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What’s wrong with the top quark?

2

‣ top quark heavy mt ∽ v, strongly coupled, decay before hadronisation
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What’s wrong with the top quark?

direct handle on 
properties

d
σ

/d
p

T
 [

p
b

/G
e

V
]

QCD
QCD×EW

10−8
10−7
10−6
10−5
10−4
10−3
10−2
10−1
100
101 tt-, LHC13, LUXQED

total unc. PDF unc. scale unc.

 0.8

 1

 1.2
QCD×EW

pT,avt [GeV]

 0.7

 0.8

 0.9

 1

 0  500  1000  1500  2000  2500  3000

(QCD×EW)/QCD

d
σ

/d
m

 [
p

b
/G

e
V

]

QCD
QCD×EW

10−7
10−6
10−5
10−4
10−3
10−2
10−1
100
101 tt-, LHC13, LUXQED

total unc. PDF unc. scale unc.

 0.6

 0.8

 1

 1.2

 1.4
QCD×EW

m(tt-) [GeV]

 0.96

 0.98

 1

 1.02

 0  1000  2000  3000  4000  5000  6000

(QCD×EW)/QCD

d
σ

/d
y 

[p
b

]

QCD
QCD×EW

102

tt-, LHC13, LUXQED

total unc. PDF unc. scale unc.

 0.95

 1

 1.05
QCD×EW

yavt

 0.998

 1

 1.002

 1.004

−2 −1  0  1  2

(QCD×EW)/QCD

d
σ

/d
y 

[p
b

]

QCD
QCD×EW

101

102

tt-, LHC13, LUXQED

total unc. PDF unc. scale unc.

 0.9

 1

 1.1
QCD×EW

y(tt-)

 1

 1.01

−2 −1  0  1  2

(QCD×EW)/QCD

Figure 1. Our best predictions for the four LHC 13 TeV tt̄ di↵erential distributions considered in
this work. The predictions are based on the multiplicative approach. Shown are the scale, PDF and
combined (in quadrature) theory uncertainties for each QCD⇥ EW distribution. The boundaries
of the PDF variation band are marked with black dashed lines. Also shown is the ratio of central
scales for the combined QCD and EW prediction with respect to the NNLO QCD one.

interested reader to consult secs. 3 and 4 where detailed comparisons between the two PDF

sets as well as between the two approaches for combining QCD and EW corrections can

be found.

From the plots shown in fig. 1 we conclude that the impact of the EW corrections

relative to NNLO QCD depends strongly on the kinematic distribution. The smallest

impact is observed in the two rapidity distributions: the relative e↵ect for yavt is around

2 permil and is much smaller than the scale uncertainty. The y(tt̄) distribution is slightly

– 4 –

[Czakon et al. `17]
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‣ top quark heavy mt ∽ v, strongly coupled, decay before hadronisation
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be found.
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‣ top quark heavy mt ∽ v, strongly coupled, decay before hadronisation
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large pull @ weak scale relevant threshold

What’s wrong with the top quark?

direct handle on 
properties

‣ top quark heavy mt ∽ v, strongly coupled, decay before hadronisation
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large pull @ weak scale relevant threshold

‣ Higgs mass precisely predicted 
after determination mt

[GFitter `12]
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direct handle on 
properties large pull @ weak scale relevant threshold

‣ Higgs mass precisely predicted 
after determination mt


‣ Higgs 𝛾𝛾 discovery mode is a direct 
window to fermion mass generation

[GFitter `12]
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Figure 6: Reduced coupling strength modifiers and their uncertainties per particle type with e�ective photon,
`$ and gluon couplings. The horizontal bars on each point denote the 68% confidence interval. The scenario
where ⌫inv. = ⌫u. = 0 is assumed is shown as solid lines with circle markers. The ?-value for compatibility with the
SM prediction is 61% in this case. The scenario where ⌫inv. and ⌫u. are allowed to contribute to the total Higgs
boson decay width while assuming that ^+  1 and ⌫u. � 0 is shown as dashed lines with square markers. The lower
panel shows the 95% CL upper limits on ⌫inv. and ⌫u..

of SM Higgs boson production processes into a set of regions defined by the specific kinematic properties
of the Higgs boson and, where relevant, of the associated jets, , bosons, or / bosons, as described in
Methods. The regions are defined so as to provide experimental sensitivity to deviations from the SM
predictions, to avoid large theory uncertainties in these predictions, and to minimize the model-dependence
of their extrapolations to the experimentally accessible signal regions. Signal cross sections measured
in each of the introduced kinematic regions are compared with those predicted when assuming that the
branching fractions and kinematic properties of the Higgs boson decay are described by the SM.

The results of the simultaneous measurement in 36 kinematic regions are presented in Figure 7. Compared
to previous results with a smaller dataset [22] a much larger number of regions are probed, particularly at
high Higgs boson transverse momenta where in many cases the sensitivity to new phenomena beyond the
SM is expected to be enhanced. All measurements are consistent with the SM predictions.
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What’s wrong with the top quark?

‣ top quark heavy mt ∽ v, strongly coupled, decay before hadronisation
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large pull @ weak scale relevant threshold

‣ Higgs mass precisely predicted 
after determination mt


‣ Higgs 𝛾𝛾 discovery mode is a direct 
window to fermion mass generation


‣ Weak scale physics sensitive to the 
interplay of bosons and split top

[GFitter `12]
TeV

top bosons

What’s wrong with the top quark?

direct handle on 
properties

‣ top quark heavy mt ∽ v, strongly coupled, decay before hadronisation
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large pull @ weak scale relevant threshold

‣ Higgs mass precisely predicted 
after determination mt


‣ Higgs 𝛾𝛾 discovery mode is a direct 
window to fermion mass generation


‣ Stability of weak scale directly 
related to the top quark
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FIG. 5: Dependence of the Higgs quartic coupling on the renormalization scale [24].

A. Higgs Decays

Expressions for the SM Higgs decay widths at leading order can be found in Ref.

[9], and the QCD corrected rates, with references to the original literature, are given in

Refs. [5, 6]. The QCD NLO corrected decay rates can be found using the public code,

HDECAY[26].

1. h ! ff

The Higgs couplings to fermions are proportional to fermion mass and the lowest order

width for the Higgs decay to fermions of mass mf is,

�(h ! ff) =
GF m2

fNci

4
p

2⇡
mh�

3
F , (72)

where �F ⌘

q
1 � 4m2

f/m
2
h is the velocity of the final state fermions and Nci = 1(3) for

charged leptons (fermions). The largest fermion decay channel is h ! bb, which receives

large QCD corrections. A significant portion of the QCD corrections can be accounted

for by expressing the decay width in terms of a running quark mass, mf (µ), evaluated at

19

[Degrassi et al. `12]
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What’s wrong with the top quark?

direct handle on 
properties

‣ top quark heavy mt ∽ v, strongly coupled, decay before hadronisation

Higgs pairs, associated 
Higgs production,…
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What’s next?

SM QFT external symmetriesinternal symmetries massive, light fermions

massless vectors

massive vectors + scalars

chiral symmetry, 
marginal Yukawas

gauge symmetry

gauge + Higgs systems

Mind Map

Top quark
Phenomenological appeal


• abundantly produced

• rich final state phenomenology

• testbed for new strategies/tools

Theoretical appeal

• central to weak scale dynamics

• crucial in BSM theories

• window to SM UV completions

Top quark

top quark puts weight on the suspension 

to almost breaking point
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What’s next? Attempts discussed here!

Top quark
Phenomenological appeal


• abundantly produced

• rich final state phenomenology

• testbed for new strategies/tools

Theoretical appeal

• central to weak scale dynamics

• crucial in BSM theories

• window to SM UV completions

Top quark
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coupling/scale 
separated BSM physics

Effective Field Theory concrete models

‣ 𝜈SMEFT

‣ (    ) Higgs portals

‣ 2HDMs

‣ compositeness

‣ …

[Buchmüller, Wyler `87] 

[Hagiwara, Peccei, Zeppenfeld, Hikasa `87]

[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]

L = LSM +
�

i

ci

�2
Oi

A general route to success?
no evidence for 

exoticsthe SM is flawed

59 B-conserving operators ⊗ flavor ⊗ h.c., d=6
2499 parameters (reduces to 76 with Nf=1)

+ . . .
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Figure 5.7. Comparison of the magnitude of 95% CL intervals in the global (marginalised) and
individual fits at the linear (top) and quadratic (bottom) level, see also Table 5.4.

CL intervals found in the linear EFT anaysis are increased as follows when going from the
individual to the marginalised fits:

ctZ : [≠0.04, 0.10] (individual) vs [≠17, 5.6] (marginalised) ,

cÏB : [≠0.005, 0.002] (individual) vs [≠0.7, 0.3] (marginalised) .

This e�ect clearly emphasizes the importance of adopting a fitting basis as wide as possible,
in order to avoid obtaining artificially stringent bounds simply because one is being blind
to other relevant directions of the parameter space. One important exception of this rule
would be those cases where one is guided by specific UV-complete models, which motivate
the reduction in the parameter space to a subset of operators. We also note that the triple
gauge operator cW is one of the few coe�cients whose individual and marginalised bounds
are identical: this can be traced back to the fact that this operator is very weakly correlated
with other coe�cients (see also Fig. 5.6), being constrained exclusively by the diboson data.

58

[Ellis, Sanz, You]
[TopFitter]


[Sfitter]

[GFitter]


[SMEFiT]

…
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‣ correlations in particle physics, when perturbative, are 
parametrisable by Feynman diagrams

kinematic 
correlations

helicity 
correlations

colour 
correlations

….

theory

reverse-engineer in terms of collider observables
for SM validation or exclusion
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‣ Can we impart Feynman-graph correlations on measurements to 
enhance BSM sensitivity? 

…Graph Neural Networks jet tagging [Dreyer, Hu `20] 

anomaly detection [Atkinson et al. `21]


…

p
Lref/L for extrapolations. Our implementation relies on Rivet [56, 57], which processes

events after showering with Pythia8 [58] before feeding them into the fit.

To avoid imposing any assumptions as to correlations — and remove the chance that

double-counting of events would artificially inflate sensitivity to EFT contributions — a

single distribution is used where bin-to-bin correlations are included, and a single bin is

used where they are not. The selection of the bin/distribution is made on a coe�cient-by-

coe�cient basis, with the input with maximum deviation from the SM at a fixed point on

that axis being selected. Where a normalised distribution is used we must drop a bin, as

otherwise the covariance matrix will be singular. The dropped bin is chosen such that we

obtain the most stable covariance matrix, with the bin with the largest uncertainty being

dropped if there are multiple bins leading to an equivalently well-conditioned covariance

matrix.2

In the following we will consider bounds for all relevant operators using the dimensionless

‘bar’ notation

C̄i = Ci
v2

⇤2
, (2.3)

with the electroweak expectation value v ' 246 GeV.

3 Graph representation of events

In order to use a GNN as a classifier, the events need to be embedded in a graph structure

with nodes, edges and features associated to observables of final states or reconstructed

objects. While various di↵erent approaches are possible to construct a graph from the

IR-safe, calibratable and detectable final states, we employ a physics-motivated strategy,

creating graphs similar to the tree of the chain of eq. (2.2). Concretely, we pre-process

the data samples and require at least two jets of transverse momentum pT (j) > 20 GeV

and pseudorapidity |⌘| < 5 that are not b-tagged. The event is vetoed if there are not at

least two b-jets and one lepton ` in the central part of the detector (|⌘(`)| < 2.5), where the

Edge Conv
(60)

Soft Max

Linear (40) + Relu

Edge Conv
(60)

MET

Figure 1. Representative diagram for the input graph and the network architecture used in this
paper.

2
For details on statistical inference we refer interested readers to Refs. [18, 19].

– 4 –

?

?

nodes with features

b-jets must also satisfy pT (b) > 20 GeV. Subsequently, we embed the passed events into

graphs using the following steps (see also fig. 1):

(i) Nodes: Firstly, the missing transverse momentum (MTM) is identified by balancing the

net visible momenta, �p(visible), neglecting the longitudinal components. A node is added

corresponding to MTM. Then, for each lepton, we attempt to reconstruct the W four-

momentum as a sum of the lepton’s four-momentum and the MTM. The invariant mass of

the W candidate is calculated and if it falls within [65, 95] GeV a node is added, labelled

W1, as well as one for the b-jet b1 that has the smallest separation �R =
p

�⌘2 + ��2

from W1. In the case where there are more lepton-MTM combinations with compatible

invariant mass, the one closest to the W boson mass is selected. The top from the leptonic

decay chain t1 is finally reconstructed from the four-momenta of `, b1 and MTM and

obtains its respective node. Following a similar procedure, we consider combinations of

jets to find a pair with dijet invariant mass 70 GeV  m(jj)  90 GeV. If a pair is found

we add nodes for the two jets j1, j2 and for the second boson W2, otherwise we only add

nodes for the two leading jets. From the remaining b-jets a node is added for the leading

one, b2, as well as for the second top t2 whose four-momentum is reconstructed using b2,

j1 and j2. We scan over the remaining particles and if any are within �R < 0.8 of any of

the identified or reconstructed objects we add a node that will be connected only to the

nearby object.

(ii) Edges: The connections between the nodes create the adjacency matrix of the graph and

the nodes of the final states are connected to the ones of the reconstructed objects from

which they are derived. We first connect the MTM and lepton to W1 and subsequently,

W1 and b1 are connected to the first top quark node. If a W1 was not created then the

aforementioned final states connect directly to t1.3 Similarly, for the other leg of the

decay chain, if W2 was successfully reconstructed, we join its node with the two jets used

to reconstruct it, and then W2 and and b2 are connected to the top node. The jets are

directly connected to the top if there is no node for W2. Any node originating from the

remaining final states is connected to the node of the object that satisfied �R < 0.8.

(iii) Node features: After constructing the node and edges, we associate each node with a

feature vector [pT , ⌘, �, E, m, PID], which represent transverse momentum, pseudorapidity,

azimuthal angle, energy, mass and particle identification number respectively.

3.1 Graph Neural Network with Edge Convolution

Convolution networks have seen a range of developments in the past few years. These

have created the capability to employ multi-scale localised spatial features. However,

Convolutional Neural Networks (CNNs) are limited to work on regular Euclidean-data like

images. Recent GNN developments have overcome this limitation through generalising

CNNs to operate on graph structured data, facilitating the exploration of non-Euclidean

domains of the data [59]. This was formalised as Message Passing Neural Networks (MPNNs)

3
We expect that this will lead to a further enhancement of sensitivity when the ⇤

�4
non-resonant

contributions are considered.

– 5 –

edges for feature correlation
e.g. W reconstructions vs four 
fermion discrimination

supervised training over graph 
structures to enhance BSM sensitivity

To (better?) EFT…



supervised training over graph structures to enhance BSM sensitivity

[Atkinson et al. `21]

‣ large improvement attainable 
when BSM correlations affect 
exclusive phasespace correlations


‣ no improvement when inclusive 
selections determine sensitivity

fractional improvement vs CMS-TOP-16-008

17

expect additional improvements 
for UV-matched fits

To (better?) EFT…

2.3 fb�1 3 ab�1

Individual Profiled Individual Profiled

C̄G 0.07% 14.12% 0.07% 11.09%

C̄(3)33
'q 33.74% 34.19% 33.73% 33.48%

C̄33
uG 28.29% 32.18% 28.28% 30.74%

C̄33
uW 34.86% 35.35% 34.85% 35.53%

C̄(8)33ii
qd 4.71% 4.68% 4.71% 4.76%

C̄(1)i33i
qq 3.50% 3.45% 3.50% 4.73%

C̄(3)i33i
qq 4.35% 4.28% 4.35% 5.00%

C̄(3)ii33
qq 63.83% – 63.83% 71.91%

C̄(8)33ii
qu 3.45% 3.51% 3.45% 3.48%

C̄(8)ii33
qu 3.74% 3.72% 3.74% 3.77%

C̄(8)33ii
ud 4.62% 4.46% 4.62% 4.79%

C̄i33i
uu 3.38% 3.35% 3.38% 1.95%

C̄(3)ii33
lq – – 10.57% 35.52%

Table 3. Maximum improvements in 2� bounds via a cut on the ML score.

Starting from the baseline sensitivity as quoted in table 2 (see also section 2), we first

show how contributing operators are impacted by imposing ML score cuts in fig. 6. Sizeable

improvements can be obtained when the momentum enhancement is present (e.g. in case of

C̄33
uG). Similarly, the graph network performs well in discriminating the non-resonant top

decay contributions, e.g. in case C̄33
uW . Improvements ranging between 5% and 60% are

achievable in such instances (see table 3), depending on the operators under consideration,

however, always at stringent cuts on the ML score to achieve a generic BSM-sensitive

selection (before losing statistical control for score cuts approaching unity). Representative

operator improvements as a function of the ML score are given in fig. 7. Operators showing a

relatively small improvement are already under relatively good control via the inclusive rate

and the baseline selection, which establishes good sensitivity to such non-SM interactions.

In particular this holds for the C̄G direction (which can be constrained in more adapted

ways by exploiting multi-jet production [78, 79]).

Since individual constraints focus on one operator fixing the rest of the WCs to zero,

it is common practice to profile over the rest of the WCs by determining their value

such that the �2 function is minimised. In the scenario where the analysis is particularly

sensitive to the presence of any additional operator, a significant decrease in sensitivity will

arise. We calculate the improvement in the case of profiled WCs which, as shown in fig. 7,

– 13 –
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‣ new top-philic states arise in many BSM theories:


‣ top pair production with large cross section could fingerprint such 
states 3

g

g

t

t

g

S

t

t

g

g

t

t

t

t

t S

g

g

t

t

t

t

t S

g

g

t

t

t

t

t

S

g

g

t

t

t

t

t S

g

g

t

tS
t

t

t

q

q

t

t

g

S

t

t

FIG. 1: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the simplified model of eq. (1).
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FIG. 2: Representative counter term contributions to gg ! tt̄.

both analytically and numerically for the gg and qq̄ chan-
nels independently. We use real masses throughout this
work, but note that the discrimination of signal and back-
ground can have shortfalls when the scalar width be-
comes comparable to the resonance mass [89–93], which
is indicative of a loss of perturbative control [94].

We now turn to the e↵ective theory description of the
model of eq. (1) at low energies or, equivalently, when
the scalar mass mS is taken to be large. Integrating out
the heavy scalar generates two dimension six operators
that enter the processes considered in this paper. The
first of these is a modified gluon-tt̄ interaction, described
by the e↵ective operator

OtG = vt̄LT
a�µ⌫tR Ga

µ⌫ (3)

(and its Hermitian conjugate). Here tL and tR de-
note left-handed and right-handed top quarks, T a are
the SU(3) generators in the fundamental representa-
tion, �µ⌫ = i[�µ, �⌫ ]/2 and Ga

µ⌫ is the QCD gauge field
strength tensor. Note, that we have scaled the operator
by an additional factor of the vacuum expectation value
v of the SM Higgs boson. The second operator is a four-
fermion operator involving four top quarks, and given by

expanding the scalar propagator for large mS in relation
to its four momentum q2,

(t̄t)
c2S

q2 � m2

S

(t̄t)
q2⌧m2

S
�! �

c2S
m2

S

(t̄t)2 =
ctt
⇤2

Ott (4)

see e.g. fig. 3. Note that this operator is not part of the
Warsaw (SM EFT) basis [7], but it is more convenient
for our purposes. For instance in four top production,
the operator of eq. (4) enters at tree-level in the EFT,
as illustrated in fig. 3. The contribution from the oper-
ator OtG is suppressed with respect to the contribution
from Ott because it is loop-induced and four-top contri-
butions with one OtG insertion are of higher order in ↵s

than four-top contributions with one insertion of Ott (see
appendix A). The situation is di↵erent in top pair pro-
duction. Since Ott enters only through loops (see, e.g.
fig. 4) there is no relative suppression with respect to
OtG which is also loop-induced. Furthermore, tree-level
diagrams with one OtG insertion (whose topology is the
same as the upper three diagrams in fig. 2) and one-loop
diagrams with one Ott insertion (as in fig. 4) contribute
to the same perturbative order in ↵s. Hence, in top quark

4
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FIG. 3: (a), (b) tree-level graph in the theory of eq.(1) contributing to four top production; (c) tree-level contribution in the
EFT description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (4).
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FIG. 4: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the e↵ective theory formulation of eq. (1),
the shaded region represents a four top insertion.

pair production both operators are relevant and have to
be included in a consistent EFT calculation.

In particular, including the four top contribution re-
quires the calculation of the loop diagrams of fig. 4. These
contributions require additional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences related to EFT
operators is performed in the MS scheme, and we have
checked UV finiteness of all of our expressions for the fi-
nal amplitude. The sum of tree-level contributions from
OtG and the one-loop contributions from Ott yields the
results for observables of top quark pair production at
NLO EFT in terms of the Wilson coe�cients ctG and
ctt.

Furthermore, our use of a specific model of new physics
at high energy means that we can fix the values of the
Wilson coe�cients by matching the full theory and NLO
EFT calculations at a suitable matching scale µM taking
the operator mixing between OtG and Ott into account.
We choose µM = mS/2 in the following unless other-
wise specified. We extract ctG as the finite remainder
after subtracting the MS-renormalised four fermion one-
loop insertion from the EFT operator that is induced by
the propagating S. Note that it does not require UV
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FIG. 5: Matched value of ctG for di↵erent matching scale
choices and scalar masses (cS = 1) as detailed in the text.

renormalisation as opposed to the four fermion insertion.
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“SAGEX”.

Appendix A: Notes on renormalisation and matching

The UV divergent corrections of top pair production
in the simplified model are given by the vertex and prop-
agator corrections depicted in Fig. 1. The on-shell renor-
malisation of UV divergencies is determined only by top
quark mass and wave function counterterms (these can be
found in Ref. [106]). The cancellation of UV singularities
along these lines is expected by the gauge-singlet char-
acter of S and the product-group gauge theory form of
the SM. Hence, there is no renormalization of the gauge
couplings.

The qualitative changes in the renormalisation proce-
dure when comparing full and e↵ective theory compu-
tation is highlighted by considering the top quark two-
point function. Approaching the limit mS ! 1 before
carrying out the loop integration results in a schematic
identification

B0(q
2,mt,mS) ⇠
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A0(mt)

m2

S

, (A1)

where A0 and B0 are the Passarino-Veltman one-point
and two-point scalar functions [106, 107]. Since the A0

function does not depend on the momentum of the two-
point function there is no top quark wave function renor-
malisation involved in the EFT calculation. Instead the
renormalisation of the EFT calculation is performed in
the top quark mass and the Wilson coe�cient ctG. The
EFT renormalisation of the top mass due to the four
fermion insertion is given by

�mEFT

t =
ctt

16⇡2⇤2
mtA0(mt) . (A2)

The one-loop EFT contributions (see fig. 4) give rise to
UV singularities. After top mass renormalisation we are
left with the following UV divergence in the NLO EFT
amplitude

M(gg ! tt̄)
��EFT,mt-ren.

NLO, div
= �

cttgsyt
32⇡2⇤2

�UV
hOtGi , (A3)

where �UV = ✏�1
� �E + log 4⇡ in dimensional regu-

larisation with D = 4 � 2✏ dimensions and yt denotes
the top Yukawa coupling (we have traded mt against the
vacuum expectation value that apears in the normalisa-
tion of eq. (3)). The amplitude hOtGi denotes all OtG

operator insertions that contribute to gg ! tt̄ at tree-
level including those with contact interactions ggtt̄. This
shows that the one-loop insertion of the four-fermion op-
erator Ott induces a renormalisation of the OtG operator
since the LO EFT amplitude is given by

M(gg ! tt̄)
��EFT

LO
= hOSM i +

ctG
⇤2

hOtGi , (A4)

where hOSM i represents the SM amplitude, which is in-
dependent from hOtGi as a result of [7]. The divergence
in eq. (A3) can be removed by including a ctG counter
term

�ctG
⇤2

=
cttgsyt
32⇡2⇤2

�
�UV + F(µ2)

�
, (A5)

where F denotes renormalisation-scheme dependent fi-
nite terms that will be fixed when we match the one-
loop EFT amplitude with the on-shell renormalised one-
loop result for propagating S at a matching scale µM .
The matching relation (which also addresses the quark-
induced channels) is given by
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+
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Concretely this means that we first extract the Lorentz structure related to the operator insertion of Otg of the
renormalised EFT as well as the full calculation. We then identify the coe�cients of the Otg amplitudes (Lorentz
structures) at a matching scale µ2

M , which fixes the finite terms F(µ2

M ) that correspond to a tree-level insertion of
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description, in which more e↵ective operators are gener-
ated; (iii) the full simplified model. We can then examine
the validity of each approach, and the ease of matching
EFT constraints to the full theory.

We will first focus on top quark pair production,
demonstrating explicitly that an EFT description can
provide an excellent approximation to the full model, as
expected. However, we will see that NLO corrections in
the EFT approach are particularly important, and that a
näıve LO approach tends to overestimate kinematic dis-
tributions, such that its (invalid) application would lead
to over-optimistic constraints on new physics.

The operators examined in this paper also a↵ect four
top production [26, 50, 51], which is actively being
searched for by both the ATLAS [52] and CMS [53, 54]
collaborations. We examine the projected constraints on
this process (and top pair production) that are expected
to be obtained after the high luminosity LHC (HL-LHC)
upgrade [55–57], and convert these into constraints on
the parameter space of the new physics model. We will
see that constraints from four top production are compet-
itive with top pair production, suggesting that the two
processes would have roughly comparable weights in a
global EFT fit. However, the extrapolated uncertainties
from both top pair and four top production lead to con-
straints that probe parameter space regions in which the
full theory is non-perturbative. For large scalar masses,
the width of the scalar resonance increases, such that no
meaningful constraint on the coupling is obtained in the
full theory. Thus, whilst constraints in the EFT descrip-
tion remain in principle valid and are possible, it becomes
impossible to match the EFT description to the full the-
ory of new physics, given that perturbative computations
in the latter are not obtainable.

The model considered here has been widely-studied in
a number of di↵erent new physics scenarios. Thus, we
hope that our results provide a useful case study for the
application of EFT at the LHC, which will inform prag-
matic discussions about how to apply this technique go-
ing forwards, and what can be learned (or otherwise)
about specific UV completions. The structure of our
paper is as follows. In Sec. II we introduce the sim-
plified model (of an additional scalar particle) that we
are considering, and calculate the corrections to top pair
production up to NLO. We furthermore explain how the
EFT description is obtained at low energy (relative to the
scalar mass). In section III, we present numerical results
for the top invariant mass distribution, and demonstrate
the validity of the EFT description, even at LO, when the
scalar mass is asymptotically large. We then quantify the
mass regime in which the NLO-matched EFT description
is a good approximation of the full theory. In section IV,
we examine the projected uncertainties on top pair and
four top production at the LHC, and examine the con-
straints obtained in the EFT at (N)LO, as well as the
full theory. Finally, in section V, we discuss our results
and conclude.

II. A SIMPLIFIED MODEL AND ITS EFT
LIMIT

In this work, we consider a simplified model (similar
to Ref. [58]) with dominant couplings to the top quark

LBSM =
1

2
@µS@

µS �
1

2
m2

SS
2

� (cS t̄LtRS + h.c.) (1)

where S is a scalar field of mass mS .1 Provided the
latter is greater than 2mt, where mt is the top mass, the
scalar S may directly decay into (anti)-top pairs, with
corresponding width

�(S ! tt̄) =
3c2SmS

8⇡

s

1 �
4m2

t

m2

S

⌘ c2S �̃ . (2)

Further contributions to the width arise from the fact
that S can couple to gluons and photons via a top quark
loop, analogously to the SM Higgs boson. Although we
include the loop-induced decays for completeness, the
prompt decay S ! tt̄ dominates over the entire consid-
ered mass range.

Our aim in this paper is to compare an EFT descrip-
tion of the theory of eq. (1) at low energy, with the full
theory, in order to assess the validity and interpretation
of the former. To this end, let us consider how this theory
leads to corrections to top pair production up to NLO in
the coupling of the scalar i.e. up to and including O(c2S).
Comparison with the EFT will then allow us to match
the two descriptions. Representative diagrams contribut-
ing to the gluon-induced process gg ! tt̄ are shown in
fig. 1, where we do not consider SM electroweak contribu-
tions [60] (see also [61, 62]). In the SM, for heavy Higgs
bosons, it is known that the Higgs signal (with a large
QCD K factor [63, 64]) has sizeable interference e↵ects
with the QCD continuum in gg ! tt̄ [65–67]. This in-
fluences exclusion constraints, but is also a viable source
for new physics beyond the SM [20, 68–77]. The pre-
dominant focus of previous work was therefore devoted
to isolating the resonance shape and cross section, which
is not our focus here. Note, however, that loop e↵ects
and their relation to (Higgs) e↵ective field theory were
first discussed in [78–81].

For our analysis, we implement the leading or-
der, virtual and counter term (fig. 2) contributions
for qq̄, gg ! tt̄ production at O(c2S) in a modi-
fied version of Vbfnlo [82–85] which links Form-
Calc/LoopTools [86, 87]. Various analytical compar-
isons against alternative calculations as well as numer-
ical cross checks of leading order amplitudes have been
performed using MadGraph [88]. We use the on-shell
renormalisation scheme, and have verified UV finiteness

1Similar frameworks have been considered in FCNC studies,
e.g. [59].

…or not(?) to EFT…
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FIG. 6: BSM interference contribution as a function of the invariant tt̄mass for gluon fusion (left) and qq̄ annihilation, neglecting
the Z contribution. As the interference changes sign we choose to plot the absolute value of the interference for clarity. We
choose mS = 2 TeV and cS = 0.1.

The dependence of ctG on the matching scale is shown in
figure 5. As the matching scale is related to a renormali-
sation scale choice (appendix A), the cross section has a
logarithmic dependence on the µM .

As for the full simplified model calculation described
above, we have implemented our matched NLO calcula-
tion in a modified version of Vbfnlo [82–85].

III. VALIDITY OF EFT AT (NEXT-TO)
LEADING ORDER

In the previous section, we outlined a particular sim-
plified model for new physics in the top quark sector, and
explained how this can be matched to an EFT descrip-
tion at low energies. In this section, we analyse the range
of validity of the latter, as the mass of the scalar particle
is lowered towards LHC energies. We will illustrate our
results using the invariant mass distribution of the final
state tops in top pair production, although similar results
would be obtained for other kinematic distributions.

In fig. 6, we show the contribution to the invariant
mass mtt̄ stemming from the interference between the
new physics process, and the SM contribution,

d�(tt̄) ⇠ 2Re
⇣
M

SM

tt̄ M
⇤ virt/d6

tt̄

⌘
(5)

where virt/d6 represents the propagating-S contributions
or their dimension six EFT counterparts, for a scalar
mass of mS = 2 TeV. Three di↵erent curves are shown.
The blue curve shows the result obtained from the full
theory of eq. (1), with all dynamics correctly included.
The red curve shows the results of our NLO-matched

EFT calculation. We see that the EFT and the full com-
putation agree well, as long as we are away from the turn-
on of the scalar Breit-Wigner distribution. The green
curve in fig. 6 shows the results of a bottom-up approach
to EFT where we assume no knowledge about the full
theory. Specifically, we perform a LO EFT calculation
of tt̄ production taking only tree-level diagrams with one
insertion of OtG into account. We treat the Wilson co-
e�cient ctG as a free parameter in the EFT and fit ctG
to Monte Carlo data that was generated using the full
theory. This approach simulates an EFT fit where the
EFT prediction is calculated at LO and applied to data
which contains the signatures of the simplified model of
eq. (1). This näıve approach based on fitting ctG alone
never reproduces the correct shape. This becomes even
more transparent when we push the scalar mass to larger
values, e.g. mS = 5 TeV in fig. 7. The full theory and the
NLO EFT calculation agree very well, with the turn-on
of the scalar exchange only leading to mild corrections
for large values of m(tt̄) in the (dominant) gluon fusion
component. Again as expected, the LO EFT approach
now deviates significantly. In particular, fixing the coef-
ficient of ctG at low energies where the mtt̄ distribution is
measured more precisely leads to a drastic mismodelling
of the shape of the invariant mass distribution, with a
significant overestimate of the high mass tail. As we will
see in the following section, this can lead to an overly
optimistic constraint on possible new physics e↵ects, for
the model that we consider here.

In fig. 8, we indicate the validity range when com-
paring full theory and NLO EFT computation (for a
general discussion see [95]). The parameter mmax(tt̄)
denotes the energy scale at which the NLO EFT and

…or not(?) to EFT…
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“SAGEX”.

Appendix A: Notes on renormalisation and matching

The UV divergent corrections of top pair production
in the simplified model are given by the vertex and prop-
agator corrections depicted in Fig. 1. The on-shell renor-
malisation of UV divergencies is determined only by top
quark mass and wave function counterterms (these can be
found in Ref. [106]). The cancellation of UV singularities
along these lines is expected by the gauge-singlet char-
acter of S and the product-group gauge theory form of
the SM. Hence, there is no renormalization of the gauge
couplings.

The qualitative changes in the renormalisation proce-
dure when comparing full and e↵ective theory compu-
tation is highlighted by considering the top quark two-
point function. Approaching the limit mS ! 1 before
carrying out the loop integration results in a schematic
identification
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S

, (A1)

where A0 and B0 are the Passarino-Veltman one-point
and two-point scalar functions [106, 107]. Since the A0

function does not depend on the momentum of the two-
point function there is no top quark wave function renor-
malisation involved in the EFT calculation. Instead the
renormalisation of the EFT calculation is performed in
the top quark mass and the Wilson coe�cient ctG. The
EFT renormalisation of the top mass due to the four
fermion insertion is given by

�mEFT

t =
ctt

16⇡2⇤2
mtA0(mt) . (A2)

The one-loop EFT contributions (see fig. 4) give rise to
UV singularities. After top mass renormalisation we are
left with the following UV divergence in the NLO EFT
amplitude

M(gg ! tt̄)
��EFT,mt-ren.

NLO, div
= �

cttgsyt
32⇡2⇤2

�UV
hOtGi , (A3)

where �UV = ✏�1
� �E + log 4⇡ in dimensional regu-

larisation with D = 4 � 2✏ dimensions and yt denotes
the top Yukawa coupling (we have traded mt against the
vacuum expectation value that apears in the normalisa-
tion of eq. (3)). The amplitude hOtGi denotes all OtG

operator insertions that contribute to gg ! tt̄ at tree-
level including those with contact interactions ggtt̄. This
shows that the one-loop insertion of the four-fermion op-
erator Ott induces a renormalisation of the OtG operator
since the LO EFT amplitude is given by

M(gg ! tt̄)
��EFT

LO
= hOSM i +

ctG
⇤2

hOtGi , (A4)

where hOSM i represents the SM amplitude, which is in-
dependent from hOtGi as a result of [7]. The divergence
in eq. (A3) can be removed by including a ctG counter
term

�ctG
⇤2

=
cttgsyt
32⇡2⇤2

�
�UV + F(µ2)

�
, (A5)

where F denotes renormalisation-scheme dependent fi-
nite terms that will be fixed when we match the one-
loop EFT amplitude with the on-shell renormalised one-
loop result for propagating S at a matching scale µM .
The matching relation (which also addresses the quark-
induced channels) is given by

t

t

g
Q2

t
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t
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Q2 = µ2
M

hOtGi, ren.

=

t

t
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Q2
S
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t
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Q2 = µ2
M

hOtGi

. (A6)

Concretely this means that we first extract the Lorentz structure related to the operator insertion of Otg of the
renormalised EFT as well as the full calculation. We then identify the coe�cients of the Otg amplitudes (Lorentz
structures) at a matching scale µ2

M , which fixes the finite terms F(µ2

M ) that correspond to a tree-level insertion of
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FIG. 6: BSM interference contribution as a function of the invariant tt̄mass for gluon fusion (left) and qq̄ annihilation, neglecting
the Z contribution. As the interference changes sign we choose to plot the absolute value of the interference for clarity. We
choose mS = 2 TeV and cS = 0.1.

The dependence of ctG on the matching scale is shown in
figure 5. As the matching scale is related to a renormali-
sation scale choice (appendix A), the cross section has a
logarithmic dependence on the µM .

As for the full simplified model calculation described
above, we have implemented our matched NLO calcula-
tion in a modified version of Vbfnlo [82–85].

III. VALIDITY OF EFT AT (NEXT-TO)
LEADING ORDER

In the previous section, we outlined a particular sim-
plified model for new physics in the top quark sector, and
explained how this can be matched to an EFT descrip-
tion at low energies. In this section, we analyse the range
of validity of the latter, as the mass of the scalar particle
is lowered towards LHC energies. We will illustrate our
results using the invariant mass distribution of the final
state tops in top pair production, although similar results
would be obtained for other kinematic distributions.

In fig. 6, we show the contribution to the invariant
mass mtt̄ stemming from the interference between the
new physics process, and the SM contribution,

d�(tt̄) ⇠ 2Re
⇣
M

SM

tt̄ M
⇤ virt/d6

tt̄

⌘
(5)

where virt/d6 represents the propagating-S contributions
or their dimension six EFT counterparts, for a scalar
mass of mS = 2 TeV. Three di↵erent curves are shown.
The blue curve shows the result obtained from the full
theory of eq. (1), with all dynamics correctly included.
The red curve shows the results of our NLO-matched

EFT calculation. We see that the EFT and the full com-
putation agree well, as long as we are away from the turn-
on of the scalar Breit-Wigner distribution. The green
curve in fig. 6 shows the results of a bottom-up approach
to EFT where we assume no knowledge about the full
theory. Specifically, we perform a LO EFT calculation
of tt̄ production taking only tree-level diagrams with one
insertion of OtG into account. We treat the Wilson co-
e�cient ctG as a free parameter in the EFT and fit ctG
to Monte Carlo data that was generated using the full
theory. This approach simulates an EFT fit where the
EFT prediction is calculated at LO and applied to data
which contains the signatures of the simplified model of
eq. (1). This näıve approach based on fitting ctG alone
never reproduces the correct shape. This becomes even
more transparent when we push the scalar mass to larger
values, e.g. mS = 5 TeV in fig. 7. The full theory and the
NLO EFT calculation agree very well, with the turn-on
of the scalar exchange only leading to mild corrections
for large values of m(tt̄) in the (dominant) gluon fusion
component. Again as expected, the LO EFT approach
now deviates significantly. In particular, fixing the coef-
ficient of ctG at low energies where the mtt̄ distribution is
measured more precisely leads to a drastic mismodelling
of the shape of the invariant mass distribution, with a
significant overestimate of the high mass tail. As we will
see in the following section, this can lead to an overly
optimistic constraint on possible new physics e↵ects, for
the model that we consider here.

In fig. 8, we indicate the validity range when com-
paring full theory and NLO EFT computation (for a
general discussion see [95]). The parameter mmax(tt̄)
denotes the energy scale at which the NLO EFT and
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Appendix A: Notes on renormalisation and matching

The UV divergent corrections of top pair production
in the simplified model are given by the vertex and prop-
agator corrections depicted in Fig. 1. The on-shell renor-
malisation of UV divergencies is determined only by top
quark mass and wave function counterterms (these can be
found in Ref. [106]). The cancellation of UV singularities
along these lines is expected by the gauge-singlet char-
acter of S and the product-group gauge theory form of
the SM. Hence, there is no renormalization of the gauge
couplings.

The qualitative changes in the renormalisation proce-
dure when comparing full and e↵ective theory compu-
tation is highlighted by considering the top quark two-
point function. Approaching the limit mS ! 1 before
carrying out the loop integration results in a schematic
identification
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where A0 and B0 are the Passarino-Veltman one-point
and two-point scalar functions [106, 107]. Since the A0

function does not depend on the momentum of the two-
point function there is no top quark wave function renor-
malisation involved in the EFT calculation. Instead the
renormalisation of the EFT calculation is performed in
the top quark mass and the Wilson coe�cient ctG. The
EFT renormalisation of the top mass due to the four
fermion insertion is given by

�mEFT

t =
ctt

16⇡2⇤2
mtA0(mt) . (A2)

The one-loop EFT contributions (see fig. 4) give rise to
UV singularities. After top mass renormalisation we are
left with the following UV divergence in the NLO EFT
amplitude

M(gg ! tt̄)
��EFT,mt-ren.

NLO, div
= �

cttgsyt
32⇡2⇤2

�UV
hOtGi , (A3)

where �UV = ✏�1
� �E + log 4⇡ in dimensional regu-

larisation with D = 4 � 2✏ dimensions and yt denotes
the top Yukawa coupling (we have traded mt against the
vacuum expectation value that apears in the normalisa-
tion of eq. (3)). The amplitude hOtGi denotes all OtG

operator insertions that contribute to gg ! tt̄ at tree-
level including those with contact interactions ggtt̄. This
shows that the one-loop insertion of the four-fermion op-
erator Ott induces a renormalisation of the OtG operator
since the LO EFT amplitude is given by

M(gg ! tt̄)
��EFT

LO
= hOSM i +

ctG
⇤2

hOtGi , (A4)

where hOSM i represents the SM amplitude, which is in-
dependent from hOtGi as a result of [7]. The divergence
in eq. (A3) can be removed by including a ctG counter
term

�ctG
⇤2

=
cttgsyt
32⇡2⇤2

�
�UV + F(µ2)

�
, (A5)

where F denotes renormalisation-scheme dependent fi-
nite terms that will be fixed when we match the one-
loop EFT amplitude with the on-shell renormalised one-
loop result for propagating S at a matching scale µM .
The matching relation (which also addresses the quark-
induced channels) is given by
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Concretely this means that we first extract the Lorentz structure related to the operator insertion of Otg of the
renormalised EFT as well as the full calculation. We then identify the coe�cients of the Otg amplitudes (Lorentz
structures) at a matching scale µ2

M , which fixes the finite terms F(µ2

M ) that correspond to a tree-level insertion of
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above-mentioned processes leads to exclusion contours in
the (mS , cS) parameter space, shown in fig. 9, where any-
thing above a given curve (i.e. for stronger couplings cS)
is excluded. Secondly, we will assume that an NLO EFT
analysis has been applied, leading to constraints on the
coe�cients of the new physics operators OtG and Ott.
By matching with the full theory as described previously,
constraints on the operator coe�cients can also be con-
verted to curves in the (mS , cS) plane.

The top pair production cross section is currently
known at NNLO precision [97, 98] (see also [99]). Given
the large cross section, the theoretical uncertainty will
be the limiting factor of physics in the top sector (see
also [24]). In fig. 9, we show the sensitivity of the LHC
under the assumption that the unfolded mtt̄ distribution
can be described at an optimistic 3% level using a binned
�2 test as detailed in Ref. [15]. For this particular er-
ror choice the EFT and full theory agreement happens
to be slightly above the perturbative unitarity limit of
c2S ' 8⇡ that can be derived from tt̄ ! tt̄ scattering in
the full model (i.e. with propagating S). A larger er-
ror budget quickly pushes the constraints deeply into the
non-perturbative regime. On the other hand sensitivity
to cS ' 1 requires per mille level uncertainties. These
are beyond the current state-of-the-art. As can be seen,
for large scalar masses where the EFT reproduces the
full model expectations both approaches are compatible.
At lower masses, tighter constraints are obtained in the
EFT than in the full theory. This is due to the systematic
tendency (visible in figs. 6–7) of the EFT to overestimate
the full theory due to the absence of absorptive parts in
the region where the scalar contribution gets resolved.
Thus, applying EFT alone would result in overly opti-
mistic reported constraints on new physics, that would
not be strictly valid. Note that in this comparison we in-
clude the squared s-channel scalar contribution with an
approximate K factor ' 2.5 [63, 64] as this significantly
impacts the exclusion for the dynamic S. Notwithstand-
ing the accuracy at which the EFT manages to approx-
imate the full computation, we see that hadron collider
systematics do seriously curtail precision physics in the
top sector when contrasted with certain classes of top-
philic BSM models. The simplified model highlights this
through Fig. 9. Gaining sensitivity in such an instance
crucially rests on more precise SM predictions that allow
constraints to be pushed into the perturbative limit of
the model.

One might argue that discovering a contrived top-philic
new physics scenario is di�cult to achieve in the first
place. However, for the scenario that we have stud-
ied there is the possibility to investigate four top final
states similar to existing analyses [26, 50, 51]. The ex-
periments have also performed extrapolations to the HL-
LHC, e.g. [55–57]. As the cross sections for this pro-
cess are relatively small, O(10 fb) [100, 101], statistical
and experimental uncertainties will be important. There
is reason to believe that the latter can be brought un-
der su�cient control and e.g. ATLAS have shown that

a sensitivity of 11% around the SM expectation can be
achieved [56] which is smaller than the current theoreti-
cal precision. It is not unreasonable to expect that the-
oretical predictions can be improved and we assume a
18% accuracy in the extraction of the unfolded tt̄tt̄ cross
section, which is slightly worse than the ATLAS extrap-
olation and the lowest bound provided by CMS [55].

We simulate four top events using MadEvent [88] keep-
ing track of destructive interference e↵ects that arise be-
tween the QCD and new scalar contributions. In the four
top case, these are much smaller than for gg ! tt̄, we
find a typical mild correction of O(�10%). Constraints
on the parameter space from applying the full simpli-
fied model, and the EFT approach, are shown in fig. 9.
Given that there is a tree-level induced dimension six
operator in this process (i.e. the four-fermion operator),
we restrict the present discussion to LO only. For low
scalar masses the constraints are comparable. However,
for larger masses applying the full model directly leads
to very weak constraints. This behaviour is dominated
by the assumed uncertainties, coupled with the fact that
at higher masses in the full theory, the decay width of
the scalar (from eq. (2)) becomes large. This decreases
the scalar contribution to four top final states to a large
extent, leading to a loss of sensitivity for the simplified
model in four top final states under our assumptions at
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FIG. 9: 95% confidence level exclusion contours for the sim-
plified model of eq. (1) as a function of its mass mS and top
coupling cS . The blue solid contour shows the full result (i.e.
propagating S at NLO) while the blue dashed line corresponds
to the EFT calculation. For pp ! tt̄ we assume a flat uncer-
tainty of 3%. The solid red line represents a pp ! tt̄tt̄ analysis
of the simplified scenario using the extrapolation of Ref. [56]
while the red dashed line represents the (LO) EFT four top re-
sults. The shaded band shows the region where perturbative
unitarity is lost, cS >⇠

p
8⇡ which we obtain from an explicit

partial wave projection calculation of tt̄ ! tt̄ in the full model,
i.e. with propagating S. Note that this is precisely the region
where �(S ! tt̄) ' mS according to Eq. (2). Finally, the
black dashed line is the unitarity constraint on the e↵ective
four top interaction, below which unitarity is preserved (for
details see text).
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FIG. 3: (a), (b) tree-level graph in the theory of eq.(1) contributing to four top production; (c) tree-level contribution in the
EFT description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (4).
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FIG. 4: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the e↵ective theory formulation of eq. (1),
the shaded region represents a four top insertion.

pair production both operators are relevant and have to
be included in a consistent EFT calculation.

In particular, including the four top contribution re-
quires the calculation of the loop diagrams of fig. 4. These
contributions require additional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences related to EFT
operators is performed in the MS scheme, and we have
checked UV finiteness of all of our expressions for the fi-
nal amplitude. The sum of tree-level contributions from
OtG and the one-loop contributions from Ott yields the
results for observables of top quark pair production at
NLO EFT in terms of the Wilson coe�cients ctG and
ctt.

Furthermore, our use of a specific model of new physics
at high energy means that we can fix the values of the
Wilson coe�cients by matching the full theory and NLO
EFT calculations at a suitable matching scale µM taking
the operator mixing between OtG and Ott into account.
We choose µM = mS/2 in the following unless other-
wise specified. We extract ctG as the finite remainder
after subtracting the MS-renormalised four fermion one-
loop insertion from the EFT operator that is induced by
the propagating S. Note that it does not require UV
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FIG. 5: Matched value of ctG for di↵erent matching scale
choices and scalar masses (cS = 1) as detailed in the text.
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‣ EFT is suitable tool to constrain such states model-independently, 
matching is crucial and so are expected uncertainties
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above-mentioned processes leads to exclusion contours in
the (mS , cS) parameter space, shown in fig. 9, where any-
thing above a given curve (i.e. for stronger couplings cS)
is excluded. Secondly, we will assume that an NLO EFT
analysis has been applied, leading to constraints on the
coe�cients of the new physics operators OtG and Ott.
By matching with the full theory as described previously,
constraints on the operator coe�cients can also be con-
verted to curves in the (mS , cS) plane.

The top pair production cross section is currently
known at NNLO precision [97, 98] (see also [99]). Given
the large cross section, the theoretical uncertainty will
be the limiting factor of physics in the top sector (see
also [24]). In fig. 9, we show the sensitivity of the LHC
under the assumption that the unfolded mtt̄ distribution
can be described at an optimistic 3% level using a binned
�2 test as detailed in Ref. [15]. For this particular er-
ror choice the EFT and full theory agreement happens
to be slightly above the perturbative unitarity limit of
c2S ' 8⇡ that can be derived from tt̄ ! tt̄ scattering in
the full model (i.e. with propagating S). A larger er-
ror budget quickly pushes the constraints deeply into the
non-perturbative regime. On the other hand sensitivity
to cS ' 1 requires per mille level uncertainties. These
are beyond the current state-of-the-art. As can be seen,
for large scalar masses where the EFT reproduces the
full model expectations both approaches are compatible.
At lower masses, tighter constraints are obtained in the
EFT than in the full theory. This is due to the systematic
tendency (visible in figs. 6–7) of the EFT to overestimate
the full theory due to the absence of absorptive parts in
the region where the scalar contribution gets resolved.
Thus, applying EFT alone would result in overly opti-
mistic reported constraints on new physics, that would
not be strictly valid. Note that in this comparison we in-
clude the squared s-channel scalar contribution with an
approximate K factor ' 2.5 [63, 64] as this significantly
impacts the exclusion for the dynamic S. Notwithstand-
ing the accuracy at which the EFT manages to approx-
imate the full computation, we see that hadron collider
systematics do seriously curtail precision physics in the
top sector when contrasted with certain classes of top-
philic BSM models. The simplified model highlights this
through Fig. 9. Gaining sensitivity in such an instance
crucially rests on more precise SM predictions that allow
constraints to be pushed into the perturbative limit of
the model.

One might argue that discovering a contrived top-philic
new physics scenario is di�cult to achieve in the first
place. However, for the scenario that we have stud-
ied there is the possibility to investigate four top final
states similar to existing analyses [26, 50, 51]. The ex-
periments have also performed extrapolations to the HL-
LHC, e.g. [55–57]. As the cross sections for this pro-
cess are relatively small, O(10 fb) [100, 101], statistical
and experimental uncertainties will be important. There
is reason to believe that the latter can be brought un-
der su�cient control and e.g. ATLAS have shown that

a sensitivity of 11% around the SM expectation can be
achieved [56] which is smaller than the current theoreti-
cal precision. It is not unreasonable to expect that the-
oretical predictions can be improved and we assume a
18% accuracy in the extraction of the unfolded tt̄tt̄ cross
section, which is slightly worse than the ATLAS extrap-
olation and the lowest bound provided by CMS [55].

We simulate four top events using MadEvent [88] keep-
ing track of destructive interference e↵ects that arise be-
tween the QCD and new scalar contributions. In the four
top case, these are much smaller than for gg ! tt̄, we
find a typical mild correction of O(�10%). Constraints
on the parameter space from applying the full simpli-
fied model, and the EFT approach, are shown in fig. 9.
Given that there is a tree-level induced dimension six
operator in this process (i.e. the four-fermion operator),
we restrict the present discussion to LO only. For low
scalar masses the constraints are comparable. However,
for larger masses applying the full model directly leads
to very weak constraints. This behaviour is dominated
by the assumed uncertainties, coupled with the fact that
at higher masses in the full theory, the decay width of
the scalar (from eq. (2)) becomes large. This decreases
the scalar contribution to four top final states to a large
extent, leading to a loss of sensitivity for the simplified
model in four top final states under our assumptions at
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FIG. 9: 95% confidence level exclusion contours for the sim-
plified model of eq. (1) as a function of its mass mS and top
coupling cS . The blue solid contour shows the full result (i.e.
propagating S at NLO) while the blue dashed line corresponds
to the EFT calculation. For pp ! tt̄ we assume a flat uncer-
tainty of 3%. The solid red line represents a pp ! tt̄tt̄ analysis
of the simplified scenario using the extrapolation of Ref. [56]
while the red dashed line represents the (LO) EFT four top re-
sults. The shaded band shows the region where perturbative
unitarity is lost, cS >⇠

p
8⇡ which we obtain from an explicit

partial wave projection calculation of tt̄ ! tt̄ in the full model,
i.e. with propagating S. Note that this is precisely the region
where �(S ! tt̄) ' mS according to Eq. (2). Finally, the
black dashed line is the unitarity constraint on the e↵ective
four top interaction, below which unitarity is preserved (for
details see text).
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FIG. 3: (a), (b) tree-level graph in the theory of eq.(1) contributing to four top production; (c) tree-level contribution in the
EFT description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (4).
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FIG. 4: Representative one-loop Feynman diagram contributions to gg ! tt̄ arising in the e↵ective theory formulation of eq. (1),
the shaded region represents a four top insertion.

pair production both operators are relevant and have to
be included in a consistent EFT calculation.

In particular, including the four top contribution re-
quires the calculation of the loop diagrams of fig. 4. These
contributions require additional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences related to EFT
operators is performed in the MS scheme, and we have
checked UV finiteness of all of our expressions for the fi-
nal amplitude. The sum of tree-level contributions from
OtG and the one-loop contributions from Ott yields the
results for observables of top quark pair production at
NLO EFT in terms of the Wilson coe�cients ctG and
ctt.

Furthermore, our use of a specific model of new physics
at high energy means that we can fix the values of the
Wilson coe�cients by matching the full theory and NLO
EFT calculations at a suitable matching scale µM taking
the operator mixing between OtG and Ott into account.
We choose µM = mS/2 in the following unless other-
wise specified. We extract ctG as the finite remainder
after subtracting the MS-renormalised four fermion one-
loop insertion from the EFT operator that is induced by
the propagating S. Note that it does not require UV
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FIG. 5: Matched value of ctG for di↵erent matching scale
choices and scalar masses (cS = 1) as detailed in the text.

renormalisation as opposed to the four fermion insertion.
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‣ large interference effects of Higgs “signal” with QCD background
[Gaemers, Hoogeveen `84] [Dicus et al. `94]….
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =
500 GeV before the emission of final-state radiation and before the parton shower for the pure resonance S (filled)
and signal+interference contribution S + I (unfilled). Events from all tt̄ decay modes are included.

Correction factors KS were applied to normalize the generated signal (S ) cross-section to the value cal-
culated at partial next-to-next-to-leading-order (NNLO) precision in QCD [50–52]. The correction factor
for the interference component I is KI =

p
KS ⇥ KB, as suggested in Ref. [53], where KB = 1.87 is

the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant ↵S, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

3 Event selection

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

Events are required to contain exactly one isolated electron [54] or muon [55] with pT > 25 GeV and
pseudorapidity |⌘| < 2.5 [56]. Events must have large missing transverse momentum, Emiss

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

T + mW
T > 60 GeV, is required to further suppress the contribution from multijet events,

where mW
T is the lepton–Emiss

T transverse mass [22]. Events must contain at least four hadronic jets with
pT > 25 GeV and |⌘| < 2.5, reconstructed using the anti-kt algorithm [58, 59] with radius parameter
R = 0.4. Jets from additional collisions in the same bunch crossing are rejected using dedicated tracking
and vertex requirements [60]. At least one of the jets must be identified as originating from the decay of
a b-hadron (b-jet) using a multivariate tagging algorithm with a 70% e�ciency for b-jets and light-quark
and gluon mistag rates of 0.5-2% [61].
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[ATLAS `17]

‣ top resonance searches in Higgs sector extensions with narrow 
width approximation inadequate!
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4

t� ↵1,2,3 Re(m2
12) [TeV

2] mH± [TeV] mHi,j 6=h [TeV]

min 0.8 �
⇡

2 0 0.15/0.59 0.01

max 20 ⇡

2 0.5 1.5 1.5

TABLE II: C2HDM scan: All parameters are varied inde-
pendently between the given minimum and maximum values.
The two minimum values of the charged Higgs mass range
refer to the scan in the C2HDM T1 and T2, respectively. For
more details, see text.

denoted by h, to be mh = 125.09 GeV [32]. In Tab. II
we summarise the ranges of the other scan parameters.
Note that the third neutral Higgs boson mass mHj 6=Hi,h

is calculated from the other input values and forced to lie
in the interval given in Tab. II. In order to circumvent de-
generate Higgs signals, we additionally impose mHi,j 6=h

to be 5 GeV away from 125 GeV. The SM input pa-
rameters are chosen as in the scan for the CxSM. In our
scan we neglect parameter points with Re(m2

12) < 0, as
they are extremely rare. We check all parameter points
at the 2� exclusion level in the mH± � tan� plane for
compatibility with the flavour constraints on Rb [62, 63]
and B ! Xs� [63–67] Applying the results of [67] we re-
quire mH± to be above 590 GeV in the C2HDM T2. In
the C2HDM T1, on the other hand, the bound is much
weaker and depends more strongly on tan�. Our re-
tained parameter points are put in agreement with the
electroweak precision data by demanding 2� compatibil-
ity with the SM fit [68] of the oblique parameters S, T
and U , including the full correlation among the three
parameters. The necessary 2HDM formulae are given
in [52, 69]. For the check of the compatibility with the
Higgs data we proceeded as in the CxSM, with the di↵er-
ence that we obtained the here necessary branching ratios
from the C2HDM implementation C2HDM HDECAY [58] in
HDECAY [42, 43]. Further details, can be found in [28, 58].

Since we work in the C2HDM, we also have to check for
agreement with the measurements of the electric dipole
moment (EDM), with the strongest constraint originat-
ing from the electron EDM [70]. We take the experimen-
tal limit given by the ACME collaboration [71]. Like for
the CxSM we also checked if the final scenarios induce a
strong first order phase transition [49, 72]. Also here we
found that for none of them this is the case.

III. INTERFERENCE EFFECTS: TOP VS.
DI-HIGGS FINAL STATES

A. Setup

Based on the scan detailed in Sec. II, we implement the
pp ! Hi ! tt̄ and pp ! Hi ! hh resonant amplitudes
into Vbfnlo [73–76], where Hi denotes any of the non-
SM-like heavy Higgs bosons of the CxSM or C2HDM,
respectively. For the parameter regions investigated here
the main production channel is given by gluon fusion.

The one-loop (leading order) computation uses Form-
Calc/LoopTools [77, 78]. Various cross checks against
MadGraph [79] and other results [5, 80–82] have been
carried out. We do not include b quark loops throughout
as they are negligible for the parameter regions studied
in this work.

We select one state Hi, defined as the signal, and com-
pute the squared amplitude for the gg ! Hi ! tt̄/hh

process:

d�os
i

⇠ |Msig(gg ! Hi ! XX̄)|2 , X = t, h , (18)

where M is the signal amplitude given by the s-channel
one-loop diagrams shown in Fig. 1. This cross section
can be understood as the on-shell cross section that one
would obtain from �-times-branching ratio estimates. To
obtain these cross sections and put them in relation to
interference e↵ects, we integrate the cross sections within

|m(tt̄/hh) � mHi | < 2 �Hi . (19)

We keep track of the interference e↵ects with the SM
“background” and BSM signal. The former is given by
continuum gg ! tt̄ production, Fig. 2, for the tt̄ final
state, and by box, Fig. 2, and o↵-shell h-induced gg ! hh

contributions for the hh final state. The latter derives
from the competing gg ! Hj 6=i ! hh diagrams, Fig. 1.
This gives rise to an estimate of the observed cross section
in the presence of interference e↵ects:

d�i ⇠ |Msig(gg ! Hi ! XX̄)|2

+ 2 Re
�
MsigM

⇤
bkg(Hj 6=i, cont.)

 
, (20)

where “cont.” stands for the continuum tt̄ or hh “back-
ground” and (o↵-shell) Hj 6=i contributions as mentioned
above, including the SM-like h.

The scans described in the previous section show that
there are viable parameter choices with the tendency to
produce quasi-degenerate mass spectra in the C2HDM
when both tt̄ and hh decay channels are open. We de-
fine the two non-SM states as “degenerate” when their
mass splitting is less than 10% of the heavy scalar’s mass.
This accounts for most of the parameter points that are
described in Sec. II.

For parameter points that have very small cross sec-
tions in either of the two channels, interference e↵ects
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FIG. 1: Representative signal diagram contributing to tt̄ and
hh resonance searches. h denotes the light SM-like state with
mh ' 125 GeV, while Hi denotes the remaining heavy Higgs
bosons that arise in the C2HDM and CxSM.
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FIG. 2: Representative non-resonant “background” diagrams contributing to pp ! tt̄ (a,b) and pp ! hh (c) searches (di↵erent
fermion flows are understood implicitly). The o↵-shell h-induced background contribution derives from graphs shown in Fig. 1
with an o↵-shell h running in the s-channel.

(a) (b)

FIG. 3: Ratio of signal+interference cross section � and OS cross-section �
os (for definition, see text) in pp ! hh and pp ! tt̄

for degenerate non-SM-like Higgs states. Points are pre-selected to have resonance cross sections of at least 170 fb at LO in
the tt̄ and 8 fb in the hh channels. Left: 2HDM type 1, right: 2HDM, type 2.

when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.

+ …..

+

Top caveats for light resonances
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FIG. 4: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP1, see Tab. III.
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FIG. 5: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP2, see Tab. III.
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FIG. 6: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP3, see Tab. III.
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‣ interference in top final states is a 
tell-tale story of BSM characteristics
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FIG. 2: Representative non-resonant “background” diagrams contributing to pp ! tt̄ (a,b) and pp ! hh (c) searches (di↵erent
fermion flows are understood implicitly). The o↵-shell h-induced background contribution derives from graphs shown in Fig. 1
with an o↵-shell h running in the s-channel.
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FIG. 3: Ratio of signal+interference cross section � and OS cross-section �
os (for definition, see text) in pp ! hh and pp ! tt̄

for degenerate non-SM-like Higgs states. Points are pre-selected to have resonance cross sections of at least 170 fb at LO in
the tt̄ and 8 fb in the hh channels. Left: 2HDM type 1, right: 2HDM, type 2.

when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.

C2HDM T2Top caveats for light resonances

[Carena, Liu`19]

[Djouadi et al.`19]


…

[Baglio et al. `19]

[Mühlleitner et al.`22]
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‣ two ingredients


☛ weak gauging of subgroup


☛ fermion masses through mixing 
with baryonic matter


☛ minimal phenomenological 
SO(5)→ SO(4) ≃ SU(2)^2
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two main model building ingredients

☛ weak gauging of subgroup

☛ fermion masses through mixing with 

baryonic matter

☛ minimal phenomenological 

SO(5)→ SO(4) ≃ SU(2)2


☛ realistic scenarios more complicated
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• existing direct top partner constraints in the range of       1.5 TeV 
compatible


• theoretical uncertainties is main sensitivity limitation, adding 
additional channels does not change this picture dramatically
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In Fig. 2 we compare di↵erent assumptions on the the-
oretical uncertainties in terms of the maximal top part-
ner mass mT and the minimal |K| that can be excluded.
Note that these are not strict exclusion limits, smaller
mT and larger |K| might still be allowed. However, Fig. 2
represents a measure of the maximally possible sensitiv-
ity that can be probed at the HL-LHC in terms of the
above quantities. As can be seen in Fig. 2, the sensi-
tivity of indirect searches crucially depends on the ex-
pected theoretical uncertainty that will be achievable at
the 3/ab stage. As for all channels that are not statis-
tically limited at hadron colliders, the theoretical error
quickly becomes the limiting factor to the level where
indirect searches will not provide complementary infor-
mation even at moderate top partner masses. A common
practice [78, 79] for estimating projections for theoreti-
cal uncertainties at the HL-LHC is to apply a factor of
1/2 to the current theoretical uncertainties at the LHC.
According to this prescription the projected theory un-
certainties at the HL-LHC for for the observables studied
in the analyses listed in Tab. I are given by ⇠ 1 � 5%.

It is instructive to compare the approximate9 bounds
on the anomalous couplings obtained in Fig. 1

�W,L 2 [�0.025, 0.02] , �W,R 2 [�0.0014, 0.0013] ,

�t

Z,L
2 [�0.073, 0.06] , �t

Z,R
2 [�0.33, 0.37]

with 95% CL marginalised limits obtained from a model
agnostic fit performed by TopFitter using the same
experimental projections

�W,L 2 [�0.029, 0.019] , �W,R 2 [�0.009, 0.009] ,

�t

Z,L
2 [�0.639, 0.277] , �t

Z,R
2 [�1.566, 1.350] .

In particular, the comparison of �W,R, �t

Z,L
, �t

Z,R
between

the two results illustrates the fact that coupling devia-
tions (or Wilson coe�cients in the context of EFT) are
likely to receive much stronger constraints from the anal-
yses of a concrete model (possibly matched to EFT) due
to correlations imposed by that model. This highlights
that recent multi-dimensional parameter fits [80–86] are
more sensitive to concrete realisations of high-scale new
physics than the current model agnostic (marginalised)
constraints might suggest. This will be further enhanced
once we move towards the high statistics realm of the
LHC and whatever high energy frontier after that.

We now turn to the extrapolation of the analyses in
Tab. I to a future FCC-hh. To this end we reproduce the
observables in Tab. I at a centre-of-mass energy of 100
TeV (we will comment on widening the list of observ-
ables below). In addition, we include overflow bins in pT

distributions reflecting the fact that future analyses at
100 TeV will have a higher energy reach10. In parallel,

9Due to its granularity the scan provides only approximate bounds.
10The total number of degrees of freedom of the experimental results
projected to

p
s = 100 TeV and L = 30/ab is N = 35.

we rescale the statistical uncertainty from the analyses
in Tab. I to 30/ab and assume a reduction in systematic
experimental uncertainties to 1% of the LHC analyses.11

For the 13 TeV analyses the bin-to-bin correlations have
only a small impact on the exclusion of parameter points.
Hence, we assume all measurements and bins in the 100
TeV analyses to be uncorrelated. The results for this
scan are presented in Fig. 3, which shows that the FCC-
hh can further improve on the LHC sensitivity by a fac-
tor of <⇠ 3 in terms of indirectly exploring the top partner
mass in the scenario we consider in this work. Again the-
oretical uncertainties as parametrised in our scan are the
key limiting factors of the sensitivity. There is no uni-
form convention or treatment for projecting theoretical
uncertainties to the FCC-hh. However, at least with re-
spect to QCD processes according to Ref. [87] “1% is an
ambitious but justified target”. In principle, a 100 TeV
FCC-hh can reach K = O(1) values as can be seen in
Fig. 4. This is the perturbative parameter region where
T ! tZ direct searches (cf. [88]) are relevant. Hence, we
focus on |K| < 1 when we study this phenomenologically
relevant channel in a representative top partner search in
Sec. V.

Figs. 2 and 4 demonstrate that the uncertainties as de-
tailed in the previous section are the key limiting factors
of indirect BSM sensitivity in the near future. Naively,
this paints a dire picture for the BSM potential. But
we stress that data-driven approaches that have received
considerable attention recently, e.g. [89, 90], together
with the application of new purpose-built statistical tools
to mitigate the impact of uncertainties [91–94] will of-
fer an avenue to inform constraints beyond “traditional”
precision parton-level calculations at fixed order in per-
turbation theory. The basis of our analysis is also formed
by extrapolating existing searches to 3/ab and eventually
to 100 TeV. In particular, when statistics is not a limit-
ing factor, a more fine-grained picture can be obtained
by exploiting di↵erential information in more detail (see
also a recent proposal to employ polarisation information
in non-top channels [95]). The latter, however, needs to
be considered again in the context of experimental and
theoretical limitations. Since the constraints on the tZ
coupling are the limiting factor in the indirect analysis
considered here we have extended the inclusive tjZ mea-
surement by di↵erential cross sections to assess the im-
pact of additional di↵erential information. To this end
we include in the tjZ channel the di↵erential cross sec-
tion with respect to the transverse momentum and the
rapidity of the Z boson. However, we do not find a sig-
nificant change in the sensitivity projections as provided
by Figs. 2 and 4. A more detailed study of sensitive
observables at hadron and lepton colliders is needed to

11Here we assume no theoretical uncertainty. A detailed comparison
of the impact of uncertainties and experimental systematics is given
in Fig. 4.
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yses of a concrete model (possibly matched to EFT) due
to correlations imposed by that model. This highlights
that recent multi-dimensional parameter fits [80–86] are
more sensitive to concrete realisations of high-scale new
physics than the current model agnostic (marginalised)
constraints might suggest. This will be further enhanced
once we move towards the high statistics realm of the
LHC and whatever high energy frontier after that.

We now turn to the extrapolation of the analyses in
Tab. I to a future FCC-hh. To this end we reproduce the
observables in Tab. I at a centre-of-mass energy of 100
TeV (we will comment on widening the list of observ-
ables below). In addition, we include overflow bins in pT

distributions reflecting the fact that future analyses at
100 TeV will have a higher energy reach10. In parallel,

9Due to its granularity the scan provides only approximate bounds.
10The total number of degrees of freedom of the experimental results
projected to

p
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we rescale the statistical uncertainty from the analyses
in Tab. I to 30/ab and assume a reduction in systematic
experimental uncertainties to 1% of the LHC analyses.11

For the 13 TeV analyses the bin-to-bin correlations have
only a small impact on the exclusion of parameter points.
Hence, we assume all measurements and bins in the 100
TeV analyses to be uncorrelated. The results for this
scan are presented in Fig. 3, which shows that the FCC-
hh can further improve on the LHC sensitivity by a fac-
tor of <⇠ 3 in terms of indirectly exploring the top partner
mass in the scenario we consider in this work. Again the-
oretical uncertainties as parametrised in our scan are the
key limiting factors of the sensitivity. There is no uni-
form convention or treatment for projecting theoretical
uncertainties to the FCC-hh. However, at least with re-
spect to QCD processes according to Ref. [87] “1% is an
ambitious but justified target”. In principle, a 100 TeV
FCC-hh can reach K = O(1) values as can be seen in
Fig. 4. This is the perturbative parameter region where
T ! tZ direct searches (cf. [88]) are relevant. Hence, we
focus on |K| < 1 when we study this phenomenologically
relevant channel in a representative top partner search in
Sec. V.

Figs. 2 and 4 demonstrate that the uncertainties as de-
tailed in the previous section are the key limiting factors
of indirect BSM sensitivity in the near future. Naively,
this paints a dire picture for the BSM potential. But
we stress that data-driven approaches that have received
considerable attention recently, e.g. [89, 90], together
with the application of new purpose-built statistical tools
to mitigate the impact of uncertainties [91–94] will of-
fer an avenue to inform constraints beyond “traditional”
precision parton-level calculations at fixed order in per-
turbation theory. The basis of our analysis is also formed
by extrapolating existing searches to 3/ab and eventually
to 100 TeV. In particular, when statistics is not a limit-
ing factor, a more fine-grained picture can be obtained
by exploiting di↵erential information in more detail (see
also a recent proposal to employ polarisation information
in non-top channels [95]). The latter, however, needs to
be considered again in the context of experimental and
theoretical limitations. Since the constraints on the tZ
coupling are the limiting factor in the indirect analysis
considered here we have extended the inclusive tjZ mea-
surement by di↵erential cross sections to assess the im-
pact of additional di↵erential information. To this end
we include in the tjZ channel the di↵erential cross sec-
tion with respect to the transverse momentum and the
rapidity of the Z boson. However, we do not find a sig-
nificant change in the sensitivity projections as provided
by Figs. 2 and 4. A more detailed study of sensitive
observables at hadron and lepton colliders is needed to

11Here we assume no theoretical uncertainty. A detailed comparison
of the impact of uncertainties and experimental systematics is given
in Fig. 4.
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sw, cw, tw are the sine, cosine and tangent of the Wein-
berg angle, respectively.

A non-vanishing K significantly alters the tight corre-
lation of the top partner mass and coupling modifications
of the top due to the mixing with heavy top partners. In
case K = 0, a small top partner mass has to be compen-
sated by a large mixing between top and top partners
in order to lift the mass of the elementary top to its
physically observed value. The mixing angle in turn de-
termines the electroweak coupling deviations of the top
quark in the mass eigenbasis. Hence, for K = 0 there
exists a strong correlation between top partner mass and
top coupling deviation. However, if K is allowed to take
values K 6= 0 this correlation is loosened which in par-
allel opens up momentum enhanced decays T ! ht [32].
In Sec. IV we study the dependence of the sensitivity on
the parameter K in indirect searches and use this infor-
mation to discuss the sensitivity gap with direct searches
in Sec. V.

In addition to the coupling modifications of the top-
associated currents, amplitudes receive corrections from
propagating top partners, for which we provide a short
EFT analysis in appendix A up to mass dimension eight.
In the mass basis these propagating degrees of freedom
generate “genuine” higher dimensional e↵ects and are
therefore suppressed compared to the dimension four top-
coupling modifications. Working with a concrete UV sce-
nario, we have directly verified this suppression using a
full simulation of propagating top partners in the limit
where they are not resolved as resonances. We therefore
neglect these contributions in our coupling analysis, but
return to the relevance of resonance searches in Sec. V.

III. ELECTROWEAK TOP PROPERTY
CONSTRAINTS

The weak couplings of the SM top and bottom quarks
are modified due to the mixing with the top and bottom
partners in the mass eigenbasis. In particular, these are
modifications of the left and right-handed vectorial cou-
plings to the W and Z bosons which can be parametrised
as follows

L � t̄�µ
⇥
gt

L
PL + gt

R
PR

⇤
tZµ

+ b̄�µ
⇥
gb

L
PL + gb

R
PR

⇤
bZµ

+
�
b̄�µ [VLPL + VRPR] tW+

µ
+ h.c.

�
. (20)

The anomalous couplings of the top quark, i.e. the rela-
tive deviation with respect to the SM, are denoted by �

gt

L
= � g

2 cos ✓W

✓
1 � 4

3
sin2 ✓W

◆ h
1 + �t

Z,L

i
, (21)

gt

R
=

2g sin2 ✓W

3 cos ✓W

h
1 + �t

Z,R

i
, (22)

VL = � gp
2

h
1 + �W,L

i
, (23)

VR = � gp
2
�W,R , (24)

where g is the weak coupling constant associated with
the SU(2)L gauge group and ✓W is the Weinberg angle.
Note that �W,R is normalised to the left-handed SM cou-
pling of the top quark to the W boson. Technically, we
implement the anomalous couplings in terms of Wilson
coe�cients in an e↵ective Lagrangian of dimension six
operators. The relation between the � parameters and
the Wilson coe�cients in the Warsaw basis [66] is given
in appendix B . The parametrisation in terms of Wilson
coe�cients allows us to use an updated version of the
TopFitter frame work (which will be described in detail
elsewhere [67]) to obtain constraints on the anomalous
couplings of the top quark. The anomalous couplings of
bottom quarks to Z bosons are phenomenologically less
relevant by construction [9].

We obtain constraints on the anomalous couplings by
comparing them to experimental results for observables
that are sensitive to the vectorial weak couplings of the
top quark. Specifically, we include in the fit 21 exper-
imental analyses [45–65], which are presented in Tab. I
and amount to a total of N = 54 degrees of freedom.

The likelihood provided by TopFitter is defined as

� 2 log L(�)

=
NX

i,j=1

�
Xexp

i
� Xth

i
(�)

�
(V �1)ij

�
Xexp

j
� Xth

j
(�)

�
,

(25)

where Xexp
i

is the experimental result for the observable
Xi and Xth

i
(�) is the theoretical prediction which de-

pends on the anomalous couplings �t

Z,L
, �t

Z,R
, �W,L and

�W,R collectively denoted by �. The inverse covariance
matrix is denoted by V �1 and takes into account bin-
to-bin correlations provided by the experimental collab-
orations. The theoretical uncertainties result from inde-
pendently varying renormalisation and factorization scale
µR, µF = {mt/2, mt, 2mt}4. Furthermore, we take un-
certainties on the parton distribution functions (PDF)
and the strong coupling constant ↵s into account and

4mt denotes the top quark mass and is set to mt = 172.5 GeV
in alignment with the value used in the experimental analyses in
Tab. I.
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FIG. 2: Left: Maximum excluded top partner mass mT vs. reduction in experimental systematic uncertainties. The reduction is
given with respect to the current experimental situation. The bars indicate di↵erent choices for relative theoretical uncertainties.
Right: Minimal |K| in the excluded region of the parameter scan vs. reduction in experimental systematic uncertainty.

of the Lagrangian in Eq. (11) imposing M > 1.5 TeV to
(loosely) reflect existing top partner searches [77]. The
restriction on the parameter combination �t�q is deter-
mined by mt ' 173 GeV and on µb by the b quark mass
mb ' 4.7 GeV (scanning |K| <⇠ 4⇡). Apart from en-
forcing these masses we also consider modifications to
the Higgs boson decay and require the H ! ZZ, �� de-
cay rates to reproduce the SM predictions within 30%
to pre-select a reasonable parameter range. We fix the
Higgs mass to 125 GeV as well as v ' 246 GeV in our
scan, leaving ⇠ (and hence f) as a free parameter. While
the Higgs mass is directly linked with top and top partner
spectra, we implicitly assume cancellations of the associ-
ated LEC parameters as expressed in Eq. (4) when taking
into account top-partial compositeness.

We note that the degree of top compositeness is deter-
mined by the bi-unitary transformation of Eq. (14). In
our scan, we find that the right-chiral top quark shows
the largest degree of compositeness, receiving 70% to 90%
admixture from the hyperbaryon spectrum. In compar-
ison, the left-chiral top is only <⇠ 30% composite in our
scan. The right-chiral gauge coupling properties of the
top are particularly relevant when we want to constrain
this scenario, in particular given that they are absent in
SM (see below).

Given the experimental results reported in Tab. I, we
find that the current LHC (and Tevatron) measurements
do not allow to constrain the parameter space detailed in
Sec. II beyond the constraints that are already taken into
account when scanning the parameter space. Current
Higgs signal constraints, for instance, provide stronger
constraints. Since the top measurements are still at a
relatively early stage in the LHC programme this is not
too surprising, in particular because top final states are
phenomenologically more involved than their Higgs coun-

terparts.

It is more interesting to consider how the sensitivity
provided by the current analysis programme of Tab. I
will evolve in the future. In Fig. 1, we present the re-
sults of the parameter scan for the HL-LHC. The results
are again based on the experimental analyses in Tab. I
but with the statistical uncertainties rescaled to 3/ab and
experimental systematics reduced by 80%.6 We assume
no theoretical uncertainties for now and will comment
on their impact below. The observables of 7 and 8 TeV
analyses in Tab. I are reproduced at 13 TeV7 keeping
the experimental bin-to-bin correlations of the respective
analyses at their original value.8 In Fig. 1, the excluded
points of the parameter scan are coloured in red while
the allowed region is shaded in green. The shading in-
dicates the value of the parameter K. As mentioned in
Sec. II, the value of K loosens the correlation between
the top partner mass and the associated electroweak top
coupling modification. Furthermore, Fig. 1 demonstrates
that with higher luminosity and a (not unrealistic) re-
duction of the present systematic uncertainty we start to
constrain the parameter space with large |K| ⇠ 10 and
associated coupling deviations in the percent range, while
the right-handed Z coupling in the 30% range.

6This estimate is obtained from the statistical rescaling
⇠

p
LLHC/LHL�LHC ⇡ 0.2 using the largest so-far accumu-

lated luminosity among the analyses in Tab. I.
7The total number of degrees of freedom for the projection of ex-
perimental data to

p
s = 13 TeV and L = 3/ab is N = 30 due to

the fact that we consider only one projection for each observable
instead of several measurements.

8We checked that the correlations have only a small e↵ect on the
likelihood.
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associated currents, amplitudes receive corrections from
propagating top partners, for which we provide a short
EFT analysis in appendix A up to mass dimension eight.
In the mass basis these propagating degrees of freedom
generate “genuine” higher dimensional e↵ects and are
therefore suppressed compared to the dimension four top-
coupling modifications. Working with a concrete UV sce-
nario, we have directly verified this suppression using a
full simulation of propagating top partners in the limit
where they are not resolved as resonances. We therefore
neglect these contributions in our coupling analysis, but
return to the relevance of resonance searches in Sec. V.
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CONSTRAINTS

The weak couplings of the SM top and bottom quarks
are modified due to the mixing with the top and bottom
partners in the mass eigenbasis. In particular, these are
modifications of the left and right-handed vectorial cou-
plings to the W and Z bosons which can be parametrised
as follows
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where g is the weak coupling constant associated with
the SU(2)L gauge group and ✓W is the Weinberg angle.
Note that �W,R is normalised to the left-handed SM cou-
pling of the top quark to the W boson. Technically, we
implement the anomalous couplings in terms of Wilson
coe�cients in an e↵ective Lagrangian of dimension six
operators. The relation between the � parameters and
the Wilson coe�cients in the Warsaw basis [66] is given
in appendix B . The parametrisation in terms of Wilson
coe�cients allows us to use an updated version of the
TopFitter frame work (which will be described in detail
elsewhere [67]) to obtain constraints on the anomalous
couplings of the top quark. The anomalous couplings of
bottom quarks to Z bosons are phenomenologically less
relevant by construction [9].

We obtain constraints on the anomalous couplings by
comparing them to experimental results for observables
that are sensitive to the vectorial weak couplings of the
top quark. Specifically, we include in the fit 21 exper-
imental analyses [45–65], which are presented in Tab. I
and amount to a total of N = 54 degrees of freedom.

The likelihood provided by TopFitter is defined as

� 2 log L(�)

=
NX

i,j=1

�
Xexp

i
� Xth

i
(�)

�
(V �1)ij

�
Xexp

j
� Xth

j
(�)

�
,

(25)

where Xexp
i

is the experimental result for the observable
Xi and Xth

i
(�) is the theoretical prediction which de-

pends on the anomalous couplings �t

Z,L
, �t

Z,R
, �W,L and

�W,R collectively denoted by �. The inverse covariance
matrix is denoted by V �1 and takes into account bin-
to-bin correlations provided by the experimental collab-
orations. The theoretical uncertainties result from inde-
pendently varying renormalisation and factorization scale
µR, µF = {mt/2, mt, 2mt}4. Furthermore, we take un-
certainties on the parton distribution functions (PDF)
and the strong coupling constant ↵s into account and

4mt denotes the top quark mass and is set to mt = 172.5 GeV
in alignment with the value used in the experimental analyses in
Tab. I.
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FIG. 5: (a) Di↵erential cross sections for background and signal of a representative parameter point with a top partner mass
of mT = 2700 GeV. (b) Significance S/

p
B for di↵erent coupling points at FCC 30/ab is displayed on the right. The dashed

red line indicates S/
p

B = 5, where discovery can be achieved. For comparison, we include points dominantly decaying to tH

to show where our tZ analysis is phenomenologically relevant.

are therefore rather straightforward to control in a data-
driven approach. There we show a mreco

T
histogram for a

representative signal point mT ' 2.7 TeV and the con-
tributing background. Such a data-driven strategy also
largely removes the influence of theoretical uncertainties
at large momentum transfers and is the typical method of
choice in actual experimental analyses already now, see
e.g. [89, 90] for recent work. After all analysis steps are
carried out we typically deal with a signal-to-background
ratio S/B ⇠ 0.1, which means that our sensitivity is
also not too limited by the background uncertainty that
would result from such a fit. Identifying a resonance,
we can evaluate the significance which is controlled by
S/

p
B. To set limits we assume a total integrated lu-

minosity of 30/ab for 100 TeV FCC-hh collisions. We
show sensitivity projections in Fig. 5(b). As can be seen
we have good discovery potential in tZ for parameter re-
gions up to mT ' 7.3 TeV, with the additional exclusion
potential ⇠ S/

p
S + B reaching to mT

<⇠ 10 TeV at 95%
CL. As alluded to before, the analysis outlined above is
particularly suited for parameter regions where there is
a significant top partner decay into Zt pair, i.e. regions
in parameter space where modifications are most pro-
nounced in the weak boson phenomenology rather than
in Higgs-associated channels.

While we have focused on one particular analysis to
contextualise the couplings scan of the previous sec-
tion with representative direct sensitivity at the high-
est energies, we note that other channels will be able
to add significant BSM discovery potential, see, e.g.
Refs. [110, 111]. This could include T ! ht which would
lead to b-rich final states and which would target partial
compositeness in the Higgs sector (see also [112, 113]).
Such an analysis provides an avenue to clarify the Higgs
sector’s role analogous to the weak boson phenomenology

studied in this work, albeit in phenomenologically more
complicated final states when turning away from indirect
Higgs precision analyses and tt̄h production. Further-
more searches for other exotic fermion resonances di↵er-
ent to the one we have focused on in this section, such
B and the 5/3-charged Q provide additional discriminat-
ing power (see [114, 115]) and would be key to pinning
down the parameter region of the model if a new physics
discovery consistent with partial compositeness is made.

Being able to finally compare the direct sensitivity es-
timates of Fig. 5 with Fig. 3 we see that indirect searches
for top compositeness as expressed through modifications
of the top’s SM electroweak couplings provide additional
information to resonance searches if uncertainties can be
brought under su�cient control. For instance, the po-
tential discovery of the top partner alone is insu�cient
to verify or falsify the model studied in this work. The
correlated information of top quark coupling deviations
is an additional crucial step in clarifying the underlying
UV theory.

Extrapolating the current sensitivity estimates of the
LHC alongside the uncertainties to the 3/ab phase, the
HL-LHC will however provide only limited insight from a
measurement of the top’s electroweak SM gauge interac-
tion deformations. This can nonetheless lead to an inter-
esting opportunity at the LHC: Given that the LHC will
obtain a significantly larger sensitivity via direct searches
[88, 114, 115], the potential discovery of a top partner at
the LHC would make a clear case for pushing the energy
frontier to explore the full composite spectrum and cor-
relate these findings with an enhanced sensitivity to top
coupling modifications.

8

FIG. 3: Top coupling correlations analogous to Fig. 1 for the FCC-hh analysis. We assume a reduction of experimental
systematics to 1% compared to the present LHC situation. In parallel, we suppress the theoretical uncertainty. See Fig. 4 and
the text for related discussion.
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• optimistic extrapolations 
provide indirect sensitivity up 
to about 5 TeV

• direct top partner searches in 
electroweak channels providing 
direct sensitivity up to 8 TeV

[Barducci et al. `17]

[Li et al. `19]


…
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FIG. 5: (a) Di↵erential cross sections for background and signal of a representative parameter point with a top partner mass
of mT = 2700 GeV. (b) Significance S/

p
B for di↵erent coupling points at FCC 30/ab is displayed on the right. The dashed

red line indicates S/
p

B = 5, where discovery can be achieved. For comparison, we include points dominantly decaying to tH

to show where our tZ analysis is phenomenologically relevant.

are therefore rather straightforward to control in a data-
driven approach. There we show a mreco

T
histogram for a

representative signal point mT ' 2.7 TeV and the con-
tributing background. Such a data-driven strategy also
largely removes the influence of theoretical uncertainties
at large momentum transfers and is the typical method of
choice in actual experimental analyses already now, see
e.g. [89, 90] for recent work. After all analysis steps are
carried out we typically deal with a signal-to-background
ratio S/B ⇠ 0.1, which means that our sensitivity is
also not too limited by the background uncertainty that
would result from such a fit. Identifying a resonance,
we can evaluate the significance which is controlled by
S/

p
B. To set limits we assume a total integrated lu-

minosity of 30/ab for 100 TeV FCC-hh collisions. We
show sensitivity projections in Fig. 5(b). As can be seen
we have good discovery potential in tZ for parameter re-
gions up to mT ' 7.3 TeV, with the additional exclusion
potential ⇠ S/

p
S + B reaching to mT

<⇠ 10 TeV at 95%
CL. As alluded to before, the analysis outlined above is
particularly suited for parameter regions where there is
a significant top partner decay into Zt pair, i.e. regions
in parameter space where modifications are most pro-
nounced in the weak boson phenomenology rather than
in Higgs-associated channels.

While we have focused on one particular analysis to
contextualise the couplings scan of the previous sec-
tion with representative direct sensitivity at the high-
est energies, we note that other channels will be able
to add significant BSM discovery potential, see, e.g.
Refs. [110, 111]. This could include T ! ht which would
lead to b-rich final states and which would target partial
compositeness in the Higgs sector (see also [112, 113]).
Such an analysis provides an avenue to clarify the Higgs
sector’s role analogous to the weak boson phenomenology

studied in this work, albeit in phenomenologically more
complicated final states when turning away from indirect
Higgs precision analyses and tt̄h production. Further-
more searches for other exotic fermion resonances di↵er-
ent to the one we have focused on in this section, such
B and the 5/3-charged Q provide additional discriminat-
ing power (see [114, 115]) and would be key to pinning
down the parameter region of the model if a new physics
discovery consistent with partial compositeness is made.

Being able to finally compare the direct sensitivity es-
timates of Fig. 5 with Fig. 3 we see that indirect searches
for top compositeness as expressed through modifications
of the top’s SM electroweak couplings provide additional
information to resonance searches if uncertainties can be
brought under su�cient control. For instance, the po-
tential discovery of the top partner alone is insu�cient
to verify or falsify the model studied in this work. The
correlated information of top quark coupling deviations
is an additional crucial step in clarifying the underlying
UV theory.

Extrapolating the current sensitivity estimates of the
LHC alongside the uncertainties to the 3/ab phase, the
HL-LHC will however provide only limited insight from a
measurement of the top’s electroweak SM gauge interac-
tion deformations. This can nonetheless lead to an inter-
esting opportunity at the LHC: Given that the LHC will
obtain a significantly larger sensitivity via direct searches
[88, 114, 115], the potential discovery of a top partner at
the LHC would make a clear case for pushing the energy
frontier to explore the full composite spectrum and cor-
relate these findings with an enhanced sensitivity to top
coupling modifications.

• direct top partner searches in 
electroweak channels providing 
direct sensitivity up to 8 TeV

[Barducci et al. `17]

[Li et al. `19]
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FIG. 3: Top coupling correlations analogous to Fig. 1 for the FCC-hh analysis. We assume a reduction of experimental
systematics to 1% compared to the present LHC situation. In parallel, we suppress the theoretical uncertainty. See Fig. 4 and
the text for related discussion.
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FIG. 4: Same as Fig. 2 but for a centre-of-mass energy of
p

s = 100 TeV and a luminosity of L = 30/ab. The value of
min |Kexcluded| for 99% reduction in systematic uncertainties and no theory uncertainty was multiplied by a factor of 10 to
increase visibility in the plot on the right-hand side.

[Del Debbio et al. `17]

[De Grand, Neil `19]


[Svetistky et al. `19]

…

• no necessarily a discovery tool, 
but important for spectroscopy 
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Top Physics in 2022

‣  no new physics yet, but

‣ top physics occupies a major space in the electroweak landscape


‣ less ad-hoc descriptions of the weak scale crucially centre around 
extensions/modifications of the top quark sector

Summary

resonant extension elw. baryogenesis CP violation …

‣  theoretical and experimental more resilient than ever

‣ EFT vs full models vs uncertainties vs discovery sensitivity


‣ new tools increase sensitivity often beyond naive extrapolations
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Top Physics in 2022

‣  no new physics yet, but

‣ top physics occupies a major space in the electroweak landscape


‣ less ad-hoc descriptions of the weak scale crucially centre around 
extensions/modifications of the top quark sector

Summary

resonant extension elw. baryogenesis CP violation …

‣  theoretical and experimental more resilient than ever

‣ EFT vs full models vs uncertainties vs discovery sensitivity


‣ new tools increase sensitivity often beyond naive extrapolations

Where’s BSM? — Top physics might well hold the answer
…but there’s more work to do.



‣ large interference effects of Higgs “signal” with QCD background
[Gaemers, Hoogeveen `84] [Dicus et al. `94]….
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =
500 GeV before the emission of final-state radiation and before the parton shower for the pure resonance S (filled)
and signal+interference contribution S + I (unfilled). Events from all tt̄ decay modes are included.

Correction factors KS were applied to normalize the generated signal (S ) cross-section to the value cal-
culated at partial next-to-next-to-leading-order (NNLO) precision in QCD [50–52]. The correction factor
for the interference component I is KI =

p
KS ⇥ KB, as suggested in Ref. [53], where KB = 1.87 is

the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant ↵S, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

3 Event selection

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

Events are required to contain exactly one isolated electron [54] or muon [55] with pT > 25 GeV and
pseudorapidity |⌘| < 2.5 [56]. Events must have large missing transverse momentum, Emiss

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

T + mW
T > 60 GeV, is required to further suppress the contribution from multijet events,

where mW
T is the lepton–Emiss

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

4

[ATLAS `17]

‣ top resonance searches in Higgs sector extensions with narrow 
width approximation is inadequate!

34

4

t� ↵1,2,3 Re(m2
12) [TeV

2] mH± [TeV] mHi,j 6=h [TeV]

min 0.8 �
⇡

2 0 0.15/0.59 0.01

max 20 ⇡

2 0.5 1.5 1.5

TABLE II: C2HDM scan: All parameters are varied inde-
pendently between the given minimum and maximum values.
The two minimum values of the charged Higgs mass range
refer to the scan in the C2HDM T1 and T2, respectively. For
more details, see text.

denoted by h, to be mh = 125.09 GeV [32]. In Tab. II
we summarise the ranges of the other scan parameters.
Note that the third neutral Higgs boson mass mHj 6=Hi,h

is calculated from the other input values and forced to lie
in the interval given in Tab. II. In order to circumvent de-
generate Higgs signals, we additionally impose mHi,j 6=h

to be 5 GeV away from 125 GeV. The SM input pa-
rameters are chosen as in the scan for the CxSM. In our
scan we neglect parameter points with Re(m2

12) < 0, as
they are extremely rare. We check all parameter points
at the 2� exclusion level in the mH± � tan� plane for
compatibility with the flavour constraints on Rb [62, 63]
and B ! Xs� [63–67] Applying the results of [67] we re-
quire mH± to be above 590 GeV in the C2HDM T2. In
the C2HDM T1, on the other hand, the bound is much
weaker and depends more strongly on tan�. Our re-
tained parameter points are put in agreement with the
electroweak precision data by demanding 2� compatibil-
ity with the SM fit [68] of the oblique parameters S, T
and U , including the full correlation among the three
parameters. The necessary 2HDM formulae are given
in [52, 69]. For the check of the compatibility with the
Higgs data we proceeded as in the CxSM, with the di↵er-
ence that we obtained the here necessary branching ratios
from the C2HDM implementation C2HDM HDECAY [58] in
HDECAY [42, 43]. Further details, can be found in [28, 58].

Since we work in the C2HDM, we also have to check for
agreement with the measurements of the electric dipole
moment (EDM), with the strongest constraint originat-
ing from the electron EDM [70]. We take the experimen-
tal limit given by the ACME collaboration [71]. Like for
the CxSM we also checked if the final scenarios induce a
strong first order phase transition [49, 72]. Also here we
found that for none of them this is the case.

III. INTERFERENCE EFFECTS: TOP VS.
DI-HIGGS FINAL STATES

A. Setup

Based on the scan detailed in Sec. II, we implement the
pp ! Hi ! tt̄ and pp ! Hi ! hh resonant amplitudes
into Vbfnlo [73–76], where Hi denotes any of the non-
SM-like heavy Higgs bosons of the CxSM or C2HDM,
respectively. For the parameter regions investigated here
the main production channel is given by gluon fusion.

The one-loop (leading order) computation uses Form-
Calc/LoopTools [77, 78]. Various cross checks against
MadGraph [79] and other results [5, 80–82] have been
carried out. We do not include b quark loops throughout
as they are negligible for the parameter regions studied
in this work.

We select one state Hi, defined as the signal, and com-
pute the squared amplitude for the gg ! Hi ! tt̄/hh

process:

d�os
i

⇠ |Msig(gg ! Hi ! XX̄)|2 , X = t, h , (18)

where M is the signal amplitude given by the s-channel
one-loop diagrams shown in Fig. 1. This cross section
can be understood as the on-shell cross section that one
would obtain from �-times-branching ratio estimates. To
obtain these cross sections and put them in relation to
interference e↵ects, we integrate the cross sections within

|m(tt̄/hh) � mHi | < 2 �Hi . (19)

We keep track of the interference e↵ects with the SM
“background” and BSM signal. The former is given by
continuum gg ! tt̄ production, Fig. 2, for the tt̄ final
state, and by box, Fig. 2, and o↵-shell h-induced gg ! hh

contributions for the hh final state. The latter derives
from the competing gg ! Hj 6=i ! hh diagrams, Fig. 1.
This gives rise to an estimate of the observed cross section
in the presence of interference e↵ects:

d�i ⇠ |Msig(gg ! Hi ! XX̄)|2

+ 2 Re
�
MsigM

⇤
bkg(Hj 6=i, cont.)

 
, (20)

where “cont.” stands for the continuum tt̄ or hh “back-
ground” and (o↵-shell) Hj 6=i contributions as mentioned
above, including the SM-like h.

The scans described in the previous section show that
there are viable parameter choices with the tendency to
produce quasi-degenerate mass spectra in the C2HDM
when both tt̄ and hh decay channels are open. We de-
fine the two non-SM states as “degenerate” when their
mass splitting is less than 10% of the heavy scalar’s mass.
This accounts for most of the parameter points that are
described in Sec. II.

For parameter points that have very small cross sec-
tions in either of the two channels, interference e↵ects

g
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t

t

t

q
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t

g

S

t

t

FIG. 1: Representative signal diagram contributing to tt̄ and
hh resonance searches. h denotes the light SM-like state with
mh ' 125 GeV, while Hi denotes the remaining heavy Higgs
bosons that arise in the C2HDM and CxSM.
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FIG. 2: Representative non-resonant “background” diagrams contributing to pp ! tt̄ (a,b) and pp ! hh (c) searches (di↵erent
fermion flows are understood implicitly). The o↵-shell h-induced background contribution derives from graphs shown in Fig. 1
with an o↵-shell h running in the s-channel.

(a) (b)

FIG. 3: Ratio of signal+interference cross section � and OS cross-section �
os (for definition, see text) in pp ! hh and pp ! tt̄

for degenerate non-SM-like Higgs states. Points are pre-selected to have resonance cross sections of at least 170 fb at LO in
the tt̄ and 8 fb in the hh channels. Left: 2HDM type 1, right: 2HDM, type 2.

when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.

+ …..

+

top caveats



special role of tops

‣ phenomenologically viable regions 
exhibit compressed spectra:         
signal-signal interference
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FIG. 4: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP1, see Tab. III.
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FIG. 5: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP2, see Tab. III.
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FIG. 6: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP3, see Tab. III.
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FIG. 2: Representative non-resonant “background” diagrams contributing to pp ! tt̄ (a,b) and pp ! hh (c) searches (di↵erent
fermion flows are understood implicitly). The o↵-shell h-induced background contribution derives from graphs shown in Fig. 1
with an o↵-shell h running in the s-channel.
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FIG. 3: Ratio of signal+interference cross section � and OS cross-section �
os (for definition, see text) in pp ! hh and pp ! tt̄

for degenerate non-SM-like Higgs states. Points are pre-selected to have resonance cross sections of at least 170 fb at LO in
the tt̄ and 8 fb in the hh channels. Left: 2HDM type 1, right: 2HDM, type 2.

when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.

C2HDM T2


