronization.
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Our analysis focuses on observables in the semi-leptonic decay channel of top-quark

pair production, i.e.

pp→ tt̄→ bb̄jj`ν + jets , (2.1)

where ` denotes muons or electrons, ν the corresponding neutrinos, b are bottom quarks

and j light quarks or gluons. These decay products and the associated radiation might

be reconstructed as well-separated objects, i.e. light-flavour jets, b-jets and a lepton, or, in

the boosted regime, as a large-area jet, containing the hadronic decay products, additional

jets and a lepton. In either case, to realistically simulate the associated QCD activity,

higher-order QCD corrections need to be considered.

To describe the SM top-pair production process we use the Sherpa event-generation

framework [10, 15]. We employ the techniques to match LO and NLO QCD matrix ele-

ments to Sherpa’s dipole shower [16] and to merge processes of variable partonic multiplic-

ity [17, 18]. Leading-order and real-emission correction matrix elements are obtained from

Comix [19]. Virtual one-loop amplitudes, contributing at NLO QCD, are obtained from

the Recola generator [20, 21] that employs the Collier library [22]. Top-quark decays

are modelled at leading-order accuracy through Sherpa’s decay handler, that implements

Breit-Wigner smearing for the intermediate resonances and preserves spin correlations be-

tween production and decay [23]. We treat bottom-quarks as massive in the top-quark

decays and the final-state parton-shower evolution [24].

To validate the SM predictions we also consider leading-order simulations in the Mad-

Graph aMCNLO framework [25]. The hard-process’ partonic configurations get showered

and hadronized through Pythia8 [26]. The spin-correlated decays of top quarks are im-

plemented through the MadSpin package [27]. Samples of different partonic multiplicity

are merged according to the kT -MLM prescription described in [28].

For the top-quark and W -boson, the following mass values are used

mt = 172 GeV , mW = 80.39 GeV , (2.2)

and the corresponding widths are calculated at leading order, assuming for the remaining

electroweak input parameters mZ = 91.19 GeV and Gµ = 1.16637 × 10−5 GeV−2. In the

following section we present a comparison of our simulated predictions against ATLAS

measurements and discuss their systematics. Alongside, we give details on the QCD input

parameters and calculational choices used there.

3 Analysis framework

In what follows we describe the event selections used to identify the top-quark pair-

production process, used later on to study the imprint of resonant NP contributions.

Thereby, we closely follow the strategies used by the LHC experiments. Our simulated

events from Sherpa and MadGraph aMCNLO are produced in the HepMC output

format [29] and passed to Rivet [11] where we implement our particle-level selections.

We consider two analyses, based on measurements performed using the ATLAS detec-

tor of the differential tt̄ production cross sections in proton-proton collisions at
√
s = 8 TeV
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with an integrated luminosity of L = 20.3 fb−1 [12, 13]. Both analyses select events in the

leptons+jets decay channel. The two measurements indicated in the following as Resolved

and Boosted are optimized for different regions of phase space. The Boosted analysis, cf.

ref. [12], is designed to enhance the selection and reconstruction efficiency of highly-boosted

top quarks with transverse momentum pT > 300 GeV, that might originate from the decay

of a heavy resonance with mass m > 600 GeV. In such events the decay products of the

hadronic top overlap, due to the high Lorentz boost. In turn, they cannot be reconstructed

as three distinct jets. The Resolved analysis, based on ref. [13], measures the differential

cross section as a function of the full kinematic spectrum of the tt̄ system and is useful to

identify and reconstruct rather light resonances.

The selection requirements are applied on leptons and jets at particle level, i.e. after

hadronization. In our simulated data we discard any detector resolution, i.e. smearing

effects. All the leptons used in the analyses, i.e. e, µ, νe and νµ must not originate from

hadrons, neither directly nor through a τ -lepton decay. In this way the leptons are guar-

anteed to originate from W -boson decays without a specific matching requirement. The

four-momenta of the charged leptons are modified by adding the four-momenta of all pho-

tons found in a cone of ∆R = 0.1 around the leptons’ direction, thus representing dressed

leptons. The missing transverse energy of the events (Emiss
T ) is defined from the four-vector

sum of the neutrinos not resulting from hadron decays.

Jets are clustered using the anti-kT algorithm [30] with a radius of R = 0.4 for small-

R jets and R = 1.0 for the large-R jets, using all stable particles, excluding the selected

dressed leptons, as input. All small-R jets considered during the selections are required to

have pT > 25 GeV and |η| < 2.5, while for large-R jets we demand pT > 300 GeV and |η| <
2. The small-R jets are considered b-tagged if a b-hadron with pT > 5 GeV is associated to

the jet through a ghost-matching procedure [31, 32]. To remove most of the contribution

coming from the interaction of the proton remnants, i.e. the underlying event, and to reduce

the dependence on the generator, large-R jets are groomed following a trimming procedure

with parameters Rsub = 0.3 and fcut = 0.05, for details of the procedure see ref. [33].

Both the Resolved and the Boosted selections require a single lepton with pT > 25 GeV

and |η| < 2.5. In the Resolved analysis, apart from the leptons, the events are required to

have at least four small-R jets and at least two of them have to be b-tagged. In the Boosted

analysis the events are required to have Emiss
T > 20 GeV and Emiss

T + mW
T > 60 GeV,

with mW
T =

√
2plTE

miss
T (1− cos ∆φ), the transverse mass of the leptonically decaying W -

boson, where ∆φ denotes the azimuthal angle between the lepton and the Emiss
T vector.

The presence of at least one small-R jet with ∆R(lepton, small-R jet)< 1.5 is required. In

case more than one jet fulfills this requirement the jet with higher pT is considered as the

jet originating from the leptonic top decay, dubbed lep-jet candidate. Furthermore, it is

required the presence of a trimmed large-R jet with mass mR=1.0
j > 100 GeV and

√
d12 >

40 GeV, where
√
d12 is the kt distance [34, 35] between the two subjets in the last step of

the jet reclustering, i.e.
√
d12 = min(pT1, pT2) ∆R1,2 . If more than one large-R jet fulfills

these requirements the one with highest transverse momentum is considered as the had-jet

candidate. The had-jet candidate must furthermore satisfy certain kinematic requirements:
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event selections

Exactly one lepton (µ or e) with pT > 25 GeV and |η| < 2.5

Resolved analysis Boosted analysis

Emiss
T > 20 GeV and Emiss

T +mW
T > 60 GeV

≥ 4 small-R jet:

- pT > 25 GeV, |η| < 2.5

≥ 1 large-R jet:

- pT > 300 GeV, |η| < 2

-
√
d12 > 40 GeV

- mR=1.0
j > 100 GeV

- ∆φ( large-R jet, lepton) > 2.3

≥ 1 small-R jet:

- pT > 25 GeV, |η| < 2.5

- ∆R(lepton, small-R jet) < 1.5

- ∆R(small-R jet, large-R jet) > 1.5

≥ 2 b-tagged jets ≥ 1 b-tagged jet:

- ∆R(large-R jet, b-tagged jet) < 1 or,

- the small-R jet is b-tagged.

Table 1. Event selections applied in the Resolved and Boosted analyses.

∆φ(had-jet, lepton) > 2.3 and ∆R(had-jet, lep-jet) > 1.5. The final requirement in the

Boosted selection is that at least one b-tagged jet in ∆R(had-jet, jet) < 1 is found or

that the lep-jet candidate is b-tagged. The Resolved and Boosted event selections are

summarized in table 1.

For the selected events the tt̄ system is reconstructed based on the event topology:

• Resolved analysis: the leptonic top is reconstructed using the b-tagged jet nearest

in ∆R to the lepton and the missing-momentum four vector, the hadronic top is

reconstructed using the other b-tagged jet and the two light jets with invariant mass

closest to the W mass.

• Boosted analysis: the leptonic top is reconstructed using the lep-jet candidate,

the lepton and the missing-momentum four vector, the had-jet candidate is directly

considered as the hadronic top.

In order to validate our simulations of SM top-quark pair-production we compare our

predictions against ATLAS data for the Boosted and Resolved selection, supplemented by

studies of systematic variations. To begin with, we check the impact of the grooming

procedure on the reconstructed hadronic-top candidate mass, i.e. the mass of the had-jet

candidate in the Boosted event selection. We consider event samples from Sherpa and

MadGraph aMCNLO, based on the leading-order matrix element for top-quark pair

production, labelled as 0j. In these calculations, i.e. without merging-in higher-multiplicity
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Figure 1. Invariant mass distribution of the hadronic-top candidates in the Boosted event selection.

The theoretical predictions from Sherpa and MadGraph aMCNLO+Pythia8 are based on LO

matrix elements dressed with parton showers, left panel without and right panel with applying the

trimming procedure.

matrix elements, we set the renormalization (µR) and factorization scale (µF ) to

µ2
R = µ2

F =
1

4

[
m2
t +

1

2
(p2
T,t + p2

T,t̄)

]
, (3.1)

with pT,t (pT,t̄) the transverse momentum of the decaying (anti) top quark.

In figure 1 we present the resulting invariant-mass distributions obtained from Sherpa

and MadGraph aMCNLO before and after applying the grooming procedure. Compar-

ing the untrimmed distributions (left panel) both samples exhibit a clear peak at the

nominal top-quark mass. However, due to parton-shower radiation and non-perturbative

corrections from hadronization and underlying event the peak is rather broad and size-

able differences are observed when comparing the predictions from Sherpa and Mad-

Graph aMCNLO+Pythia8. Note that the uncertainty bands shown represent the sta-

tistical uncertainty of the samples only. When applying the trimming procedure to the

had-jet candidates the mass distributions agree to a much better degree, both in the tails

of the distribution and the peak region. Therefore, trimming of the large-R jets significantly

reduces the dependence on the generator and the details of its parton-shower formalism

and the modelling of non-perturbative effects.

In figures 2 and 3 we compare predictions from Sherpa based on LO and NLO matrix

elements against data measured by the ATLAS experiment for the Boosted (left panels)

and the Resolved (right panels) event selections. For the MEPS@LO sample we merge LO

QCD matrix elements for tt̄+0, 1, 2, 3jet production dressed with the Sherpa dipole parton

shower [17]. The merging-scale parameter is set to Qcut = 20 GeV. The MEPS@NLO

sample combines QCD matrix elements at NLO for tt̄ + 0, 1jet and tt̄ + 2, 3jets at LO

according to the methods described in [18, 36], again using a merging scale of Qcut =

20 GeV. Both methods share the event-wise reconstruction of an underlying jj → tt̄ core

– 6 –
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Figure 2. Comparison of predictions based on Sherpa MEPS@LO simulations to data measured

by the ATLAS experiment. The left panel shows the pT of the hadronic top in the Boosted selection,

data taken from [12]. In the right panel the reconstructed invariant mass of the tt̄ system in the

Resolved event selection is depicted, with data taken from [13].

process through consecutive clusterings of the external legs. For this reconstructed core

process the renormalization and factorization scales are set to µR = µF = µcore, with

µ2
core =

1

4

[
m2
t +

1

2
(p2
T,t + p2

T,t̄)

]
. (3.2)

For the reconstructed clusterings the strong coupling is evaluated at the respective split-

ting scale. The scale µcore is furthermore used as the resummation, i.e. parton-shower

starting scale, denoted µQ. To assess the scale uncertainty of the predictions we perform

variations by common factors of 2 and 1/2 for the core scale and the local splitting scales,

using the event-reweighting technique described in [37]. In the figures the resulting uncer-

tainty estimate is represented by the red band, while the blue band indicates the statistical

uncertainty.

For the boosted-top selection we show the transverse-momentum distribution of the

hadronic-top candidate in the left panels of figures 2 and 3, respectively. Notably, both

samples, i.e. the MEPS@LO and the MEPS@NLO prediction, describe the ATLAS mea-

surement [12] very well, both in terms of the production rate and in particular concerning

the shape of the distribution. For the MEPS@LO result the scale uncertainty is quite

significant, reaching up to 50%. However, the dominant effect is a mere rescaling of the

total production rate, the shape of the distribution stays almost unaltered. This is also

observed for the MEPS@NLO sample, however, the scale uncertainty reduces to ±20%.

For the resolved-decay selection we compare the Sherpa MEPS@(N)LO predictions

for the reconstructed invariant mass of the tt̄ system against data from the ATLAS ex-

periment [13], see right panels of figures 2 and 3. Note that the data and the theoretical

predictions are normalized to their respective fiducial cross section. The MEPS@LO and

MEPS@NLO results agree very well with the data. For this normalized distribution the
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Figure 3. As figure 2 but based on Sherpa MEPS@NLO simulations.

scale uncertainties largely cancel. For the MEPS@LO sample this results in an uncertainty

estimate of ±2%. For the MEPS@NLO sample the shape modifications induced by the

scale variations amount to ±5%.

For both observables considered, the MEPS@(N)LO predictions from Sherpa yield a

very satisfactory description of the data. No significant alteration of the distributions shape

is observed upon inclusion of the QCD one-loop corrections in the MEPS@NLO sample.

However, in particular the uncertainty on the production rate reduces significantly. For the

normalized top-pair invariant mass distribution we consider the more realistic ±5% estimate

from the MEPS@NLO calculation. By normalizing the distribution to the cross section

in a certain mass window, this uncertainty might in fact be reduced further, cf. ref. [38],

where, ultimately, an uncertainty estimate of O(1%) was quoted for the corresponding

NNLO QCD prediction.

In what follows we want to study the imprint of New Physics resonant contributions on

the top-pair invariant mass distribution. To this end we currently rely on a leading-order

description of the signal, interfering with the corresponding SM amplitudes. However, from

the considerations above we can conclude that the MEPS@LO calculation of the SM pro-

duction process captures the dominant QCD corrections, which are of real-radiation type.

To illustrate this further, we present in figure 4 a comparison of MEPS@LO samples using

different parton-multiplicity matrix elements for the mass and the transverse momentum

of the tt̄ system in the Boosted selection. These results get compared to the corresponding

MEPS@NLO prediction described above.

For the top-pair invariant mass all the predictions with at least one extra hard jet agree

within their statistical errors. In particular, even the MEPS@LO sample, based on merging

the LO matrix elements for tt̄ + 0, 1jet only, well reproduces the MEPS@NLO result and

greatly improves the 0jet sample. As might be expected, for the transverse momentum of

the tt̄ system, the inclusion of higher-multiplicity matrix elements improves the agreement

with the MEPS@NLO result. The MEPS@LO calculation based on tt̄ + 0, 1jet predicts
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Figure 4. Comparison of MEPS@LO predictions based on different maximal parton-multiplicity

matrix elements and the MEPS@NLO calculation for the Boosted event selection. The left panel

shows the top-pair invariant mass, the right panel the transverse momentum of the tt̄ system.

a somewhat softer spectrum, i.e. is lacking configuration corresponding to multiple hard

emissions. However, the bulk of the events in the Boosted selection is reasonably modeled

by this simple LO merging setup and describes the data presented above very well. We

will therefore rely on this setup when invoking New Physics contributions.

In the following we also introduce a simple Parton Analysis, used to quantify the effect

of the NP without any smearing due to the reconstruction of the top quarks. In the Parton

Analysis no cuts are applied to the events and the two top quarks are identified, before

any decay, using truth-level information from the generator.

4 Simplified model

Several models of NP predict resonances decaying to top-quarks. Scalar resonances in

particular have large branching ratios in this decay channel due to the fact that their

couplings with fermions are often proportional to the fermion masses. In this case, the

resonance is at the LHC dominantly produced via gluon fusion through loops of colored

particles. These colored particles can be either light compared to the resonance (like the top

quark itself), in which case the structure of the loop is resolved as illustrated in figure 5(a),

or they can be heavy, in which case a point-like interaction sketched in figure 5(b) can

describe the interactions.

It has been shown in [39] that the most general scalar extension of the SM which couples

to fermions and maintains naturally small flavour changing neutral currents is provided by

scalars with the same quantum numbers of the Higgs doublet or that transform as a color

octet (8,2)1/2 under the SU(3)×SU(2)×U(1) SM gauge group. Color neutral and octet

scalars arise also naturally in several models of dynamical EWSB, such as in the seminal

Farhi-Susskind model [40] and models where the top is partially composite [41]. Although
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(a) (b)

Figure 5. Feynman diagrams for production of a scalar resonance with subsequent decay into

top-quarks, mediated by a resolved loop (a) or via high-scale New Physics (b).

the specific origin of the scalar-top couplings is important, determining the relation to

other couplings and their magnitudes, we here adopt a more phenomenological simplified

approach relevant for top-quark pair production, in which the left-handed top is stripped

off from its doublet and couples directly to the scalars.

In our simplified model we assume the only light state running in the loop to be the

top-quark. This is a good approximation if two conditions are fulfilled: (i) — the bottom-

quark contribution is suppressed; and (ii) — the extra states contributing significantly to

the gluon-scalar couplings are heavy (at least as much as the scalar resonance itself). This

is a good approximation in many models beyond the SM. In the THDM [42] for example,

there is no new particle living at higher scale apart from the new scalar sector. Moreover,

the loop of bottom-quarks is usually suppressed in the cases relevant for tt̄ production. Spe-

cializations of the THDM such as the Minimal Supersymmetric Standard Model (MSSM)

where the super-partners are heavy enough to be integrated out can also be described in this

framework. Composite models typically predict relatively degenerate spectra of first exci-

tations, thus they can be usually described by the effective point-like interaction. Similarly,

for the color octet in the model of Manohar and Wise [39] the scalars are produced purely

by top and bottom loops. In some other models intermediate states much lighter than the

first scalar excitations are present, e.g. top partners and stops may be light in some models

of partial compositeness and SUSY — in these cases our approximation is not applicable.

Under this assumption we can describe the scalar sector interactions relevant for tt̄

production via the following Lagrangian:

Lφ = icηt
mt

v
t̄γ5tη + cσt

mt

v
t̄tσ + icη̃t

mt

v
t̄γ5

λa

2
tη̃a + cσ̃t

mt

v
t̄
λa

2
tσ̃a

+cσg
αS

12πv
σGaµνG

aµν − cηg
αS
8πv

ηGaµνG̃
aµν

−cη̃g
αS
8πv

η̃adabcG̃aµνGbρσ + cσ̃g
αS

12πv
σ̃adabcG̃aµνGbρσ . (4.1)

It contains a CP-odd isosinglet scalar η, a CP-even isosinglet scalar σ, a CP-odd color octet

scalar η̃ and a CP-even octet scalar σ̃ which we collectively call φ. Gµν is the gluon field-

strength tensor, G̃µν = 1
2ε
µνρσGρσ, λa are the SU(3) generators and dabc = 1

4Tr[λ
aλb, λc]

is the fully symmetric SU(3) tensor.
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The top-quark loops generate form factors that describe the gluon-scalar interaction.

The loop triangles contribute to the trilinear ggφ vertices in the form

ηgµa (k1)gνb (k2) :
αSc

η
t

2πv
AA1/2

(
s

4m2
t

)
εµνλσk1λk2σδab , (4.2)

σgµa (k1)gνb (k2) :
αSc

σ
t

3πv
AS1/2

(
s

4m2
t

)
(kν1k

µ
2 − k1 · k2g

µν)δab , (4.3)

with

AA1/2(τ) = f(τ)/τ , (4.4)

AS1/2(τ) =
3

2τ2
(τ + (τ − 1)f(τ)) , (4.5)

f(τ) =

arcsin2(
√
τ), τ ≤ 1

−1
4

[
log
(

1+
√

1−τ−1

1−
√

1−τ−1

)
− iπ

]2
, τ > 1 .

(4.6)

Similar expressions for the color octet top-quark loop generated form factor can be found

e.g. in [43].

As a matter of fact, resonant top pair production is accompanied by other signatures.

In particular, diphoton, dijet, γZ, ZZ and W+W− signatures are generated via diagrams

induced by a top-quark loop, and in general by high-scale physics. Tree-level ZZ, W+W−

decay channels are typically present for a scalar state, while decays into lighter fermions are

typically suppressed. Color octets decays into gγ and gZ might give striking signatures.

The detailed analysis of these channels is not in the scope of this work, however, we

provide some qualitative discussion about the regions in parameter space where they can

be competitive in sensitivity to tt̄ search.

Loop (or anomaly) induced decays are typically suppressed and might be competitive

to tt̄ searches only for small Yukawa couplings ct. They are often the only possible decay

channels for pseudo-scalars besides that into tt̄. As an example, consider some partial

widths of a color-singlet pseudo-scalar

Γη→tt̄ =
3

8π

m2
t

v2
(cηt )

2mη

√
1− 4m2

t /m
2
η , (4.7)

Γη→gg '
α2
sm

3
ηX

32π3v2

∣∣∣∣∣cηtAA1/2
(
m2
η

4m2
t

)
+ cηg

∣∣∣∣∣
2

, (4.8)

Γη→γγ '
α2m3

ηX

256π3v2

∣∣∣∣∣cηt 3(2/3)2AA1/2

(
m2
η

4m2
t

)
+ cηγ

∣∣∣∣∣
2

. (4.9)

Here we parametrize the photon interaction with η by the following gauge invariant oper-

ators

Lφ,γ = −cηW
α

8πv
ηW i

µνW̃
iµν − cηB

α

8πv
ηBµνB̃

µν , (4.10)
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with cηγ ≡ cηW + cηB. These operators also give rise to decays into weak bosons, but not

competitive in sensitivity to diphoton searches (unless there is some cancellation in cW+cB).

From the above expressions it can be noticed that the gg partial width is much larger than

γγ, however, the corresponding search is not as competitive to the diphoton channel due

to the clean signature of the latter.

On the other hand, scalar resonances tend to decay into weak bosons at tree level, with

large contributions to their decay width and good sensitivity in the corresponding channels.

The color octets have more unexplored signatures, like e.g. gγ, studied for example in

refs. [44, 45].

4.1 Model description and simulation

Our goal is to achieve accurate predictions for a wide parameter range of our generic model

in an efficient and fast way. For this purpose, the Lagrangian given in eq. (4.1) has been

implemented into the FeynRules [46] package to produce a corresponding UFO model

file [47]. The required helicity amplitudes have been extracted to C++ codes via the

Madgraph [48] program and incorporated in the Rivet analyses in order to perform a

reweighting method and reproduce the signal line-shape. To this end, each event of the

Sherpa SM event sample is given a weight, w, proportional to the ratio of the amplitudes,

w =
|MSM +Mφ|2
|MSM|2

, (4.11)

where |MSM|2 is the SM amplitude squared summed and averaged over color and spin.

In the numerator the amplitude Mφ corresponding to the resonant diagrams depicted in

figure 5 is added on top of the SM diagrams. The further decay of top quarks is included

neglecting non-resonant diagrams. Therefore, the full process in eq. (2.1) — including pos-

sible extra hard radiation — is considered with full spin correlation of the top-quark decays.

We note that our signal includes not only the purely resonant contribution. The

complete squared amplitude can be split into three contributions:

|MSM +Mφ|2 = |MSM|2 + |Mφ|2 + 2ReM∗SMMφ ≡ BM + SM + IM . (4.12)

The last term defines the SM background (BM), the pure signal (SM) and the interference

between signal and SM (IM).

We use as the test observable the m(tt̄) distribution of the signal hypothesis H nor-

malized bin-by-bin to the SM QCD prediction,

r(H) ≡ dσH/dm

dσSM/dm
. (4.13)

The signal hypothesis differential cross section dσH/dm is defined as the total differential

cross section subtracted by the SM prediction. Such normalized distribution is less affected

by systematic errors, i.e. theoretical uncertainties [49].

In order to assess the importance of the interference we study both the full signal includ-

ing interference dσS+I/dm and the pure signal hypothesis neglecting interference dσS/dm.
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To simplify the notation in the remaining of the text we use the following definitions:

dσS/dm ≡ Sσ, dσI/dm ≡ Iσ, dσSM/dm ≡ Bσ . (4.14)

Interference between signal (figure 5) and QCD diagrams are known to be important in

this process. In fact, they can completely change the line-shape of the resonance from

a pure Breit-Wigner peak to a peak-dip structure, or even dip-peak, pure dip or an en-

hanced peak [50–55]. QCD corrections to this effect have recently been computed [56–58]

and shown to be important. A pilot experimental analysis investigating such interference

effects has been presented recently [59].

The form factors in eq. (4.3) have been implemented in the helicity amplitudes used

in the reweighting step. However, the corresponding box diagram contributing to the four-

gluon-scalar coupling was kept as an effective vertex without momentum dependence. For

the color octet the form factor is approximated by a fixed momentum flowing through the

loop that is equal to the mass of the resonance. The interference between top-quark loops

and point-like interactions is also manifest in the calculation.

Higher-order QCD corrections are partially taken into account through the radiation of

extra gluons in the MEPS@LO simulation. The contribution from real-emission tt̄j matrix

elements also get reweighted with the NP theory hypotheses.

We note however that the method neglects the signals’ color-singlet color flow con-

tribution when attaching parton showers, which affects the subsequent radiation pattern

only. We nevertheless found that these effects are small in the description of the top-pair

mass distribution. In figure 6 we show the distribution of variable r(S) defined in eq. (4.13)

for a color-singlet pseudo-scalar of mass 1.5 TeV in the pure signal hypothesis, comparing

the Sherpa reweighted events with a dedicated simulation of the full process with Mad-

Graph aMCNLO+Pythia8. In the latter, the color-flow contribution corresponding to

the signal diagrams are considered as seeds for the subsequent parton shower. The error

near the resonance peak is about 10% and the reweighted prediction underestimates the

yields. We removed the top-quark loop form factor considering only the effective scalar-

gluon coupling for this comparison. The distributions were derived according to the Parton

Analysis framework described in section 3. In the more realistic boosted analysis we expect

the reweighting method to predict a more smeared distribution due to the extra connected

color lines that favor extra hard radiation connecting the top quarks with initial gluons.

We will neglect these effects and employ the reweighting method in what follows to make

predictions for a large region of parameter space of the model, while avoiding massive time

and machine consuming event generation and “fake” MC statistical error. Our results are

expected to give conservative limits since for colour-singlet resonances the signal color flow

induces less smearing of the resonance peak.

5 Results

Resonant top-quark pair production at the LHC has been analyzed for several of the models

mentioned above already. Color neutral resonances decaying into tt̄ have been studied in

several works for a large number of models [50, 51, 53–55], even including interference
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Figure 6. Comparison of the predictions for the top-pair invariant mass from the reweighting

method (Sherpa+ RW) and a dedicated full simulation with MadGraph aMCNLO+Pythia8

for a color-singlet pseudo-scalar of mass m = 1.5 TeV. The Parton Analysis was adopted.

effects at NLO in QCD [56–58]. The case of a color-octet signal has been considered

in [43, 52, 60, 61], also considering other production channels, e.g. via bb̄ initial states, or

even double scalar production [62–64]. Our approach differs from previous studies because

we adopt the strategy of directly comparing to data which has been shown to agree well

with the SM prediction, and therefore, can be used to put direct limits on the model

parameters, in the same spirit as [14]. Indeed, the recent ATLAS measurement of the top-

quark pair differential cross section at
√
s = 13 TeV shows good agreement with various

SM Monte Carlo generators [65]. However, there are no measurements of the tt̄ invariant

mass in the boosted regime at this energy yet. Moreover, the uncertainties are still quite

large, since only the 2015 data, corresponding to 3.2 fb−1, were used, but we expect that

an update of the analysis will be available in the near future, with improved systematics

and statistical uncertainty (comparable to the ones presented in this paper) allowing to

derive real exclusion limits. We assume in what follows that data will be well described by

the SM expectation, and take the SM prediction from Sherpa as mock data.

The method proposed allows theorists to derive realistic exclusion limits on a variety

of NP scenarios without a dedicated and expensive experimental analysis. It opens a

new path to search for NP, with the experiments providing precision measurements of SM

processes. With respect to dedicated experimental searches, it can serve as check and

as an alternative (less-expensive) approach to look for more general parametrizations of

deviations caused by New Physics. For instance, in the ATLAS and CMS collaborations’

analyses [8, 9, 59, 66, 67], only a leptophobic Z’ bosons (present for instance in topcolor

scenarios), a Kaluza-Klein excitation of the gluon and heavy states in THDM were searched

for. Moreover, interference effects were considered only in ref. [59]. With our technique we

are able to provide limits for a whole wealth of models.

In order to assess the possibility to observe the signals described above we perform

a simple χ2 analysis using the bins of the r distribution. We consider the mass window
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mφ − 200 GeV < m(tt̄) < mφ + 200 GeV and compute

χ2
N =

N∑
i=1

ri(H)2

σ2
i

, (5.1)

with N the number of bins taken into account, according to the assumed resolution of the

measurement. ri(H) is the r(H) distribution integrated over bin i and H is the hypothesis

(either S or S + I). σ2
i is the variance on each bin of the distribution.

The variance is derived according to the rules of propagation of uncertainties and is

estimated by

σ2 =
1

Bσ

(
1 +

H2
σ

B2
σ

)
+ ε2SYS

(
1 +

H2
σ

B2
σ

)
+ ε2TH

(Hσ +Bσ)2

B2
σ

. (5.2)

We kept the indexes i implicit in the expression. The first term accounts for statistical error,

the second for systematic uncertainties of experimental sources, and the third for theoretical

uncertainties. We assume a flat distribution for theory and systematic uncertainty, and that

statistical uncertainties are dominated by the background, with a small ratio signal over

background. We take εTH = 1% for both Hσ = Sσ and Hσ = Sσ+Iσ, assuming other errors

are strongly correlated and will be canceled when taking the ratio distribution. The experi-

mental uncertainty is more important and we consider three benchmark estimates for εSYS:

1. In ref. [59] the total systematics on the background were estimated as 10% and 11%.

As a pessimistic case we consider εSYS = 10%− 15%.

2. As an optimistic scenario we vary it to lower values considering a future improved

understanding of the uncertainties and the reduction in uncertainty associated to

normalization. Since we are using a normalized distribution many of the uncertainties

estimated in the previous benchmark are strongly correlated and will be canceled out.

For this we use εSYS = 5%− 10%.

3. As the most optimistic case we assume experimental uncertainties can be drastically

reduced to the level of theoretical, which according to ref. [49] results in εSYS =

1%− 2%.

We consider N = 1 for a bad resolution case, assuming the experiment can resolve only

the full window of 400 GeV in m(tt̄), and N = 10 assuming a mass resolution in m(tt̄) of

40 GeV.

We consider χ2 ≥ 2 as a criterion for exclusion, which corresponds roughly to an

exclusion at 95% of confidence level.

This simple analysis is intended to be a first approximation to a full statistical data

analysis that will be carried out eventually. In particular we assume the same uncertainty

for every bin without correlation between them, and we assume only two cases of resolution

independent of the bin. In the following we discuss some benchmark scenarios and the

respective results.
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Figure 7. Normalized top-pair mass distributions, r ≡ dσ/dm
dσSM/dm

for a pseudo-scalar color octet

resonance with mη̃ = 500 GeV, ct = 1 and cg = 1 (cg = −1) on the left (right) using the Parton

analysis. Signal plus interference (S+I) is in blue and pure signal (S) in red.

5.1 Pseudo-scalar color octet

The first scenario we consider is when the resonance φ represents a pseudo-scalar color

octet (η̃) with total width dominated by the decays to pairs of tops and gluons

ΓTOT = Γtt + Γgg . (5.3)

In figure 7 we show the resulting r distribution assuming a color octet resonance with mass

mη̃ = 500 GeV and the parameters ct = 1, cg = 1 (left) and cg = −1 (right) at parton level,

i.e. using the Parton Analysis described in section 3. We show both the full line-shape,

which comprises signal and interference with QCD background (S+I), and the pure signal

(S) for comparison. The importance of taking into account interference effects can clearly

be noticed.

Similarly, in figure 8, we present the effect of a resonance with mass mη̃ = 1700 GeV and

couplings ct = 1, cg = 1 (left) and cg = −1 (right), reconstructed using the Boosted Analy-

sis. The excess reaches more than 10%, which indicates that even a pessimistic estimate of

the uncertainties is sufficient to exclude the existence of this state for values of cg of order

1. We thus use the most pessimistic value for the systematic error, εSYS = 10%− 15%.

In figure 9 the corresponding exclusion limits are shown, assuming a fixed value of

ct = 1. The bands correspond to a systematic uncertainty on the measurement running

from 10% to 15%. The limits are evaluated considering the interference effect (dashed

lines) or neglecting it (continuous lines). The interference has a significant effect in the low

mass region (mη̃ < 1.3 TeV). The excluded region corresponds to larger values of |cg|. We

show the exclusion for integrated luminosities of L = 20 fb−1 (blue line) and L = 100 fb−1

(black). In the left-panel we use 10 bins of 40 GeV width in the invariant-mass distribution

to compute χ2
10 = 2 while on the right-panel we use only a single 400 GeV bin centered

around the resonance mass, χ2
1 = 2. The comparison between the left and right panel

shows the importance of a good resolution and for a line-shape analysis.

We expect striking signatures in other channels, but little has been studied. For

instance, in the analysis of γ+jets in ref. [45] a color octet has not been considered.

– 16 –



J
H
E
P
0
3
(
2
0
1
8
)
0
2
2

) [GeV]tm(t
1500 1550 1600 1650 1700 1750 1800 1850 1900

r

0.05−

0

0.05

0.1

0.15

0.2
S

S+I

 =1700 GeV
η
∼m

=1.0
g

=1.0 , ctc

Boosted Analysis

) [GeV]tm(t
1500 1550 1600 1650 1700 1750 1800 1850 1900

r

0.1−

0.05−

0

0.05

0.1

0.15

0.2

0.25

0.3

S

S+I

 =1700 GeV
η
∼m

=-1.0
g

=1.0 , ctc

Boosted Analysis

Figure 8. Normalized top-pair mass distributions r reconstructed with the Boosted analysis for a

pseudo-scalar color octet resonance with mη̃ = 1700 GeV, ct = 1 and cg = 1 (cg = −1) on the left

(right). The color scheme is the same as in figure 7.
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Figure 9. Exclusion limits (χ2 = 2) in (mη̃, cg) parameter space for a pseudo-scalar color octet

assuming ct = 1. The band represents the different assumptions for the systematic uncertainty,

varying from 10% to 15%. Integrated luminosities are L = 20 fb−1 (blue line) and L = 100 fb−1

(black), as well as considering interference (dashed line) and neglecting it (solid line).

5.2 Pseudo-scalar singlet

For the benchmark scenario of a pseudo-scalar color singlet we again assume the resonance’

width is dominated by the top and gluon decays, as in eq. (5.3).

We show in figure 10 the distribution of the normalized m(tt̄) distribution r assuming

mη = 1500 GeV. In the left-hand (right-hand) panel we consider cg = 1 (cg = −1). The

line-shapes of this scenario are highly non-trivial, they strongly depend on the mass and

couplings, and can feature pure dips, pure peaks and intermediate peak-dip or dip-peak

structures. A sample of different line-shapes is shown in appendix A.

In figure 11 we show the exclusion limits in the (mη, cg) parameter space plane for

ct = 1. The band represents the different assumptions for the systematic uncertainty, 5%

and 10%. The effect of interference is important for low masses mη . 1.2 TeV, where

also systematics dominate and have a huge impact on the exclusion power. The use of
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Figure 10. Normalized top-pair mass distributions r reconstructed with the Boosted analysis for

a pseudo-scalar color singlet resonance with mη = 1500 GeV, ct = 1 and cg = 1 (cg = −1) on the

left (right). The color-scheme is the same as in figure 7.
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Figure 11. Exclusion limits (χ2 = 2) in (mη, cg) parameter space and ct = 1 for a pseudo-scalar

color singlet. The band represents the different assumptions for the systematic uncertainty, varying

from 5% to 10%. The color and style scheme for the lines are the same as in figure 9.

the full line-shape in the statistical analysis improves the exclusion power mostly for low

masses where more distinct line-shapes are present. For masses above mη & 2 TeV, higher

luminosities than L = 100 fb−1 are needed.

In figure 12 we show the corresponding exclusion limits in the (ct, cg) plane for a fixed

mass mη = 1.5 TeV. The effect of interference is important for large top couplings, ct & 1.2,

which is directly related to the size of the width. The use of full line-shape gives a mild

improvement in the exclusion power.

For very low masses the Resolved analysis can be slightly more powerful than the

Boosted. In figure 13 on the left we show an example of a line-shape and on the right the

exclusion limit provided by the Resolved analysis. Compared to figure 11 it can be noticed

that the low mass region mη . 600 GeV can be better covered by the Resolved selection.

We note as well that the case of negative cg is less excluded due to the fact that larger

cancellations between top-quark loop and effective vertex happens for these masses.
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Figure 12. Equivalent to figure 11 for the (ct, cg) plane for a fixed mass of mη = 1.5 TeV.
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Figure 13. Left: normalized top pair mass distributions r for cg = ct = 1 and mη = 500 GeV.

Right: exclusion limit (χ2 = 2) in (mη, cg) parameter space for ct = 1. The color scheme is the

same as in figure 11. In both panels the Resolved analysis has been employed.

Diphoton and dijet searches might be relevant in extreme regions of parameter space,

i.e. for very small ct ∼ 0.2, and large masses, due to the dependence of the γγ and gg

partial widths on m3 as opposed to the linear dependence of the tt̄ decay width. In

figure 14 we show the 95%CL excluded region derived from the limits provided by the

ATLAS collaboration in the dijet search [68]. We used the case σG/mG = 0 and assumed

an acceptance of 50%. In the same figure we show the 95%CL excluded region in the

diphoton channel using the exclusion limits by the ATLAS analysis in ref. [69]. We used

the case ΓX/MX = 6% and the spin-0 selection. To derive cross sections we used the N3LO

result for Higgs production cross section σh [70] and rescale by the LO decay width,

ση = σh
Γη→gg
Γh→gg

= σh

∣∣∣cηtAA1/2 ( m2
η

4m2
t

)
+ cηg

∣∣∣2∣∣∣AS1/2 ( m2
η

4m2
t

)∣∣∣2 . (5.4)
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Figure 14. 95%CL excluded region in parameter space in diphoton [69] and dijet searches [68].

On the left panel cγ = 4 and ct = 0.2. On the right, cγ = 6 and ct = 1.

Γη→gg is given in eq. (4.9) and the form factors in eqs. (4.4)–(4.6). The shaded area

in the figure represents the region where ση×BR is larger than the excluded line in the

respective references, and BR is the corresponding branching ratios. We can notice that

these channels get competitive in sensitivity to tt̄ analysis at low ct and large mass, but

only if cγ is particularly large. In particular, even for ct = 1, for m > 3 TeV the dijet search

seems to be more sensitive to New Physics.

Interpretation for composite Higgs models with top partial compositeness. As

an ultra-violet realization of the pseudo-scalar scenario we consider the composite models

M3, M8 and M9 of ref. [41]. These models are constituted by two additional confining

fermions, ψ and χ, which form several composite states among which a top partner that

can generate a mass to the top quarks through the partial-compositeness mechanism. In

addition, they present two iso-singlet pseudo-scalar mass eigenstates a and η′. In general,

the observation of such pseudo-scalar state decaying into top quarks can shed light on the

mechanism of fermion mass generation [71]. These models present extra parameters which

determine the couplings, given by a pair of integers (nψ, nξ) and the relation between the

mixing angle α and the ratio of scales and U(1) charges, ζ. We do not enter a discussion of

the details of these the models and their parameters here but invite the reader to consult

ref. [41]. We choose α = ζ and the values of (nψ, nξ) which provide the largest couplings

to the tops, (nψ, nξ) = (2, 0), (−4, 2) and (4, 2). We neglect contributions to the resonance

width from the decays into Z, W and γ, which are sub-dominant. The relevant couplings

are summarized in table 2.
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model ct[v/Fπ] cg[v/Fπ]

M3 0.934/1.09/-2.65 5.44

M8 0.926 /1.54/-2.16 1.54

M9 0.293/-0.195/-1.37 8.6

Table 2. Summary of the couplings of pseudo-scalar color-singlet state a in the considered com-

posite models. ct and cg are given in units of v/Fπ. ct is shown for the three benchmarks

(nψ, nξ) = (2, 0)/(−4, 2)/(4, 2).

In figure 15 we show the value of ct and cg for each model together with the exclusion

region (above the black curve) for a fixed mass ma = 1.5 TeV. We consider an integrated

luminosity of L = 20 fb−1 for the exclusion limit and a systematic error εSYS = 5%. The dif-

ferent line colors in the figure refer to the different models: red is M8, yellow M9 and brown

M3. The styles of the lines represent the fermionic charges: (nψ, nξ) = (2, 0) (solid line), (-

4,2) (dashed) and (4,2) (dot-dashed). Each line scans the values of Fπ from v (most external

and largest couplings) to 8v (most internal and smallest couplings), the dots represent the

values Fπ = n v, with n an integer between 1 and 8 included. Also shown for reference in

the upper region the couplings of the η63 state of the Fahri-Susskind one-family model [40].

From the figure we can get the minimal value of the compositeness scale Fπ > Fmin
π

for which state a would still not have been observed for different scenarios. For instance,

for model M8 (red lines), v . Fmin
π . 2v depending on the values of (nψ, nξ). The model

M3 is more constrained, and 6v . Fmin
π . 7v for (-4,2) and Fmin

π ∼ 5v for (2,0) or (4,2).

Model M9 has low values of ct but values Fπ & 6v can be excluded for the case (-4,2), while

the other scenarios are hard to access in the tt̄ search.

Other decay channels have been analyzed in ref. [41].

5.3 Broad scalar color singlet

In this benchmark scenario we assume a CP-even color-singlet scalar that can, apart from

top quarks and gluons, also decay into other particles and is thus much broader than the

previous scenarios. We choose a total width of 20% of the resonance mass Γσ = 20%mσ.

The rationale for choosing a larger width is the fact that the scalar tends to decay also to

weak bosons. Indeed, we expect a large sensitivity in this decay channel which might be

competitive w.r.t. top pair production.

In this scenario the signal is very weak and thus hard to be observed unless the system-

atic uncertainty is improved to values below 5% or higher values of cg > 3 are considered.

In figure 16 on the left we show the line-shape for mσ = 900 GeV, ct = cg = 1. It can

be noticed that the yields are always below 5%. On the right panel we show the χ2
10 = 2

contours in the (mη, cg) parameter space plane for ct = 1. Varying the assumed system-

atic uncertainties between εSYS = 1% − 2% determines the band of the exclusion limit.

The integrated luminosities are L = 20 fb−1 (blue line) and L = 300 fb−1 (black). Limits

are given considering interference (dashed lines) and neglecting it (solid lines). A large

interference effect can be noticed, which is in fact larger than the pure signal.
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Figure 16. Left: normalized top-pair mass distributions r for a color-singlet scalar with cg = ct = 1,
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6 Conclusion

In this work we have provided a framework to reinterpret the SM tt̄ differential cross section

measurements in terms of exclusion limits for signatures of NP scalar resonances decaying

into tt̄. The method relies on the detailed simulation of the SM prediction at particle level

with the Sherpa Monte Carlo, the subsequent analysis in the Rivet framework, which can

be directly compared with the measured distributions provided by the experimental collab-

orations, a modeling of the NP scenarios efficient enough to allow a scan over a large range

in parameter space, and finally a statistical analysis to determine the excluded regions.

In the simulation of top-pair production we take into account higher-order QCD cor-

rections through matching LO or NLO matrix elements to parton showers and merging

partonic processes of varying multiplicity. To validate our simulation we compare to data

from the ATLAS collaboration, finding very good agreement. As New Physics contributions

we consider CP-even and CP-odd scalar resonances, being either color-singlets or octets.

To model the signal we devise an efficient and fast reweighting method allowing to scan

large regions of parameter space without the need of full re-simulation and re-analysis for

each parameter point. For our simplified model we have derived exclusion limits based on

a simple χ2 analysis, that can subsequently be used to set limits on other specific models,

and we consider a model of partial compositness as an example. We showed the importance

of properly accounting for interference between the New Physics signal and the SM back-

ground in setting the exclusion limit, as well as of using a full line-shape analysis which is

not necessarily a simple Breit-Wigner shape due to the interference effects.

By confronting SM precision measurements with hypotheses for New Physics models

stringent exclusion limits on the parameters of the latter can be obtained, providing com-

plementary sensitivity to direct searches. The methodology laid out here can be readily

applied to other observables than the top-pair invariant mass considered here. It relies on

a solid understanding of the respective SM expectation and the uncertainties related to the

theoretical predictions and the experimental data.
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[36] S. Höche, F. Krauss, M. Schönherr and F. Siegert, NLO matrix elements and truncated

showers, JHEP 08 (2011) 123 [arXiv:1009.1127] [INSPIRE].

[37] E. Bothmann, M. Schönherr and S. Schumann, Reweighting QCD matrix-element and

parton-shower calculations, Eur. Phys. J. C 76 (2016) 590 [arXiv:1606.08753] [INSPIRE].

[38] M. Czakon, D. Heymes and A. Mitov, Bump hunting in LHC tt̄ events, Phys. Rev. D 94

(2016) 114033 [arXiv:1608.00765] [INSPIRE].

– 26 –

https://doi.org/10.1140/epjc/s10052-017-5054-8
https://doi.org/10.1140/epjc/s10052-017-5054-8
https://arxiv.org/abs/1704.05783
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.05783
https://doi.org/10.1016/j.cpc.2016.10.013
https://arxiv.org/abs/1604.06792
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.06792
https://doi.org/10.1140/epjc/s10052-015-3338-4
https://arxiv.org/abs/1412.6478
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.6478
https://doi.org/10.1103/PhysRevD.95.036012
https://arxiv.org/abs/1612.04640
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.04640
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/search?p=find+EPRINT+arXiv:1405.0301
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://arxiv.org/abs/1410.3012
https://inspirehep.net/search?p=find+EPRINT+arXiv:1410.3012
https://doi.org/10.1007/JHEP03(2013)015
https://arxiv.org/abs/1212.3460
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.3460
https://doi.org/10.1140/epjc/s10052-007-0490-5
https://arxiv.org/abs/0706.2569
https://inspirehep.net/search?p=find+EPRINT+arXiv:0706.2569
https://doi.org/10.1016/S0010-4655(00)00189-2
https://inspirehep.net/search?p=find+J+%22Comput.Phys.Commun.,134,41%22
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
https://arxiv.org/abs/0802.1189
https://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1189
https://doi.org/10.1088/1126-6708/2008/04/005
https://arxiv.org/abs/0802.1188
https://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1188
https://doi.org/10.1016/j.physletb.2007.09.077
https://arxiv.org/abs/0707.1378
https://inspirehep.net/search?p=find+EPRINT+arXiv:0707.1378
https://doi.org/10.1007/JHEP02(2010)084
https://arxiv.org/abs/0912.1342
https://inspirehep.net/search?p=find+EPRINT+arXiv:0912.1342
https://doi.org/10.1007/JHEP09(2013)076
https://arxiv.org/abs/1306.4945
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.4945
https://doi.org/10.1103/PhysRevD.65.096014
https://doi.org/10.1103/PhysRevD.65.096014
https://arxiv.org/abs/hep-ph/0201098
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0201098
https://doi.org/10.1007/JHEP08(2011)123
https://arxiv.org/abs/1009.1127
https://inspirehep.net/search?p=find+EPRINT+arXiv:1009.1127
https://doi.org/10.1140/epjc/s10052-016-4430-0
https://arxiv.org/abs/1606.08753
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.08753
https://doi.org/10.1103/PhysRevD.94.114033
https://doi.org/10.1103/PhysRevD.94.114033
https://arxiv.org/abs/1608.00765
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.00765


J
H
E
P
0
3
(
2
0
1
8
)
0
2
2

[39] A.V. Manohar and M.B. Wise, Flavor changing neutral currents, an extended scalar sector

and the Higgs production rate at the CERN LHC, Phys. Rev. D 74 (2006) 035009

[hep-ph/0606172] [INSPIRE].

[40] E. Farhi and L. Susskind, Technicolor, Phys. Rept. 74 (1981) 277 [INSPIRE].

[41] A. Belyaev et al., Di-boson signatures as standard candles for partial compositeness, JHEP

01 (2017) 094 [Erratum ibid. 12 (2017) 088] [arXiv:1610.06591] [INSPIRE].

[42] 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. Rept. 516 (2012) 1 [arXiv:1106.0034]

[INSPIRE].

[43] A. Hayreter and G. Valencia, LHC constraints on color octet scalars, Phys. Rev. D 96 (2017)

035004 [arXiv:1703.04164] [INSPIRE].

[44] ATLAS collaboration, Search for new phenomena with photon+jet events in proton-proton

collisions at
√
s = 13 TeV with the ATLAS detector, JHEP 03 (2016) 041

[arXiv:1512.05910] [INSPIRE].

[45] ATLAS collaboration, Search for new phenomena in high-mass final states with a photon

and a jet from pp collisions at
√
s = 13 TeV with the ATLAS detector, Eur. Phys. J. C 78

(2018) 102 [arXiv:1709.10440] [INSPIRE].

[46] A. Alloul, N.D. Christensen, C. Degrande, C. Duhr and B. Fuks, FeynRules 2.0 — a

complete toolbox for tree-level phenomenology, Comput. Phys. Commun. 185 (2014) 2250

[arXiv:1310.1921] [INSPIRE].

[47] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer and T. Reiter, UFO — the

Universal FeynRules Output, Comput. Phys. Commun. 183 (2012) 1201 [arXiv:1108.2040]

[INSPIRE].

[48] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, MadGraph 5: going beyond,

JHEP 06 (2011) 128 [arXiv:1106.0522] [INSPIRE].

[49] M. Czakon, D. Heymes, A. Mitov, D. Pagani, I. Tsinikos and M. Zaro, Top-pair production

at the LHC through NNLO QCD and NLO EW, JHEP 10 (2017) 186 [arXiv:1705.04105]

[INSPIRE].

[50] K.J.F. Gaemers and F. Hoogeveen, Higgs production and decay into heavy flavors with the

gluon fusion mechanism, Phys. Lett. B 146 (1984) 347 [INSPIRE].

[51] D. Dicus, A. Stange and S. Willenbrock, Higgs decay to top quarks at hadron colliders, Phys.

Lett. B 333 (1994) 126 [hep-ph/9404359] [INSPIRE].

[52] R. Frederix and F. Maltoni, Top pair invariant mass distribution: a window on new physics,

JHEP 01 (2009) 047 [arXiv:0712.2355] [INSPIRE].

[53] S. Gori, I.-W. Kim, N.R. Shah and K.M. Zurek, Closing the wedge: search strategies for

extended Higgs sectors with heavy flavor final states, Phys. Rev. D 93 (2016) 075038

[arXiv:1602.02782] [INSPIRE].

[54] S. Jung, J. Song and Y.W. Yoon, Dip or nothingness of a Higgs resonance from the

interference with a complex phase, Phys. Rev. D 92 (2015) 055009 [arXiv:1505.00291]

[INSPIRE].

[55] A. Djouadi, J. Ellis and J. Quevillon, Interference effects in the decays of spin-zero

resonances into γγ and tt̄, JHEP 07 (2016) 105 [arXiv:1605.00542] [INSPIRE].

– 27 –

https://doi.org/10.1103/PhysRevD.74.035009
https://arxiv.org/abs/hep-ph/0606172
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0606172
https://doi.org/10.1016/0370-1573(81)90173-3
https://inspirehep.net/search?p=find+J+%22Phys.Rept.,74,277%22
https://doi.org/10.1007/JHEP01(2017)094
https://doi.org/10.1007/JHEP01(2017)094
https://arxiv.org/abs/1610.06591
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.06591
https://doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0034
https://doi.org/10.1103/PhysRevD.96.035004
https://doi.org/10.1103/PhysRevD.96.035004
https://arxiv.org/abs/1703.04164
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.04164
https://doi.org/10.1007/JHEP03(2016)041
https://arxiv.org/abs/1512.05910
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.05910
https://doi.org/10.1140/epjc/s10052-018-5553-2
https://doi.org/10.1140/epjc/s10052-018-5553-2
https://arxiv.org/abs/1709.10440
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.10440
https://doi.org/10.1016/j.cpc.2014.04.012
https://arxiv.org/abs/1310.1921
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.1921
https://doi.org/10.1016/j.cpc.2012.01.022
https://arxiv.org/abs/1108.2040
https://inspirehep.net/search?p=find+EPRINT+arXiv:1108.2040
https://doi.org/10.1007/JHEP06(2011)128
https://arxiv.org/abs/1106.0522
https://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0522
https://doi.org/10.1007/JHEP10(2017)186
https://arxiv.org/abs/1705.04105
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.04105
https://doi.org/10.1016/0370-2693(84)91711-8
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B146,347%22
https://doi.org/10.1016/0370-2693(94)91017-0
https://doi.org/10.1016/0370-2693(94)91017-0
https://arxiv.org/abs/hep-ph/9404359
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9404359
https://doi.org/10.1088/1126-6708/2009/01/047
https://arxiv.org/abs/0712.2355
https://inspirehep.net/search?p=find+EPRINT+arXiv:0712.2355
https://doi.org/10.1103/PhysRevD.93.075038
https://arxiv.org/abs/1602.02782
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.02782
https://doi.org/10.1103/PhysRevD.92.055009
https://arxiv.org/abs/1505.00291
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.00291
https://doi.org/10.1007/JHEP07(2016)105
https://arxiv.org/abs/1605.00542
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.00542


J
H
E
P
0
3
(
2
0
1
8
)
0
2
2

[56] W. Bernreuther, P. Galler, C. Mellein, Z.G. Si and P. Uwer, Production of heavy Higgs

bosons and decay into top quarks at the LHC, Phys. Rev. D 93 (2016) 034032

[arXiv:1511.05584] [INSPIRE].

[57] B. Hespel, F. Maltoni and E. Vryonidou, Signal background interference effects in heavy

scalar production and decay to a top-anti-top pair, JHEP 10 (2016) 016 [arXiv:1606.04149]

[INSPIRE].

[58] D. Buarque Franzosi, E. Vryonidou and C. Zhang, Scalar production and decay to top quarks

including interference effects at NLO in QCD in an EFT approach, JHEP 10 (2017) 096

[arXiv:1707.06760] [INSPIRE].

[59] ATLAS collaboration, Search for heavy Higgs bosons A/H decaying to a top quark pair in

pp collisions at
√
s = 8 TeV with the ATLAS detector, Phys. Rev. Lett. 119 (2017) 191803

[arXiv:1707.06025] [INSPIRE].

[60] P. Fileviez Perez, R. Gavin, T. McElmurry and F. Petriello, Grand unification and light

color-octet scalars at the LHC, Phys. Rev. D 78 (2008) 115017 [arXiv:0809.2106] [INSPIRE].

[61] I.V. Frolov, M.V. Martynov and A.D. Smirnov, Resonance contribution of scalar color octet

to tt̄ production at the LHC in the minimal four-color quark-lepton symmetry model, Mod.

Phys. Lett. A 31 (2016) 1650224 [arXiv:1610.08409] [INSPIRE].

[62] M. Gerbush, T.J. Khoo, D.J. Phalen, A. Pierce and D. Tucker-Smith, Color-octet scalars at

the CERN LHC, Phys. Rev. D 77 (2008) 095003 [arXiv:0710.3133] [INSPIRE].

[63] C. Kim and T. Mehen, Color octet scalar bound states at the LHC, Phys. Rev. D 79 (2009)

035011 [arXiv:0812.0307] [INSPIRE].

[64] S. Schumann, A. Renaud and D. Zerwas, Hadronically decaying color-adjoint scalars at the

LHC, JHEP 09 (2011) 074 [arXiv:1108.2957] [INSPIRE].

[65] ATLAS collaboration, Measurements of top-quark pair differential cross-sections in the

lepton+jets channel in pp collisions at
√
s = 13 TeV using the ATLAS detector, JHEP 11

(2017) 191 [arXiv:1708.00727] [INSPIRE].

[66] CMS collaboration, Search for resonant tt̄ production in lepton+jets events in pp collisions

at
√
s = 7 TeV, JHEP 12 (2012) 015 [arXiv:1209.4397] [INSPIRE].

[67] CMS collaboration, Search for tt̄ resonances in highly boosted lepton+jets and fully hadronic

final states in proton-proton collisions at
√
s = 13 TeV, JHEP 07 (2017) 001

[arXiv:1704.03366] [INSPIRE].

[68] ATLAS collaboration, Search for new phenomena in dijet events using 37 fb−1 of pp

collision data collected at
√
s = 13 TeV with the ATLAS detector, Phys. Rev. D 96 (2017)

052004 [arXiv:1703.09127] [INSPIRE].

[69] ATLAS collaboration, Search for new phenomena in high-mass diphoton final states using

37 fb−1 of proton-proton collisions collected at
√
s = 13 TeV with the ATLAS detector, Phys.

Lett. B 775 (2017) 105 [arXiv:1707.04147] [INSPIRE].

[70] C. Anastasiou et al., CP-even scalar boson production via gluon fusion at the LHC, JHEP 09

(2016) 037 [arXiv:1605.05761] [INSPIRE].

[71] T. Alanne, M.T. Frandsen and D. Buarque Franzosi, Testing a dynamical origin of Standard

Model fermion masses, Phys. Rev. D 94 (2016) 071703 [arXiv:1607.01440] [INSPIRE].

– 28 –

https://doi.org/10.1103/PhysRevD.93.034032
https://arxiv.org/abs/1511.05584
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.05584
https://doi.org/10.1007/JHEP10(2016)016
https://arxiv.org/abs/1606.04149
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.04149
https://doi.org/10.1007/JHEP10(2017)096
https://arxiv.org/abs/1707.06760
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.06760
https://doi.org/10.1103/PhysRevLett.119.191803
https://arxiv.org/abs/1707.06025
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.06025
https://doi.org/10.1103/PhysRevD.78.115017
https://arxiv.org/abs/0809.2106
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.2106
https://doi.org/10.1142/S0217732316502242
https://doi.org/10.1142/S0217732316502242
https://arxiv.org/abs/1610.08409
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.08409
https://doi.org/10.1103/PhysRevD.77.095003
https://arxiv.org/abs/0710.3133
https://inspirehep.net/search?p=find+EPRINT+arXiv:0710.3133
https://doi.org/10.1103/PhysRevD.79.035011
https://doi.org/10.1103/PhysRevD.79.035011
https://arxiv.org/abs/0812.0307
https://inspirehep.net/search?p=find+EPRINT+arXiv:0812.0307
https://doi.org/10.1007/JHEP09(2011)074
https://arxiv.org/abs/1108.2957
https://inspirehep.net/search?p=find+EPRINT+arXiv:1108.2957
https://doi.org/10.1007/JHEP11(2017)191
https://doi.org/10.1007/JHEP11(2017)191
https://arxiv.org/abs/1708.00727
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.00727
https://doi.org/10.1007/JHEP12(2012)015
https://arxiv.org/abs/1209.4397
https://inspirehep.net/search?p=find+EPRINT+arXiv:1209.4397
https://doi.org/10.1007/JHEP07(2017)001
https://arxiv.org/abs/1704.03366
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.03366
https://doi.org/10.1103/PhysRevD.96.052004
https://doi.org/10.1103/PhysRevD.96.052004
https://arxiv.org/abs/1703.09127
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.09127
https://doi.org/10.1016/j.physletb.2017.10.039
https://doi.org/10.1016/j.physletb.2017.10.039
https://arxiv.org/abs/1707.04147
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.04147
https://doi.org/10.1007/JHEP09(2016)037
https://doi.org/10.1007/JHEP09(2016)037
https://arxiv.org/abs/1605.05761
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.05761
https://doi.org/10.1103/PhysRevD.94.071703
https://arxiv.org/abs/1607.01440
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.01440

	Introduction
	Simulation framework
	Analysis framework
	Simplified model
	Model description and simulation

	Results
	Pseudo-scalar color octet
	Pseudo-scalar singlet
	Broad scalar color singlet

	Conclusion
	Line-shapes samples

