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ABSTRACT: With an expected rate of about one event per 100,000 top-quark pairs, four
top-quark final states very rarely arise at the LHC. Though scarce, they offer a unique
window onto top-quark compositeness, self-interactions and more generically, onto any top-
philic new physics. By employing simplified models featuring heavy resonances, we study
the range of validity of effective theory interpretations of current four top-quark analyses
at the LHC and establish their future reach at the HL-LHC. We find that for the class
of models under consideration, the effective field theory interpretations are not applicable.
We therefore present the most up-to-date limits obtained from public CMS analyses using
simplified models. Finally, we put forward a novel recasting strategy for the experimental
results based on the production of top quarks with large transverse momentum.
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1 Introduction

With the third run of the LHC at the horizon, both the CMS and ATLAS experiments will
have soon access to about 400 fb~! of data. This large statistics opens up the possibility to
search for rare phenomena, corresponding to production cross sections of a few femtobarns.
Of particular interest in this regard is the four-top production mode. While characterised
by a small Standard Model (SM) cross section at 13 TeV, o$M = 11.9713:12 b [1], it leads
to very energetic final states with a distinctive signature and a low background, leaving
hence ample room to study new physics contributions.

Four-top hadroproduction, pp — tttt, proceeds mainly via pure QCD interactions.
Electroweak (EW) contributions are relatively large, yet tend to cancel each other both at
the Born level as well as at the next-to-leading-order (NLO) level [1]. In particular, the
contributions from Higgs-boson exchange between two top-quark lines lead to a polyno-
mial sensitivity of the cross section on the top-quark Yukawa coupling, which provides a



complementary handle for its determination relative to the t¢H channel [2-4|. Moreover,
the pp — tttt process could also be mediated by new top-philic particles, as predicted by
a variety of new physics scenarios [5-10]. Examples of such new particles arise in compos-
ite Higgs solutions to the hierarchy problem [11-16], in models based on minimal flavour
violation [17, 18], in models featuring extended supersymmetries [19-34|, or simply when
the particle spectrum includes additional scalar fields interacting with the Standard Model
via their mixing with the Higgs boson. The phenomenology of light top-philic particles, i.e.
with a mass below the top mass my, has been studied in the past [35], and an emphasis has
been put on the associated production of such particles with a top quark pair [36]. Sev-
eral phenomenological studies have appeared recently with the goal to bound new physics
contributions in four top-quark production in the Standard Model Effective Field Theory
(SMEFT) framework [37-46]. While powerful, the SMEFT approach has also intrinsic lim-
itations that could become relevant in the four-top production case. First, when truncated
at dimension six, the SMEFT does not describe all four-top interactions which could be
potentially relevant in a new physics framework, such as those mediated by scalar singlets of
SU(2)r,. Second, in the LHC context where the sensitivity is limited to scales that are possi-
bly of the same order of those naturally associated with the final states under consideration,
the validity itself of such an approach needs to be scrutinised.

In this work, we compare the phenomenology of a set of perturbative top-philic sim-
plified models, including scalar and vector particles that could be either colour-singlet or
colour-octet, with the one obtained when considering the corresponding Effective Field The-
ory (EFT) limit in an SU(3)c X U(1)em-invariant way. We establish the relation between
the SMEFT Warsaw basis [47-49] to the set of operators relevant for four-top production,
and we match the latter operators at the tree level to the considered simplified models
when taking the limit of heavy top-philic mediators. This allows for a direct comparison
of the constraints derived from the results of the LHC in the simplified model approach,
with those derived in the corresponding EFT limit. Our work is also motivated by recent
studies [46, 50] that suggest that tensions in ATLAS tth and titt observations with respect
to the SM predictions could be an indication of the existence of a top-philic new boson with
a mass of O(100) GeV.

As we expect new physics contributions to significantly affect the kinematics of four-
top production relatively to the SM, we derive limits on the simplified model and the
EFT by estimating the number of signal events expected to populate the different sig-
nal regions of standard four-top LHC analyses. In practice, we employ a chain of vari-
ous high-energy physics programs to generate signal events (FEYNRULES [51-53|, MAD-
GRrAPH5  AMCQNLO [54], PyTHIA 8 [55] and DELPHES 3 [56]) and implement a typical
four-top experimental analysis (that we choose to be the CMS analysis of ref. [4]) in the
MADANALYSIS 5 platform [57-60]. Details on the validation of this implementation have
been published separately [61, 62|, so that they will be only briefly summarised in this
work. MADANALYSIS 5 predictions for the signal efficiencies are used to derive exclusion
contours at the 95% confidence level (C.L.) in the parameter space of top-philic models. In
order to emphasise the need for dedicated new physics search strategies at the next LHC
operation runs when targeting a four top-quark final state, we also present a simple high- Hp



interpretation of the CMS results. We find that the latter provides stronger constraints on
simplified model scenarios, mostly when new top-philic particles can be produced on-shell
and transfer a large transverse momentum to the top quarks originating from their decay.

The main result of this work is that the current LHC sensitivity to new physics through
four-top probes, and to a good extent the future HL-LHC one, only covers the on-shell
production of heavy top-philic resonances when all new couplings are perturbative. Using
an EFT approach would then significantly underestimate the exclusions in almost all regions
of the parameter spaces of the simplified models considered. As we will see, the signal
efficiencies resulting from both the EFT and the simplified model approaches are nonetheless
relatively similar in the case of the CMS analysis that we have reinterpreted, allowing
for a simple cross-section rescaling. We further stress that our results do not cover the
case of couplings entering the non-perturbative regime, as expected for instance in various
composite Higgs scenarios.

This work is organised as follows. In section 2 we present Lagrangian formulations for
the considered simplified models that all feature a different class of new top-philic bosons,
we construct the minimal set of four-top operators needed to match these models to an
EFT framework and discuss four-top production at the LHC. In section 3 we describe
the experimental search used to constrain new physics-induced four-top production at the
LHC, as well as our calculation and simulation setup. Finally, section 4 is dedicated to
the presentation of our results. We show limits derived from CMS four-top data and
therefore obtain the most up-to-date constraints on the considered top-philic simplified
model scenarios. Prospects at the future high-luminosity LHC (HL-LHC) run are also
estimated. We summarise our work and conclude in section 5.

2 Simplified models and effective field theory

In this section we first introduce and motivate the simplified models on which the reinter-
pretation of the four-top searches performed in this study is based. We then establish the
connection of these models to an effective field theory featuring four-top contact interac-
tions at the dimension-six level. Finally, we compare predictions for four-top production in
the EFT and resonant scenarios, and discuss their matching.

2.1 Model definitions

We consider various simplified models relevant for beyond the Standard Model top-philic
physics. To be as general as possible, we define those models after electroweak symmetry
breaking, so that the associated Lagrangians are invariant under the SU(3)c x U(1)em gauge
group. Such new physics scenarios naturally arise in various UV constructions where the
new interactions of the top quark are generated after electroweak symmetry breaking (or
after the breaking of a potentially larger symmetry). In these cases, when connecting the
UV physics to the TeV-scale one, chirality flips in diagrams computed in the UV theory do
not significantly suppress the corresponding low-energy effective couplings, as the latter are
simply reduced by a factor of m?/v? of O(1) (where m; stands for the top quark mass and v



for the vacuum expectation value of the SM Higgs field). This situation corresponds to what
arises for instance in the usual Two-Higgs-Doublet models (2HDM) (see e.g. refs. [6, 63, 64]).

In this work, we account for new spin-0 (S) and spin-1 (V') states and we consider
scenarios where these new states are either colour-singlets (57 and V1) or colour-octets (Ss
and V3). In the following, we will often use the generic notation X to refer to any of such
top-philic particles. While fields in the sextet representation of SU(3)c or with a tensorial
Lorentz structure could be treated similarly, such cases rarely arise in common UV setups,
so that they are omitted from the present report.

The new physics Lagrangian describing the dynamics of a top-philic colour-singlet real
scalar state S of mass mg,, and the one associated with the corresponding vector state V;
of mass my;, can be written as

1 1 - .
Ls, = 50,510"S1 — 5m§ ST +1 s +i mpy’] Sit, (2.1)
and
| — Lo z p
Ly, = = Vi Vi + omy, VifViy + (910 PL + g1rPrI VA* (2.2)

respectively. In general, the scalar and pseudo-scalar Yukawa couplings y15 and yi1p ap-
pearing in eq. (2.1) can be complex parameters, in which case one needs to add Hermitian
conjugate contributions to the above Lagrangian. In the limiting case where the Sy state
is of a definite scalar (pseudo-scalar) nature, then only the y15 (y1p) coupling is non-zero
and real. For simplicity, we only consider these CP-conserving scenarios that involve a
single real new physics coupling. A typical example of a UV model whose Lagrangian after
electroweak symmetry breaking includes the simplified model Lagrangian (2.1) could be
the type-I or type-II 2HDM (6, 63, 64]. The vector case (2.2), involving the left-handed
and right-handed coupling strengths g1;, and g1r (taken, for simplicity, real and equal in
the phenomenological analyses considered in this study), can be generated, for instance, in
composite models that feature the mixing of the top-quark with new vector-like states and
that include extra scalar, fermion and vector resonances [65], or in non-minimal models
motivated by the B-anomalies that feature leptoquarks, vector-like quarks and extra gauge
bosons [66, 67]. While any UV-complete theory generally predicts various other signals at
colliders, these will be ignored in the simplified model approach pursued in this work, and we
will solely focus on the four-top quark signals originating from the above two Lagrangians.

We now turn to the second class of simplified models investigated in this work. Those
models involve either a scalar state Sg of mass mg,, or a vector state Vg of mass myj;.
This time, the two fields are both colour-octet with respect to SU(3)c. The new physics
Lagrangian, for the case of the real scalar field Sg, reads

1 1 _ ,
L, = ED;LS;;‘D“S? — §m§85§45§ + 1 [yss +i yspy? ] TASE ¢t (2.3)

In this expression, we have introduced the generators of SU(3) in the fundamental repre-
sentation T, we have ignored any higher-dimensional operator coupling the scalar-octet
state to gluons and we have included the scalar (ygg) and pseudo-scalar (ysp) interactions



(b)

Figure 1. Representative Feynman diagrams relevant for four-top production in a simplified model
including an extra scalar octet field Ss. When the scalar particles are on-shell, the associated
production of the scalar octet with a top-antitop pair (a) is proportional to the square of the
Yukawa coupling from eq. (2.3), while the QCD-driven pair production of two scalar fields (b) only
depends on the octet mass mg, (Br(Ss — tt) =1).

of the Sg state with the top quark. In addition, the usual QCD interactions of the scalar
field are included through the covariant derivatives used for the kinetic term. Similarly to
the scalar-singlet case, the new physics couplings are in general complex. The interesting
limiting cases of a purely scalar (pseudo-scalar) Sg field, that are examined in this work,
are recovered by setting ysp (yss) to zero, ygs (ysp) being real. These configurations find
their motivation, for instance, in non-minimal supersymmetric models that feature scalar
and pseudo-scalar sgluon fields [19-22].

The Lagrangian describing the dynamics of the vector-octet state Vg of mass my; is
given by

1 1 _
Ly, = _ZVSIWVS;W + im%@Vs“Vsu +t vulgsL Pr + 9srPr) TAVgA’”t, (2.4)

where V" = D, Vg, — D, Vg, is the covariant vector-octet field strength tensor with all
colour indices omitted for simplicity in both the kinetic and mass terms. As for the vector-
singlet case, interactions of the octet state with both the left-handed (gsz,) and right-handed
(9sr) top quarks are included, and we consider that both coupling strengths are real.
Such simplified models find their motivation, for example, in UV-complete setups featuring
compositeness |68, 69| or extra dimensions [70].

Beyond the different Lorentz structures appearing in the four Lagrangians introduced
in this section, the main phenomenological difference between the colour-singlet and colour-
octet sets of models is related to the possibility to strongly produce a pair of colour-octet
states at hadron colliders as they directly interact with gluons, already at tree level. This
feature is illustrated with the representative Feynman diagrams shown in figure 1. Total
cross sections exhibiting large differences in magnitude are thus expected in the different
models for a specific new physics mass. This is studied in section 2.3.



2.2 Effective higher-dimensional operators in the SU(3)c X U(1)em basis

One of the goals of this work is to compare the modelling of new physics effects that
could appear in four-top production through a simplified model approach, such as the ones
introduced in section 2.1, with the one originating from the EFT obtained by integrating out
the heavy new physics states of the simplified model. We follow the guidelines of ref. [49] and
focus on the limited set of purely four-top SMEFT operators. In order to ease the matching
with the simplified models under consideration, we first re-write the relevant dimension-six
SMEFT operators in the Warsaw basis [47| in a way invariant under SU(3)c X U(1)em.
By introducing the usual notation for the left-handed and right-handed top quark fields,
tr/L = Prypt with Pg/p = (1+ 7°)/2, we obtain a basis of four independent operators,

Okr = tr"'tr trYutr,  OLp = tiy™tr tryuts 25)

OLr = tLy"tL trYutr OF g = 1. T4t trT My utg,
where we recall that the SU(3) generators in the fundamental representation are denoted
by T4. As we started from a SMEFT formulation that is invariant under electroweak
symmetry transformations, so are those operators once we account for the fact that any
effective operator involving a left-handed top quark field ¢; has to be accompanied by a
corresponding operator involving a left-handed bottom quark field by. The latter operators
are however ignored in our study that only examines new physics consequences for four-top
production. To define our basis of SU(2)p-preserving operators, we have followed the usual
conventions, as used for instance in the recent works of refs. [43, 44, 49| to which one can
relate using the following mappings!

1
1 1 1 1 1 1 8 8
Orr < Oy, Orr < Og 5 OrL < §OQQ7 OLr < Og; - (2.6)
The set of four operators in (2.5) does not include the SMEFT operator O%; =
tr TNt LTAV#t L, which is redundant when restricted to its pure four-top component, as
OLy
3

The degeneracy can be lifted by correlating four-top probes with multi-bottom and multi-

0}y = (2.7)

top production, as proposed in ref. [42]. In addition, this relation has been found to ap-
proximately hold true also at the next-to-leading order (NLO) in the strong coupling, as
bottom quark effects are small [44].

The matching with the simplified models of section 2.1 involves two SU(2)r-breaking
operators that are by construction not included in the SU(2)r-conserving basis (2.5),

OL=tttt, O =tT"% i1 . (2.8)
The above scalar operators mix left and right-handed top components, and are typically
generated from simplified models featuring new scalar particles. As discussed in the pre-
vious section, this could arise, for instance, from a 2HDM construction. Such structures

!The main difference with the conventions of refs. [43, 44] stems from the definition of the O} ; operator
which there includes contributions from SMEFT triplet operators (see ref. [49] for more information).



cannot be generated by starting from the Warsaw basis of dimension-six SMEFT operators,
although they could arise at dimension eight, for instance via a “Yukawa squared” operator
(H - Qrtr) (H - QrtR).

It is worth mentioning that a complete basis sufficient to describe any operator invariant
under the SU(3)c X U(1)em symmetry should also include the two parity-breaking operators

Opg = 1t tint, 0% = T4 1Tt (2.9)

These two operators are, however, irrelevant in the context of the matching with the sim-
plified models listed above, and will thus be ignored in the following.? In conclusion, as
far as four-top final states are considered (and possible contributions from b quarks in the
initial state are neglected) the basis introduced above is complete and therefore suitable to
generically study the dynamics of four-top quark interactions.

Any four-top operator invariant under the SU(3)c X U(1)em symmetry can thus be
related to the basis of operators,

{OII%PUO}/L’OiRvoiRvOévog’OJIDSvOBPS} . (2'10)

The first ingredient behind this demonstration is the Fierz decomposition of a fermion
bispinor ¢;t;, where ¢ and j are colour indices,

_ 1/- _ _ _ 1_
titj = =7 <tjti L+ 87t v° + 57"t v — Tt v + Sl Uuu) , o (211)
in which we use the standard definition o#** = %['y“, ~v¥]. As we deal with coloured objects,
we further need to rely on SU(3) algebra relations allowing us to swap the colour indices,

TATH = Soud — STATY, Gugba = 300 + 2T)T (2.12)
We refer the interested reader to appendix A for details.

In order to relate the simplified models of section 2.1 to the EFT basis (2.10), we
assume that all introduced coupling strengths are real, as already mentioned, and we neglect
any renormalisation group running of the operator coefficients. The latter is in particular
justified as we enforce the matching of the simplified model with the EFT at the mass
scale of the new states, so that only small scale separations are in order (taming thus any
potential renormalisation group effect). We leave the details on the matching procedure to
appendix A, and present our results in table 1, using the notations of the previous section
for the couplings. This table provides an expression of the Wilson coefficients ¢; appearing
in the EFT Lagrangian Lgpr(X), with

EEFT(X) = ZQ(X) Oi, (2.13)

%

2Such terms arise in models featuring scalar fields interacting with both a scalar and pseudo-scalar top
current. They can be generated, for instance, in a simplified model involving a new complex scalar field
with complex Yukawa couplings.
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Table 1. Wilson coefficients obtained when the various simplified top-philic models described in
section 2.1 are matched with the six P-conserving operators of the EFT basis (2.10). The entries
in this table represent all Wilson coefficients ¢; corresponding to an EFT Lagrangian Lgpr(X) =
> ¢i(X) O; once the heavy top-philic mediator X is integrated out.

g

as a function of the parameters of the various simplified models once the heavy top-philic
mediator X is integrated out. In our results, we consider the limiting cases of new scalar
states that are either C'P-even (field names without a tilde) or C'P-odd (field names with a
tilde). One emerging feature concerns the sign of the resulting effective Wilson coefficients,
that differs between scalar and vector models. This can be traced to the opposite sign of
the X propagator appearing in the diagrams computed in the UV theory when the large
new physics scale limit is taken.

2.3 Four-top production cross sections
2.3.1 Generalities

In the considered top-philic simplified models, four-top production at the LHC involves
three main channels: i) the QCD-driven production of a pair of top-philic states (pp — X X)
followed by their decay into a tt system, relevant only when the X state is a colour-octet, ii)
the associated production of a single top-philic particle with a ¢t pair (pp — ttX) followed by
an X — tt decay, and iii) off-shell four-top production (without any on-shell intermediate X
resonance). We illustrate these processes in the case of a scalar-octet simplified model with
the Feynman diagrams shown in figure 1. In order to properly include the interference of
these new physics contributions with the SM contributions entering at different O(akag),
with ag and « denoting the strong and weak coupling respectively, we make use of the
MADGRAPH5 aMC@NLO platform [54]. We estimate the new physics effects by first



implementing the models introduced above into FEYNRULES, and by then converting them
into the UFO format [51-53].

We begin with the evaluation of the four-top production cross section at the LHC, at a
centre-of-mass energy v/S = 13 TeV, for all new physics scenarios considered here. In order
to assess the theoretical uncertainties inherent to our calculations, we set the factorisation

and renormalisation scales to a common value p that varies in the range
e [\/§/4, \/E} : (2.14)

where V/3 is the partonic centre-of-mass energy. The central value py = \/§/ 2 is chosen
to allow for a smooth comparison of the simplified model predictions (that involve on-shell
heavy particle production) with the EFT predictions that are expected to be only reliable
at high energies. Such a scale is significantly larger than the one chosen in ref. [44], in
which g ~ 2my, as the latter work solely focused on a comparison with ¢ production (for
which the top mass is the natural scale). All the results presented in this work rely on
leading-order (LO) cross sections, and our predictions include QCD and electroweak (EW)
SM contributions, new physics contributions, as well as their interference (see appendix B
for some technical details). This cross section will be called Complete LO (C-LO) in the
rest of this work. We stress that both LO and C-LO predictions are obtained at “tree-
level”, and do not include NLO corrections. The only difference between both choices is the
inclusion or not of the interference with the EW diagrams. Complete next-to-leading-order
(C-NLO) calculations (i.e. including all EW and QCD corrections) are available for SM
four-top production, yet are currently out of reach for new physics scenarios.

In addition, while next-to-leading-order (NLO) QCD corrections are technically fea-
sible, they do not suffice to give a reliable estimate of the cross sections, as electroweak
contributions (already at tree-level) turn out to be important. As an approximation, one
could consider using the C-LO results in the new physics scenarios and derive an NLO
estimate of the complete four-top cross section aﬂp (in the sense that all QCD, electroweak
and new physics diagrams are included). The SM C-NLO predictions are indeed known,
with ogMNLO = 11.97f§:51)‘;’ fb [1], such that a “multiplicative” scheme could be implemented.
In such a scheme, the approximated C-NLO new physics cross section ¢ would be given by

LO
UEHZNLO ~ USCI\ENLO X (ULNg> = Ksm ok9 (2.15)

9sM
where the multiplicative factor is taken as the ratio of the LO pure new physics contri-
butions (0k9) to the SM ones (of{)). However, simple observations suggest that such an
estimate could be unreliable, and therefore we refrain from adopting it. The SM K-factor
Kgn (i.e. the ratio of the C-NLO SM cross section to the C-LO one) is 2.3, whilst pure
QCD K-factors associated with the EFT contributions range from 0.9 to 1.4 [44]. EW
K-factors for the EFT cross sections are presently unknown. Concerning the simplified
models examined in our study, a QCD K-factor close to 2 was numerically obtained for
the pp — SsSg process [32, 71|, while there is no similar result for the rest of the new
physics scenarios considered here. Given our present knowledge, using Kgy seems just a



(possibly wild) guess. For this reason, we prefer to explicitly acknowledge our ignorance
and use C-LO cross sections as reference values. Moreover, we will vary the normalisation
by adding a factor between 1 and 2 to account for unknown higher-order uncertainties.

We further refer to appendix C for more details regarding the importance of including
the interference with SM electroweak contributions and close this section by presenting a
semi-analytical approximation of the EFT cross sections,

( 4 2
0.57 TeV* % +0.064 TeV? % (scalar singlet)
g’ g’
2.36 TeV* e 4 0.47 TeV? A2 (vector singlet)
ontBFT (in fb) = 4 ) . (2.16)
0.13 TeV*4 % —0.15 TeV? % (scalar octet)
g’ g’
0.55 TeV* A +0.63 TeV? A2 (vector octet)

where we have introduced g1, = gir = gs = gsr = ¢ in the matching conditions of
table 1. For couplings of O(1), the interference term starts to dominate for A ~ 1 TeV for
most models, with the exception of the scalar singlet case.

2.3.2 Predictions for the four-top total cross sections

We now turn to the study of the predictions for the four-top production cross section in
the models studied in this paper. In figure 2, we show the dependence of the C-LO four-
top production cross section on the top-philic scalar (upper row) and pseudo-scalar (lower
row) mass for two different coupling values of 0.2 (left figures) and 2 (right figures). The
theoretical uncertainties associated with each curve are obtained by scale variations as
described by eq. (2.14).

On-shell production of the new top-philic fields, either via pair-production or through
their associated production with a ¢t pair, dominates at low masses and small couplings.
This effect is particularly visible in figures 2(a) and (c), in which we can observe that the
simplified model predictions converge to the EFT ones only once the top-philic particles X
become too heavy to be resonantly produced. As a further illustration, we show as a green
dotted line the cross section associated with scalar-octet pair production. This cross section
steeply falls with the mass, as typical for any QCD-induced production of a pair of heavy
coloured states. As a consequence, the large negative interference between the new physics
diagrams and the SM diagrams yield the visible V-shape behaviour at Mx ~ 2.5 TeV that is
not present for singlet top-philic states. The new physics contributions to the cross section
are positive for smaller masses and become negative for masses above about 2.5 TeV. Such
a feature is expected from eq. (2.16). It however occurs for cross section values already
well below the current LHC and future HL-LHC sensitivities, so that it will not have any
impact in practice. The situation is relatively similar when dealing with vector fields, as
shown in figure 3. All these figures additionally validate numerically the matching relations
of table 1, as they demonstrate that the simplified model and EFT cross sections agree with
each other for very heavy top-philic states X.

~10 -



102 VY

10?
\ ~ — Singlet —— Singlet
1011 SM&f....—— Octet . — Octet
______ Singlet EFT 101 M Singlet EFT *
3 o100 N Octet EFT N B — N N — Octet EFT
[T SE=————% . Octet pair L= R N G Octet pair
:g 1071 S :g 100
T "“:-:___“ ~~~~~~~ 1
Sro2] e g
5 6 107
10—3 ]
10744 yip=Yy3p=0.2 2 1072 y1p=y8p=2.0
500 1000 2000 5000 500 1000 2000 5000
Mx [GeV] Mx [GeV]
(a) (b)
102 102
—— Singlet - —— Singlet
1014 \ SMétt .. Octet smaz — Octet
...... Singlet EFT 10%; T Singlet EFT
3 100 N - Octet EFT 2 1 N S\ Octet EFT
E TSSO N e Octet pair s 1000 WL W, Octet pair
§ 101 g
1 1
81072 &107
[3) [§)
1073 —
=y RN 10—2
10744 yis=yes=02 Yis=ygs=2.0 &
500 1000 2000 5000 500 1000 2000 5000
Mx [GeV] Mx [GeV]
(c) (d)

Figure 2. New physics contributions (including their interference with the SM component) to the
four-top production cross section as function of the top-philic particle mass Mx in the simplified
model (thick lines) and EFT (dashed lines) approaches, for the case of a top-philic colour-singlet
(blue) and octet (green) scalar field, and for different choices of the new physics couplings defined
in eqgs. (2.1) and (2.3). We consider both a pseudo-scalar case (a, b) and a scalar case (c, d), and
coupling values of 0.2 (a, ¢) and 2 (b, d). The theoretical uncertainties are obtained as described
by eq. (2.14), and the green dotted line represents the pp — SsSs production cross section. We
indicate by a purple dotted line the SM ¢t¢t cross section from ref. [1].

We stress that the dominance of the double and single resonant production at low
masses and weak couplings is also a consequence of the minimal structure of the simplified
model, which implies BR(X — t¢) = 1. With other decay channels being accessible to the
X state, the relative importance of resonant production could be drastically suppressed.
For instance, a top-philic scalar singlet that is the mediator to a dark sector, coupling to
a dark matter candidate x, can have a large branching ratio BR(X — xY), as shown for
example in ref. [72].

When examining benchmark scenarios for which the coupling is large, we need to keep
in mind that the width of the top-philic particle X also increases. This effect is especially
relevant for the scalar singlet field, which has I'g, ~ Mg, /2 for Yukawa couplings around
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Figure 3. Four-top production cross section as function of the top-philic particle mass Mx in
the simplified model (thick lines) and EFT (dashed lines) approaches, for the case of a vector top-
philic singlet (blue) and octet (green) field, and for different choices of the new physics couplings
defined in eqgs. (2.2) and (2.4). We consider the cases of g1, = g1r = gsz. = gsr = 0.1 (a)
and g1, = g1r = gsr. = gsg = 1 (b). The theoretical uncertainties are obtained as described by
eq. (2.14), and the green dotted line represents the pp — V5Vg production cross section. We indicate
by a purple dotted line is the SM ¢ttt cross section from ref. [1].

2 within the model definition (2.1). For I'x /Mx = O(10%), the production and decay of
the top-philic states interfere with the SM background and cannot be factorised as in the
narrow-width approximation. For larger widths, the very approach of using a fixed width
might even not be adequate.

When estimating the EFT cross section at low scales, the EFT scale A may become
comparable with the partonic centre-of-mass energy. In this case, extra care should be
taken in the interpretation, as on-shell production might dominate in such a regime. This
is illustrated in figures 2 and 3 by the green dashed lines. Following the current recommen-
dations (see, e.g., refs. [49, 73]), a possible procedure to make meaningful interpretations
of EFT predictions is to implement an event-per-event cut on the partonic centre-of-mass
energy V/$§, ensuring that it remains below the EFT scale. In order to assess the impact of
such a procedure, we make use of the expressions of the EFT coefficients ¢;(X) in terms
of the simplified model parameters introduced in table 1. For example, a scenario includ-
ing a vector singlet state with couplings set to g1 = g1r = 1 leads to the six Wilson
coefficients values

(Vi) = (e5 (Vi) 3(11), eh (), chr(V): chp(VA). chp(11) ) = (0,0,-0.5,-0.5,-1,0)

(2.17)
once the heavy top-philic state is integrated out. Making use of the resulting EFT, we
estimate the impact of the truncation of the high-energy behaviour of the cross section
through cross section computations while enforcing a dynamical cut v/ < A. In practice,
we first evaluate the EFT four-top total rate o5 T (c;(X), 00) without the implementation

of any cut on the high-energy behaviour of the cross section. Then, we re-calculate the rate
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Figure 4. Efficiency (2.18) obtained by varying the cut-off scale at which the high-energy behaviour
of the cross section in the EFT is truncated. The non-truncated rate o5 (c;(X),00) is evaluated
for ¢;(X)/A? = 1 TeV—2. We present results for various choices of simplified models.

by varying A together with the Wilson coefficients so that the ratios ¢;(X)/A? are kept
constant (in doing so, the cross sections o5 T (¢;(X),00) do not change). We next compute
the rates o T(c;(X), A) including the cut v/5 < A, and finally evaluate the efficiencies ey

defined by

o0,
UESFT(Ci (X)7 OO)

(2.18)

The dependence of these efficiencies on A is presented in figure 4 for various choices of
simplified models and couplings. It is found that they only exhibit a small dependence
on the choices of effective operators (and thus on the simplified model parameters). This
reflects the behaviour of the parton distribution functions at large x that turns out to be
more important than details of the new physics model.

In practice, figure 4 could be used to derive conservative EFT limits from four-top
measurements. However, we will not implement such a scheme in our work, firstly because
our goal is precisely to compare naive EFT estimates with the simplified model approach.
Secondly, as will be shown below, the naive EFT approach has the tendency to underesti-
mate any limit on a new physics theory from a direct comparison with LHC results. In any
case it is clear from the results presented above that the four-top EFT approach does not
accurately reproduce the behaviour of the simplified models considered in this work in the
parameter space accessible at the LHC. However, at least in some cases, the EFT treatment
might still provide a useful estimate of the typical experimental efficiencies associated with
a four-top search. When this holds, it opens the door to a variety of reinterpretations of
the results of a single EFT analysis by simple cross section rescalings.
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3 Recasting experimental four-top searches

In order to assess the impact of the most recent LHC results in the four-top-quark channel on
new physics, we use the implementation |61, 62| in the MADANALYSIS 5 framework [57-60]
of the CMS-TOP-18-003 analysis [4]. This analysis investigates four-top production in final
states including multiple leptons, light jets and b-tagged jets with a luminosity of 137 fb=!
of pp collisions at a centre-of-mass energy of /.S = 13 TeV.

We make use of our FEYNRULES/UFO implementations [51-53] of the simplified models
of section 2.1 and the EFT operators of section 2.2 to generate hadron-level events for
each model within the MADGRAPH5 aMCQ@NLO platform [54]. Hard-scattering event
generation relies on the convolution of LO matrix elements with the NNPDF3.0 set of parton
densities |74, 75]. The resulting events are matched with parton showers as handled by
PyTHIA 8 [55], which we also use for the simulation of hadronisation. The simulation of the
response of the CMS detector and event reconstruction are performed with DELPHES 3 [56|
(with an appropriate detector parametrisation), that internally relies on FASTJET [76] and
its implementation of the anti-kz algorithm [77]. In our simulation chain, the whole detector
simulation and event reconstruction process is driven by MADANALYSIS 5 [57-60], which is
then used for extracting the efficiencies relevant for the various signal regions of the analysis.

We briefly describe in sections 3.1 and 3.2 the CMS-TOP-18-003 analysis and its im-
plementation and validation in MADANALYSIS 5, and how we design from this Standard
Model analysis a signal region targeting specifically new physics. Details on our numerical

limit extraction procedure are given in section 3.3.

3.1 The CMS-TOP-18-003 search and its implementation in MADANALYSIS 5

As a detailed description of the validation of the implementation in MADANALYSIS 5 of the
CMS-TOP-18-003 analysis has been published separately [61, 62|, we only briefly review in
this section its most relevant ingredients.

The CMS-TOP-18-003 analysis targets specific final states that can originate from four-
top production and decay. Once produced, the four top quarks all decay into a b-quark and a
W-boson, the latter decaying then either leptonically or hadronically. Four-top production
hence leads to final states featuring between zero and four leptons at the hard-scattering
level. The CMS-TOP-18-003 search focuses on final states featuring either a pair of leptons
(electrons or muons) with the same electric charge, or three or more leptons. Both the
requirement of a same-sign lepton pair and the one of a large number of leptons allow for
a significant reduction of the SM top-antitop background, as enforcing the selected events
to include a large multiplicity of b-tagged and non-b-tagged jets.

We summarise in table 2 the selection criteria used in the CMS-TOP-18-003 analysis.
This table includes the basic kinematic requirements that are enforced on the jet and lepton
candidates, and the constraints that are imposed on the global activity in the events (in
terms of the hadronic activity Hp, the missing transverse momentum p%liss and various
vetoes). We next collect in the left part of table 3 the definition of the most relevant of the
14 signal regions (SRs) of the analysis, as function of the requirements on the number of
leptons (Ng), b-tagged jets (INp) and jets (INj). In the right panel of the table, we provide
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Basic kinematic requirements

Electrons Muons Jets  b-tagged jets
pr (GeV) > 20 > 20 > 40 > 25
n] <25 <24 <24 <24

Baseline selection

Jets Hp > 300 GeV, piss > 50 GeV, at least two jets and two b-tagged jets
Leptons  If same charge pair: pr(¢1) > 25 GeV and pr(¢;) > 20 GeV for i # 1
Isolation  Jets and b-tagged jets: AR > 0.4 with respect to the selected leptons

Further vetoes

Vetoed Same-sign electron pairs with an invariant mass smaller than 12 GeV

Vetoed  Third lepton with pr > 5 (7) GeV for e (u) forming an opposite-sign same-flavour
pair with an invariant mass satisfying mog < 12 GeV or mog € [76, 106] GeV

Table 2. Summary of the selection cuts of the CMS-TOP-18-003 analysis [4]. We define Hr as
the sum of the transverse momenta of all jets.

N, Ny, N; Region | titt (SM signal - CMS)  tttt (Background - CMS)
2 3 6 SR5 1.61 £0.90 5.03 +0.77
2 3 7 SR6 1.14 +£0.66 2.29 +0.40
2 3 >8 SR7 0.85+0.47 0.71 +0.20
2 >4 >5 SRS 2.08 +1.23 3.31 +0.95
>3 >3 4 SR12 0.56 £ 0.32 2.03 +0.48
>3 >3 ) SR13 0.66 4 0.38 1.09 +0.28
>3 >3 >6 SR14 0.76 £ 0.45 0.87 = 0.30

Table 3. Definition of the most relevant signal regions of the CMS-TOP-18-003 analysis, together
with the expectation from the SM ¢ttt signal and background, as reported by the CMS collaboration
(pre-fit results are used) [4].

the corresponding expected number of background and signal events as reported by the
CMS collaboration.

In the above procedure, a first important point is that signal object candidates are
required to satisfy strong isolation criteria. Therefore, the selection ensures the presence of
a large number of isolated jets and leptons. Furthermore, given the large number of required
b-tagged jets, a precise description of the CMS b-tagging performance is crucial to obtain
an accurate modelling of the search. This represents the major change implemented in the
DELPHES 3 card dedicated to this search (that is now shipped with the Public Analysis
Database of MADANALYSIS 5), relative to the default CMS parametrisation in DELPHES 3.
This tuned card allows one to reproduce the efficiencies of the deep neural network b-tagging
algorithm of CMS (DeepCSV) [78|, whose medium working point configuration is used in
the search under consideration.

~15 —



For the validation of our implementation, we have mimicked the simulation setup used
in the CMS-TOP-18-003 four-top analysis, and hence generated SM four-top events at
NLO in QCD when all EW contributions are neglected. We have convoluted NLO matrix
elements with the NLO set of NNPDF 3.0 parton densities [74], and the full simulation
procedure described above has been employed. As detailed extensively in refs. [61, 62|, we
have found a good agreement, at least within the theoretical errors on our predictions and
the systematical and statistical experimental errors as reported by the CMS collaboration.

3.2 Alternative recasting: a large Hr analysis

A quite general feature of models with heavy new top-philic particles consists of their
collider signature involving top quarks characterised by a significant transverse momentum.
In the context of the CMS-TOP-18-003 analysis, it is therefore interesting to consider an
extra signal region dedicated to events passing all selection cuts of table 2, together with
the additional requirement

Hrp > 1200 GeV , (3.1)

where Hr is the sum of the transverse momenta of all jets. As we do not have access to any
correlation information between the different experimental bins of the Hp spectrum above
this threshold, we adopt a conservative approach and combine linearly the associated errors,
which corresponds to the worst scenario in terms of correlations. Using data from ref. [4]
we therefore extract the following information on the SM expectation and observation,

Nokdrsm = 6.26 £ 1.3, Nyps =9, (3.2)

which exhibits a (very) mild tension.

We have implemented this new signal region in MADANALYSIS 5, and we show in
figure 5 the selection efficiencies s obtained in the illustrative example of the colour-octet
vector model. Efficiencies are computed both for the new high- Hr signal region, and the
SR8 region of the CMS study. This demonstrates the key role potentially played by the
high- Hr approach when the top-philic particle lies in the 1 — 2 TeV mass window, i.e. when
it can be produced on-shell and then decay in a pair of high-py top quarks. For increasing
and higher mass values, the off-shell production mode contributes more and more and finally
dominates, so that the EFT description (represented by dashed lines in the figure) is more
accurate. This can be seen from the convergence of the efficiency curves for masses of
3 —4TeV. For such large masses, the high- Hr efficiencies are smaller than those associated
with the initial region of the CMS analysis, as the signal becomes more evenly spread across
the various Hr bins. When dealing with the original CMS analysis, the EFT efficiencies
are relatively close to those computed in the simplified model approach. This indicates
that a naive recasting of an EFT interpretation of the CMS results could be performed
through a simple correction of the overall signal cross section. Alternatively, this reflects
that the current analysis do not leverage the possible impact of on-shell top-philic particles
in four-top final states.
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Figure 5. Selection efficiencies €44 for the high- Hp signal region (purple lines) and the initial CMS
SR8 signal region (green line), as function of the vector-octet mass Mx = My, for gs;, = gsg = 2.5.
Results are shown both for the simplified model approach (solid lines) and the matched EFT
description (dashed lines).

3.3 Numerical procedure

In this subsection, we detail the numerical procedure that we follow to obtain limits on
the simplified models presented in section 2.1. We use the chain of high-energy physics
tools introduced at the beginning of section 3 to simulate 200,000 events for a variety of
configurations in each model. We consider scenarios with a coupling value set to either 0.1,
0.3, 1, 3 or 5, and a selection of new physics masses my ranging from 100 GeV to 4 TeV.
The efficiencies for each signal region (including the high- Hy additional SR of section 3.2)
found by MADANALYSIS 5 are translated into a limit on the maximum signal cross section
allowed at 95% C.L. for each mass. We interpolate the results to obtain a bound o™ (mx)
on the signal cross section for any new physics mass mx, such a bound being then converted
into a limit on the new physics couplings as a function of the mass mx. In practice, this is
achieved by solving the implicit equation

(4™, mx) = o™ (my), (3.3)

where the cross section value o (y"™, mx) is estimated by using a much denser grid in mass
and coupling. Such a cross section grid can easily be computed, as it does not require to
generate any event or simulate the detector response. The accuracy of this procedure relies
on the fact that the selection efficiency varies much more slowly than the cross section as
a function of mx. We derive the error on our estimates from the theoretical uncertainties
on the cross section as obtained by varying the higher-order K-factor between 1 and 2 (see
section 2.3).

For the evaluation of the EFT limits, we adopt a slightly different approach. We have

simulated 200,000 events for each P-conserving operator of the basis (2.10), once without
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SR5 SR6 SR7 SR8 SRI12 SR13 SR14 High Hy
Nim (LHC) 5 11 29 7 5 5 4 10
Nim (HL-LHC) | 58 38 25 71 31 26 26 60

Table 4. Maximum number of events populating the most relevant signal regions of the CMS-TOP-
18-003 analysis and the high- Hp additional region proposed in this work. We show the observed
limits from LHC run 2 data at 95% C.L., together with the expected projections at the HL-LHC
assuming a linear scaling of the number of events and their errors with the luminosity.

and once with the interference with the SM contributions. We have also considered the
joint impact of any pair of two operators. From those results, we extract, for each SR, two
sets of efficiencies ENP2 jj and e . The former is associated with the 1/ A* contributions
of the interference between two (possibly equal) EFT operators O; and O;, while the latter
is associated with the 1/A? contributions of the interference between the EFT operator O;
and the SM diagrams. The number of signal events Ngg populating a specific signal region
is then estimated as

2 ¢;(X)cj (X ot Ci(X
NSR = [rCMS X ZENP271J' O'%\]I-P ’L(A/)\Z() + Zflnm O'ZI t 7:/<\2> y (34)
7

ij

where the sum runs over all EFT operators taken with the corresponding Wilson coefficients

ci(X), and where Lcyg = 137fb ™! stands for the LHC run 2 luminosity analysed by the
NP2
ij

diagrams involving an operator O; and those involving an operator O;) and O'Zhlt (related

CMS collaboration. The four-top cross sections o (related to the interference between
to the interference between the SM diagrams and those involving an operator O;) are all
estimated with MADGRAPHH AMCQ@NLO, although the ‘diagonal’ USPQ contributions
typically dominates over the off-diagonal ones. For a given choice of operators and Wilson
coefficients, we can straightforwardly extract a bound on the EFT scale A by solving the
quadratic equation in A2,

Nsg = N§R (3.5)

In this equation, Néigl is the maximum number of signal events, as obtained from MAD-
ANALYSIS 5, that can populate a given signal region and that is allowed by data at 95%
C.L. The obtained numerical values are tabulated in table 4, both for the observations after
the LHC run 2, and for 3 ab™! of proton-proton collisions at the HL-LHC when we assume

a linear scaling of the number of events and their errors with the luminosity [79].

4 Results

Using the procedure detailed in section 3, we have compared the limits obtained within the
EFT formalism with those arising from the simplified model approach. In the process, we
have obtained the most up-to-date limits from four-top probes on scalar and vector octet
models as described in section 2.1.
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Figure 6. 95% C.L. exclusions for two top-philic simplified models, presented in mass versus
coupling planes and derived from the CMS-TOP-18-003 analysis (including the additional signal
region of section 3.2). We consider (a) y15 as function of Mg, for a top-philic scalar singlet simplified
model, and (b) g1, = g1r as function of My, for a top-philic vector singlet simplified model. The
blue lines correspond to the current CMS limit and the golden lines represent our projection for the
HL-LHC with an integrated luminosity of 3ab™', the regions above the curves being excluded in
both cases. The dotted lines are the EFT-derived limits, while the solid and dashed lines represent
the simplified model results. The EFT limits include a K-factor of 1, while the simplified model
results are shown as bands obtained by varying the theoretical K-factor between 1 (top line) and
2 (bottom line). The grey regions in the top-right corners represent the parameter space region in
which the width of the top-philic particle is too large, making our approach unreliable.

In figure 6a, we show the limits obtained in the case of a top-philic scalar singlet
model when the results of the CMS-TOP-18-003 analysis are reinterpreted, after including
the additional signal region of section 3.2. We present the bounds as 95% C.L. exclusion
contours in a mass versus coupling plane (Mg,,y15), including the uncertainty on NLO
corrections as discussed in section 2.3 (i.e. by varying the K-factor between 1 and 2). The
considered CMS search can probe this scenario for new physics masses ranging up to about
0.8 TeV for a coupling y15 = 2.25. We expect a small improvement at the HL-LHC, which
pushes the limit to roughly 1.1 TeV for the same value of the coupling. We have overlaid
in the figures the corresponding EFT limits, that we extract via the matching conditions
of table 1. These limits therefore correspond to those that one would obtain by translating
an EFT limit into a constraint on the couplings appearing in vector and scalar singlet
models, without accounting for the presence of any new on-shell resonance. Fortuitously,
the “naive” EFT approach reproduces relatively well the simplified model limits. As can be
seen in figure 2, this is due to the fact that both the simplified model and the EFT approach
lead to the same cross section in the coupling and mass range to which the LHC is sensitive.
This however happens only in a regime where an EFT description of the complete simplified
model is beyond applicability, as pointed out in section 2.3. In figure 6b, we show the same
bounds, but for the case of a top-philic vector singlet model. Although the range of coupling
values accessible at the LHC is roughly similar to the scalar case, the agreement between
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Figure 7. 95% C.L. exclusions for two top-philic simplified models, presented in mass versus
coupling planes and derived from the CMS-TOP-18-003 analysis (dashed lines) and when relying
on the additional signal region of section 3.2 (dotted lines). We consider (a) g17, = ¢1r as a function
of My, for a vector singlet simplified model, and (b) gs, = gsr as a function of My, for a vector
octet model. We include results extracted from LHC run 2 data and our projections for the HL-
LHC, the regions above the curves being excluded in both cases. The K-factor is fixed at 1. The
grey exclusions represent the parameter space regions in which the width of the top-philic particle
is too large, making our approach unreliable.

the EFT and the simplified model is worse at low masses. This can be traced back to
the fact that EFT predictions significantly underestimate the cross section for the relevant
coupling range (see figure 3).

In figure 7, we focus on the case of the colour-singlet (a) and colour-octet (b) vector sim-
plified models, the results distinguishing this time the constraints arising from the original
CMS-TOP-18-003 search (dashed lines) and those originating from the high- Hy approach
presented in section 3.2 (dotted lines). We find that the high-Hp approach dominates
the limit between 1 and 3 TeV. This can be traced back to the predominance of on-shell
production in this mass range, which in turn ensures that the four final-state top quarks ac-
cumulate a large amount of transverse momentum. All previous limits that are based on the
reinterpretation of the Standard Model analysis are thus likely to underestimate the LHC
sensitivity in this mass range. Furthermore, we observe that recasting the standard CMS
search is sufficient for the largest and smallest masses examined in our analysis. In these
cases, on-shell production is either sub-dominant (high masses) or the top-philic particle is
simply not massive enough to yield high-pr objects. Altogether, we find that an “on-shell”
analysis such as the high- Hr approach presented above is particularly well-suited to seek
most new top-philic resonances at the HL-LHC, and is almost always the best approach
when studying octet states. From now on, we only present the dominant limits.

In figure 8a, we focus on the case of the scalar octet. As expected, the simplified
model can be robustly excluded for top-philic state masses lying below about 1.25TeV,
even for very small couplings. This is due to the QCD-induced pair-production mechanism
relevant for octet states that leads to a very large cross section for masses smaller than
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Figure 8. 95% C.L. exclusions for two top-philic simplified models, presented in mass versus

coupling planes and derived from the CMS-TOP-18-003 analysis (including the additional high- Hy
signal region of section 3.2). We consider (a) yss as function of Mg, for a top-philic scalar octet
simplified model and (b) gs;, = gsr as function of My, for a top-philic vector octet simplified
model. Our results include the reinterpretation of the current CMS results (green lines) and their
extrapolations at the HL-LHC (golden lines). The dotted lines represent the EFT-derived limits,
while the solid and dashed lines represent the simplified model results. For the EFT limits, we
use a K-factor of 1, while the simplified model ones are shown as bands obtained by varying the
theoretical K-factor between 1 (top line) and 2 (bottom line). The grey regions in the top-right
corner represent the parameter space regions in which the width of the top-philic particle is too
large, making our approach unreliable.

about 1TeV. Our results improve those derived in the earlier analysis of ref. [32], which
was based on the reinterpretation of the results of the LHC for a smaller dataset, including
only a luminosity of 35.9fb~1. Moreover, in this particular pair-production-driven regime,
one can confidently consider that the aggressive limit obtained when using a K-factor of
K = 2 is valid, as explained and computed in ref. [32]. We finally investigate the case of
a vector octet top-philic particle in figure 8(b). Here, the lower bound for the exclusion is
pushed to about 1.6 TeV. At larger coupling values, the limit extends up to around 3 TeV,
even before leading to an unacceptably large width for the top-philic resonance. We find
that the EFT approach is particularly suitable for such a heavy-state regime, leading to an
excellent agreement for top-philic masses above 2.25TeV. Importantly, the limits that we
obtain, for both the scalar and the vector octet cases, rely on the high- Hy analysis for all
masses below 3 TeV.

We close this section by commenting further on the phenomenology associated with the
low mass region. When the resonance is below the di-top threshold, four-top production
from a pair of off-shell top-philic states dominates. However, the scaling of the top-philic
state propagator is completely different from the one assumed when computing the EFT
limit. Instead of the 1/M? behaviour that would be expected for a large top-philic state
mass M, it indeed exhibits a 1/s behaviour, with s being typically around the invariant
mass of the di-top system. We show in figure 9 the limits that we obtain by reinterpreting
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the CMS-TOP-18-003 results when the top-philic state mass varies in the 100 to 1000 GeV
mass range, both for the scalar singlet and vector singlet simplified models. As expected
from the above argument, the naive EFT approach overestimates the limits in this range.
This is emphasised by the results shown in section 2.3.2, from which we can observe that
the signal efficiency would be drastically reduced after accounting for the fact that the EFT
is used in a regime where it should not be used (see figure 4). Additionally, it is clear that
the topology of the final state resembles closely the one expected from SM Higgs-induced
four-top production, as verified directly by the CMS collaboration [4]. In this regime, we
therefore consider the boosted decision tree (BDT) analysis of CMS [4] and extract limits
directly from the measured signal cross section

oNPSM — 12,6758 fh . (4.1)

In order to derive projections for the HL-LHC, we use the last three BDT signal regions
SR15 to SR17, that lead to

Npkq =8.1+1.3, Ngy =82+£3.1, Nops =14 . (4.2)

Assuming the same background and BDT efficiencies, we extract from the CMS findings
an upper limit on the full (SM plus new physics) cross section of JEI)\I;)&_SM = 231b at 95%
C.L. As this is compatible with the current theoretical uncertainties on the SM four-top
production cross section, we add the latter in quadrature with the projected experimental
errors to obtain a global error on the SM background uncertainties. We then obtain a
rough limit at 95% C.L on the new physics contributions to the four-top cross section of
ags%HL ~ 8fb assuming that the observed fluctuation at the end of run 2 will be reproduced
at HL-LHC, or of about 10 fb otherwise. The corresponding moderate improvements of the
limits at HL-LHC corresponding to the former case are shown in figure 9(a), and then
reflect the important role of the theoretical and systematic errors in the projections that
consist of their limiting factor.

The same simplified model including a scalar singlet was also considered directly in
refs. [4, 8. Our limits are comparable with those derived in those works. We additionally
consider, in figure 9(b), the limits that are obtained for a vector singlet simplified model.
Compared to refs. [4, 8, 50|, we use a ‘vectorial’ interaction of the top-philic state with the
top quark, so that the cross section predictions do not exhibit any chirality-flip enhancement
at low mass. While the vector model with purely chiral interactions and additional flavour-
violating interactions of ref. [50] allows for a good fit to ATLAS data, we have not directly
examined this option in our study, any flavour-violating coupling being absent from our
beyond the SM parametrisation.

5 Conclusions and outlook

In this work, we have considered the status and outlined the prospects for constraining the
existence of top-philic resonances by using four-top probes at the LHC. Motivated by the
growing interest in applying the SMEFT interpretational framework to heavy new physics
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Figure 9. Same as figure 6, but for a zoom on the [100,1000] GeV mass range. The EFT limits
are shown with thin dashed lines to emphasise that the EFT approach is not grounded in this
parameter space region.

searches, we have compared the predictions for several simplified models with the expec-
tations based on the corresponding EFT descriptions. In order to cover a wider range of
simplified model candidates, some of which including SU(2)1-symmetry breaking terms, we
have parametrised four top-quark observables in terms of operators in the SU(3)c X U(1)em
basis. The matching coefficients between the simplified model descriptions and the EFT
basis have been determined analytically and validated numerically. In passing, we have
found that the interference of EFT amplitudes with EW-induced SM contributions, which
has been so far neglected in the EFT analyses, provides a sizeable component of the total
EFT cross section. Due to this, the available NLO in QCD calculations in the EFT can-
not be representative of the regimes where the interference with the SM is the dominant
contribution. The pattern of the C-NLO corrections is rather intricate already in the SM,
with significant cancellations taking place between contributions at different orders. As a
result, applying a multiplicative “ K-factor” similar to the SM one to new physics scenarios
cannot be considered reliable in all EFT regimes. We have therefore chosen to keep the
central values at LO and associate a large theoretical uncertainty, between a factor of 1 and
2, when presenting our limits.

Our findings indicate that at the LHC and in the majority of the cases the EFT
approach significantly underestimates both the signal cross section and the final limits
on the new top-philic particle couplings. This originates from resonance pair-production
contributions that dominate the cross section. The signal efficiencies of both approaches are
nonetheless relatively similar in the case of the CMS analysis that we have reinterpreted in
this work, which has been optimised to the SM signal. The updated coupling-independent
limits arising from QCD-induced pair production of color octets are Mg, 2 1.25TeV and
My, 2 1.6 TeV in the scalar and vector cases respectively. One possibility to make the EF'T
interpretation more accurate would therefore be to invoke specific mechanism to reduce
on-shell contributions to four-top production, as for instance when new top-philic particles
decay into new states beyond the SM.

~ 93—



Finally, we have derived our constraints by relying on the combination of two analyses:
a pure reinterpretation of the CMS four-top searches based on the existing signal regions,
and an additional one defined by recasting their data in the large Hp region. While not
completely optimised due to missing information (like e.g. background correlations), the
latter typically dominates the limits for masses between 1 and 2TeV. This can be traced
back to large differences in kinematics between the Standard Model background and the
new physics signal, particularly regarding the total transverse momentum of the final state.
These results emphasise the need to continue dedicated top-philic search strategies by AT-
LAS and CMS during the LHC run 3, and in the up-coming High-Luminosity phase of
the LHC.
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A Effective field theory basis and matching

When dealing with four-top production in the SU(3)c X U(1)em basis, the standard SMEFT
basis is expectedly overcomplete. We review in this appendix the reduction process and
our final choice for the EFT basis considered in this work.

The first step is the Fierz decomposition of a bispinor t;t;, where ¢ and j are for the
moment generic indices. After including a global minus sign as we deal with anti-commuting

fermion, we get
t.tA__l it 4 £ 5¢. 5+£. K. — foAPAOE 5_*_1{, Ky (Al)
ity = 7y \ b 37V i Y 3Vl Y GV b Y D) GO Loy | - .

In this expression, we have used the standard notation o*” = %(’y“’y" —4Yy#). In order to
properly handle the associated colour structure, this last equation needs to be combined
with SU(3) algebra relations allowing for the permutation of the colour indices,

4 1

THTY = 55,55“ — gz;g!T,Q (A.2)
1

Okj0in = 50150k + 2T Ty - (A.3)

Combining both relations, it is possible to systematically apply a Fierz transformations to
any four top operator from the list below, where we have omitted any Lorentz and colour

index for clarity,

(#)(It), (E)(I°1), (1)1, (Eyt) (), (A4)
(Evt)(E°1), (EBry°8)(E°), (A.5)
(tot)(tot), (tot)(toy ), (A.6)
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Oy | 05 |01y | Ok | Opg | Oig | Ops | Ops
tyot 1y5t 1 / / 2/3 4 / /
TATA 45t t4°t / 1 / / 8/9 | —2/3 / /
TATA Tty Tyt / / 3/ / / / /
TATA tpytr trYtR / / /13 / / / /
tot tot —20/3 | —16 | / / | —28/3| -8 / /
TATA tot tot -32/9 | —4/3 | / /| —16/9 | —20/3 / /

to (i)t tot / // / / / / —20/3 | —16

TATA to(iv°)t tot / / / / / / —32/9 | —4/3

Table 5. Decomposition of the most general over-complete set of dimension-six four-top EFT
operators into a basis comprising the operators (2.5) and (2.8).

together with their colour-octet equivalent in which the trivial colour contractions d;; are
replaced by Tz? ones involving an SU(3) generator.

From the above procedure, we reduce the whole set of operators to a basis comprising
a restricted set of six operators,

Okpr = trRY"tr trRYutR (A7)
O/%L = EL’y“tL EL’Y,utL (A.8)
OLr = tLy"tr RVt (A.9)
OJSLR = ELTA’}/MtL ERTA’)/utR (A.10)
OL =1ttt (A.11)
O% = 1Tt 1Tt . (A.12)
To be general, two additional operators could arise,
Opg = tt #(i7°)t (A.13)
0% = T4 1T (i7"t (A.14)

which, however, do not typically appear in any of the simplified models probed in this
work. The coefficients of the decomposition of the other operators onto this basis are given
in table 5.

In order to compare the above basis with the one that could be expected from the
SMEFT in the Warsaw basis [47], it is useful to recall the Fierz rule that is associated with
the SU(2) algebra (with i, 5, k, indices being SU(2) fundamental indices and 7/ denoting
the Pauli matrices),

Ty = 200k — 640k - (A.15)
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Specifying to third generation quarks only, the left-handed “triplet” and “singlet” operators
in the Warsaw basis read

QW = qrm' v qr LT Vuar (A.16)
Qg}) = qY"qr quyuar (A.17)

and can be decomposed into

Qgg() = Op + by by, bryubr + 4bpy*tr tryubr — 2by"br Tyt

Qt(z;) = OL +be"br bryubr + 2607 by tryte - (A.18)
Similar relations can be derived in the case of colour-octet operators, as the decomposition
above only focuses on the SU(2) structure. All those operators are thus clearly redundant
with Oi 1, as regards to the pure four-top phenomenology (with similar trivial relations for

the right-handed operators). As an additional cross-check, one can also verify that the
SMEFT relations used in ref. [47] such as

) i 1 1
T qn T " = Q) + 594 (A.19)

lead to the same pure four-top result as found in table 5,3
1
3

In the framework defined by the LHC Top Working Group [49] which includes also the
interactions with other quarks, the operators with left-handed tops are defined as®

a1 _ 1 1
Og@ 1 5Q((J}l) — QOiL, (A.21)
1 1 1
ngg,s = 3 <Q(‘3)+3Q$1)> — éoiLa (A.22)

where we have explicitly indicated the mapping to the pure four-top operators considered
in this work. The octet operator is the same as the pure colour-octet left-handed one [42]:
1

055" = §q‘LTA7“ qr T " qv (A.23)
thus reproducing, for the full SU(2)-invariant case, the relation found in eq. (A.20). The
same choices have been later adopted in refs. [43, 44|, where at LO the relation (A.20)
is numerically reproduced (this is not the case at NLO as the bottom-quark interactions
generate additional loop diagrams, even though it remains a good approximation). The
mixed left-handed /right-handed operators as well as the pure right-handed operators match
exactly our definitions.

3This relation can also be obtained directly by using the well-known Fierz relation (see e.g. ref. [47])
tr it tooeYute,y = oY to ke tnivutn,, where 4,7, k, 1 keep tracks of the colour indices, along with the
SU(3) relation (A.3) to re-arrange these indices canonically.

“We have followed the recommendation of refs. [42, 44, 49] and have added a factor of 1/2 in front of
the quark quadrilinear terms in the definition of the operators Ogg 1 and (’)gg ®,
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Once the basis has been reduced, the matching between our simplified models and
the EFT proceeds directly by computing and comparing the amplitudes of the four-top
production process in both approaches. The case of the colour singlet is trivial as the
corresponding effective operator are all included in our basis. For the colour octets, we first
match the model with the corresponding octet effective operators, then use the above table
to project it onto our basis. Applying a similar method for all simplified model scenarios and
assuming real coupling parameters, we obtain the results shown in table 1. An important
feature is related to the vector propagators in the amplitudes, that lead to opposite signs in
the large mass limit as when compared with the scalar case. This leads to the sign pattern
visible from table 1.

B Some technical details on event generation

We generate all required four-top samples using the MADGRAPH5 _aMC@NLO framework.
The UFO model files for each simplified models have been made available in the FEYN-
RULES model database (https://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage).
We generate events by including all interference terms with the EW contributions to SM
four-top production by typing in the MADGRAPHS aMCQNLO interpreter

generate p p > t t~ t t~ NP"2>0 QCD=4 QED=2

Once the process folder has been created, we implement our choice of renormalisation
and factorisation scales as a user-defined dynamical scale directly in the file setscales.f.
We use

rscale=dsqrt (max(0d0,2d0+dot (P(0,1),P(0,2))))/2

The CMS-TOP-18-003 analysis that we have recast is available from the MADANALY-
s1s 5 Public Analysis Database at https://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysis
Database and on the MADANALYSIS 5 dataverse at https://doi.org/10.14428 /DVN/
OFAEI1G.

C EFT interference with SM electroweak contributions to four-top
production

We discuss in this appendix the relevance of the SM electroweak contributions, focusing
in particular on their interference with the new physics contributions. With the notable
exception of colour-octet pair production (that is dominated by standard QCD interactions),
new physics four-top production mechanisms mimic the SM contributions that include
diagrams with Higgs-boson and Z-boson exchanges. Given the results of ref. [1], where
it was shown that EW formally subleading terms at tree level give large contributions in
the SM, one could wonder whether the interference of the new physics with the SM EW
contributions plays an important role. Remarkably, it turns out that such an interference
may actually dominate over the one with the QCD contributions, as for the production of
a top-antitop pair with extra gauge bosons [80].
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LO NLO
|new physics|2 Int. QCD only Int. EW only QCD [44] via K
O1,/2 | 08T b 020737 b —0.80T350 fb | 16756 b 0.62715% fb
Ol n 1157 fb —0.02732% b 0.60T 300t | 1.84T3C b 3.97200 fh
Oknr 347587 fb 03950 fb  —1.42730% fb | 61473 b 5572078 fb
0%, | 028729% 0.22752% fh  —0.497320 b | 0.69730 b 0.0153) b
SM / 4.7785% fb 0.5070:95 b / 11.97735% b

Table 6. Different new physics components of the pp — tftt cross section at the LHC, for v/S =
13TeV and in the EFT approach. We consider various operators ; with which we associate a
Wilson coefficient ¢;/A? = 1TeV~2. The first three columns represent the LO contributions (the
new physics squared piece, the interference of the new physics diagrams with the SM QCD diagrams,
and the one with the electroweak diagrams), the fourth column the new physics contributions at
NLO in ag and the last one the results obtained by using the scheme of eq. (2.15). In the last line
of the table, we show the SM LO results by considering only the QCD diagrams, and by including
both the QCD and EW contributions, as well as the full NLO result [1].

We deconstruct these effects in the EFT case in table 6, where the various components
of the four-top production cross section are presented, and we compare our findings with
those of ref. [44]. In this table, we present the pure EFT contribution squared, at LO (first
column) and NLO (fourth column), as well as its LO interference with the SM QCD (second
column) and EW (third column) diagrams. These results make use of benchmark Wilson
coefficients set to ¢;/A? = 1 TeV~2. For such coefficients, the predicted cross sections are
of a few fb, and the interference of the new physics diagrams with the SM electroweak
ones cannot be neglected. As cross sections in this ballpark could be tested at the future
high-luminosity run of the LHC (HL-LHC), we conclude that being able to rely on an
C-NLO estimate of the four-top cross section including all QCD, electroweak and new
physics diagrams would be certainly welcome.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] R. Frederix, D. Pagani and M. Zaro, Large NLO corrections in ttW* and tttt
hadroproduction from supposedly subleading EW contributions, JHEP 02 (2018) 031
[arXiv:1711.02116] [iNSPIRE].

[2] CMS collaboration, Search for standard model production of four top quarks with same-sign
and multilepton final states in proton-proton collisions at /s = 13 TeV, Eur. Phys. J. C 78
(2018) 140 [arXiv:1710.10614] INSPIRE].

— 98 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP02(2018)031
https://arxiv.org/abs/1711.02116
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.02116
https://doi.org/10.1140/epjc/s10052-018-5607-5
https://doi.org/10.1140/epjc/s10052-018-5607-5
https://arxiv.org/abs/1710.10614
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.10614

[3] ATLAS collaboration, Search for new phenomena in events with same-charge leptons and
b-jets in pp collisions at \/s = 13 TeV with the ATLAS detector, JHEP 12 (2018) 039
[arXiv:1807.11883] [iNSPIRE].

[4] CMS collaboration, Search for production of four top quarks in final states with same-sign or
multiple leptons in proton-proton collisions at /s = 13 TeV, Eur. Phys. J. C 80 (2020) 75
[arXiv:1908.06463] [INSPIRE].

[5] M. Battaglia and G. Servant, Four-top production and t thar + missing energy events at
multi TeV eTe™ colliders, Nuovo Cim. C' 033N2 (2010) 203 [arXiv:1005.4632| [iNSPIRE].

[6] P.S. Bhupal Dev and A. Pilaftsis, Mazimally Symmetric Two Higgs Doublet Model with
Natural Standard Model Alignment, JHEP 12 (2014) 024 [Erratum bid. 11 (2015) 147]
[arXiv:1408.3405] [INSPIRE].

[7] N. Greiner, K. Kong, J.-C. Park, S.C. Park and J.-C. Winter, Model-Independent Production
of a Top-Philic Resonance at the LHC, JHEP 04 (2015) 029 [arXiv:1410.6099] [INSPIRE].

[8] E. Alvarez, D.A. Faroughy, J.F. Kamenik, R. Morales and A. Szynkman, Four Tops for
LHC, Nucl. Phys. B 915 (2017) 19 [arXiv:1611.05032] [INSPIRE].

[9] J.H. Kim, K. Kong, S.J. Lee and G. Mohlabeng, Probing TeV scale Top-Philic Resonances
with Boosted Top-Tagging at the High Luminosity LHC, Phys. Rev. D 94 (2016) 035023
[arXiv:1604.07421] [INSPIRE].

[10] P.J. Fox, I. Low and Y. Zhang, Top-philic Z' forces at the LHC, JHEP 03 (2018) 074
[arXiv:1801.03505] [INSPIRE].

[11] B. Lillie, J. Shu and T.M.P. Tait, Top Compositeness at the Tevatron and LHC, JHEP 04
(2008) 087 [arXiv:0712.3057] [NSPIRE].

[12] A. Pomarol and J. Serra, Top Quark Compositeness: Feasibility and Implications, Phys. Rev.
D 78 (2008) 074026 [arXiv:0806.3247] [INSPIRE].

[13] N. Zhou, D. Whiteson and T.M.P. Tait, Limits on Four-Top Production from the ATLAS
Same-sign Top-quark Search, Phys. Rev. D 85 (2012) 091501 [arXiv:1203.5862] [INSPIRE].

[14] G. Cacciapaglia, H. Cai, A. Deandrea, T. Flacke, S.J. Lee and A. Parolini, Composite scalars
at the LHC: the Higgs, the Sextet and the Octet, JHEP 11 (2015) 201 [arXiv:1507.02283]
[INSPIRE].

[15] D. Liu, L.-T. Wang and K.-P. Xie, Broad composite resonances and their signals at the LHC,
Phys. Rev. D 100 (2019) 075021 [arXiv:1901.01674] [INSPIRE].

[16] G. Cacciapaglia, A. Deandrea, T. Flacke and A.M. Iyer, Gluon-Photon Signatures for color
octet at the LHC (and beyond), JHEP 05 (2020) 027 [arXiv:2002.01474] [INSPIRE].

[17] 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].

[18] A. Hayreter and G. Valencia, LHC constraints on color octet scalars, Phys. Rev. D 96 (2017)
035004 [arXiv:1703.04164| INSPIRE].

[19] A. Salam and J.A. Strathdee, Supersymmetry and Fermion Number Conservation, Nucl.
Phys. B 87 (1975) 85 [INSPIRE].

[20] P. Fayet, Supergauge Invariant Extension of the Higgs Mechanism and a Model for the
electron and Its Neutrino, Nucl. Phys. B 90 (1975) 104 [INSPIRE].

[21] P. Fayet, Fermi-Bose Hypersymmetry, Nucl. Phys. B 113 (1976) 135 [iNSPIRE].

~99 —


https://doi.org/10.1007/JHEP12(2018)039
https://arxiv.org/abs/1807.11883
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.11883
https://doi.org/10.1140/epjc/s10052-019-7593-7
https://arxiv.org/abs/1908.06463
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.06463
https://doi.org/10.1393/ncc/i2010-10611-4
https://arxiv.org/abs/1005.4632
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1005.4632
https://doi.org/10.1007/JHEP12(2014)024
https://arxiv.org/abs/1408.3405
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.3405
https://doi.org/10.1007/JHEP04(2015)029
https://arxiv.org/abs/1410.6099
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.6099
https://doi.org/10.1016/j.nuclphysb.2016.11.024
https://arxiv.org/abs/1611.05032
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.05032
https://doi.org/10.1103/PhysRevD.94.035023
https://arxiv.org/abs/1604.07421
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1604.07421
https://doi.org/10.1007/JHEP03(2018)074
https://arxiv.org/abs/1801.03505
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.03505
https://doi.org/10.1088/1126-6708/2008/04/087
https://doi.org/10.1088/1126-6708/2008/04/087
https://arxiv.org/abs/0712.3057
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0712.3057
https://doi.org/10.1103/PhysRevD.78.074026
https://doi.org/10.1103/PhysRevD.78.074026
https://arxiv.org/abs/0806.3247
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0806.3247
https://doi.org/10.1103/PhysRevD.85.091501
https://arxiv.org/abs/1203.5862
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.5862
https://doi.org/10.1007/JHEP11(2015)201
https://arxiv.org/abs/1507.02283
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.02283
https://doi.org/10.1103/PhysRevD.100.075021
https://arxiv.org/abs/1901.01674
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1901.01674
https://doi.org/10.1007/JHEP05(2020)027
https://arxiv.org/abs/2002.01474
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.01474
https://doi.org/10.1103/PhysRevD.77.095003
https://arxiv.org/abs/0710.3133
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0710.3133
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%2BarXiv%3A1703.04164
https://doi.org/10.1016/0550-3213(75)90253-9
https://doi.org/10.1016/0550-3213(75)90253-9
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB87%2C85%22
https://doi.org/10.1016/0550-3213(75)90636-7
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB90%2C104%22
https://doi.org/10.1016/0550-3213(76)90458-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB113%2C135%22

[22] L. Alvarez-Gaumé and S.F. Hassan, Introduction to S duality in N = 2 supersymmetric
gauge theories: A Pedagogical review of the work of Seiberg and Witten, Fortsch. Phys. 45
(1997) 159 |hep-th/9701069] [INSPIRE].

[23] P.J. Fox, A.E. Nelson and N. Weiner, Dirac gaugino masses and supersoft supersymmetry
breaking, JHEP 08 (2002) 035 [hep-ph/0206096] [iNSPIRE].

[24] T. Plehn and T.M.P. Tait, Seeking Sgluons, J. Phys. G 36 (2009) 075001 [arXiv:0810.3919]
[INSPIRE].

[25] S.Y. Choi, M. Drees, J. Kalinowski, J.M. Kim, E. Popenda and P.M. Zerwas, Color-Octet
Scalars of N =2 Supersymmetry at the LHC, Phys. Lett. B 672 (2009) 246
[arXiv:0812.3586| [INSPIRE].

[26] D. Goncalves-Netto, D. Lopez-Val, K. Mawatari, T. Plehn and 1. Wigmore, Sgluon Pair
Production to Next-to-Leading Order, Phys. Rev. D 85 (2012) 114024 [arXiv:1203.6358]
[INSPIRE].

[27] B. Fuks, Beyond the Minimal Supersymmetric Standard Model: from theory to
phenomenology, Int. J. Mod. Phys. A 27 (2012) 1230007 [arXiv:1202.4769] [INSPIRE].

[28] S. Calvet, B. Fuks, P. Gris and L. Valery, Searching for sgluons in multitop events at a
center-of-mass energy of 8 TeV, JHEP 04 (2013) 043 [arXiv:1212.3360] [INSPIRE].

[29] K. Benakli, M. Goodsell, F. Staub and W. Porod, Constrained minimal Dirac gaugino
supersymmetric standard model, Phys. Rev. D 90 (2014) 045017 [arXiv:1403.5122]
[INSPIRE].

[30] L. Beck, F. Blekman, D. Dobur, B. Fuks, J. Keaveney and K. Mawatari, Probing top-philic
sgluons with LHC' Run I data, Phys. Lett. B 746 (2015) 48 [arXiv:1501.07580] [INSPIRE].

[31] W. Kotlarski, Sgluons in the same-sign lepton searches, JHEP 02 (2017) 027
[arXiv:1608.00915] [INSPIRE].

[32] L. Darmé, B. Fuks and M. Goodsell, Cornering sgluons with four-top-quark events, Phys.
Lett. B 784 (2018) 223 [arXiv:1805.10835] [NSPIRE].

[33] L.M. Carpenter, T. Murphy and M.J. Smylie, Ezploring color-octet scalar parameter space in
minimal R-symmetric models, JHEP 11 (2020) 024 [arXiv:2006.15217] [INSPIRE].

[34] L.M. Carpenter and T. Murphy, Color-octet scalars in Dirac gaugino models with broken R
symmetry, JHEP 05 (2021) 079 [arXiv:2012.15771] [INSPIRE]|.

[35] E. Alvarez, A. Juste and R.M.S. Seoane, Four-top as probe of light top-philic New Physics,
JHEP 12 (2019) 080 [arXiv:1910.09581] [INSPIRE].

[36] D. Azevedo, R. Capucha, E. Gouveia, A. Onofre and R. Santos, Light Higgs searches in tt¢
production at the LHC, JHEP 04 (2021) 077 [arXiv:2012.10730] [INSPIRE].

[37] J.-L. Agram, J. Andrea, E. Conte, B. Fuks, D. Gelé and P. Lansonneur, Probing top
anomalous couplings at the LHC with trilepton signatures in the single top mode, Phys. Lett.
B 725 (2013) 123 [arXiv:1304.5551] [INSPIRE].

[38] S. Khatibi and M. Mohammadi Najafabadi, Probing the Anomalous FCNC' Interactions in
Top-Higgs Final State and Charge Ratio Approach, Phys. Rev. D 89 (2014) 054011
[arXiv:1402.3073] [INSPIRE].

[39] G. Durieux, F. Maltoni and C. Zhang, Global approach to top-quark flavor-changing
interactions, Phys. Rev. D 91 (2015) 074017 [arXiv:1412.7166] [INSPIRE].

— 30 —


https://doi.org/10.1002/prop.2190450302
https://doi.org/10.1002/prop.2190450302
https://arxiv.org/abs/hep-th/9701069
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9701069
https://doi.org/10.1088/1126-6708/2002/08/035
https://arxiv.org/abs/hep-ph/0206096
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0206096
https://doi.org/10.1088/0954-3899/36/7/075001
https://arxiv.org/abs/0810.3919
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0810.3919
https://doi.org/10.1016/j.physletb.2009.01.040
https://arxiv.org/abs/0812.3586
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0812.3586
https://doi.org/10.1103/PhysRevD.85.114024
https://arxiv.org/abs/1203.6358
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.6358
https://doi.org/10.1142/S0217751X12300074
https://arxiv.org/abs/1202.4769
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1202.4769
https://doi.org/10.1007/JHEP04(2013)043
https://arxiv.org/abs/1212.3360
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.3360
https://doi.org/10.1103/PhysRevD.90.045017
https://arxiv.org/abs/1403.5122
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.5122
https://doi.org/10.1016/j.physletb.2015.04.043
https://arxiv.org/abs/1501.07580
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.07580
https://doi.org/10.1007/JHEP02(2017)027
https://arxiv.org/abs/1608.00915
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1608.00915
https://doi.org/10.1016/j.physletb.2018.08.001
https://doi.org/10.1016/j.physletb.2018.08.001
https://arxiv.org/abs/1805.10835
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.10835
https://doi.org/10.1007/JHEP11(2020)024
https://arxiv.org/abs/2006.15217
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.15217
https://doi.org/10.1007/JHEP05(2021)079
https://arxiv.org/abs/2012.15771
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.15771
https://doi.org/10.1007/JHEP12(2019)080
https://arxiv.org/abs/1910.09581
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.09581
https://doi.org/10.1007/JHEP04(2021)077
https://arxiv.org/abs/2012.10730
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.10730
https://doi.org/10.1016/j.physletb.2013.06.052
https://doi.org/10.1016/j.physletb.2013.06.052
https://arxiv.org/abs/1304.5551
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1304.5551
https://doi.org/10.1103/PhysRevD.89.054011
https://arxiv.org/abs/1402.3073
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1402.3073
https://doi.org/10.1103/PhysRevD.91.074017
https://arxiv.org/abs/1412.7166
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.7166

[40] Y.-C. Guo, C.-X. Yue and S. Yang, Search for anomalous couplings via single top quark
production in association with a photon at LHC, Eur. Phys. J. C' 76 (2016) 596
[arXiv:1603.00604] [INSPIRE].

[41] J.-F. Shen, Y.-Q. Li and Y.-B. Liu, Searches for anomalous tqZ couplings from the trilepton
signal of tZ associated production at the 14 TeV LHC, Phys. Lett. B 776 (2018) 391
[arXiv:1712.03506] [iNSPIRE].

[42] J. D’Hondt, A. Mariotti, K. Mimasu, S. Moortgat and C. Zhang, Learning to pinpoint
effective operators at the LHC: a study of the ttbb signature, JHEP 11 (2018) 131
[arXiv:1807.02130] [iNSPIRE].

[43] N.P. Hartland et al., A Monte Carlo global analysis of the Standard Model Effective Field
Theory: the top quark sector, JHEP 04 (2019) 100 [arXiv:1901.05965] [INSPIRE].

[44] C. Degrande, G. Durieux, F. Maltoni, K. Mimasu, E. Vryonidou and C. Zhang, Automated
one-loop computations in the SMEFT, Phys. Rev. D 103 (2021) 096024 [arXiv:2008.11743]
[INSPIRE].

[45] Y.-B. Liu and S. Moretti, Probing tqZ anomalous couplings in the trilepton signal at the
HL-LHC, HE-LHC and FCC-hh, Chin. Phys. C 45 (2021) 043110 [arXiv:2010.05148|
[INSPIRE].

[46] G. Banelli, E. Salvioni, J. Serra, T. Theil and A. Weiler, The Present and Future of Four
Top Operators, JHEP 02 (2021) 043 [arXiv:2010.05915] [InSPIRE].

[47] B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, Dimension-Siz Terms in the
Standard Model Lagrangian, JHEP 10 (2010) 085 [arXiv:1008.4884| INSPIRE].

[48] J.A. Aguilar-Saavedra, Effective four-fermion operators in top physics: A Roadmap, Nucl.
Phys. B 843 (2011) 638 [Erratum ibid. 851 (2011) 443] [arXiv:1008.3562| [INSPIRE].

[49] D. Barducci et al., Interpreting top-quark LHC measurements in the standard-model effective
field theory, arXiv:1802.07237 [INSPIRE].

[50] E. Alvarez, A. Juste, M. Szewc and T. Vazquez Schroeder, Topping-up multilepton plus b-jets
anomalies at the LHC with a Z' boson, JHEP 05 (2021) 125 [arXiv:2011.06514| [InSPIRE].

[51] N.D. Christensen et al., A Comprehensive approach to new physics simulations, Eur. Phys.
J. C 71 (2011) 1541 [arXiv:0906.2474] [INSPIRE].

[52] 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].

[53] 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].

[54] J. Alwall et al., The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07 (2014)
079 [arXiv:1405.0301] [NSPIRE].

[55] T. Sjostrand et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015)
159 [arXiv:1410.3012] [INSPIRE].

[56] DELPHES 3 collaboration, DELPHES 8, A modular framework for fast simulation of a
generic collider experiment, JHEP 02 (2014) 057 [arXiv:1307.6346| [INSPIRE].

~ 31—


https://doi.org/10.1140/epjc/s10052-016-4452-7
https://arxiv.org/abs/1603.00604
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1603.00604
https://doi.org/10.1016/j.physletb.2017.11.055
https://arxiv.org/abs/1712.03506
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.03506
https://doi.org/10.1007/JHEP11(2018)131
https://arxiv.org/abs/1807.02130
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.02130
https://doi.org/10.1007/JHEP04(2019)100
https://arxiv.org/abs/1901.05965
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1901.05965
https://doi.org/10.1103/PhysRevD.103.096024
https://arxiv.org/abs/2008.11743
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.11743
https://doi.org/10.1088/1674-1137/abe0c0
https://arxiv.org/abs/2010.05148
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.05148
https://doi.org/10.1007/JHEP02(2021)043
https://arxiv.org/abs/2010.05915
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.05915
https://doi.org/10.1007/JHEP10(2010)085
https://arxiv.org/abs/1008.4884
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1008.4884
https://doi.org/10.1016/j.nuclphysb.2011.06.003
https://doi.org/10.1016/j.nuclphysb.2011.06.003
https://arxiv.org/abs/1008.3562
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1008.3562
https://arxiv.org/abs/1802.07237
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.07237
https://doi.org/10.1007/JHEP05(2021)125
https://arxiv.org/abs/2011.06514
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.06514
https://doi.org/10.1140/epjc/s10052-011-1541-5
https://doi.org/10.1140/epjc/s10052-011-1541-5
https://arxiv.org/abs/0906.2474
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0906.2474
https://doi.org/10.1016/j.cpc.2012.01.022
https://arxiv.org/abs/1108.2040
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1108.2040
https://doi.org/10.1016/j.cpc.2014.04.012
https://arxiv.org/abs/1310.1921
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.1921
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%2BarXiv%3A1405.0301
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%2BarXiv%3A1410.3012
https://doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1307.6346

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

(6]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

E. Conte, B. Fuks and G. Serret, MadAnalysis 5, A User-Friendly Framework for Collider
Phenomenology, Comput. Phys. Commaun. 184 (2013) 222 [arXiv:1206.1599] [InSPIRE].

E. Conte, B. Dumont, B. Fuks and C. Wymant, Designing and recasting LHC analyses with
MadAnalysis 5, Eur. Phys. J. C' 74 (2014) 3103 [arXiv:1405.3982] [INSPIRE].

B. Dumont et al., Toward a public analysis database for LHC new physics searches using
MADANALYSIS 5, Eur. Phys. J. C'75 (2015) 56 [arXiv:1407.3278] [INSPIRE].

E. Conte and B. Fuks, Confronting new physics theories to LHC data with MADANALYSIS
5, Int. J. Mod. Phys. A 33 (2018) 1830027 [arXiv:1808.00480| [INSPIRE].

L. Darmé and B. Fuks, Implementation of the CMS-TOP-18-003 analysis in the
MadAnalysis 5 framework (four top quarks with at least two leptons; 137fb~1), Mod. Phys.
Lett. A 36 (2021) 2141008 [inSPIRE].

B. Fuks et al., Proceedings of the second MadAnalysis 5 workshop on LHC recasting in
Korea, Mod. Phys. Lett. A 36 (2021) 2102001 [arXiv:2101.02245] [INSPIRE].

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].

S. Kraml, T.Q. Loc, D.T. Nhung and L.D. Ninh, Constraining new physics from Higgs
measurements with Lilith: update to LHC Run 2 results, SciPost Phys. 7 (2019) 052
[arXiv:1908.03952] [INSPIRE].

D. Buarque Franzosi, G. Cacciapaglia, H. Cai, A. Deandrea and M. Frandsen, Vector and
Azial-vector resonances in composite models of the Higgs boson, JHEP 11 (2016) 076
[arXiv:1605.01363] [INSPIRE].

L. Calibbi, A. Crivellin and T. Li, Model of vector leptoquarks in view of the B-physics
anomalies, Phys. Rev. D 98 (2018) 115002 [arXiv:1709.00692| [INSPIRE].

T. Faber, M. Hudec, M. Malinsky, P. Meinzinger, W. Porod and F. Staub, A unified
leptoquark model confronted with lepton non-universality in B-meson decays, Phys. Lett. B
787 (2018) 159 [arXiv:1808.05511] [INSPIRE].

C. Kilic, T. Okui and R. Sundrum, Vectorlike Confinement at the LHC, JHEP 02 (2010) 018
[arXiv:0906.0577] [NSPIRE].

G. Cacciapaglia, C. Pica and F. Sannino, Fundamental Composite Dynamics: A Review,
Phys. Rept. 877 (2020) 1 [arXiv:2002.04914] [INSPIRE].

G. Burdman, B.A. Dobrescu and E. Ponton, Resonances from two universal extra
dimensions, Phys. Rev. D 74 (2006) 075008 [hep-ph/0601186| [INSPIRE].

C. Degrande, B. Fuks, V. Hirschi, J. Proudom and H.-S. Shao, Automated next-to-leading
order predictions for new physics at the LHC: the case of colored scalar pair production,
Phys. Rev. D 91 (2015) 094005 [arXiv:1412.5589| InSPIRE].

C. Arina et al., A comprehensive approach to dark matter studies: exploration of simplified
top-philic models, JHEP 11 (2016) 111 [arXiv:1605.09242] [INSPIRE].

D. Racco, A. Wulzer and F. Zwirner, Robust collider limits on heavy-mediator Dark Maitter,
JHEP 05 (2015) 009 [arXiv:1502.04701] [iNSPIRE].

NNPDF collaboration, Parton distributions for the LHC Run II, JHEP 04 (2015) 040
[arXiv:1410.8849] [NSPIRE].

- 32 -


https://doi.org/10.1016/j.cpc.2012.09.009
https://arxiv.org/abs/1206.1599
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1206.1599
https://doi.org/10.1140/epjc/s10052-014-3103-0
https://arxiv.org/abs/1405.3982
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1405.3982
https://doi.org/10.1140/epjc/s10052-014-3242-3
https://arxiv.org/abs/1407.3278
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1407.3278
https://doi.org/10.1142/S0217751X18300272
https://arxiv.org/abs/1808.00480
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.00480
https://doi.org/10.1142/S021773232141008X
https://doi.org/10.1142/S021773232141008X
https://inspirehep.net/search?p=find+J%20%22Mod.Phys.Lett.%2CA36%2C2141008%22
https://doi.org/10.1142/S0217732321020016
https://arxiv.org/abs/2101.02245
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.02245
https://doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1106.0034
https://doi.org/10.21468/SciPostPhys.7.4.052
https://arxiv.org/abs/1908.03952
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.03952
https://doi.org/10.1007/JHEP11(2016)076
https://arxiv.org/abs/1605.01363
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.01363
https://doi.org/10.1103/PhysRevD.98.115002
https://arxiv.org/abs/1709.00692
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1709.00692
https://doi.org/10.1016/j.physletb.2018.10.051
https://doi.org/10.1016/j.physletb.2018.10.051
https://arxiv.org/abs/1808.05511
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.05511
https://doi.org/10.1007/JHEP02(2010)018
https://arxiv.org/abs/0906.0577
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0906.0577
https://doi.org/10.1016/j.physrep.2020.07.002
https://arxiv.org/abs/2002.04914
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.04914
https://doi.org/10.1103/PhysRevD.74.075008
https://arxiv.org/abs/hep-ph/0601186
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0601186
https://doi.org/10.1103/PhysRevD.91.094005
https://arxiv.org/abs/1412.5589
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.5589
https://doi.org/10.1007/JHEP11(2016)111
https://arxiv.org/abs/1605.09242
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.09242
https://doi.org/10.1007/JHEP05(2015)009
https://arxiv.org/abs/1502.04701
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.04701
https://doi.org/10.1007/JHEP04(2015)040
https://arxiv.org/abs/1410.8849
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.8849

[75] A. Buckley et al., LHAPDFG: parton density access in the LHC precision era, Eur. Phys. J.
C 75 (2015) 132 [arXiv:1412.7420] [INSPIRE].

[76] M. Cacciari, G.P. Salam and G. Soyez, FastJet User Manual, Fur. Phys. J. C 72 (2012)
1896 [arXiv:1111.6097] [INSPIRE].

[77] M. Cacciari, G.P. Salam and G. Soyez, The anti-k; jet clustering algorithm, JHEP 04 (2008)
063 [arXiv:0802.1189] [NSPIRE].

[78] CMS collaboration, Identification of heavy-flavour jets with the CMS detector in pp
collisions at 13 TeV, 2018 JINST 13 P05011 [arXiv:1712.07158] [NSPIRE].

[79] J.Y. Araz, M. Frank and B. Fuks, Reinterpreting the results of the LHC with MadAnalysis 5:
uncertainties and higher-luminosity estimates, Fur. Phys. J. C 80 (2020) 531
[arXiv:1910.11418] [INSPIRE].

[80] S. Bruggisser, R. Schéfer, D. van Dyk and S. Westhoff, The Flavor of UV Physics, JHEP 05
(2021) 257 |arXiv:2101.07273| [NSPIRE].

— 33 —


https://doi.org/10.1140/epjc/s10052-015-3318-8
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://arxiv.org/abs/1412.7420
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.7420
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://arxiv.org/abs/1111.6097
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1111.6097
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%2BarXiv%3A0802.1189
https://doi.org/10.1088/1748-0221/13/05/P05011
https://arxiv.org/abs/1712.07158
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.07158
https://doi.org/10.1140/epjc/s10052-020-8076-6
https://arxiv.org/abs/1910.11418
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.11418
https://doi.org/10.1007/JHEP05(2021)257
https://doi.org/10.1007/JHEP05(2021)257
https://arxiv.org/abs/2101.07273
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.07273

	Introduction
	Simplified models and effective field theory
	Model definitions
	Effective higher-dimensional operators in the SU(3)(C) x U(1)(e)m basis
	Four-top production cross sections
	Generalities
	Predictions for the four-top total cross sections


	Recasting experimental four-top searches
	The CMS-TOP-18-003 search and its implementation in MadAnalysis 5
	Alternative recasting: a large H(T) analysis
	Numerical procedure

	Results
	Conclusions and outlook
	Effective field theory basis and matching
	Some technical details on event generation
	EFT interference with SM electroweak contributions to four-top production

