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• The discovery of the 125 GeV Higgs boson “completes” the Standard Model… 
✓ We have all the particles predicted by the SM…
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• The discovery of the 125 GeV Higgs boson “completes” the Standard Model… 
✓ We have all the particles predicted by the SM…plus the measurement of the 

Higgs mass completes the list of inputs needed to compute all interactions in 
the SM Lagrangian…

A.1 Standard Model Lagrangian

The renormalizable part of L0 in eq. (2.1) is just the SM Lagrangian LSM. Let us write it
explicitly (up to total derivatives). In standard notation,12 it reads

LSM =� 1

4
GA

µ⌫G
A µ⌫ � 1

4
W a

µ⌫W
a µ⌫ � 1

4
Bµ⌫B

µ⌫+

+ l̄Li i⇢⇢D lLi + q̄Li i⇢⇢D qLi + ēRi i⇢⇢D eRi + ūRi i⇢⇢DuRi + d̄Ri i⇢⇢DdRi+

+ (Dµ�)
†Dµ�� V (�)�

⇣
ŷeij ēRi�lLj + ŷdij d̄Ri�qLj + ŷuij ūRi�̃

†qLj + h.c.
⌘
. (A.1)

As usual, �̃ = i�2�⇤ denotes the iso-doublet of hypercharge �1/2. Here and below, the
covariant derivatives acting on a field or operator P in the representation (C, I)Y are

DµP =
�
@µ + ig3G

A
µT

A
C + ig2W

a
µT

a
I + ig1Y Bµ

�
P, (A.2)

with TA
C the SU(3) generators in the C representation and Ta

I the SU(2) generators in the
I representation. Our normalization of the hypercharge is such that Y = Q + T3

I , with Q

the electric charge. The Higgs scalar potential is

V (�) = �µ̂2
� |�|

2 + �̂� |�|4 . (A.3)

We will not need to write explicitly the non-renormalizable part of L0.

A.2 New Scalars

The Lagrangian LS can be written as the sum of two pieces:

LS = Lquad
S + Lint

S . (A.4)

The first one contains the kinetic terms (with covariant derivatives) and mass terms of the
new scalars:

Lquad
S =

X

�

⌘�
h
(Dµ�)

†Dµ� �M2
��

†�
i
. (A.5)

Here, � are the different scalar fields in table 1. More than one scalar field in each rep-
resentation is allowed. The prefactor ⌘� takes the value 1 (12) when � is in a complex
(real) representation of the gauge group. The second piece in (A.4) contains the general
interactions of the new scalars with the SM fields and among themselves. We distinguish
the terms of dimension d  4 and the ones of dimension d = 5:

Lint
S = L(4)

S + L(5)
S , (A.6)

12Latin indices i, j, k are used to label different generations. L,R indicate the chiral components of
spinors, written in Dirac’s four-component notation. We use the notation ŷ

e,u,d, µ̂� and �̂� to denote
couplings that will be renomalized by the effects of the heavy particles (see section D.1).

– 24 –

The crucial question is:  
Do all interactions predicted by the SM agree with the EXP measurements?
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Several of the SM particle interactions have not been measured 
directly yet, in particular, those entering in the scalar potential
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The crucial question is:  
Do all interactions predicted by the SM agree with the EXP measurements?
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• Why are these self-interactions important?

✓ It characterises the structure of the Higgs potential 

⇒ Does EWSB follow from a Ginzburg- Landau !4 potential?

✓ Test the validity of the SM. If not SM-like ⇒ Access to information about 

new physics (BSM)

‣ Naturalness?

‣ Sizable deviations expected, e.g., in models of composite Higgs or 
models with Higgs portal interactions

✓ Control the properties of the electroweak phase transition (EWPT) 

‣ (Electroweak) Baryogenesis?

‣ Models predicting strong 1st order transition typically predict O(1) 
deviations from SM

• OK, so how can we learn from the Higgs self-coupling at the LHC?

Operators tested outside Higgs physics

Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H
†
DµHf̄�

µ
f

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

Jan 24, 2019J. de Blas & C. Grojean �8

SM + Higgs

new states

Mass

SM New�m2
H

= + ⇠ 0

Higgs coupling deviations measure Naturalness 
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+ +
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�gh
gh

⇠ m2
h

�m2
h
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• How do we measure these self-interactions at the LHC?
✓ The obvious way…. Direct Higgs pair production
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ

2

(

1− 2
M2

H

ŝ
∓
√

1−
4M2

H

ŝ

)

, (5)

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process

6

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ
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Figure 1.2: Total production cross sections for Higgs pairs within the SM via gluon fusion,
vector-boson fusion, double Higgs-strahlung and double Higgs bremsstrahlung off top quarks.
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of the bands shows the total uncertainties originating from the scale dependence and the PDF+Æs
uncertainties.

Figure 1.3: Higgs pair invariant mass distribution at leading order for the different contributions to
the gluon fusion production mechanism and their interference.
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ŝ

)

, (5)
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The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
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ŝ
∓
√

1−
4M2

H

ŝ
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Figure 1.2: Total production cross sections for Higgs pairs within the SM via gluon fusion,
vector-boson fusion, double Higgs-strahlung and double Higgs bremsstrahlung off top quarks.
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Figure 1.3: Higgs pair invariant mass distribution at leading order for the different contributions to
the gluon fusion production mechanism and their interference.

arXiv: 1910.00012 [hep-ph]LHC

But these are complicated processes   
and new physics could enter in many places, 
affecting their interpretation as probes of λ3 !

LHC probes of the Higgs trilinear coupling

gghh:

VBF:

Vhh:

Tthh:



2.3. Impact of EFT fit 47

λκ

20− 15− 10− 5− 0 5 10 15 20

SM
σ

) /
 

λ
κ(

σ

0

0.2

0.4

0.6

0.8

1

1.2

1.4

ggF
SMσ / ggFσ

VBF
SMσ / VBFσ

WH
SMσ / WHσ

ZH
SMσ / ZHσ

ttH
SMσ / ttHσ

λκ

20− 15− 10− 5− 0 5 10 15 20

SM
) /

 B
R

λ
κ

BR
(

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

γγ
SM / BRγγBR

ZZ*
SM / BRZZ*BR

WW*
SM / BRWW*BR

ττ
SM / BRττBR

bb
SM / BRbbBR

Figure 2.9: Variation of the cross sections (left) and branching fractions (right) as a function of the
trilinear coupling modifier [130].

KEW(i ) is quite sizeable and has a non negligible impact on the prediction of the (differential) cross
sections æ, in the case of ±µi (∑∏) its impact is very small [127]. Finally, each decay process H ! f is
scaled by the signal strength

µ f (∑∏) '
∑2

f + (∑∏°1)C f
1

P
j BRSM( j )[∑2

j + (∑∏°1)C j
1 ]

, (2.35)

where
P

j runs over all the Higgs boson decay channels and ∑ j is the branching fraction modifier
for the j final state, ∑2

j = BRBSM
LO ( j )/BRSM

LO ( j ). The dependence of the production cross sections and
branching fractions with ∑∏ is shown in Fig. 2.9.

The processes W H , Z H , and especially t t̄ H , entail a larger linear dependence on ∏H 3 with re-
spect to the other processes. Moreover, also a stronger kinematic dependence is present, with larger
values associated to the threshold region [124, 125, 127]. In the case of VBF, the kinematic depen-
dence is instead rather flat [124, 125, 127]. Fully differential results for these production mecha-
nisms can be obtained with the code presented in Ref. [127]. The calculation of differential effects
for gluon-gluon fusion would be desirable, but it is not yet available due to its higher complexity, as
it involves the evaluation of two-loop EW diagrams for the process pp ! H + jet. The calculation of
the relevant amplitudes in an asymptotic expansion near the limit of infinitely heavy top quark has
been performed for a generic ∑∏ in Ref. [175]. The corresponding numerical results indicate that
the effect of ∑∏ variations in the pT,H spectrum are almost flat within the range of validity of the
expansion (i.e. pT,h < mt ' 173GeV). This feature is illustrated in Fig. 2.10 for the choice ∑∏°1 = 10.
Above the top threshold, distortions of the pT,H distribution due to the ∑∏ corrections are, however,
expected.

Since single Higgs production processes have already been measured, constraints on ∏H 3 can
be set following this strategy. Especially, since C1 is different for any production and decay channel,
a fit involving different measurements can be very powerful for the determination of a single pa-
rameter. Based on the results presented in Ref. [176], which do not exploit differential information,
assuming the only deviations from the SM are associated to ∏H 3 , the following 2æ bounds can be
set [124]:

°9.4 < ∑∏ < 17.0 at 8 TeV (2.36)
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where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the
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Figure 1. One-loop �3-dependent diagram in the Higgs self-energy.

to vector bosons at one loop. However, since such loop-induced �3-dependent contributions
are energy- and observable-dependent, the resulting modifications cannot be parameterised
via a rescaling of the tree-level couplings of the single Higgs production and decay processes
considered. Thus, it is important to keep in mind that the effects discussed in this work
cannot be correctly captured by the standard -framework [6, 7].

Let us now start by classifying the �3-dependent contributions that come from the
O(↵) corrections to single Higgs production and decay processes. These contributions can
be divided into two categories: a universal part, i.e., common to all processes, quadratically
dependent on �3 and a process-dependent part linearly proportional to �3.

The universal O(�3
2) corrections originate from the diagram in the wave function

renormalisation constant of the external Higgs field, see Fig. 1. This contribution represents
a renormalisation factor common to all the vertices where the Higgs couples to vector bosons
or fermions. Thus, for on-shell Higgs boson production and decay, it induces the same effect
for all processes, without any dependence on the kinematics. Denoting as M a generic
amplitude for single Higgs production or a Higgs decay width, the correction to M induced
by the �3-dependent diagram of Fig. 1 can be written as

(�M)
ZH

=
⇣p

ZH � 1
⌘
M

0
, ZH =

1

1� 
2

�
�ZH

, (2.2)

where M
0 is the lowest-order amplitude and

�ZH = �
9

16

Gµm
2
H

p
2⇡2

✓
2⇡

3
p
3
� 1

◆
. (2.3)

In order to extend the range of convergence of the perturbative expansion to large
values of �, the one-loop contribution in ZH has been resummed. In so doing, terms of
O((2

�
↵)n) which are expected to be the dominant higher-order corrections at large � are

correctly accounted for.
In addition to the �3

2 universal term above, amplitudes depend linearly on �3 differently
for each process and kinematics. Let M

0 be the Born amplitude corresponding to a given
process (production or decay). At the level of cross section or decay width, the linear
dependence on �3 originates from the interference of the Born amplitude M0 and the virtual
EW amplitude M

1, besides the wave function renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-level diagrams,
like, e.g., vector boson fusion production, while it involves two-loop diagrams when the LO

5

All 
(Via H WFR)

:

contribution is given by one-loop diagrams, like, e.g., gluon-gluon-fusion production. The
�3-linearly-dependent contributions in M

1, which we denote as M
1

�3
, can be obtained for

any process by evaluating in the SM the diagrams that contain one trilinear Higgs coupling
(M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly identify M
1

�
SM
3

(the
contributions related to the H3 interaction) in the M1 amplitude in the SM, it is convenient
to choose a specific gauge, namely the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-

dependent diagrams are due not only to the interaction among three physical Higgs fields
but also to the interaction among one physical Higgs and two unphysical scalars, making
the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account, denoting as ⌃

a generic cross section for single Higgs production or a Higgs decay width, the corrections
induced by an anomalous trilinear coupling modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (2.4)

where the coefficient C1, which originates from M
1

�
SM
3

, depends on the process and the
kinematical observable considered, while ZH is universal, see Eq. (2.2). Here and in the
following the LO contribution is understood as including QCD corrections so that the labels
LO and NLO refer to EW corrections. We remind that among all terms contributing to
the complete EW corrections we consider only the part relevant for our discussion, i.e., the
one related to the Higgs trilinear interaction. The ⌃NLO in the SM can be obtained from
Eq. (2.4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (2.5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-coupling can be
expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (2.6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (2.7)

with
C2 =

�ZH

(1� 
2

�
�ZH)

. (2.8)

Before describing the method and results of the calculation of the C1 coefficients, we scru-
tinise the theoretical robustness of Eq. (2.6) and its range of validity. Our aim is to employ
Eq. (2.6) to evaluate the LHC sensitivity on �3 without making “a priori” any assumptions
on the value of the parameter �. We will, however, demand as a consistency constraint
that, for large values of �, �3-dependent terms from O(↵j) corrections with j > 1 do
not overwhelm the effects from the Ci coefficients. In order to take into account all the
O((2

�
↵)n) contributions and perform a resummation of the 

2

�
�ZH terms in ZH we need

to impose that 
2

�
�ZH . 1, i.e., |�| . 25. The corresponding parametric uncertainty in

6
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LHC probes of the Higgs trilinear coupling

See also the recent paper arXiv: 2111.12589 [hep-ph]  
for a similar approach using off-shell H production
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Figure 2.9: Variation of the cross sections (left) and branching fractions (right) as a function of the
trilinear coupling modifier [130].

KEW(i ) is quite sizeable and has a non negligible impact on the prediction of the (differential) cross
sections æ, in the case of ±µi (∑∏) its impact is very small [127]. Finally, each decay process H ! f is
scaled by the signal strength

µ f (∑∏) '
∑2

f + (∑∏°1)C f
1

P
j BRSM( j )[∑2

j + (∑∏°1)C j
1 ]

, (2.35)

where
P

j runs over all the Higgs boson decay channels and ∑ j is the branching fraction modifier
for the j final state, ∑2

j = BRBSM
LO ( j )/BRSM

LO ( j ). The dependence of the production cross sections and
branching fractions with ∑∏ is shown in Fig. 2.9.

The processes W H , Z H , and especially t t̄ H , entail a larger linear dependence on ∏H 3 with re-
spect to the other processes. Moreover, also a stronger kinematic dependence is present, with larger
values associated to the threshold region [124, 125, 127]. In the case of VBF, the kinematic depen-
dence is instead rather flat [124, 125, 127]. Fully differential results for these production mecha-
nisms can be obtained with the code presented in Ref. [127]. The calculation of differential effects
for gluon-gluon fusion would be desirable, but it is not yet available due to its higher complexity, as
it involves the evaluation of two-loop EW diagrams for the process pp ! H + jet. The calculation of
the relevant amplitudes in an asymptotic expansion near the limit of infinitely heavy top quark has
been performed for a generic ∑∏ in Ref. [175]. The corresponding numerical results indicate that
the effect of ∑∏ variations in the pT,H spectrum are almost flat within the range of validity of the
expansion (i.e. pT,h < mt ' 173GeV). This feature is illustrated in Fig. 2.10 for the choice ∑∏°1 = 10.
Above the top threshold, distortions of the pT,H distribution due to the ∑∏ corrections are, however,
expected.

Since single Higgs production processes have already been measured, constraints on ∏H 3 can
be set following this strategy. Especially, since C1 is different for any production and decay channel,
a fit involving different measurements can be very powerful for the determination of a single pa-
rameter. Based on the results presented in Ref. [176], which do not exploit differential information,
assuming the only deviations from the SM are associated to ∏H 3 , the following 2æ bounds can be
set [124]:

°9.4 < ∑∏ < 17.0 at 8 TeV (2.36)
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where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the
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by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.
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Figure 1. One-loop �3-dependent diagram in the Higgs self-energy.

to vector bosons at one loop. However, since such loop-induced �3-dependent contributions
are energy- and observable-dependent, the resulting modifications cannot be parameterised
via a rescaling of the tree-level couplings of the single Higgs production and decay processes
considered. Thus, it is important to keep in mind that the effects discussed in this work
cannot be correctly captured by the standard -framework [6, 7].

Let us now start by classifying the �3-dependent contributions that come from the
O(↵) corrections to single Higgs production and decay processes. These contributions can
be divided into two categories: a universal part, i.e., common to all processes, quadratically
dependent on �3 and a process-dependent part linearly proportional to �3.

The universal O(�3
2) corrections originate from the diagram in the wave function

renormalisation constant of the external Higgs field, see Fig. 1. This contribution represents
a renormalisation factor common to all the vertices where the Higgs couples to vector bosons
or fermions. Thus, for on-shell Higgs boson production and decay, it induces the same effect
for all processes, without any dependence on the kinematics. Denoting as M a generic
amplitude for single Higgs production or a Higgs decay width, the correction to M induced
by the �3-dependent diagram of Fig. 1 can be written as

(�M)
ZH

=
⇣p

ZH � 1
⌘
M

0
, ZH =

1

1� 
2

�
�ZH

, (2.2)

where M
0 is the lowest-order amplitude and

�ZH = �
9

16

Gµm
2
H

p
2⇡2

✓
2⇡

3
p
3
� 1

◆
. (2.3)

In order to extend the range of convergence of the perturbative expansion to large
values of �, the one-loop contribution in ZH has been resummed. In so doing, terms of
O((2

�
↵)n) which are expected to be the dominant higher-order corrections at large � are

correctly accounted for.
In addition to the �3

2 universal term above, amplitudes depend linearly on �3 differently
for each process and kinematics. Let M

0 be the Born amplitude corresponding to a given
process (production or decay). At the level of cross section or decay width, the linear
dependence on �3 originates from the interference of the Born amplitude M0 and the virtual
EW amplitude M

1, besides the wave function renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-level diagrams,
like, e.g., vector boson fusion production, while it involves two-loop diagrams when the LO

5

:

contribution is given by one-loop diagrams, like, e.g., gluon-gluon-fusion production. The
�3-linearly-dependent contributions in M

1, which we denote as M
1

�3
, can be obtained for

any process by evaluating in the SM the diagrams that contain one trilinear Higgs coupling
(M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly identify M
1

�
SM
3

(the
contributions related to the H3 interaction) in the M1 amplitude in the SM, it is convenient
to choose a specific gauge, namely the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-

dependent diagrams are due not only to the interaction among three physical Higgs fields
but also to the interaction among one physical Higgs and two unphysical scalars, making
the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account, denoting as ⌃

a generic cross section for single Higgs production or a Higgs decay width, the corrections
induced by an anomalous trilinear coupling modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (2.4)

where the coefficient C1, which originates from M
1

�
SM
3

, depends on the process and the
kinematical observable considered, while ZH is universal, see Eq. (2.2). Here and in the
following the LO contribution is understood as including QCD corrections so that the labels
LO and NLO refer to EW corrections. We remind that among all terms contributing to
the complete EW corrections we consider only the part relevant for our discussion, i.e., the
one related to the Higgs trilinear interaction. The ⌃NLO in the SM can be obtained from
Eq. (2.4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (2.5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-coupling can be
expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (2.6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (2.7)

with
C2 =

�ZH

(1� 
2

�
�ZH)

. (2.8)

Before describing the method and results of the calculation of the C1 coefficients, we scru-
tinise the theoretical robustness of Eq. (2.6) and its range of validity. Our aim is to employ
Eq. (2.6) to evaluate the LHC sensitivity on �3 without making “a priori” any assumptions
on the value of the parameter �. We will, however, demand as a consistency constraint
that, for large values of �, �3-dependent terms from O(↵j) corrections with j > 1 do
not overwhelm the effects from the Ci coefficients. In order to take into account all the
O((2

�
↵)n) contributions and perform a resummation of the 

2

�
�ZH terms in ZH we need

to impose that 
2

�
�ZH . 1, i.e., |�| . 25. The corresponding parametric uncertainty in

6

(Σ: σX→H,  ΓH→X)

UniversalProcess specific

ATL-PHYS-PUB-2019-009

LHC probes of the Higgs trilinear coupling

See also the recent paper arXiv: 2111.12589 [hep-ph]  
for a similar approach using off-shell H production

The same as in hh applies…  
Many places where other effects could enter  

(even more than hh since these are NLO corrections…), 
affecting the interpretation as probes of λ3 !

M. Gorbahn at al., JHEP 10 (2016) 094; G. Degrassi et al. , JHEP 12 (2016) 080

ggh:

tth:

VBF/Vh
H→VV*

All 
(Via H WFR)



*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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• single Higgs processes at higher order
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2. di-H, glob.
• Use of σ+HH,                                                  
• deformation of κλ + of the single-H couplings
+a, do not consider the effects at higher order 

of κλ to single H production and decays
+b,  these higher order effects are included    
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• single Higgs processes at higher order
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 The Higgs self-coupling can be assessed using di-Higgs production and 
single-Higgs production

 The sensitivity of the various future colliders can be obtained using four 
different methods:
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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LHC probes of the Higgs trilinear coupling

• A natural extension of the “exclusive” κλ approach that is being adopted by the 
experimental group in single-Higgs analyses adds coupling modifiers for the 
other SM Higgs interactions (in analogy to the κ framework used in Run I)

• Doing this consistently from a theory point of view, without introducing a 
particular model, leads to the use of EFTs…

✓ Model independent (within assumptions)

✓ Well-defined way of computing things (though not without issues, e.g. EFT 
truncation uncertainty, …)

✓ It may help in clarifying in which cases the “exclusive” κλ approach is a 
good approximation
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See S. Manzoni’s Talk on Wednesday
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Cross-section and branching ratio

Production modes cross-section and decay branching ratios vary as a function of �:
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where i and f are additional coupling modifiers such as F or V
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• The philosophy of Effective Field Theories:

• We are interested in exploring BSM deformations without being “attached” to 
any particular model (no reason to do so)… What is reasonable to assume? 

✓ QFT

✓ At low-energies the particle content seem to match the SM one
‣ No new particles with masses ~ vEW showing up in direct searches

(Though this possibility cannot be completely excluded and much       
lighter particles also possible)

✓ Similarly, SM gauge invariance seems to work well…  
(With respect to current precision… )

• This is actually enough to build an Effective Field Theory, which provides a robust 
theory framework to interpret experimental indirect tests of new physics

UV IR

Λ vEWE≪Λ

We don’t need to know this to describe the physics here

The 18th Workshop of the LHC Higgs Working Group 
December 3, 2021
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• EFT provide a phenomenological tool to parameterise BSM deformations in a 
model-independent way (consistent with some general assumptions)

• Two EFTs consistent with the SM particles and symmetries at low energies, 
differing in the treatment of the scalar sector:

✓ The non-linear/Higgs EFT (HEFT): h singlet and not related to GB of EWSB

✓ The SM EFT (SMEFT): h part of a SU(2)L doublet 

• In short:

✓ HEFT: when there are light BSM states (compared to EW scale) or BSM 
sources of symmetry breaking

✓ SMEFT: when heavy new states (compared to EW scale)

SM ⊂ SMEFT ⊂ HEFT

See:  R. Alonso, E. E. Jenkins, A. Manohar, JHEP 08 (2016) 10, arXiv: 1605.03602 [hep-ph] 
  T. Cohen, N. Craig, X. Lu, D. Sutherland, JHEP 03 (2021) 237, arXiv: 2008.08597 [hep-ph] 

for a geometrical interpretation of the differences between HEFT and SMEFT

The 18th Workshop of the LHC Higgs Working Group 
December 3, 2021

https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/2008.08597
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• SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an 
SU(2)L doublet  + mass gap with new physics (entering at scale Λ)

• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators

Low Energy observables:

Parity Violation: QW (
133
55 Cs, 205

81 Tl), QW (e)(Møller)

⌫ scatt. : gV,A(⌫µe), g2
L,R

(⌫µN)

CKM unitarity :
P

i
|Vui|2

LEP 2 data:

�(e+e� ! `+`�, had), A`
+
`
�

FB
, d�

e+e�!e+e�

d cos ✓

Higgs signal strengths:

H ! ��, ZZ, W+W�, bb̄, ⌧+⌧�

LHC Drell-Yan
�(pp ! `+`�)

3 E↵ective Lagrangian description of New Physics:

Equations
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EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.

†E-mail: Jorge.DeBlasMateo@roma1.infn.it
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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• SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an 
SU(2)L doublet  + mass gap with new physics (entering at scale Λ)

• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators

Low Energy observables:
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Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
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3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.
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Only a relatively small subset is relevant for the description 
of Higgs measurements

~O(20-30) operators depending on flavour assumptions
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• HEFT: SM particles and symmetries at low energies, but does not assume relation 
between the Higgs scalar and the Goldstone bosons of EWSB (non-linear EWSB)

• Leading order HEFT Lagrangian (L=0 in chiral (χ) dimensions):
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Terms relevant for  
single and double Higgs processes

Modifications of SM couplings 
 (like κ framework)
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[  ]� = [@]� = [gweak]� = 1 (32)

[�L]� = 2L + 2 (33)

2 Tables

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 1: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob.

W 1.05±0.04 [0.96, 1.13]
Z 0.99±0.04 [0.89, 1.07]
g 1.01±0.05 [0.91, 1.11]
� 1.04±0.05 [0.94, 1.13]
Z� 1.29±0.40 [0.39, 2.04]
t 0.94±0.06 [0.82, 1.05]
b 0.99±0.09 [0.82, 1.17]
µ 1.02±0.19 [0.64, 1.38]
⌧ 0.93±0.07 [0.79, 1.08]

Table 2: Fit to Higgs observables only. UPDATED.

cV = 1.02 ± 0.03 (34)

cV 2 [0.96, 1.08] (35)

3

�! a ! �� (28)

h ! aa, Za (29)

pp ! h ! aa ! 4� (30)

[bosons]� = 0 (31)

[  ]� = [@]� = [gweak]� = 1 (32)

[�L]� = 2L + 2 (33)

2 Tables

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 1: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob.

W 1.05±0.04 [0.96, 1.13]
Z 0.99±0.04 [0.89, 1.07]
g 1.01±0.05 [0.91, 1.11]
� 1.04±0.05 [0.94, 1.13]
Z� 1.29±0.40 [0.39, 2.04]
t 0.94±0.06 [0.82, 1.05]
b 0.99±0.09 [0.82, 1.17]
µ 1.02±0.19 [0.64, 1.38]
⌧ 0.93±0.07 [0.79, 1.08]

Table 2: Fit to Higgs observables only. UPDATED.

cV = 1.02 ± 0.03 (34)

cV 2 [0.96, 1.08] (35)

3

�! a ! �� (28)

h ! aa, Za (29)

pp ! h ! aa ! 4� (30)

[bosons]� = 0 (31)

[  ]� = [@]� = [gweak]� = 1 (32)

[�L]� = 2L + 2 (33)

2 Tables

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 0.96±0.03 [0.89, 1.02] 0.36 1.00

Table 1: Fit to Higgs observables only. UPDATED.

Fit result 95% Prob.

W 1.05±0.04 [0.96, 1.13]
Z 0.99±0.04 [0.89, 1.07]
g 1.01±0.05 [0.91, 1.11]
� 1.04±0.05 [0.94, 1.13]
Z� 1.29±0.40 [0.39, 2.04]
t 0.94±0.06 [0.82, 1.05]
b 0.99±0.09 [0.82, 1.17]
µ 1.02±0.19 [0.64, 1.38]
⌧ 0.93±0.07 [0.79, 1.08]

Table 2: Fit to Higgs observables only. UPDATED.

cV = 1.02 ± 0.03 (34)

cV 2 [0.96, 1.08] (35)

3

December 2, 2021

LaTeX materials for the talks at the LHC Higgs WG

general meeting, November 30 2021

J. de Blas
a†
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• HEFT: SM particles and symmetries at low energies, but does not assume relation 
between the Higgs scalar and the Goldstone bosons of EWSB (non-linear EWSB)

• Leading order HEFT Lagrangian (L=0 in chiral (χ) dimensions):
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• More than just modifications of SM Higgs couplings, e.g. gghh

Directly accessible at LO in single-h processes

Need to extract h3 together with the tthh and gghh couplings from hh…   
⇒ Use differential information/Explore kinematics ?
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diagram is characterized by a di↵erent scaling at large energies
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where A⇤, A4 are the amplitudes of respectively the box and triangle diagram with Higgs

exchange, A4nl is the amplitude of the triangle diagram with the tt̄hh interaction, and

A3 and A4 are the amplitudes of the diagrams with the Higgs-gluon contact interactions.

One can see that each NP contribution a↵ects the mhh distribution in a di↵erent way. In

particular, the diagrams that depend on the Higgs trilinear coupling c3 are always suppressed

at large ŝ, and their contribution a↵ects the process mostly at threshold. Modified values

of the top Yukawa coupling ct and the non-linear interactions c2t and c2g, instead, tend to

increase the cross section at higher invariant masses. Finally, including the dimension-8

operators would lead to an additional contribution to A4 growing as ŝ2 and distort the tail

of the mhh distribution. A shape analysis can thus help to di↵erentiate the di↵erent e↵ects

and break the degeneracy of the total cross section on the Higgs couplings. This will be our

strategy in the study of double Higgs production discussed in the next section, where we

will use mhh as the main kinematic variable to characterize signal events.

By focussing on gluon fusion, the total cross section for the process pp ! hh can be

written as a simple polynomial of the parameters of the e↵ective Lagrangian: 8
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The LO value of the numerical coe�cients Ai and of the SM cross section �SM is reported

8 The contribution from Vector Boson Fusion is smaller by at most one order of magnitude, and can be

isolated by selecting the number of jets in the final state. See for example Refs. [19, 20] for up-to-date

studies with mh = 125GeV.
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ŝ = mhh � mt, mh. We

find:

A⇤ ⇠ c2
t

↵s

4⇡
y2
t
,

A4 ⇠ ctc3
↵s

4⇡
y2
t

m2
h

ŝ
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8 The contribution from Vector Boson Fusion is smaller by at most one order of magnitude, and can be

isolated by selecting the number of jets in the final state. See for example Refs. [19, 20] for up-to-date

studies with mh = 125GeV.
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diagram is characterized by a di↵erent scaling at large energies
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ŝ

✓
log

m2
t

ŝ
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where A⇤, A4 are the amplitudes of respectively the box and triangle diagram with Higgs

exchange, A4nl is the amplitude of the triangle diagram with the tt̄hh interaction, and

A3 and A4 are the amplitudes of the diagrams with the Higgs-gluon contact interactions.
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Not correlated with operators entering at LO in single h… LO only in hh!

Statistics may be a limiting factor here…

From
 R. G

röber’s talk



Need to extract h3 together with the tthh and gghh couplings from 
HH… ⇒ Use differential information/Explore kinematics ?

Statistics may be a limiting factor here…
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                                                                                          Effective Theory for HH
Status:  
Predictions given only for variation of κλ

HEFT:

ℒ = −mtt̄t ( h
v

+ h2

v2 )ct ctt + αs

8π ( h
v

+ h2

v2 ) GμνGμνcg cgg + m2
h

2v
h3chhh

07

From
 R. G

röber’s talk

• More than just modifications of SM Higgs couplings, e.g. gghh

Directly accessible at LO in single-H processes
Not correlated with the same operators entering in single H at LO…

From R. Gröber
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HEFT includes a “sibling” of this SMEFT operator but is NLO:
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2

Note, however, that SMEFT operator is only expected to be generated at  
1-loop by BSM, and could have also been neglected here by NDA

SMEFT ⊂ HEFT

ALL SMEFT effects are in HEFT  
+ decorrelation of Higgs couplings (already at LO)

Even if NLO, including dipoles in HEFT analyses would facilitate  
projecting “shape” studies into SMEFT
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• Some results from Wednesday’s talk by S. Manzoni:

• A step towards results that are interpretable in larger class of BSM models…

• Even more general studies available in the literature (from the theory side)

Experimental Results: Results Generic model

Fit simultaneously several coupling modifiers: �, W , Z , `, b, t

Test of BSM models that can modify at the same time � and other H couplings.
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Substantial constraints on � even in this more generic model.
On H+HH combination see Jorge de Blas’s presentation on Friday

S. Manzoni (CERN) Higgs self coupling parametrization 01st Dec 2021 12 / 23

ATLAS-CONF-2019-049
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(a)

(b)

Figure 3: Individual (top) and global (bottom) 95% CI limits on the WCs. We compare a fit involving our
full dataset (orange), with a reduced set containing LHC Higgs measurements up to year 2020 (blue), see tab. 1
for the dataset definitions. Note that some bounds have been scaled by factors of ten to fit all results on the
same y-axis.

tab. 20. Many pairs of these WCs have absolute correlation coe�cients of & 0.8 as a result of their

joint contribution to the shifts of SM parameters.

To gain a better understanding for the relevance of di↵erent Higgs production channels for the

constraints on di↵erent WCs, we display in fig. 4 the global fit limits on the WCs when removing

certain STXS channels from the analysis. In four additional fits, we have removed the STXS channels

for associated production of a Higgs with a vector boson (V h), weak boson fusion (WBF), gluon fusion

(ggF), and a combination of gluon fusion as well as top associated production modes (ggF+tt̄h+tH).

As expected, removing gluon fusion STXS channels from the analysis only weakens the limits on

CtG, CtH , CG and CHG, highlighting the constraining power of ggF STXS measurements up to high

transverse momenta of the Higgs. The highest-momentum STXS regions included in our analysis are

p
H

T
2 [200, 300, 450]GeV as well as p

H

T
> 450GeV [18]. When in addition to removing the gluon

fusion STXS channels we also neglect top associated Higgs production, the extreme weakening of the

– 10 –

Anisha et al., arXiv: 2111.05876 [hep-ph]

See also S. Di Vita et al., JHEP 09 (2017) 069 [arXiv: 1704.01953 [hep-ph]]

• Several theory paper have studied the extraction of κλ from “semi-global” fits in 
the SMEFT including the different couplings that enter at LO and combining 
h+hh:
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Figure 3: Individual (top) and global (bottom) 95% CI limits on the WCs. We compare a fit involving our
full dataset (orange), with a reduced set containing LHC Higgs measurements up to year 2020 (blue), see tab. 1
for the dataset definitions. Note that some bounds have been scaled by factors of ten to fit all results on the
same y-axis.
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Only single h

Individual fit ~[-25, 15]
Global fit   ~[-35,40]
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Figure 3: Individual (top) and global (bottom) 95% CI limits on the WCs. We compare a fit involving our
full dataset (orange), with a reduced set containing LHC Higgs measurements up to year 2020 (blue), see tab. 1
for the dataset definitions. Note that some bounds have been scaled by factors of ten to fit all results on the
same y-axis.

tab. 20. Many pairs of these WCs have absolute correlation coe�cients of & 0.8 as a result of their

joint contribution to the shifts of SM parameters.

To gain a better understanding for the relevance of di↵erent Higgs production channels for the

constraints on di↵erent WCs, we display in fig. 4 the global fit limits on the WCs when removing

certain STXS channels from the analysis. In four additional fits, we have removed the STXS channels

for associated production of a Higgs with a vector boson (V h), weak boson fusion (WBF), gluon fusion

(ggF), and a combination of gluon fusion as well as top associated production modes (ggF+tt̄h+tH).

As expected, removing gluon fusion STXS channels from the analysis only weakens the limits on

CtG, CtH , CG and CHG, highlighting the constraining power of ggF STXS measurements up to high

transverse momenta of the Higgs. The highest-momentum STXS regions included in our analysis are

p
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2 [200, 300, 450]GeV as well as p
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> 450GeV [18]. When in addition to removing the gluon

fusion STXS channels we also neglect top associated Higgs production, the extreme weakening of the
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Anisha et al., arXiv: 2111.05876 [hep-ph]

See also S. Di Vita et al., JHEP 09 (2017) 069 [arXiv: 1704.01953 [hep-ph]]

With hh

Individual fit ~[-9.6, 6.9]
Global fit   ~[-11,7.0] Dominated by hh

H keeps single (and double) H couplings under control
⇒ only small reduction in sensitivity in global fit
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• Several theory paper have studied the extraction of κλ from “semi-global” fits in 
the SMEFT including the different couplings that enter at LO and combining 
h+hh:

κλ from single Higgs in the SMEFT
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(a)

(b)

Figure 3: Individual (top) and global (bottom) 95% CI limits on the WCs. We compare a fit involving our
full dataset (orange), with a reduced set containing LHC Higgs measurements up to year 2020 (blue), see tab. 1
for the dataset definitions. Note that some bounds have been scaled by factors of ten to fit all results on the
same y-axis.

tab. 20. Many pairs of these WCs have absolute correlation coe�cients of & 0.8 as a result of their

joint contribution to the shifts of SM parameters.

To gain a better understanding for the relevance of di↵erent Higgs production channels for the

constraints on di↵erent WCs, we display in fig. 4 the global fit limits on the WCs when removing

certain STXS channels from the analysis. In four additional fits, we have removed the STXS channels

for associated production of a Higgs with a vector boson (V h), weak boson fusion (WBF), gluon fusion

(ggF), and a combination of gluon fusion as well as top associated production modes (ggF+tt̄h+tH).

As expected, removing gluon fusion STXS channels from the analysis only weakens the limits on

CtG, CtH , CG and CHG, highlighting the constraining power of ggF STXS measurements up to high

transverse momenta of the Higgs. The highest-momentum STXS regions included in our analysis are

p
H

T
2 [200, 300, 450]GeV as well as p

H

T
> 450GeV [18]. When in addition to removing the gluon

fusion STXS channels we also neglect top associated Higgs production, the extreme weakening of the

– 10 –

Anisha et al., arXiv: 2111.05876 [hep-ph]

See also S. Di Vita et al., JHEP 09 (2017) 069 [arXiv: 1704.01953 [hep-ph]]

Even if these global fits include the LO contributions to single Higgs

WARNING: Model-independence of κλ from global fits to single Higgs ops. 

This is NOT enough for a model-independent extraction of κλ in the EFT
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Single Higgs probes of h3: Model Independence 

• The extraction of the Higgs Trilinear at the LHC can be “contaminated” 
by other poorly constrained SMEFT operators not entering at LO…

e.g. 4-Top operators enter in ggF, tth, h→bb and h→γγ @ NLO 
(same order in perturbation theory as Higgs trilinear) 

and experimental bounds are weak

Four-heavy-quark 
operators in single 
Higgs rates.

Full NLO calculation with these 4-heavy 
quark operators was carried out 

The gluon fusion, and  @ 2 loop  and the 

decay  @ 1 loop were calculated manually. 

For  a modified SMEFT@NLO model was used 

to cross-check the manual calculation @ 1loop 
with MadGraph.

h → γγ
h → bb̄

tt̄h

8

(d)(c)

(b)(a)

(e)

/ (b)(a)

(c)

(a) (b)

(c) (d)

(e)
 Cross checked with R.Gauld, B. Pecjak, and D. Scott (2016)Cross-checked with Gauld, Becjak and Scott ‘16
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ttH: A simple estimation of the Leading Log 

contributions via the RGE shows the 
contribution of 4-heavy quark operators

can be significant 
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four-fermion operators of the third generation. The relevant ones are, in the basis of [27],
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; TA are the SU(3)c generators and T denotes transposition of the SU(2)L
indices. We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is
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where � stands for the usual SU(2)L scalar doublet, with � = 1/
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2(0, v +h)T in the unitary
gauge. Furthermore, for later use we write down also the operators that modify the Higgs
coupling to top and bottom quarks
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with �̃ = i�2�⇤.

3 Contribution of four-fermion operators to Higgs pro-
duction and decay

In this section, we discuss the contribution of the third generation four-fermion operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-top-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.
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• The extraction of the Higgs Trilinear at the LHC can be “contaminated” 
by other poorly constrained SMEFT operators not entering at LO…
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C1 · 10�2
C� (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W

+
W

� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W

±
h -0.48

VBF -0.30
h ! 4` -0.38

Table 3: The relative correction dependence on the CH for Higgs processes taken from [20].
If the

p
s is not indicated, the C! coe↵eient is the same for both 13 and 14 TeV.

bounds. To cross-check the MCMC Bayesian fit, a Frequentest Pearson’s chi-squared �
2 fit

was performed using iminuit [47, 48], where the �
2 was taken to be

�
2 = �2 log(L). (40)

Both fit results agreed on the 95% and 68% CI (or CL) bounds 6.
[Lina: The code for the fit, experimental input and the analysis can be found

on GitHub, to be determined later ]
Given that current bounds on the operators are rather weak, we also want to investigate

the uncertainty of our fit associated to the truncation of the EFT. In order to do so, we define
various schemes. First of all, we have adopted two di↵erent definitions of the theoretical
signal strengths, the first is fully linearised in 1/⇤2

µ
L(C�, Ci) := 1 + ��(C�, Ci) + ��(C�, Ci) � ��h(C�, Ci), (41)

with ��h being the NLO correction to the Higgs full width from the dimension 6 operators
with Wilson coe�cients C� and Ci, where Ci stands schematically for C

(1)
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Qt ,

C
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QQ, C
(8)

QQ [JB: C
(8)

QQ or C
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QQ?] and C
(1)

tt . Moreover, we have also used the “non-linear”
signal strength, were the NLO corrections to the BRs were not expanded in 1/⇤2

µ
NL(C�, Ci) := (1 + ��(C�, Ci))

✓
1 + ��(C�, Ci)

1 + ��h(C�, Ci)

◆
. (42)

This scheme is in alignment with what has been used in fits of the trilinear Higgs self-coupling
modification in single Higgs production [17]. Since the four-fermion operators enter into the
virtual corrections at NLO, Higgs production and decay contain only linear terms in 1/⇤2 in

6In order to plot the multidimensional posterior distributions and the forest plots we have used a code
based on corner.py [49], pygtc [50] and zEpid [51]
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Single Higgs probes of H3: Model Independence 

We computed the full NLO effects to LHC Higgs processes coming 
from 4-heavy-quark operators…
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Figure 4: Feynman diagrams including the four-fermion loop contributions to the qq ! tth
subprocess.

of SMEFTatNLO, or in any other loop-capable UFO model available, we have modified the
SMEFTatNLO model to include these operators, by including their Feynman rules and com-
puting the UV and R2 counterterms needed for the tth calculation.

Again, to connect with specific models that may generate the four-quark operators at
the new physics scale ⇤, one needs to consider the contributions that come from the running
from ⇤ to low energies, and that mix these operators with those entering in tth at the LO
level. For the gluon initiated subprocess the relevant contributions are from the running of
Ct� in eq. (23), while for the quark-initiated subprocess we need to account for the mixing
of the third generation four-fermion operators with the ones connecting the third generation
with the first two generations. The corresponding corrections can be obtained from the
RGEs in refs. [13–15].

3.4 Results

Here we provide semi-analytical expressions for the results of our NLO calculations including
the e↵ects of the third generation four-quark operators. These NLO contributions to the
single Higgs rates, as a function of the four heavy quarks Wilson coe�cients, are denoted by

�R(Ci) = R/RSM
� 1, (27)

where R stands generically for partial width � or cross section �. They are summarised in
table 1. The numbers consider only the linear contributions in ⇤�2. The respective �R(Ci)
get a contribution from the computation of the finite corrections to the process and an
additional contribution from operator mixing due to RGE running and can hence be split
into two parts

�R(Ci) =
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Table 1: The NLO corrections from the four heavy-quark SMEFT operators of this study
to single Higgs rates. We have separated the contributions into the finite piece �Rfin
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needs to be checked for typos]

modification, such a study must include those operators that enter at LO in Higgs production
and decay [24]. Furthermore, the sensitivity to the Higgs self-coupling modifications can also
be diminished by other operators entering as the trilinear Higgs self-coupling via loop e↵ects,
if those operators are not yet strongly constrained experimentally by other processes. Such
is the case for some of the four-quark operators considered in this paper. In order to show
this, we have performed a combined fit to the operator with Wilson coe�cient C� and the
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modification, such a study must include those operators that enter at LO in Higgs production
and decay [24]. Furthermore, the sensitivity to the Higgs self-coupling modifications can also
be diminished by other operators entering as the trilinear Higgs self-coupling via loop e↵ects,
if those operators are not yet strongly constrained experimentally by other processes. Such
is the case for some of the four-quark operators considered in this paper. In order to show
this, we have performed a combined fit to the operator with Wilson coe�cient C� and the
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Table 3: The relative correction dependence on the CH for Higgs processes taken from [20].
If the

p
s is not indicated, the C! coe↵eient is the same for both 13 and 14 TeV.

bounds. To cross-check the MCMC Bayesian fit, a Frequentest Pearson’s chi-squared �
2 fit

was performed using iminuit [47, 48], where the �
2 was taken to be

�
2 = �2 log(L). (40)

Both fit results agreed on the 95% and 68% CI (or CL) bounds 6.
[Lina: The code for the fit, experimental input and the analysis can be found

on GitHub, to be determined later ]
Given that current bounds on the operators are rather weak, we also want to investigate

the uncertainty of our fit associated to the truncation of the EFT. In order to do so, we define
various schemes. First of all, we have adopted two di↵erent definitions of the theoretical
signal strengths, the first is fully linearised in 1/⇤2

µ
L(C�, Ci) := 1 + ��(C�, Ci) + ��(C�, Ci) � ��h(C�, Ci), (41)

with ��h being the NLO correction to the Higgs full width from the dimension 6 operators
with Wilson coe�cients C� and Ci, where Ci stands schematically for C
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C
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tt . Moreover, we have also used the “non-linear”
signal strength, were the NLO corrections to the BRs were not expanded in 1/⇤2

µ
NL(C�, Ci) := (1 + ��(C�, Ci))

✓
1 + ��(C�, Ci)

1 + ��h(C�, Ci)

◆
. (42)

This scheme is in alignment with what has been used in fits of the trilinear Higgs self-coupling
modification in single Higgs production [17]. Since the four-fermion operators enter into the
virtual corrections at NLO, Higgs production and decay contain only linear terms in 1/⇤2 in

6In order to plot the multidimensional posterior distributions and the forest plots we have used a code
based on corner.py [49], pygtc [50] and zEpid [51]
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Figure 4: Feynman diagrams including the four-fermion loop contributions to the qq ! tth
subprocess.

of SMEFTatNLO, or in any other loop-capable UFO model available, we have modified the
SMEFTatNLO model to include these operators, by including their Feynman rules and com-
puting the UV and R2 counterterms needed for the tth calculation.

Again, to connect with specific models that may generate the four-quark operators at
the new physics scale ⇤, one needs to consider the contributions that come from the running
from ⇤ to low energies, and that mix these operators with those entering in tth at the LO
level. For the gluon initiated subprocess the relevant contributions are from the running of
Ct� in eq. (23), while for the quark-initiated subprocess we need to account for the mixing
of the third generation four-fermion operators with the ones connecting the third generation
with the first two generations. The corresponding corrections can be obtained from the
RGEs in refs. [13–15].

3.4 Results

Here we provide semi-analytical expressions for the results of our NLO calculations including
the e↵ects of the third generation four-quark operators. These NLO contributions to the
single Higgs rates, as a function of the four heavy quarks Wilson coe�cients, are denoted by

�R(Ci) = R/RSM
� 1, (27)

where R stands generically for partial width � or cross section �. They are summarised in
table 1. The numbers consider only the linear contributions in ⇤�2. The respective �R(Ci)
get a contribution from the computation of the finite corrections to the process and an
additional contribution from operator mixing due to RGE running and can hence be split
into two parts

�R(Ci) =
Ci

⇤2

✓
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+ �Rlog

Ci
log

✓
µ2
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. (28)

11



Operator Process µR �Rfin

Ci
[TeV2] �Rlog

Ci
[TeV2]

O
(1)

Qt

ggF
mh
2

9.69 · 10
�3

2.70 · 10
�3

h ! gg
mh

5.92 · 10
�3

2.69 · 10
�3

h ! �� �1.77 · 10
�3

�0.80 · 10
�3

tth 13 TeV
mt +

mh
2

�4.20 · 10
�1

2.24 · 10
�3

tth 14 TeV �4.29 · 10
�1

2.24 · 10
�3

O
(8)

Qt

ggF
mh
2

1.29 · 10
�2

3.61 · 10
�3

h ! gg
mh

7.91 · 10
�3

3.59 · 10
�3

h ! �� �2.36 · 10
�3

�1.07 · 10
�3

tth 13 TeV
mt +

mh
2

6.53 · 10
�2

4.41 · 10
�3

tth 14 TeV 7.30 · 10
�2

4.41 · 10
�3

O
(1)

QtQb

ggF
mh
2

2.75 · 10
�2

8.91 · 10
�3

h ! gg
mh

1.48 · 10
�2

8.74 · 10
�3

h ! �� �1.52 · 10
�3

�0.90 · 10
�3

h ! bb �6.94 · 10
�1

�1.53 · 10
�1

tth 13 TeV
mt +

mh
2

�3.04 · 10
�3

0.88 · 10
�3

tth 14 TeV �2.2 · 10
�3

0.88 · 10
�3

O
(8)

QtQb

ggF
mh
2

5.23 · 10
�3

1.70 · 10
�3

h ! gg
mh

2.82 · 10
�3

1.67 · 10
�3

h ! �� �0.29 · 10
�3

�0.17 · 10
�3

h ! bb �1.32 · 10
�1

�2.91 · 10
�2

tth 13 TeV
mt +

mh
2

�1.61 · 10
�3

0.67 · 10
�3

tth 14 TeV �1.10 · 10
�3

0.67 · 10
�3

O
(1)

QQ

tth 13 TeV
mt +

mh
2

1.89 · 10
�3

1.12 · 10
�3

tth 14 TeV 2.31 · 10
�3

1.12 · 10
�3

O
(3)

QQ

tth 13 TeV
mt +

mh
2

0.64 · 10
�3

0.31 · 10
�3

tth 14 TeV 0.43 · 10
�3

0.31 · 10
�3

Ott

tth 13 TeV
mt +

mh
2

7.50 · 10
�3

3.64 · 10
�3

tth 14 TeV 6.44 · 10
�3

3.64 · 10
�3

Table 1: The NLO corrections from the four heavy-quark SMEFT operators of this study
to single Higgs rates. We have separated the contributions into the finite piece �Rfin

Ci
and

the leading log running of the Wilson coe�cients �Rlog

Ci
, see eq. (28). [RG: updated but

needs to be checked for typos]

modification, such a study must include those operators that enter at LO in Higgs production
and decay [24]. Furthermore, the sensitivity to the Higgs self-coupling modifications can also
be diminished by other operators entering as the trilinear Higgs self-coupling via loop e↵ects,
if those operators are not yet strongly constrained experimentally by other processes. Such
is the case for some of the four-quark operators considered in this paper. In order to show
this, we have performed a combined fit to the operator with Wilson coe�cient C� and the
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Table 3: The relative correction dependence on the CH for Higgs processes taken from [20].
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bounds. To cross-check the MCMC Bayesian fit, a Frequentest Pearson’s chi-squared �
2 fit

was performed using iminuit [47, 48], where the �
2 was taken to be

�
2 = �2 log(L). (40)

Both fit results agreed on the 95% and 68% CI (or CL) bounds 6.
[Lina: The code for the fit, experimental input and the analysis can be found

on GitHub, to be determined later ]
Given that current bounds on the operators are rather weak, we also want to investigate

the uncertainty of our fit associated to the truncation of the EFT. In order to do so, we define
various schemes. First of all, we have adopted two di↵erent definitions of the theoretical
signal strengths, the first is fully linearised in 1/⇤2

µ
L(C�, Ci) := 1 + ��(C�, Ci) + ��(C�, Ci) � ��h(C�, Ci), (41)

with ��h being the NLO correction to the Higgs full width from the dimension 6 operators
with Wilson coe�cients C� and Ci, where Ci stands schematically for C

(1)

Qt , C
(8)

Qt , C
(1)

QtQb, C
(8)

Qt ,

C
(1)

QQ, C
(8)

QQ [JB: C
(8)

QQ or C
(3)

QQ?] and C
(1)

tt . Moreover, we have also used the “non-linear”
signal strength, were the NLO corrections to the BRs were not expanded in 1/⇤2

µ
NL(C�, Ci) := (1 + ��(C�, Ci))

✓
1 + ��(C�, Ci)

1 + ��h(C�, Ci)

◆
. (42)

This scheme is in alignment with what has been used in fits of the trilinear Higgs self-coupling
modification in single Higgs production [17]. Since the four-fermion operators enter into the
virtual corrections at NLO, Higgs production and decay contain only linear terms in 1/⇤2 in

6In order to plot the multidimensional posterior distributions and the forest plots we have used a code
based on corner.py [49], pygtc [50] and zEpid [51]

16

Relative contribution from operators  
modifying H trilinear 

Degrassi et al. ‘16

Figure 4: Feynman diagrams including the four-fermion loop contributions to the qq ! tth
subprocess.

of SMEFTatNLO, or in any other loop-capable UFO model available, we have modified the
SMEFTatNLO model to include these operators, by including their Feynman rules and com-
puting the UV and R2 counterterms needed for the tth calculation.

Again, to connect with specific models that may generate the four-quark operators at
the new physics scale ⇤, one needs to consider the contributions that come from the running
from ⇤ to low energies, and that mix these operators with those entering in tth at the LO
level. For the gluon initiated subprocess the relevant contributions are from the running of
Ct� in eq. (23), while for the quark-initiated subprocess we need to account for the mixing
of the third generation four-fermion operators with the ones connecting the third generation
with the first two generations. The corresponding corrections can be obtained from the
RGEs in refs. [13–15].

3.4 Results

Here we provide semi-analytical expressions for the results of our NLO calculations including
the e↵ects of the third generation four-quark operators. These NLO contributions to the
single Higgs rates, as a function of the four heavy quarks Wilson coe�cients, are denoted by

�R(Ci) = R/RSM
� 1, (27)

where R stands generically for partial width � or cross section �. They are summarised in
table 1. The numbers consider only the linear contributions in ⇤�2. The respective �R(Ci)
get a contribution from the computation of the finite corrections to the process and an
additional contribution from operator mixing due to RGE running and can hence be split
into two parts
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Figure 6: A forest plot illustrating the means and 95% CIs of the posteriors built from the
C� in a two-parameter fit with the four-fermion operators marginalised. We compare the fit
results for C� from full run-II Higgs data keeping terms up to O(1/⇤2) or O(1/⇤4) in �R�3 .
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [53]. The horizontal grey band illustrates the perturbative unitarity
bound [54].

heavy-quark Wilson coe�cients, we observe a non-trivial correlation patterns amongst these
coe�cients. Figure 7 illustrates these correlation patterns clearly for the four-parameter
fit. We observe that Wilson coe�cients C(1),(8)

Qt
are strongly correlated because, in analogy

to C(1),(8)

QtQb
, they only appear in certain linear combination whenever correcting the Yukawa

coupling. However, unlike C(1),(8)

QtQb
they are not completely degenerate because the main part

of the NLO correction to tth does not contain the aforementioned linear combination. The
four-parameter fit also reveals that the Wilson coe�cients C(1),(8)

Qt
have a large correlation

with C+

QtQb
because all of the four Wilson coe�cients appear in a linear combination in the

NLO corrections except for h ! bb and tth. However, this correlation is not as strong due to
the large NLO correction of the Higgs decay h ! bb from C(1),(8)

QtQb
. Moreover, the correlation

between the four heavy quark Wilson coe�cients and C� depends on the �R�3 truncation.
In Appendix B we present similar correlation plots for various two-parameter fits, where the
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Figure 6: A forest plot illustrating the means and 95% CIs of the posteriors built from the
C� in a two-parameter fit with the four-fermion operators marginalised. We compare the fit
results for C� from full run-II Higgs data keeping terms up to O(1/⇤2) or O(1/⇤4) in �R�3 .
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [53]. The horizontal grey band illustrates the perturbative unitarity
bound [54].
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In Appendix B we present similar correlation plots for various two-parameter fits, where the
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B Two parameter fits

We present in figs. 10 and 11 the 68% and 95% highest posterior density contours of the
two-parameter posterior distributions and their marginalisation for the two-parameter fits
involving C� and one of the four-heavy quark Wilson coe�cients, evaluated at the scale ⇤ = 1
TeV. Both linearised and quadratic truncated �R�3 fits are shown, and we observe that the
95% CI bounds (shown on top of the panels) and correlations depends on the truncation.

C(1)
Qt= [�0.9, 1.2]

�R�3 ⇠ O(��2)

LHC Run-II @ 95% CI
� = 1 TeV

�2 �1 0 1 2
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C
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C�

C�= [�34.5, 3.7]

Figure 10: The 68% and 95% highest density posterior contours of the posterior distribu-
tion of C� with C(1)

Qt
(up) and C� with C(8)

Qt
(down) with the marginalised one-dimensional

posteriors for each of the Wilson coe�cients and their 68% and 95% HDPI’s (shown above
in numbers the 95% CI bounds). The limits correspond to values of the Wilson coe�cients
evaluated at the scale ⇤ = 1 TeV. On the left we used the linear scheme in �R�3 while on
the right we keep up to quadratic terms in �R�3 .
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four-fermion operators of the third generation. The relevant ones are, in the basis of [27],
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; TA are the SU(3)c generators and T denotes transposition of the SU(2)L
indices. We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is
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where � stands for the usual SU(2)L scalar doublet, with � = 1/
p

2(0, v +h)T in the unitary
gauge. Furthermore, for later use we write down also the operators that modify the Higgs
coupling to top and bottom quarks

�L
d=6

SMEFT
=

✓
Ct�

⇤2
�†�Q

L
�̃ tR +

Cb�

⇤2
�†�Q

L
� bR + h.c.

◆
, (4)

with �̃ = i�2�⇤.

3 Contribution of four-fermion operators to Higgs pro-
duction and decay

In this section, we discuss the contribution of the third generation four-fermion operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-top-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; TA are the SU(3)c generators and T denotes transposition of the SU(2)L
indices. We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is
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where � stands for the usual SU(2)L scalar doublet, with � = 1/
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2(0, v +h)T in the unitary
gauge. Furthermore, for later use we write down also the operators that modify the Higgs
coupling to top and bottom quarks
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with �̃ = i�2�⇤.

3 Contribution of four-fermion operators to Higgs pro-
duction and decay

In this section, we discuss the contribution of the third generation four-fermion operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-top-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.

4

A Numerical inputs

Aside from our own calculations of the four-quark operator e↵ects in single Higgs rates, we
have also used in our fits the dependence on the Higgs trilinear self-coupling in the NLO
correction to the same processes, which was calculated in ref. [18]. Here we give them in
table 2, translating the � dependence in terms of C�,

�� = �2
C�v4

m2

h
⇤2

, (37)

and assuming ⇤ = 1 TeV.

Process C1 · 10�2, (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W+W� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W±h -0.48
VBF -0.30
h ! 4` -0.38

Table 2: The relative correction dependence on C� for single Higgs processes taken from [22].
If the

p
s is not indicated, the C1 coe�cient (see eq. (34)) is the same for both 13 and 14

TeV.

We also provide in this appendix the experimental measurements of the signal strengths
at the LHC Run II and the CMS projections for the HL-LHC (scenario S2, see [58]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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Figure 6: A forest plot illustrating the means and 95% CIs of the posteriors built from the
C� in a two-parameter fit with the four-fermion operators marginalised. We compare the fit
results for C� from full run-II Higgs data keeping terms up to O(1/⇤2) or O(1/⇤4) in �R�3 .
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [53]. The horizontal grey band illustrates the perturbative unitarity
bound [54].

heavy-quark Wilson coe�cients, we observe a non-trivial correlation patterns amongst these
coe�cients. Figure 7 illustrates these correlation patterns clearly for the four-parameter
fit. We observe that Wilson coe�cients C(1),(8)

Qt
are strongly correlated because, in analogy

to C(1),(8)

QtQb
, they only appear in certain linear combination whenever correcting the Yukawa

coupling. However, unlike C(1),(8)

QtQb
they are not completely degenerate because the main part

of the NLO correction to tth does not contain the aforementioned linear combination. The
four-parameter fit also reveals that the Wilson coe�cients C(1),(8)

Qt
have a large correlation

with C+

QtQb
because all of the four Wilson coe�cients appear in a linear combination in the

NLO corrections except for h ! bb and tth. However, this correlation is not as strong due to
the large NLO correction of the Higgs decay h ! bb from C(1),(8)

QtQb
. Moreover, the correlation

between the four heavy quark Wilson coe�cients and C� depends on the �R�3 truncation.
In Appendix B we present similar correlation plots for various two-parameter fits, where the
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C� in a two-parameter fit with the four-fermion operators marginalised. We compare the fit
results for C� from full run-II Higgs data keeping terms up to O(1/⇤2) or O(1/⇤4) in �R�3 .
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [53]. The horizontal grey band illustrates the perturbative unitarity
bound [54].
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coe�cients. Figure 7 illustrates these correlation patterns clearly for the four-parameter
fit. We observe that Wilson coe�cients C(1),(8)
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are strongly correlated because, in analogy

to C(1),(8)
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, they only appear in certain linear combination whenever correcting the Yukawa
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they are not completely degenerate because the main part

of the NLO correction to tth does not contain the aforementioned linear combination. The
four-parameter fit also reveals that the Wilson coe�cients C(1),(8)
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have a large correlation

with C+

QtQb
because all of the four Wilson coe�cients appear in a linear combination in the

NLO corrections except for h ! bb and tth. However, this correlation is not as strong due to
the large NLO correction of the Higgs decay h ! bb from C(1),(8)

QtQb
. Moreover, the correlation

between the four heavy quark Wilson coe�cients and C� depends on the �R�3 truncation.
In Appendix B we present similar correlation plots for various two-parameter fits, where the
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B Two parameter fits

We present in figs. 10 and 11 the 68% and 95% highest posterior density contours of the
two-parameter posterior distributions and their marginalisation for the two-parameter fits
involving C� and one of the four-heavy quark Wilson coe�cients, evaluated at the scale ⇤ = 1
TeV. Both linearised and quadratic truncated �R�3 fits are shown, and we observe that the
95% CI bounds (shown on top of the panels) and correlations depends on the truncation.
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Figure 10: The 68% and 95% highest density posterior contours of the posterior distribu-
tion of C� with C(1)

Qt
(up) and C� with C(8)

Qt
(down) with the marginalised one-dimensional

posteriors for each of the Wilson coe�cients and their 68% and 95% HDPI’s (shown above
in numbers the 95% CI bounds). The limits correspond to values of the Wilson coe�cients
evaluated at the scale ⇤ = 1 TeV. On the left we used the linear scheme in �R�3 while on
the right we keep up to quadratic terms in �R�3 .
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four-fermion operators of the third generation. The relevant ones are, in the basis of [27],
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; TA are the SU(3)c generators and T denotes transposition of the SU(2)L
indices. We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is
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(�†�)3, (3)

where � stands for the usual SU(2)L scalar doublet, with � = 1/
p

2(0, v +h)T in the unitary
gauge. Furthermore, for later use we write down also the operators that modify the Higgs
coupling to top and bottom quarks
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with �̃ = i�2�⇤.

3 Contribution of four-fermion operators to Higgs pro-
duction and decay

In this section, we discuss the contribution of the third generation four-fermion operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-top-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.
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Example: fit to LHC run-2 data of
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; TA are the SU(3)c generators and T denotes transposition of the SU(2)L
indices. We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is
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where � stands for the usual SU(2)L scalar doublet, with � = 1/
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gauge. Furthermore, for later use we write down also the operators that modify the Higgs
coupling to top and bottom quarks
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3 Contribution of four-fermion operators to Higgs pro-
duction and decay

In this section, we discuss the contribution of the third generation four-fermion operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-top-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.

4

A Numerical inputs

Aside from our own calculations of the four-quark operator e↵ects in single Higgs rates, we
have also used in our fits the dependence on the Higgs trilinear self-coupling in the NLO
correction to the same processes, which was calculated in ref. [18]. Here we give them in
table 2, translating the � dependence in terms of C�,

�� = �2
C�v4

m2

h
⇤2

, (37)

and assuming ⇤ = 1 TeV.

Process C1 · 10�2, (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W+W� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W±h -0.48
VBF -0.30
h ! 4` -0.38

Table 2: The relative correction dependence on C� for single Higgs processes taken from [22].
If the

p
s is not indicated, the C1 coe�cient (see eq. (34)) is the same for both 13 and 14

TeV.

We also provide in this appendix the experimental measurements of the signal strengths
at the LHC Run II and the CMS projections for the HL-LHC (scenario S2, see [58]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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Figure 6: A forest plot illustrating the means and 95% CIs of the posteriors built from the
C� in a two-parameter fit with the four-fermion operators marginalised. We compare the fit
results for C� from full run-II Higgs data keeping terms up to O(1/⇤2) or O(1/⇤4) in �R�3 .
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [53]. The horizontal grey band illustrates the perturbative unitarity
bound [54].

heavy-quark Wilson coe�cients, we observe a non-trivial correlation patterns amongst these
coe�cients. Figure 7 illustrates these correlation patterns clearly for the four-parameter
fit. We observe that Wilson coe�cients C(1),(8)

Qt
are strongly correlated because, in analogy

to C(1),(8)

QtQb
, they only appear in certain linear combination whenever correcting the Yukawa

coupling. However, unlike C(1),(8)

QtQb
they are not completely degenerate because the main part

of the NLO correction to tth does not contain the aforementioned linear combination. The
four-parameter fit also reveals that the Wilson coe�cients C(1),(8)

Qt
have a large correlation

with C+

QtQb
because all of the four Wilson coe�cients appear in a linear combination in the

NLO corrections except for h ! bb and tth. However, this correlation is not as strong due to
the large NLO correction of the Higgs decay h ! bb from C(1),(8)

QtQb
. Moreover, the correlation

between the four heavy quark Wilson coe�cients and C� depends on the �R�3 truncation.
In Appendix B we present similar correlation plots for various two-parameter fits, where the
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C� in a two-parameter fit with the four-fermion operators marginalised. We compare the fit
results for C� from full run-II Higgs data keeping terms up to O(1/⇤2) or O(1/⇤4) in �R�3 .
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [53]. The horizontal grey band illustrates the perturbative unitarity
bound [54].
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, they only appear in certain linear combination whenever correcting the Yukawa
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NLO corrections except for h ! bb and tth. However, this correlation is not as strong due to
the large NLO correction of the Higgs decay h ! bb from C(1),(8)
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. Moreover, the correlation

between the four heavy quark Wilson coe�cients and C� depends on the �R�3 truncation.
In Appendix B we present similar correlation plots for various two-parameter fits, where the
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B Two parameter fits

We present in figs. 10 and 11 the 68% and 95% highest posterior density contours of the
two-parameter posterior distributions and their marginalisation for the two-parameter fits
involving C� and one of the four-heavy quark Wilson coe�cients, evaluated at the scale ⇤ = 1
TeV. Both linearised and quadratic truncated �R�3 fits are shown, and we observe that the
95% CI bounds (shown on top of the panels) and correlations depends on the truncation.
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Figure 10: The 68% and 95% highest density posterior contours of the posterior distribu-
tion of C� with C(1)

Qt
(up) and C� with C(8)

Qt
(down) with the marginalised one-dimensional

posteriors for each of the Wilson coe�cients and their 68% and 95% HDPI’s (shown above
in numbers the 95% CI bounds). The limits correspond to values of the Wilson coe�cients
evaluated at the scale ⇤ = 1 TeV. On the left we used the linear scheme in �R�3 while on
the right we keep up to quadratic terms in �R�3 .
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four-fermion operators of the third generation. The relevant ones are, in the basis of [27],
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; TA are the SU(3)c generators and T denotes transposition of the SU(2)L
indices. We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is

�L
d=6

SMEFT
=

C�

⇤2
(�†�)3, (3)

where � stands for the usual SU(2)L scalar doublet, with � = 1/
p

2(0, v +h)T in the unitary
gauge. Furthermore, for later use we write down also the operators that modify the Higgs
coupling to top and bottom quarks
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3 Contribution of four-fermion operators to Higgs pro-
duction and decay

In this section, we discuss the contribution of the third generation four-fermion operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-top-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; TA are the SU(3)c generators and T denotes transposition of the SU(2)L
indices. We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
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3 Contribution of four-fermion operators to Higgs pro-
duction and decay

In this section, we discuss the contribution of the third generation four-fermion operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-top-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.

4

A Numerical inputs

Aside from our own calculations of the four-quark operator e↵ects in single Higgs rates, we
have also used in our fits the dependence on the Higgs trilinear self-coupling in the NLO
correction to the same processes, which was calculated in ref. [18]. Here we give them in
table 2, translating the � dependence in terms of C�,

�� = �2
C�v4

m2

h
⇤2

, (37)

and assuming ⇤ = 1 TeV.

Process C1 · 10�2, (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W+W� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W±h -0.48
VBF -0.30
h ! 4` -0.38

Table 2: The relative correction dependence on C� for single Higgs processes taken from [22].
If the

p
s is not indicated, the C1 coe�cient (see eq. (34)) is the same for both 13 and 14

TeV.

We also provide in this appendix the experimental measurements of the signal strengths
at the LHC Run II and the CMS projections for the HL-LHC (scenario S2, see [58]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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We computed the full NLO effects to LHC Higgs processes coming 
from 4-heavy-quark operators and studied impact in the extraction of h3



⇒ Poor bounds on 4-top operators  
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by other poorly constrained SMEFT operators not entering at LO…
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Figure 6: A forest plot illustrating the means and 95% CIs of the posteriors built from the
C� in a two-parameter fit with the four-fermion operators marginalised. We compare the fit
results for C� from full run-II Higgs data keeping terms up to O(1/⇤2) or O(1/⇤4) in �R�3 .
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [53]. The horizontal grey band illustrates the perturbative unitarity
bound [54].

heavy-quark Wilson coe�cients, we observe a non-trivial correlation patterns amongst these
coe�cients. Figure 7 illustrates these correlation patterns clearly for the four-parameter
fit. We observe that Wilson coe�cients C(1),(8)

Qt
are strongly correlated because, in analogy

to C(1),(8)

QtQb
, they only appear in certain linear combination whenever correcting the Yukawa

coupling. However, unlike C(1),(8)

QtQb
they are not completely degenerate because the main part

of the NLO correction to tth does not contain the aforementioned linear combination. The
four-parameter fit also reveals that the Wilson coe�cients C(1),(8)

Qt
have a large correlation

with C+

QtQb
because all of the four Wilson coe�cients appear in a linear combination in the

NLO corrections except for h ! bb and tth. However, this correlation is not as strong due to
the large NLO correction of the Higgs decay h ! bb from C(1),(8)

QtQb
. Moreover, the correlation

between the four heavy quark Wilson coe�cients and C� depends on the �R�3 truncation.
In Appendix B we present similar correlation plots for various two-parameter fits, where the
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Figure 6: A forest plot illustrating the means and 95% CIs of the posteriors built from the
C� in a two-parameter fit with the four-fermion operators marginalised. We compare the fit
results for C� from full run-II Higgs data keeping terms up to O(1/⇤2) or O(1/⇤4) in �R�3 .
For comparison, also the 95% CI and means for the single parameter fit for C� with the
same single Higgs data is shown as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [53]. The horizontal grey band illustrates the perturbative unitarity
bound [54].

heavy-quark Wilson coe�cients, we observe a non-trivial correlation patterns amongst these
coe�cients. Figure 7 illustrates these correlation patterns clearly for the four-parameter
fit. We observe that Wilson coe�cients C(1),(8)

Qt
are strongly correlated because, in analogy

to C(1),(8)

QtQb
, they only appear in certain linear combination whenever correcting the Yukawa

coupling. However, unlike C(1),(8)

QtQb
they are not completely degenerate because the main part

of the NLO correction to tth does not contain the aforementioned linear combination. The
four-parameter fit also reveals that the Wilson coe�cients C(1),(8)

Qt
have a large correlation

with C+

QtQb
because all of the four Wilson coe�cients appear in a linear combination in the

NLO corrections except for h ! bb and tth. However, this correlation is not as strong due to
the large NLO correction of the Higgs decay h ! bb from C(1),(8)

QtQb
. Moreover, the correlation

between the four heavy quark Wilson coe�cients and C� depends on the �R�3 truncation.
In Appendix B we present similar correlation plots for various two-parameter fits, where the
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B Two parameter fits

We present in figs. 10 and 11 the 68% and 95% highest posterior density contours of the
two-parameter posterior distributions and their marginalisation for the two-parameter fits
involving C� and one of the four-heavy quark Wilson coe�cients, evaluated at the scale ⇤ = 1
TeV. Both linearised and quadratic truncated �R�3 fits are shown, and we observe that the
95% CI bounds (shown on top of the panels) and correlations depends on the truncation.

C(1)
Qt= [�0.9, 1.2]

�R�3 ⇠ O(��2)

LHC Run-II @ 95% CI
� = 1 TeV

�2 �1 0 1 2

C(1)
Qt

�45

�30

�15

0

15

C
�

� = �77%

�45 �30 �15 0 15

C�

C�= [�34.5, 3.7]

Figure 10: The 68% and 95% highest density posterior contours of the posterior distribu-
tion of C� with C(1)

Qt
(up) and C� with C(8)

Qt
(down) with the marginalised one-dimensional

posteriors for each of the Wilson coe�cients and their 68% and 95% HDPI’s (shown above
in numbers the 95% CI bounds). The limits correspond to values of the Wilson coe�cients
evaluated at the scale ⇤ = 1 TeV. On the left we used the linear scheme in �R�3 while on
the right we keep up to quadratic terms in �R�3 .
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four-fermion operators of the third generation. The relevant ones are, in the basis of [27],
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; TA are the SU(3)c generators and T denotes transposition of the SU(2)L
indices. We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is
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where � stands for the usual SU(2)L scalar doublet, with � = 1/
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2(0, v +h)T in the unitary
gauge. Furthermore, for later use we write down also the operators that modify the Higgs
coupling to top and bottom quarks
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3 Contribution of four-fermion operators to Higgs pro-
duction and decay

In this section, we discuss the contribution of the third generation four-fermion operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-top-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; TA are the SU(3)c generators and T denotes transposition of the SU(2)L
indices. We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is
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3 Contribution of four-fermion operators to Higgs pro-
duction and decay

In this section, we discuss the contribution of the third generation four-fermion operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-top-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.

4

A Numerical inputs

Aside from our own calculations of the four-quark operator e↵ects in single Higgs rates, we
have also used in our fits the dependence on the Higgs trilinear self-coupling in the NLO
correction to the same processes, which was calculated in ref. [18]. Here we give them in
table 2, translating the � dependence in terms of C�,

�� = �2
C�v4

m2

h
⇤2

, (37)

and assuming ⇤ = 1 TeV.

Process C1 · 10�2, (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W+W� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W±h -0.48
VBF -0.30
h ! 4` -0.38

Table 2: The relative correction dependence on C� for single Higgs processes taken from [22].
If the

p
s is not indicated, the C1 coe�cient (see eq. (34)) is the same for both 13 and 14

TeV.

We also provide in this appendix the experimental measurements of the signal strengths
at the LHC Run II and the CMS projections for the HL-LHC (scenario S2, see [58]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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The same applies to HEFT  
(in fact, even worse there: hhXX enter in e.g. Higgs WFR…  

…which only enter at LO in hh…)
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We computed the full NLO effects to LHC Higgs processes coming 
from 4-heavy-quark operators and studied impact in the extraction of h3
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• Exclusive κλ studies: simple but restricted use
✓ … can learn more (model-independence) by considering more “global” 

BSM deformations of the processes…

✓ … plus one can always go from the global case to the exclusive one 
whenever it applies

✓ Under which circumstances it can be considered a good approximation?

• Global model-independent studies of BSM deformations on h and hh 
processes →EFTs:

✓ Allow a proper combination of h and hh (and other processes)

✓ HEFT or SMEFT?

‣ SMEFT ⊂ HEFT so a fully global HEFT analysis (matching the different 
power counting) could always be projected into the SMEFT…

‣ …but HEFT seems to have too much freedom for such a study with 
LHC data… SMEFT correlations between processes facilitates things 
considerably…
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⇒ Effective Field Theories
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• Interplay of LHC h and hh processes:

✓ Single h (from a global fit: H/EW/Top) needed to constrain interactions 
entering in hh production
‣ SMEFT: Enough to single out modifications of h3 as the only “free” 

d.o.f. to be determined from hh ⇒ exclusive κλ approx. seems OK for 

hh (given current precision)

‣ HEFT: Not so simple… hh-SM interactions are also free d.o.f. … and 
only enter (at LO) in hh… ⇒ Use kinematics?

✓ Single Higgs determination of h3 can be useful as a consistency check 
with hh results:
‣ But hh typically outperforms this determination

‣ Careful with “model-independence”: being a NLO effect in single 
Higgs, one needs to make sure all EFT d.o.f. entering at NLO and that 
are not properly constrained are included
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