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large pull @ weak scale relevant threshold

‣ top determines electroweak fit and 
Higgs precision data 

‣ Stability of weak scale crucially 
related to top quark properties
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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
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Why the top quark?

direct handle on 
properties

‣ top quark heavy mt ∽ v, strongly coupled, decay before hadronisation
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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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…we don’t know (yet).

What completes the SM towards the UV?

understand experimental 
correlations as guidance

this talk: Top Quark as MVP

cure theoretical problems  
exploit BSM facts (Sakharov…)
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…we don’t know (yet).

‣ Agnostic high scale BSM: ways to improve in the future 

‣ Model-specific low scale new physics: top loopholes

What completes the SM towards the UV?

understand experimental 
correlations as guidance

this talk: Top Quark as MVP

cure theoretical problems  
exploit BSM facts (Sakharov…)
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coupling/scale 
separated BSM physics

Effective Field Theory concrete models
‣ extended SMEFT

‣ (    ) Higgs portals

‣ 2HDMs

‣ simplified models

‣ compositeness….

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]

L = LSM +
�

i

ci

�2
Oi

Hunting new physics

+ . . .
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see also Minho’s talk
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EFT@LHC
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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.
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EFT: major 
thrust after Higgs 

discovery

proof-of-principle 
case + NxLO tools

experimental 
ownership @ R3
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Figure 6: Left: Individual (red) and marginalised (blue) 95% confidence intervals on

dimension-six operators from top pair production and single top production (bottom three).

Right: Marginalised 95 % bounds considering all data from LHC and Tevatron (green) vs

Tevatron only (purple).

where q = pt � pb. There is a one-to-one mapping between this Lagrangian and those

dimension-six operators that modify the Wtb vertex:

VL ! Vtb + C(3)
'q v2/⇤2 VR !

1

2
C'udv

2/⇤2

gL !
p

2CuWv2/⇤2 gR !
p

2CdWv2/⇤2 (13)

What, then, is the advantage of using higher-dimensional operators when anomalous

couplings capture most of the same physics? The advantages are manifold. Firstly, the

power-counting arguments of the previous paragraph that allowed us to reject the operators

OdW , O'ud at order ⇤�2 would not be clear in an anomalous coupling framework. In

addition, the four-quark operator O(3)
qq in eq. (10) can have a substantial e↵ect on single-top

production, but this can only be captured by an EFT approach. For a detailed comparison

of these approaches, see e.g. Ref. [133]. The 95% confidence limits on these operators

from single top production are shown in Fig. (6), along with those operators previously

discussed in top pair production.

Let us compare these results to our findings of Section 4.1. The bounds on operators

from top pair production are typically stronger. The so-called chromomagnetic moment

operator OuG is also tightly constrained, owing to its appearance in both the qq̄ and gg

channels, i.e. it is sensitive to both Tevatron and LHC measurements. For the four-quark

operators, the stronger bounds are typically on the C1
i -type. This originates from the

more pronounced e↵ect on kinematic distributions that they have. The phenomenology

of the C2
i -type operators is SM-like, and their e↵ect becomes only visible in the tails of

distributions.
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Towards high statistics/energy

precision

‣ loops/legs/resummation 
‣ tops @N2LO 
‣ Higgs @ N3LO 
‣ Higgs pairs @NLO …

[Czakon, Mitov `13]…

[Anastasiou et al. `15]…

[Borowka et al. `16]…

‣ robust BSM classification 
‣ data driven techniques 
‣ machine learning 
‣ anomaly detection

(HL-)LHC/ FCC 
sensitivity

see also Frank’s talk
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coupling/scale 
separated BSM physics

Effective Field Theory concrete models
‣ extended SMEFT

‣ (    ) Higgs portals

‣ 2HDMs

‣ simplified models

‣ compositeness….

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10]

L = LSM +
�

i

ci

�2
Oi

Hunting new physics
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event structure
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kinematic 
correlations

helicity 
correlations

colour 
correlations

….

theory
‣ correlations in particle physics, when perturbative, are 

parametrisable by Feynman diagrams

monetarising correlations
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monetarising correlations

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

kinematic 
correlations

helicity 
correlations

….

theory

reverse-engineer in terms of collider observables
for SM validation or exclusion

experiment

colour 
correlations
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‣ Can we impart Feynman-graph correlations on measurements to 
enhance BSM sensitivity? 

monetarising correlations
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‣ Can we impart Feynman-graph correlations on measurements to 
enhance BSM sensitivity? Graph Neural Networks

jet tagging [Dreyer, Hu `20] 
[Lim, Nojiri `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 –

GNN EFT analysis of semi-leptonic top pair production
[Atkinson et al. `21]

?

?

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

monetarising correlations

see also Mihoko’s talk
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GNN EFT analysis of semi-leptonic top pairs
supervised training over graph structures to enhance BSM sensitivity

[Atkinson et al. `21]

13 relevant operator contributions @ interference-level 
<latexit sha1_base64="pAE5wHcQAD7rj6p7v773zct/rEc="></latexit>

⇠ 2ci
⇤2

Re(MSMM⇤
d6)
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GNN EFT analysis of semi-leptonic top pairs
supervised training over graph structures to enhance BSM sensitivity

traditional approach
identify fiducial region + multi-
dimensional fit to differential 
distributions

Distribution Observable Binning

1
�

d�
d|yh

t |
|yh

t | [0.0, 0.2, 0.4, 0.7, 1.0, 1.3, 1.6, 2.5]

1
�

d�
d|yl

t|
|yl

t| [0.0, 0.2, 0.4, 0.7, 1.0, 1.3, 1.6, 2.5]

1
�

d�
d|ytt̄|

|ytt̄| [0.0, 0.2, 0.4, 0.6, 0.9, 1.3, 2.3]

1
�

d�
dpt,h?

pt,h
? [0, 45, 90, 135, 180, 225, 270, 315, 400, 800] GeV

1
�

d�
dpt,l?

pt,l
? [0, 45, 90, 135, 180, 225, 270, 315, 400, 800] GeV

1
�

d�
dmtt̄

mtt̄ [300, 375, 450, 530, 625, 740, 850, 1100, 2000] GeV

1
�

d�
d|ytt̄|d|mtt̄|

|ytt̄| [0.0, 0.2, 0.4, 0.6, 0.9, 1.3, 2.3]

mtt̄ [300, 375, 450, 625, 850, 2000] GeV

1
�

d�
dpt,h? d|yh

t |
pt,h
? [0, 45, 90, 135, 180, 225, 270, 315, 400, 800] GeV

|yh
t | [0.0, 0.5, 1.0, 1.5, 2.5]

Table 1. Distributions provided in Ref. [49] and included in the fit in this work.

The third term represents the contribution from the EFT squared or cross-terms which

are ⇤4 suppressed. In the following, we will limit ourselves to dimension 6 (di↵erential)

cross sections ⇠ ⇤�2 that result from interference of the EFT and SM amplitudes. While

this is a theoretically consistent approach, it also constitutes a conservative case for EFT

limit setting: contributions ⇠ ⇤�4 typically show a dramatic momentum-transfer enhanced

behaviour and are therefore relatively easy to constrain, even using standard approaches.

Put di↵erently, any sensitivity improvement that we can identify for the linearised approach

will generalise to the inclusion of the ⇠ ⇤�4 terms in eq. (2.1).

2.1 Analysis Setup and Fit Methodology

We use the SMEFTSim [50, 51] implementation to include the e↵ective operators, which is

then interfaced with MadGraph5 [52] via FeynRules [53] and UFO [54] to generate the event

samples at leading order (LO)1 for

pp ! tt̄ ! `bb̄j + /ET . (2.2)

We use a
p

s = 13 TeV analysis by the CMS collaboration [49] as inspiration to investigate

(correlated) di↵erential measurement results and representative data binning as given

in table 1. SM predictions are injected as mock reference data for the luminosity Lref =

2.3 fb�1 of Ref. [49] and we scale statistical uncertainties relative to this luminosity, using

1
In this work, we focus on GNN performance of EFT parameter fits and limit ourselves to a leading

order analysis. We note that including higher order contributions for the SM hypothesis is crucial to obtain

consistency with the measured data, but will not impact the qualitative results of this work. We have

checked that the results of table 2 are qualitatively reproduced by a full NLO fit using a forthcoming version

of TopFitter [55].

– 3 –

e.g. [CMS-TOP-16-008]

[Atkinson et al. `21]

13 relevant operator contributions @ interference-level 
<latexit sha1_base64="pAE5wHcQAD7rj6p7v773zct/rEc="></latexit>
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GNN EFT analysis of semi-leptonic top pairs
supervised training over graph structures to enhance BSM sensitivity

traditional approach
identify fiducial region + multi-
dimensional fit to differential 
distributions

Distribution Observable Binning

1
�

d�
d|yh

t |
|yh

t | [0.0, 0.2, 0.4, 0.7, 1.0, 1.3, 1.6, 2.5]

1
�

d�
d|yl

t|
|yl

t| [0.0, 0.2, 0.4, 0.7, 1.0, 1.3, 1.6, 2.5]

1
�

d�
d|ytt̄|

|ytt̄| [0.0, 0.2, 0.4, 0.6, 0.9, 1.3, 2.3]

1
�

d�
dpt,h?

pt,h
? [0, 45, 90, 135, 180, 225, 270, 315, 400, 800] GeV

1
�

d�
dpt,l?

pt,l
? [0, 45, 90, 135, 180, 225, 270, 315, 400, 800] GeV

1
�

d�
dmtt̄

mtt̄ [300, 375, 450, 530, 625, 740, 850, 1100, 2000] GeV

1
�

d�
d|ytt̄|d|mtt̄|

|ytt̄| [0.0, 0.2, 0.4, 0.6, 0.9, 1.3, 2.3]

mtt̄ [300, 375, 450, 625, 850, 2000] GeV

1
�

d�
dpt,h? d|yh

t |
pt,h
? [0, 45, 90, 135, 180, 225, 270, 315, 400, 800] GeV

|yh
t | [0.0, 0.5, 1.0, 1.5, 2.5]

Table 1. Distributions provided in Ref. [49] and included in the fit in this work.

The third term represents the contribution from the EFT squared or cross-terms which

are ⇤4 suppressed. In the following, we will limit ourselves to dimension 6 (di↵erential)

cross sections ⇠ ⇤�2 that result from interference of the EFT and SM amplitudes. While

this is a theoretically consistent approach, it also constitutes a conservative case for EFT

limit setting: contributions ⇠ ⇤�4 typically show a dramatic momentum-transfer enhanced

behaviour and are therefore relatively easy to constrain, even using standard approaches.

Put di↵erently, any sensitivity improvement that we can identify for the linearised approach

will generalise to the inclusion of the ⇠ ⇤�4 terms in eq. (2.1).

2.1 Analysis Setup and Fit Methodology

We use the SMEFTSim [50, 51] implementation to include the e↵ective operators, which is

then interfaced with MadGraph5 [52] via FeynRules [53] and UFO [54] to generate the event

samples at leading order (LO)1 for

pp ! tt̄ ! `bb̄j + /ET . (2.2)

We use a
p

s = 13 TeV analysis by the CMS collaboration [49] as inspiration to investigate

(correlated) di↵erential measurement results and representative data binning as given

in table 1. SM predictions are injected as mock reference data for the luminosity Lref =

2.3 fb�1 of Ref. [49] and we scale statistical uncertainties relative to this luminosity, using

1
In this work, we focus on GNN performance of EFT parameter fits and limit ourselves to a leading

order analysis. We note that including higher order contributions for the SM hypothesis is crucial to obtain

consistency with the measured data, but will not impact the qualitative results of this work. We have

checked that the results of table 2 are qualitatively reproduced by a full NLO fit using a forthcoming version

of TopFitter [55].

– 3 –

e.g. [CMS-TOP-16-008]

[Atkinson et al. `21]

13 relevant operator contributions @ interference-level 

GNN-improved  approach

(i) GNN discrimination of 
multi-class problem 

(ii) fit based on NN score

Figure 4. Example two-dimensional his-
tograms for each contribution, normalised to
the cross section rate.

which we can evaluate the improvement in the constraints from applying the GNN results.

To demonstrate the power of the GNN approach, we cut on the datasets, based on

the probability assigned by the network of belonging to a given class; only events with a

-���� -���� -���� ���� ���� ���� ����
-���

-���

���

���

���

Figure 5. WC constraint contours at the 95% C.L. from �2 fitting; in black from the data of the
baseline selection of section 2 which also passes the network requirements. The left plot shows the
contours from cuts on the NN scores at the optimal value of these score cuts, with the analysis
performed using pT (b1) distributions. The right plot shows the BSM score cut as in the left plot,
along with the contour from the 2D score histogram of fig. 4 (with no score cuts) analysis. For
details see text.

– 9 –

scalability 

☹
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GNN EFT analysis of semi-leptonic top pairs
supervised training over graph structures to enhance BSM sensitivity

traditional approach
identify fiducial region + multi-
dimensional fit to differential 
distributions

Distribution Observable Binning

1
�

d�
d|yh

t |
|yh

t | [0.0, 0.2, 0.4, 0.7, 1.0, 1.3, 1.6, 2.5]

1
�

d�
d|yl

t|
|yl

t| [0.0, 0.2, 0.4, 0.7, 1.0, 1.3, 1.6, 2.5]

1
�

d�
d|ytt̄|

|ytt̄| [0.0, 0.2, 0.4, 0.6, 0.9, 1.3, 2.3]

1
�

d�
dpt,h?

pt,h
? [0, 45, 90, 135, 180, 225, 270, 315, 400, 800] GeV

1
�

d�
dpt,l?

pt,l
? [0, 45, 90, 135, 180, 225, 270, 315, 400, 800] GeV

1
�

d�
dmtt̄

mtt̄ [300, 375, 450, 530, 625, 740, 850, 1100, 2000] GeV

1
�

d�
d|ytt̄|d|mtt̄|

|ytt̄| [0.0, 0.2, 0.4, 0.6, 0.9, 1.3, 2.3]

mtt̄ [300, 375, 450, 625, 850, 2000] GeV

1
�

d�
dpt,h? d|yh

t |
pt,h
? [0, 45, 90, 135, 180, 225, 270, 315, 400, 800] GeV

|yh
t | [0.0, 0.5, 1.0, 1.5, 2.5]

Table 1. Distributions provided in Ref. [49] and included in the fit in this work.

The third term represents the contribution from the EFT squared or cross-terms which

are ⇤4 suppressed. In the following, we will limit ourselves to dimension 6 (di↵erential)

cross sections ⇠ ⇤�2 that result from interference of the EFT and SM amplitudes. While

this is a theoretically consistent approach, it also constitutes a conservative case for EFT

limit setting: contributions ⇠ ⇤�4 typically show a dramatic momentum-transfer enhanced

behaviour and are therefore relatively easy to constrain, even using standard approaches.

Put di↵erently, any sensitivity improvement that we can identify for the linearised approach

will generalise to the inclusion of the ⇠ ⇤�4 terms in eq. (2.1).

2.1 Analysis Setup and Fit Methodology

We use the SMEFTSim [50, 51] implementation to include the e↵ective operators, which is

then interfaced with MadGraph5 [52] via FeynRules [53] and UFO [54] to generate the event

samples at leading order (LO)1 for

pp ! tt̄ ! `bb̄j + /ET . (2.2)

We use a
p

s = 13 TeV analysis by the CMS collaboration [49] as inspiration to investigate

(correlated) di↵erential measurement results and representative data binning as given

in table 1. SM predictions are injected as mock reference data for the luminosity Lref =

2.3 fb�1 of Ref. [49] and we scale statistical uncertainties relative to this luminosity, using

1
In this work, we focus on GNN performance of EFT parameter fits and limit ourselves to a leading

order analysis. We note that including higher order contributions for the SM hypothesis is crucial to obtain

consistency with the measured data, but will not impact the qualitative results of this work. We have

checked that the results of table 2 are qualitatively reproduced by a full NLO fit using a forthcoming version

of TopFitter [55].

– 3 –

e.g. [CMS-TOP-16-008]

[Atkinson et al. `21]

13 relevant operator contributions @ interference-level 

GNN-improved  approach

(i) GNN discrimination of 
multi-class problem 

(ii) luminosity-optimised NN 
output event selection, 
minimising SM probability 

(iii)traditional fit

scalability reduced to 
operator multiplicity 

🙂
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GNN EFT analysis of semi-leptonic top pairs
supervised training over graph structures to enhance BSM sensitivity

[Atkinson et al. `21]

13 relevant operator contributions @ interference-level 

‣ large improvement attainable 
exclusive phase space correlations 

‣ no improvement when inclusive 
selections determine sensitivity 

‣ expect further improvement when 
including model correlations 

‣ pivot uncertainties through GANs

17

<latexit sha1_base64="pAE5wHcQAD7rj6p7v773zct/rEc="></latexit>

⇠ 2ci
⇤2

Re(MSMM⇤
d6)

2.3 fb�1 3 ab�1

Individual Profiled Individual Profiled

C̄G 0.07% 14.53% 0.07% 11.72%

C̄(3)33
'q 33.74% 34.16% 33.73% 33.82%

C̄33
uG 28.29% 32.12% 28.28% 30.76%

C̄33
uW 34.86% 35.36% 34.85% 35.57%

C̄(1)i33i
qq 3.50% 3.52% 3.50% 3.23%

C̄(3)i33i
qq 4.35% 4.31% 4.35% 5.01%

C̄(3)ii33
qq 63.83% – 63.83% 72.06%

C̄(8)33ii
qu 3.45% 3.45% 3.45% 3.39%

C̄(8)ii33
qu 3.74% 3.80% 3.74% 3.77%

C̄(8)33ii
ud 4.62% 4.63% 4.62% 4.64%

C̄i33i
uu 3.38% 3.41% 3.38% 3.83%

C̄(3)ii33
lq – – 10.57% 40.26%

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

improvement on profiled bounds can be greater than on individual ones as in fig. 7. This

occurs when the cut on the EFT score selects a region where the impact on the bounds

of a particular operator by the presence of additional ones is reduced, even though the

robustness of one class against variations of others is not taken into account in our work.

5 Summary and Outlook

The absence of direct evidence for new physics beyond the Standard Model at the LHC

is as surprising as it is challenging for particle physics. Turning to e↵ective field theory

methods with the aim of fingerprinting new physics through the observation of modifications

of expected SM correlations in the plethora of LHC data is a well-motivated approach to

experimentally challenge, and perhaps, overcome the current status quo. The multitude

of ad hoc new physics interactions in the SMEFT approach demands tailored approaches

to achieve the most sensitive limit setting. In this sense, limiting analyses to a handful of,

albeit motivated, di↵erential distributions is not beneficial for enhancing the sensitivity.

Conversely, employing machine learning techniques that fingerprint and exploit correlations

in data provides a highly adaptive avenue to enhance the overall sensitivity that can be

achieved at the LHC but also other (future) collider experiments.

In this work, we have focused employing on GNNs for EFT limit setting. GNNs are

particularly motivated approaches for this purpose as they allow us to directly reflect the
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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]
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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.

+ …..

+
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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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‣ top resonance searches in Higgs sector extensions with narrow 
width approximation can be inadequate!  Is this a problem?
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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

g

g

t, h

t, hHi 6= h
t

t

t

q

q

t

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.

+ …..

+

[Gaemers, Hoogeveen `84] [Dicus et al. `94] [Carena, Liu `16]…

also [CMS `20]
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Figure 13. Scan of 50000 randomly generated points compared against LHC data, extrapolated to
an integrated luminosity of 3 ab�1 using 2HDecay and HiggsBounds, with allowed points shown in
blue and the current data exclusion contour in black. On the left, the scan in the 2HDM-I, on the
right the 2HDM-II.

global fit in Ref. [13] for flavour results, where we simply extend these contours to lower

charged Higgs masses to be more compatible with the collider results.
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Figure 14. Combined results from the global flavour fit and collider searches, with allowed points
from collider searches in blue and contours from the flavour sector at 1,2,3,4,5� confidence, from
darkest to lightest, with 2HDM-I results on the left and 2HDM-II on the right.

We find that there is some degree of complementarity between the two sectors for the

types of 2HDM that are examined here. In the 2HDM-I the LEP searches [176] that set a

lower mass bound on the new Higgses outperform the exclusion from flavour observables,

which lack sensitivity in the high tan � region. Conversely, in both cases, the flavour

constraints following from precise measurements are more successful constraining tan � at

at high masses, reflecting the loss of sensitivity in direct collider searches once the new
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FIG. 3: Scans of the 2HDM parameter space with randomly generated points shown in blue if allowed by the current and
extrapolated bounds, and in orange if currently allowed but expected to be excluded by the HL-LHC. Overlaying are the 1, 2, 3,
4, 5� (darker to lighter) allowed contours from the flavour sector to highlight regions of collider-flavour (including electroweak
precision data) complementarity.

lepton couplings become large, this is not the case as the
quark couplings, proportional to cot �, become small and
the new Higgs states essentially decouple from the quark
sector, giving very low production cross sections and thus
limited sensitivity in this region beyond the historic LEP
limits [65]. The extrapolation improves these bounds,
leading to the additional exclusion most notable in the
moderate tan � region from H

0
! ⌧

+
⌧
�.

In the 2HDM-Y case, below the top mass at low tan �,
leptonic decays of H

0 exclude points [70, 71], before the
same H

±
! tb̄ channel provides the exclusion above the

top mass [67]. There is relatively little exclusion for mod-
erate tan � in the current data, owing to the compara-
tively low branching ratios in this region for the channels
that give exclusion in other 2HDM types, with the lower
mass bound set from the LEP data [65]. For high tan �,
H

0
! bb̄ gives the exclusion up to ⇠ 250 GeV [72], be-

yond which H
+

! tb̄ is the most sensitive channel. In
the extrapolation, the improved bounds from H

+
! tb̄

and H
0

! bb̄ are su�cient to rule out a swathe of points
in the moderate tan � region.

Having separately examined the constraints from a
host of flavour and electroweak precision observables and
BSM collider searches, we now look to compare the re-
sults of the two to gain insight into the complementary
nature of these approaches. We do so by displaying the
results on the same axes in Fig. 3, and stress that this
is not a statistical combination and simply an overlay of
the contours from the flavour sector on the scans from
the collider searches in Fig. 3.

We observe a good degree of complementarity between
the two sectors, as each can probe regions of the parame-

ter space that the other cannot. For both types of 2HDM
examined here the flavour sector excludes regions with
low tan � that the BSM searches lack sensitivity to, both
in the current and extrapolated datasets. For the 2HDM-
X, the collider searches, particularly the H

0
! ⌧

+
⌧
�

channel in the HL-LHC extrapolation, are more sensitive
than the flavour sector and can rule out a portion of the
1� region from the flavour observables, though both ap-
proaches lack sensitivity above masses of 100 GeV when
tan � is large. In the 2HDM-Y case, the collider searches
rule out the entirety of the 1� region in the parameter
space we examine here, and the majority of the 2� re-
gion. The extrapolation of the LHC data improves on
this further, and rules out very nearly all of the 2� re-
gion. Outside of this high tan � region the flavour con-
straints outperform the collider searches. These results
demonstrate the high degree of complementarity between
the two datasets and give further indications of where fu-
ture searches should focus e↵orts to detect or exclude a
2HDM.

C. aµ in 2HDMs

D. Impact of MUonE

Following the analysis framework set out in Section III
we carried out an extensive investigation of the 2HDM
parameter space in all four model types, the results of
which we present here. We consider not just the degener-
ate mass and alignment limits in this section, and include
a wide range of possible mass scenarios, such as varying

[Atkinson et al.`21, `22]

no 
SFOEWPS!

2HDMs: flavour & colliders
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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.

2HDM T2

[Basler, Dawson, CE, Mühlleitner `18, `19]
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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.

1000900800700600500400

30

20

10

0

�10

�20

694 GeV
691 GeV

694 GeV+intf.
691 GeV+intf.

m(tt̄) [GeV]

d
�
/
d
m

(t
t̄
)

[f
b
/
G

eV
]

(a)

1000900800700600500400300

0.3

0.2

0.1

0

694 GeV
691 GeV

694 GeV+intf.
691 GeV+intf.

m(hh) [GeV]

d
�
/
d
m

(h
h
)

[f
b
/
G

eV
]

(b)
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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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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.

2HDM T2
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Table 1. Dimension-6 operators of class �6 involving �1 and �2.

dynamics alone do not seem to be quite enough to furnish a strong first-order EWPT, it is

the purpose of this paper to clarify the extra dynamics that are required for the 2HDM to

provide a su�ciently large EWPT for electroweak baroygenesis. Concretely, we approach

this by means of e↵ective field theory (see also [23–25]) and focus in this work on extensions

of the scalar potential of the softly broken Z2-symmetric and CP-conserving 2HDM as a

well-motivated sector to facilitate a strong first-order EWPT [26–31]. We will focus on the

2HDM type II in this work, but as we will focus mostly on the implications for multi-Higgs

production and phenomenological prospects for multi-top final states, our findings generalise

to the 2HDM type I straightforwardly.

We organise this work as follows: In Sec. 2 we review the basics of the 2HDM alongside

the e↵ective field theory (EFT) modifications we consider in this work. Section 3 provides

a short overview of our computational methods. Section 4 is devoted to our results: we

provide scans of operators to achieve a strong first-order EWPT and clarify the correlated

phenomenological implications relevant for the LHC in multi-Higgs and multi-top final

states. We summarise and conclude in Sec. 5.

2 2HDMs and Dimension-6 Higgs Potential Extensions

The tree-level dimension-4 potential of the 2HDM is given by [32, 33]
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where �1,2 are SU(2)L doublets with hypercharge Y = 1. The absence of tree-level flavour-

changing neutral interactions can be guaranteed by imposing a Z2 symmetry [34], which

is softly broken by the term proportional m2

12
. In the following, we will assume only such

soft breaking and choose the couplings �6,7 = 0, which induces a hard breaking of Z2, to be

zero. We furthermore take the values of the remaining coupling and mass parameters, �i

(i = 1, ..., 5) and m2

ab
(a, b = 1, 2), to be real.
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dynamics alone do not seem to be quite enough to furnish a strong first-order EWPT, it is

the purpose of this paper to clarify the extra dynamics that are required for the 2HDM to

provide a su�ciently large EWPT for electroweak baroygenesis. Concretely, we approach

this by means of e↵ective field theory (see also [23–25]) and focus in this work on extensions

of the scalar potential of the softly broken Z2-symmetric and CP-conserving 2HDM as a

well-motivated sector to facilitate a strong first-order EWPT [26–31]. We will focus on the

2HDM type II in this work, but as we will focus mostly on the implications for multi-Higgs

production and phenomenological prospects for multi-top final states, our findings generalise

to the 2HDM type I straightforwardly.

We organise this work as follows: In Sec. 2 we review the basics of the 2HDM alongside

the e↵ective field theory (EFT) modifications we consider in this work. Section 3 provides

a short overview of our computational methods. Section 4 is devoted to our results: we

provide scans of operators to achieve a strong first-order EWPT and clarify the correlated

phenomenological implications relevant for the LHC in multi-Higgs and multi-top final

states. We summarise and conclude in Sec. 5.

2 2HDMs and Dimension-6 Higgs Potential Extensions
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where �1,2 are SU(2)L doublets with hypercharge Y = 1. The absence of tree-level flavour-

changing neutral interactions can be guaranteed by imposing a Z2 symmetry [34], which

is softly broken by the term proportional m2

12
. In the following, we will assume only such

soft breaking and choose the couplings �6,7 = 0, which induces a hard breaking of Z2, to be

zero. We furthermore take the values of the remaining coupling and mass parameters, �i
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(a) Modification of gg ! H ! tt̄ and interference

e↵ects with continuum gg ! tt̄.
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(b) Modification of Higgs pair production gg ! hh

and its correlation with the resonance contribution

gg ! H ! hh.

Figure 2. Correlation between EFT-extended cross sections and their dimension-4 2HDM
counterparts. We scan over parameters that are allowed by the constraints detailed in Sec. 3.2, and
identify individual Wilson coe�cients to achieve ⇠d6

c
= 1. We consider points with ⇠d4

c
> 0.3 and

highlight ⇠d4
c

> 0.8 for comparison. For details, see text.

(we will study the e↵ect of combined Wilson coe�cients below). We do not distinguish

between the individual Wilson coe�cients as the phenomenological outcome is qualitatively

similar. The scan also includes relatively large Wilson coe�cient choices which are necessary

to achieve ⇠d6c ' 1 starting from ⇠d4c ' 0.3; for illustration purposes we highlight smaller

dimension-6 couplings resulting from ⇠d4c � 0.8 in Fig. 2. The phenomenological baseline of

the d = 4 points shown in Fig. 2 is a top-philic one; tt̄ final states are the preferred decay

channels of the exotic Higgs bosons with typically BR(H ! tt̄) & 0.8. The changes that

are introduced by the dimension-6 interactions do not (and to be perturbatively robust

must not) change this behaviour dramatically. In fact, neither the tt̄ final states, nor their

width-sensitive interference e↵ects show phenomenologically observable modifications, Fig. 2

(a). There is a trend that reflects the overall ⇠c behaviour, i.e. the closer ⇠d4c gets to unity,

the smaller the gg ! H ! tt̄ modification becomes as a result of a smaller modification of

the total H decay width. In any case for the generic top-dominated final states, such per

mille level e↵ects are well beyond the sensitivity that can be obtained at hadron colliders.

This leaves multi-Higgs final states as motivated signatures as shown in Fig. 2 (b).

The resonant H ! hh contribution is small as H ! tt̄ is preferred, but there can be a

modification of the resonance signal gg ! H ! hh, which is correlated with a modified

trilinear Hhh coupling. However, the overall gg ! hh rate is decreased. For instance we

find deviations of 125 GeV Higgs boson pair production of �d6(hh)/�d4(hh) ' 0.4 (0.8) for

⇠d4c = 0.3 (0.9) when sampling individual Wilson coe�cient directions. For large distances

1 � ⇠d4c it is clear that the EFT contribution needs to overcome the 2HDM contribution

alone, which eventually will put pressure on the dimension-6 EFT assumption, highlighted

through non-linear dependencies of ⇠d6c ({Ci

6
}). The individual Wilson coe�cient scans

that we have focussed so far remain in their linear regime and hence robust when viewed

– 12 –
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dynamics alone do not seem to be quite enough to furnish a strong first-order EWPT, it is

the purpose of this paper to clarify the extra dynamics that are required for the 2HDM to

provide a su�ciently large EWPT for electroweak baroygenesis. Concretely, we approach

this by means of e↵ective field theory (see also [23–25]) and focus in this work on extensions

of the scalar potential of the softly broken Z2-symmetric and CP-conserving 2HDM as a

well-motivated sector to facilitate a strong first-order EWPT [26–31]. We will focus on the

2HDM type II in this work, but as we will focus mostly on the implications for multi-Higgs

production and phenomenological prospects for multi-top final states, our findings generalise

to the 2HDM type I straightforwardly.

We organise this work as follows: In Sec. 2 we review the basics of the 2HDM alongside

the e↵ective field theory (EFT) modifications we consider in this work. Section 3 provides

a short overview of our computational methods. Section 4 is devoted to our results: we

provide scans of operators to achieve a strong first-order EWPT and clarify the correlated

phenomenological implications relevant for the LHC in multi-Higgs and multi-top final

states. We summarise and conclude in Sec. 5.

2 2HDMs and Dimension-6 Higgs Potential Extensions

The tree-level dimension-4 potential of the 2HDM is given by [32, 33]
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where �1,2 are SU(2)L doublets with hypercharge Y = 1. The absence of tree-level flavour-

changing neutral interactions can be guaranteed by imposing a Z2 symmetry [34], which

is softly broken by the term proportional m2

12
. In the following, we will assume only such

soft breaking and choose the couplings �6,7 = 0, which induces a hard breaking of Z2, to be

zero. We furthermore take the values of the remaining coupling and mass parameters, �i

(i = 1, ..., 5) and m2

ab
(a, b = 1, 2), to be real.
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DiHiggs cross section tells the taleLine-shape not sensitive enough

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.



29

 top physics occupies a major space in the electroweak & BSM landscape 

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

‣ new approaches to data analysis will enhance agnostic BSM potential 

‣ QM interference might hide BSM that’s right in front of our eyes and 
where it’s like to be found…

Summary

resonant extension elw. baryogenesis CP violation …

top is relevant threshold: 
LHC will provide clarification


