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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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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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aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract

LaTeX materials for the talks at the LHC Higgs WG general meeting, November 30 2021

1 Latex Stu↵

V (�) = �µ2
� |�|2 + �� |�|4 (1)

V (�) = �µ2
� |�|2 + �� |�|4 �! V (h) =

1
2
m2

hh
2
+ �3vh3

+
1
4
�4h4 (2)

�SM
3 = �SM

4 = �� =
Gµm2

hp
2

⇡ 0.129 (3)

�SM
3 = �SM

4 = �� =
m2

h

2v2 ⇡ 0.129 (4)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

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

November 30, 2021

LaTeX materials for the talks at the LHC Higgs WG

general meeting, November 30 2021

J. de Blas
a†
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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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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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Figure 4: Profile likelihood scan, in terms of �2 ln⇤(�), performed as a function of � on data (a) and on the Asimov
dataset [32] generated under the SM hypothesis (b). The solid black line shows the profile likelihood distributions
obtained including all systematic uncertainties (“Total”). Results from a statistic only fit “Stat. only” (black dashed
line), including the experimental systematics “Stat. + Exp. Sys.” (blue solid line) , adding theory systematics related
to the signal “Stat.+ Exp. Sys.+ Sig. Th. Sys.” (red solid line) are also shown. The dotted horizontal lines show the
�2 ln⇤(�) = 1 and �2 ln⇤(�) = 4 levels that are used to define the ±1� and ±2� uncertainties on �.

Figure 5. The dominant contributions to the � sensitivity derive from the di-boson decay channels ��,
Z Z

⇤, WW
⇤ and from the ggF and ttH production modes.

The production mode that is most sensitive to the Higgs boson self-coupling is gluon fusion. In order to
cross-check the e�ect on the results from assuming a kinematic independent parametrization of the gluon
fusion production cross-section as a function of �, an additional fit has been performed by excluding the
STXS bins with Higgs boson transverse momentum above 120 GeV. This has been technically realized by
introducing signal strength parameters for these STXS bins and profiling them independently in the fit.
The result is a minimal change of the central value (⇠ 5%) and uncertainty on �.
In addition, the impact on the � determination of using an inclusive cross-section measurement, rather than
the di�erential cross-section information contained in the STXS bins, has been studied. An alternative fit
has been performed where the VBF, VH and ZH production modes are considered as single inclusive bins.
Compared to the use of di�erential information, the inclusive fit does not currently lead to a significant loss
in sensitivity to �. However, di�erential information should help most in the ttH production mode, where
it is currently not considered. All results are summarised in Table 6.

5.2 Results of fits to � and either V or F

Two additional fit configurations are considered in this note, in which a simultaneous fit is performed to �
and F , or to � and V . The remaining coupling modifier that is not included in the fit, V in the first case
and F in the second case, is kept fixed to the SM prediction. These fits target BSM scenarios where new
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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 processes 
(Via H WFR)

H

H

V

V

H

H

V

V

Figure 2. Structure of the �
SM
3 -dependent part in M

1
�SM
3

for processes involving massive vector
bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f).

H

t

g

g

t

H

t

g

g

t

H

t

g

g

t

Figure 3. Sample of �SM
3 -dependent diagrams in tt̄H production.

H

H

t

g

g

g

g

t
H

H

Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

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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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 an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <
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g⇤gmin) requires including the dimension-8 operators.
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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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by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
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g⇤gmin) requires including the dimension-8 operators.
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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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• NLO effects give indirect access to interactions not easily accesible at LHC
✓ h3 contributions to single Higgs, e.g.

✓ Other new physics effects can also modify single Higgs processes at the same 
order in perturbation theory! For instance,

:

H

H H

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
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Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

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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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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(a) (b)

(c) (d)

(e)

Figure 3: Example Feynman diagrams including the four-fermion loop contributions to the
gg ! tth subprocess.

tth process is suppressed by the small bottom parton distribution functions. The e↵ect of
changing the flavour scheme results in an uncertainty of 1 � 2%.

The NLO e↵ects were obtained via an analytic computation6, based on the reduction
of one-loop amplitudes via the method developed by G. Ossola, C.G. Papadopoulos and
R. Pittau (OPP reduction) [38]. The OPP reduction was done using the CutTools pro-
gramme [39]. It reduces the one-loop amplitude into 1,2,3 and 4-point loop functions in
four dimensions, keeping spurious terms from the ✏ part of the amplitude. To correct for
such terms, one needs to compute the divergent UV counterterm as well as a finite rational
terms, denoted R2 as in ref. [40].7 The amplitudes were generated in the same way as for
gluon fusion. The UV and R2 counterterms, that need to be supplemented to CutTools,
were computed manually following the method detailed in [40]. The UV counterterms are
the same as for gluon fusion, in addition to a new one that is needed to be introduced to
renormalise diagrams of type (c) in fig. 3 and fig. 4. This is due to the operator mixing of
light – heavy four-quark operators with heavy four-quark operators. E↵ectively, this leads

6The FORTRAN code containing this analytical calculation can be provided on request.
7Another rational term R1 appears due to the mismatch between the four and d dimensional amplitudes,

but this is computed automatically in CutTools.
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Figure 2: Feynman diagram contributing to the NLO h ! bb process.

renormalisation procedure as outlined in the previous subsection, we obtain the following
expression for the correction to the h ! bb decay rate in the presence of O

(1),(8)
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which carries an enhancement factor of mt/mb and is hence expected to be rather large.
Again, we have neglected subdominant contributions suppressed by the bottom mass from
the operators O

(1),(8)

Qb
. Including the leading logarithmic running of Cb� of eq. (22) from

the high scale ⇤ to the electroweak scale is achieved by setting in eq. (23) µR ! ⇤. The
expression in eq. (23) agrees with the results obtained from a full calculation of the NLO
e↵ects in the dimension-six SMEFT, first computed in [37].

This closes the discussion of the main e↵ects that the third-generation four-quark op-
erators can have in the di↵erent Higgs decay widths.5 Note also that these modifications
of the Higgs decay rate to photons, gluons and, especially, bottom quarks, a↵ect all the
branching ratios (BRs) due to the modification of the Higgs total width, and therefore have
an observable e↵ect in all Higgs processes measured at the LHC.

3.3 Associated production of a Higgs boson with top quarks

The tth process receives NLO corrections from four-quark operators from a large number
of diagrams. The process can be initiated either by gluons, see fig. 3 for a sample of the
corresponding diagrams, or by a quark anti-quark pair, see fig. 4. The triangle and box
topologies (shown as (d) and (e) in fig. 3 and as (b) in fig. 4) are finite. We have computed
the leading NLO contributions for both types of processes, via the interference of the four-
quark loops with the LO QCD amplitudes. For the computation of the quark-initiated
contributions we adopt a four-flavour scheme We note that within a five-flavour scheme
operators containing both bottom and top quarks lead to a LO contribution from a direct
contact diagram. Nevertheless, this gives an overall negligible correction as the bb initiated

5Four-fermion operators also a↵ect the h ! Z� partial width. However, as in the diphoton case, the
e↵ect is expected to be small due to the dominance of the W boson loop. Because of this, and given the
smallness of the h ! Z� branching ratio and the relatively low precision expected in this channel at the
LHC, we neglect the e↵ects of four-fermion interactions in this decay.

9
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(e)
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Figure 1: Example Feynman diagrams for four-fermion-operator contributions to the Higgs
production via gluon fusion. The red box indicates the four-fermion operator.

3 Contribution of four-quark operators to Higgs pro-

duction and decay

In this section, we discuss the contribution of the third generation four-quark 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-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.
The latter turns out to be zero when the gluons or photons are on-shell. The first and
second type of corrections are left-right transitions hence the only contributions stem from
the operators with Wilson coe�cients C

(1),(8)

Qt
, C

(1),(8)

QtQb
and C

(1),(8)

Qb
. As can be inferred from

the diagrams in fig. 1 the result can be expressed as a product of one-loop integrals. We
computed the diagrams in two independent calculations making use of di↵erent computer

5

ggh: tth: h→bb:

4-Top operators ALSO enter in 
ggF, tth, h→bb and h→γγ @ NLO 

and experimental bounds are weak

Can difficult the interpretation of 
single-Higgs processes as probes of h3⇒

Conversely, one can use Higgs data to probe such interactions, similar to what was proposed in  
G. Durieux, J. Gu, E. Vryonidou, C. Zhang,  Chin. Phys. C 42 (2018) 12, 123107 (at future Higgs factories)            

M. Gorbahn at al., JHEP 10 (2016) 094; G. Degrassi et al. , JHEP 12 (2016) 080  *
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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
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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
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↵)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
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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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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
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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 3: Example Feynman diagrams including the four-fermion loop contributions to the
gg ! tth subprocess.

tth process is suppressed by the small bottom parton distribution functions. The e↵ect of
changing the flavour scheme results in an uncertainty of 1 � 2%.

The NLO e↵ects were obtained via an analytic computation6, based on the reduction
of one-loop amplitudes via the method developed by G. Ossola, C.G. Papadopoulos and
R. Pittau (OPP reduction) [38]. The OPP reduction was done using the CutTools pro-
gramme [39]. It reduces the one-loop amplitude into 1,2,3 and 4-point loop functions in
four dimensions, keeping spurious terms from the ✏ part of the amplitude. To correct for
such terms, one needs to compute the divergent UV counterterm as well as a finite rational
terms, denoted R2 as in ref. [40].7 The amplitudes were generated in the same way as for
gluon fusion. The UV and R2 counterterms, that need to be supplemented to CutTools,
were computed manually following the method detailed in [40]. The UV counterterms are
the same as for gluon fusion, in addition to a new one that is needed to be introduced to
renormalise diagrams of type (c) in fig. 3 and fig. 4. This is due to the operator mixing of
light – heavy four-quark operators with heavy four-quark operators. E↵ectively, this leads

6The FORTRAN code containing this analytical calculation can be provided on request.
7Another rational term R1 appears due to the mismatch between the four and d dimensional amplitudes,

but this is computed automatically in CutTools.
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Figure 2: Feynman diagram contributing to the NLO h ! bb process.

renormalisation procedure as outlined in the previous subsection, we obtain the following
expression for the correction to the h ! bb decay rate in the presence of O
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which carries an enhancement factor of mt/mb and is hence expected to be rather large.
Again, we have neglected subdominant contributions suppressed by the bottom mass from
the operators O

(1),(8)

Qb
. Including the leading logarithmic running of Cb� of eq. (22) from

the high scale ⇤ to the electroweak scale is achieved by setting in eq. (23) µR ! ⇤. The
expression in eq. (23) agrees with the results obtained from a full calculation of the NLO
e↵ects in the dimension-six SMEFT, first computed in [37].

This closes the discussion of the main e↵ects that the third-generation four-quark op-
erators can have in the di↵erent Higgs decay widths.5 Note also that these modifications
of the Higgs decay rate to photons, gluons and, especially, bottom quarks, a↵ect all the
branching ratios (BRs) due to the modification of the Higgs total width, and therefore have
an observable e↵ect in all Higgs processes measured at the LHC.

3.3 Associated production of a Higgs boson with top quarks

The tth process receives NLO corrections from four-quark operators from a large number
of diagrams. The process can be initiated either by gluons, see fig. 3 for a sample of the
corresponding diagrams, or by a quark anti-quark pair, see fig. 4. The triangle and box
topologies (shown as (d) and (e) in fig. 3 and as (b) in fig. 4) are finite. We have computed
the leading NLO contributions for both types of processes, via the interference of the four-
quark loops with the LO QCD amplitudes. For the computation of the quark-initiated
contributions we adopt a four-flavour scheme We note that within a five-flavour scheme
operators containing both bottom and top quarks lead to a LO contribution from a direct
contact diagram. Nevertheless, this gives an overall negligible correction as the bb initiated

5Four-fermion operators also a↵ect the h ! Z� partial width. However, as in the diphoton case, the
e↵ect is expected to be small due to the dominance of the W boson loop. Because of this, and given the
smallness of the h ! Z� branching ratio and the relatively low precision expected in this channel at the
LHC, we neglect the e↵ects of four-fermion interactions in this decay.
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Figure 1: Example Feynman diagrams for four-fermion-operator contributions to the Higgs
production via gluon fusion. The red box indicates the four-fermion operator.

3 Contribution of four-quark operators to Higgs pro-

duction and decay

In this section, we discuss the contribution of the third generation four-quark 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-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.
The latter turns out to be zero when the gluons or photons are on-shell. The first and
second type of corrections are left-right transitions hence the only contributions stem from
the operators with Wilson coe�cients C

(1),(8)

Qt
, C

(1),(8)

QtQb
and C

(1),(8)

Qb
. As can be inferred from

the diagrams in fig. 1 the result can be expressed as a product of one-loop integrals. We
computed the diagrams in two independent calculations making use of di↵erent computer

5

ggh: tth: h→bb:

4-Top operators ALSO enter in 
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and experimental bounds are weak

Can difficult the interpretation of 
single-Higgs processes as probes of h3⇒

Conversely, one can use Higgs data to probe such interactions, similar to what was proposed in  
G. Durieux, J. Gu, E. Vryonidou, C. Zhang,  Chin. Phys. C 42 (2018) 12, 123107 (at future Higgs factories)            
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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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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
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the �3-dependent parts in M
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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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tth process is suppressed by the small bottom parton distribution functions. The e↵ect of
changing the flavour scheme results in an uncertainty of 1 � 2%.

The NLO e↵ects were obtained via an analytic computation6, based on the reduction
of one-loop amplitudes via the method developed by G. Ossola, C.G. Papadopoulos and
R. Pittau (OPP reduction) [38]. The OPP reduction was done using the CutTools pro-
gramme [39]. It reduces the one-loop amplitude into 1,2,3 and 4-point loop functions in
four dimensions, keeping spurious terms from the ✏ part of the amplitude. To correct for
such terms, one needs to compute the divergent UV counterterm as well as a finite rational
terms, denoted R2 as in ref. [40].7 The amplitudes were generated in the same way as for
gluon fusion. The UV and R2 counterterms, that need to be supplemented to CutTools,
were computed manually following the method detailed in [40]. The UV counterterms are
the same as for gluon fusion, in addition to a new one that is needed to be introduced to
renormalise diagrams of type (c) in fig. 3 and fig. 4. This is due to the operator mixing of
light – heavy four-quark operators with heavy four-quark operators. E↵ectively, this leads

6The FORTRAN code containing this analytical calculation can be provided on request.
7Another rational term R1 appears due to the mismatch between the four and d dimensional amplitudes,

but this is computed automatically in CutTools.
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renormalisation procedure as outlined in the previous subsection, we obtain the following
expression for the correction to the h ! bb decay rate in the presence of O
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which carries an enhancement factor of mt/mb and is hence expected to be rather large.
Again, we have neglected subdominant contributions suppressed by the bottom mass from
the operators O

(1),(8)

Qb
. Including the leading logarithmic running of Cb� of eq. (22) from

the high scale ⇤ to the electroweak scale is achieved by setting in eq. (23) µR ! ⇤. The
expression in eq. (23) agrees with the results obtained from a full calculation of the NLO
e↵ects in the dimension-six SMEFT, first computed in [37].

This closes the discussion of the main e↵ects that the third-generation four-quark op-
erators can have in the di↵erent Higgs decay widths.5 Note also that these modifications
of the Higgs decay rate to photons, gluons and, especially, bottom quarks, a↵ect all the
branching ratios (BRs) due to the modification of the Higgs total width, and therefore have
an observable e↵ect in all Higgs processes measured at the LHC.

3.3 Associated production of a Higgs boson with top quarks

The tth process receives NLO corrections from four-quark operators from a large number
of diagrams. The process can be initiated either by gluons, see fig. 3 for a sample of the
corresponding diagrams, or by a quark anti-quark pair, see fig. 4. The triangle and box
topologies (shown as (d) and (e) in fig. 3 and as (b) in fig. 4) are finite. We have computed
the leading NLO contributions for both types of processes, via the interference of the four-
quark loops with the LO QCD amplitudes. For the computation of the quark-initiated
contributions we adopt a four-flavour scheme We note that within a five-flavour scheme
operators containing both bottom and top quarks lead to a LO contribution from a direct
contact diagram. Nevertheless, this gives an overall negligible correction as the bb initiated

5Four-fermion operators also a↵ect the h ! Z� partial width. However, as in the diphoton case, the
e↵ect is expected to be small due to the dominance of the W boson loop. Because of this, and given the
smallness of the h ! Z� branching ratio and the relatively low precision expected in this channel at the
LHC, we neglect the e↵ects of four-fermion interactions in this decay.
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production via gluon fusion. The red box indicates the four-fermion operator.

3 Contribution of four-quark operators to Higgs pro-

duction and decay

In this section, we discuss the contribution of the third generation four-quark 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-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.
The latter turns out to be zero when the gluons or photons are on-shell. The first and
second type of corrections are left-right transitions hence the only contributions stem from
the operators with Wilson coe�cients C

(1),(8)

Qt
, C

(1),(8)

QtQb
and C

(1),(8)

Qb
. As can be inferred from

the diagrams in fig. 1 the result can be expressed as a product of one-loop integrals. We
computed the diagrams in two independent calculations making use of di↵erent computer
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Can difficult the interpretation of 
single-Higgs processes as probes of h3⇒

Extraction of the Higgs trilinear is only robust 
when interpreted within a consistent (preferably model-independent)

theoretical framework 

UV IR

Λ vEWE≪Λ

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

Model-Independent interpretation requires to introduce all
 interactions entering at the same order in perturbation theory, 

unless experimentally very well constrained 
(again, in a model-independent way)

⇒ Effective Field Theories

In this talk we focus on the case of 4-Top operators, which is another set 
of interactions that is currently weakly constrained and compute their 

NLO effects in single Higgs observables
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• We will work within the formalism of the EFTs…

• … and, in particular, in the 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)

• Leading Order (LO) Beyond the SM effects (assuming B & L)  

                          ⇒ Dim-6 SMEFT: 2499 operators

• In this talk, we will follow the conventions of the Warsaw basis

The dimension-six SMEFT

Higgs probes of top-quark contact interactions at the LHC and interplay with the Higgs self-coupling 
May 24, 2022

UV IR

Λ vEWE≪Λ

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

Low Energy observables:

Parity Violation: QW (
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81 Tl), QW (e)(Møller)
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3 E↵ective Lagrangian description of New Physics:
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• We focus on the set of 4-fermion interactions between 3rd-family quarks:

• In particular, several of these mix under renormalisation with the operators 
modifying the Yukawas (enter at LO in the relevant single-Higgs processes):     

• We will discuss the interplay with the Higgs trilinear ⇒ consider the operator
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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; T

A are the SU(3)c generators and T denotes transposition of the SU(2)L
indices.

The largest e↵ects in Higgs physics are typically expected to come from operators with
the adequate chiral structure entering in top quark loops, as they will be proportional to
the top quark mass/Yukawa coupling. Conversely, we expect a suppression of operators
including bottom quarks with the bottom Yukawa coupling. As we will argue below, either
because of their chirality or because they only enter in bottom loops, the operators with
right-handed bottom quarks in the last two lines in eq. (2) are expected to give only very

small e↵ects, and will be neglected. This is not the case for the operators O
(1),(8)

QtQb
, which can

have sizeable contributions to, e.g. Higgs to bb or gluon fusion rates, proportional to the top
quark mass.

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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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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table 2, translating the � dependence in terms of C�,

�� = �2
C�v4

m2

h
⇤2

, (37)

and assuming ⇤ = 1 TeV.
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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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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; T

A are the SU(3)c generators and T denotes transposition of the SU(2)L
indices.

The largest e↵ects in Higgs physics are typically expected to come from operators with
the adequate chiral structure entering in top quark loops, as they will be proportional to
the top quark mass/Yukawa coupling. Conversely, we expect a suppression of operators
including bottom quarks with the bottom Yukawa coupling. As we will argue below, either
because of their chirality or because they only enter in bottom loops, the operators with
right-handed bottom quarks in the last two lines in eq. (2) are expected to give only very

small e↵ects, and will be neglected. This is not the case for the operators O
(1),(8)

QtQb
, which can

have sizeable contributions to, e.g. Higgs to bb or gluon fusion rates, proportional to the top
quark mass.

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
couplings to top and bottom quarks

�L
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�
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�
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◆
, (4)

with �̃ = i�2�
⇤.
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Either because chirality or because they only enter in bottom loops,  
these will have very small effects in Higgs observables and can be neglected
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• We focus on the set of 4-fermion interactions between 3rd-family quarks:

• Note that these interactions are also relevant from BSM point of view, e.g.

✓ Composite Higgs : Ci/Λ2~ 1/ f2. (Similar to single h couplings though)

✓ Can be generated in isolation, at tree level, by several SM extensions, e.g.

‣ New Scalars:
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The dimension-six SMEFT: 4-quark operators

in terms of scalar extensions of the SM, there are several types of colored scalars whose
tree-level e↵ects at low energies can be represented by four-quark operators only, e.g. for
complex scalars in the (6, 1) 1

3
and (8, 2) 1

2
SM representations (⌦1 and � in the notation

of [76]). If these colored states are the only moderately heavy new particles, our results
can provide another handle to constrain such extensions. One must be careful, though,
as a consistent interpretation of our results for any such models would require to include
higher-order corrections in the matching to the SMEFT. At that level, as shown e.g. by
the recent results in [77], multiple contributions that modify Higgs processes at LO are
generated at the one-loop level, and are therefore equally important as the NLO e↵ects of
the (tree-level) generated four-quark operators.17 In any case, one must note that, even
if similar size contributions to single-Higgs processes are generated, the four-top or Higgs
trilinear e↵ects can provide complementary information on the model. For instance, in some
of the most common scalar extensions of the SM, with an extra Higgs doublet, ' ⇠ (1, 2) 1

2
,

tree-level contributions to some of the four-heavy-quark operators discussed in this paper are
generated together with modifications on the Higgs trilinear self-coupling. These two e↵ects
are independent but they are both correlated with the, also tree level, modifications of the
single-Higgs couplings. Essentially, the LO e↵ects on Higgs observables are proportional to
�'y

f

'
, where �' is the scalar interaction strength of the ('†

�)(�†
�) operator and y

f

'
the new

scalar Yukawa interaction strength, whereas the NLO e↵ects are proportional to the square
of each separate coupling. Hence, these e↵ects might help to resolve (even if only weakly) the
flat directions in the model parameter space that would appear in a LO global fit. At the end
of the day, for a proper interpretation of the SMEFT results in terms of the widest possible
class of BSM models, all the above simply remind us of the importance of being global in
SMEFT analyses, to which our work contributes by including e↵ects in Higgs physics that
enter at the same order in perturbation theory as modifications of the Higgs self-coupling.
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C Operators Generated by Each Field Multiplet

In this appendix we provide the representation of each heavy multiplet introduced in sec-
tion 2 in terms of operators of dimension n  6 in the low energy effective Lagrangian. The
results for the corresponding coefficients are given in appendix D. See section 4 for details.

Fields Operators
S O�4, O�, O�⇤, O�B, O�B̃, O�W , O�W̃ , O�G, O�G̃, Oe�, Od�, Ou�

S1 Oll

S2 Oee

' Ole, O(1)
qu , O(8)

qu , O(1)
qd , O(8)

qd , Oledq, O(1)
quqd, O

(1)
lequ, O�, Oe�, Od�, Ou�

⌅ O�4, O�, O�D, O�⇤, O�WB, O�WB̃, Oe�, Od�, Ou�

⌅1 O�4, O5, Oll, O�, O�D, O�⇤, Oe�, Od�, Ou�

⇥1 O�

⇥3 O�

!1 O(1)
qq , O(3)

qq , O(1)
lq , O(3)

lq , Oeu, O(1)
ud , O(8)

ud , O(1)
quqd, O

(8)
quqd,

O(1)
lequ O(3)

lequ, Oduq, Oqqu, Oqqq, Oduu

!2 Odd

!4 Ouu, Oed, Oduu

⇧1 Old

⇧7 Olu, Oqe, O(1)
lequ, O

(3)
lequ

⇣ O(1)
qq , O(3)

qq , O(1)
lq , O(3)

lq , Oqqq

⌦1 O(1)
qq , O(3)

qq , O(1)
ud , O(8)

ud , O(1)
quqd, O

(8)
quqd

⌦2 Odd

⌦4 Ouu

⌥ O(1)
qq , O(3)

qq

� O(1)
qu , O(8)

qu , O(1)
qd , O(8)

qd , O(8)
quqd

Table 7. Operators generated by the heavy scalar fields introduced in table 1.
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• Four-quark operators induce NLO 2-loop contributions to ggF, h→γγ, h→gg

• Results can be written as product of 1-loop integrals

• Relevant operators →

• Also contribute to h→Zγ, but given the expected precision at (HL-)LHC and 
the small BR this mode is of little relevance and we ignore it

Effective Higgs couplings to gluons and photons

Higgs probes of top-quark contact interactions at the LHC and interplay with the Higgs self-coupling 
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Figure 1: Example Feynman diagrams for four-fermion-operator contributions to the Higgs
production via gluon fusion. The red box indicates the four-fermion operator.

3 Contribution of four-quark operators to Higgs pro-

duction and decay

In this section, we discuss the contribution of the third generation four-quark 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-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.
The latter turns out to be zero when the gluons or photons are on-shell. The first and
second type of corrections are left-right transitions hence the only contributions stem from
the operators with Wilson coe�cients C

(1),(8)

Qt
, C

(1),(8)

QtQb
and C

(1),(8)

Qb
. As can be inferred from

the diagrams in fig. 1 the result can be expressed as a product of one-loop integrals. We
computed the diagrams in two independent calculations making use of di↵erent computer
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• 2-Top 2-Bottom operators also induce NLO 1-loop contributions to h→bb 

• Relevant operators:

• Note: similarly, decays h→ττ would be affected by analogous (semi-leptonic) 
operators (OLτQt) that may not be strongly constrained

Higgs decays to bottom quarks

Higgs probes of top-quark contact interactions at the LHC and interplay with the Higgs self-coupling 
May 24, 2022

Figure 2: Feynman diagram contributing to the NLO h ! bb process.

renormalisation procedure as outlined in the previous subsection, we obtain the following
expression for the correction to the h ! bb decay rate in the presence of O

(1),(8)

QtQb
,

�
h!bb

�SM

h!bb

=1 +
1

16⇡2

mt

mb

(m2

h
� 4m2

t
)
(2Nc + 1)C(1)

QtQb
+ cFC

(8)

QtQb

⇤2

⇥

"
2 +

s

1 �
4m2

t

m2

h

log(xt) � log

✓
m

2

t

µ2

R

◆#
,

(23)

which carries an enhancement factor of mt/mb and is hence expected to be rather large.
Again, we have neglected subdominant contributions suppressed by the bottom mass from
the operators O

(1),(8)

Qb
. Including the leading logarithmic running of Cb� of eq. (22) from

the high scale ⇤ to the electroweak scale is achieved by setting in eq. (23) µR ! ⇤. The
expression in eq. (23) agrees with the results obtained from a full calculation of the NLO
e↵ects in the dimension-six SMEFT, first computed in [37].

This closes the discussion of the main e↵ects that the third-generation four-quark op-
erators can have in the di↵erent Higgs decay widths.5 Note also that these modifications
of the Higgs decay rate to photons, gluons and, especially, bottom quarks, a↵ect all the
branching ratios (BRs) due to the modification of the Higgs total width, and therefore have
an observable e↵ect in all Higgs processes measured at the LHC.

3.3 Associated production of a Higgs boson with top quarks

The tth process receives NLO corrections from four-quark operators from a large number
of diagrams. The process can be initiated either by gluons, see fig. 3 for a sample of the
corresponding diagrams, or by a quark anti-quark pair, see fig. 4. The triangle and box
topologies (shown as (d) and (e) in fig. 3 and as (b) in fig. 4) are finite. We have computed
the leading NLO contributions for both types of processes, via the interference of the four-
quark loops with the LO QCD amplitudes. For the computation of the quark-initiated
contributions we adopt a four-flavour scheme We note that within a five-flavour scheme
operators containing both bottom and top quarks lead to a LO contribution from a direct
contact diagram. Nevertheless, this gives an overall negligible correction as the bb initiated

5Four-fermion operators also a↵ect the h ! Z� partial width. However, as in the diphoton case, the
e↵ect is expected to be small due to the dominance of the W boson loop. Because of this, and given the
smallness of the h ! Z� branching ratio and the relatively low precision expected in this channel at the
LHC, we neglect the e↵ects of four-fermion interactions in this decay.
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For the renormalisation procedure we adopt a mixed on-shell (OS)-MS– scheme as proposed
in [36], in which we renormalise the quark masses OS and the Wilson coe�cients of the
dimension-six operators using the MS scheme. We hence renormalise the top/bottom mass
as

m
OS

t/b
= m

(0)

t/b
� �mt/b, (5)

where the counterterms are given by

�mt =
1

8⇡2

C
(1)

Qt
+ cFC

(8)

Qt

⇤2
m

3

t


2

✏
+ 2 log

✓
µ
2

R

m2
t

◆
+ 1

�
(6)

�
1

16⇡2

(2Nc + 1)C(1)

QtQb
+ cFC

(8)

QtQb

⇤2


1

✏
+ log

✓
µ
2

R

m2

b

◆
+ 1

�
m

3

b
,

�mb = �
1

16⇡2

(2Nc + 1)C(1)

QtQb
+ cFC

(8)

QtQb

⇤2


1

✏
+ log

✓
µ
2

R

m2
t

◆
+ 1

�
m

3

t
, (7)

with ✏
�1 = ✏

�1
� �E + log(4⇡), in dimensional regularization with d = 4 � 2✏, Nc = 3 the
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fundamental representation. We note that, for the calculations of the physical processes in
this paper, the di↵erence between using the OS or the MS definitions of the top and bottom
masses in SMEFT results in changes that are formally of O(1/⇤4).4 We note though that
using a SM running MS bottom mass instead of an OS one makes a relevant di↵erence in
the numerical results. In the results presented below we will use the OS bottom mass as an
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• tth can be initiated either via gg→tth or qq→tth, both of which are corrected at 
1-loop by 4-quark operators

• Relevant operators:

Higgs production in association to Top quark pairs

Higgs probes of top-quark contact interactions at the LHC and interplay with the Higgs self-coupling 
May 24, 2022

(a) (b)

(c) (d)

(e)

Figure 3: Example Feynman diagrams including the four-fermion loop contributions to the
gg ! tth subprocess.

tth process is suppressed by the small bottom parton distribution functions. The e↵ect of
changing the flavour scheme results in an uncertainty of 1 � 2%.

The NLO e↵ects were obtained via an analytic computation6, based on the reduction
of one-loop amplitudes via the method developed by G. Ossola, C.G. Papadopoulos and
R. Pittau (OPP reduction) [38]. The OPP reduction was done using the CutTools pro-
gramme [39]. It reduces the one-loop amplitude into 1,2,3 and 4-point loop functions in
four dimensions, keeping spurious terms from the ✏ part of the amplitude. To correct for
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but this is computed automatically in CutTools.
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Figure 4: Example Feynman diagrams including the four-fermion loop contributions to the
qq ! tth subprocess.
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4 Fit to Higgs observables

In this section we will show the results of a fit to Higgs observables of the four-quark operators
of the third generation and the operator that modifies the Higgs potential and hence the
Higgs self-coupling. In ref. [19–22, 24] it was proposed to extract the trilinear Higgs self-
coupling via its loop e↵ects in single-Higgs measurements. Within the assumptions of the
SMEFT, a model-independent determination of the triple Higgs self-interaction, �3, should
be considered within a global analysis considering all e↵ective interactions that enter up to
the same order in perturbation theory as �3. In particular, apart from the trilinear Higgs
self-coupling modification, such a study must include those operators that enter at LO in
Higgs production and decay [26]. Furthermore, the sensitivity to the Higgs self-coupling
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algebra tools such as PackageX [30], KIRA [31], Fire [32], FeynRules [33] and FeynArts [34].3

We cross-checked the Feynman rules with ref. [35].
For the renormalisation procedure we adopt a mixed on-shell (OS)-MS– scheme as proposed
in [36], in which we renormalise the quark masses OS and the Wilson coe�cients of the
dimension-six operators using the MS scheme. We hence renormalise the top/bottom mass
as
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with ✏
�1 = ✏

�1
� �E + log(4⇡), in dimensional regularization with d = 4 � 2✏, Nc = 3 the

number of colours, and cF = (N2

c
� 1)/(2Nc) = 4/3 the SU(3) quadratic Casimir in the

fundamental representation. We note that, for the calculations of the physical processes in
this paper, the di↵erence between using the OS or the MS definitions of the top and bottom
masses in SMEFT results in changes that are formally of O(1/⇤4).4 We note though that
using a SM running MS bottom mass instead of an OS one makes a relevant di↵erence in
the numerical results. In the results presented below we will use the OS bottom mass as an
input.

The coe�cients of the dimension-six operators are renormalised in the MS scheme. At
one-loop level the only operators entering the Higgs to gluon or photon rates that mix with
the four-quark operators are the ones that modify the top or bottom Yukawa couplings: Ot�

and Ob�, respectively. The coe�cients of these operators are renormalized according to
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and O
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. The explicit expressions for the relevant one-loop anomalous dimension

can be obtained from ref. [15, 16]. The Wilson coe�cients Ct�/b� modify the Higgs couplings

3Note that the latter tool needed some manual adjustments to deal with four-fermion operators.
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• We evaluate the size of these corrections and provide semi-analytical 
expressions (in the leading-log approx.) that can be used inside fitting tools:
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Operator Process µR �R
fin

Ci
[TeV2] �R

log

Ci
[TeV2]

O
(1)

Qt

ggF mh
2

9.91 · 10�3 2.76 · 10�3

h ! gg
mh

6.08 · 10�3 2.76 · 10�3

h ! �� �1.76 · 10�3
�0.80 · 10�3

tth 13 TeV
mt + mh

2

�4.20 · 10�1
�2.78 · 10�3

tth 14 TeV �4.30 · 10�1
�2.78 · 10�3

O
(8)

Qt

ggF mh
2

1.32 · 10�2 3.68 · 10�3

h ! gg
mh

8.11 · 10�3 3.68 · 10�3

h ! �� �2.09 · 10�3
�1.07 · 10�3

tth 13 TeV
mt + mh

2

6.81 · 10�2
�2.40 · 10�3

tth 14 TeV 7.29 · 10�2
�2.48 · 10�3

O
(1)

QtQb

ggF mh
2

2.84 · 10�2 9.21 · 10�3

h ! gg
mh

1.57 · 10�2 9.21 · 10�3

h ! �� �1.30 · 10�3
�0.78 · 10�3

h ! bb 9.25 · 10�2 1.68 · 10�1

O
(8)

QtQb

ggF mh
2

5.41 · 10�3 1.76 · 10�3

h ! gg
mh

2.98 · 10�3 1.76 · 10�3

h ! �� �0.25 · 10�3
�0.15 · 10�3

h ! bb 1.76 · 10�2 3.20 · 10�2

O
(1)

QQ

tth 13 TeV
mt + mh

2

1.75 · 10�3 1.84 · 10�3

tth 14 TeV 1.65 · 10�3 1.76 · 10�3

O
(3)

QQ

tth 13 TeV
mt + mh

2

1.32 · 10�2 5.48 · 10�3

tth 14 TeV 1.24 · 10�2 5.30 · 10�3

Ott

tth 13 TeV
mt + mh

2

4.60 · 10�3 1.82 · 10�3

tth 14 TeV 4.57 · 10�3 1.74 · 10�3

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

fin

Ci
, and

the leading log running of the Wilson coe�cients, �R
log

Ci
, see eq. (26). The �R

fin,log

Ci
terms

for the O
(1),(8)

QtQb
operators for the tth process are of O(10�5

� 10�6) TeV�2 and are omitted
in the table.

4 Fit to Higgs observables

In this section we will show the results of a fit to Higgs observables of the four-quark operators
of the third generation and the operator that modifies the Higgs potential and hence the
Higgs self-coupling. In ref. [19–22, 24] it was proposed to extract the trilinear Higgs self-
coupling via its loop e↵ects in single-Higgs measurements. Within the assumptions of the
SMEFT, a model-independent determination of the triple Higgs self-interaction, �3, should
be considered within a global analysis considering all e↵ective interactions that enter up to
the same order in perturbation theory as �3. In particular, apart from the trilinear Higgs
self-coupling modification, such a study must include those operators that enter at LO in
Higgs production and decay [26]. Furthermore, the sensitivity to the Higgs self-coupling
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the b-quark mass. Similarly, other “mixed” bottom-top operators are expected to give very
suppressed contributions compared to those from four-top operators. Therefore we neglected
their e↵ects in our calculation.8

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. (21), while for the quark-initiated subprocess we also 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. [15–17]. As in the case of the finite pieces, the logarithmic corrections
from top-bottom operators were found to be very small and are neglected in what follows.

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-quark Wilson coe�cients, are denoted by

�R(Ci) = R/R
SM

� 1, (25)

where R stands generically for a given partial width � or cross section �. They are sum-
marised in table 1. The results for �R(Ci) in that table concern only the linear contributions
in ⇤�2. They have been written as

�R(Ci) =
Ci

⇤2

✓
�R

fin

Ci
+ �R

log

Ci
log

✓
µ
2

R

⇤2

◆◆
, (26)

where we have separated the contributions in two parts: the first, parameterised by �R
fin

Ci
,

concerns the finite part of the NLO correction taken at the typical scale µR of the process;
the second, parameterised by �R

log

Ci
, is the logarithmic contribution, obtained by solving the

RGE of the dimension-six Wilson coe�cients from the high scale ⇤ to the low scale µR, using
the leading log approximation.9 Both the finite part dependence �R

fin

Ci
of these corrections

on the Wilson coe�cient as well as the part proportional to the logarithm �R
log

Ci
are reported

in table 1. Our results can be improved by replacing the part proportional to the coe�cients
�R

log

Ci
by the solution of the coupled system of RGEs.

8In this regard, since the singlet and octet operators O
(1),(8)
QtQb are not implemented in the current version

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 computing the UV and R2 counterterms
needed for the tth calculation. The other “mixed” bottom-top operators are also currently not included
in SMEFTatNLO. A computation of their contributions, while being beyond the scope of this paper, would

require a similar strategy as for the O
(1),(8)
QtQb operator.

9Note that, in particular, for a given µR, �Rfin
Ci

contains, e.g., contributions ⇠ log µ2
R/m2

t , and di↵erent

choices of the renormalization scale will lead to changes in the values of �Rfin
Ci

and the logarithm multiplying

�Rlog
Ci

so that the physical contribution to the process is independent of the choice of the scale.
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Higgs self-coupling. In ref. [19–22, 24] it was proposed to extract the trilinear Higgs self-
coupling via its loop e↵ects in single-Higgs measurements. Within the assumptions of the
SMEFT, a model-independent determination of the triple Higgs self-interaction, �3, should
be considered within a global analysis considering all e↵ective interactions that enter up to
the same order in perturbation theory as �3. In particular, apart from the trilinear Higgs
self-coupling modification, such a study must include those operators that enter at LO in
Higgs production and decay [26]. Furthermore, the sensitivity to the Higgs self-coupling
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Comments:
For Λ=1 TeV,  log effects  usually ~ finite terms  
(with some exceptions) 

OQtQb operators only enter via the combination  
appearing in the RGEs of Ctφ,bφ 

OQQ and Ott operators only contribute to tth  
but, for Λ=1 TeV and O(1) coefficients their  
effects are typically below SM theory  
uncertainty ~10%  
  
⇒ to good approx. tth only affected by OQt 

For ⇤ = 1 TeV, and depending on the renormalisation scale of the process, the value
of the logarithm in eq. (26) ranges between ⇠ [�5.5, �2.9]. With these numerical values in
mind and by looking at �R

log

Ci
in table 1, we see that the finite part of the NLO calculation,

i.e. �R
fin

Ci
, is usually of the same order of magnitude than the leading-log part.10 The clear

exceptions are the C
(1),(8)

Qt
contributions to tth, where the finite pieces dominate, and the

C
(1),(8)

QtQb
contributions to the h ! bb, where the logarithmic contributions are the leading ones.

This underlines the importance of considering the full NLO computation in the determination
of the Wilson coe�cients for C

(1),(8)

Qt
, whereas for C

(1),(8)

QtQb
, where the limits are mainly driven

by h ! bb, they turn out to play a less important role. Thus, in general, both finite and
logarithmic parts are required to obtain a physically sensible result, as the former can be
sizable whereas omitting the latter would introduce a significant scale dependence in some
of the results.

The numerical values were obtained using as input parameters

GF = 1.166378 · 10�5 GeV�2
, mW = 80.379 GeV , mZ = 91.1876 GeV ,

m
OS

t
= 172.5 GeV , m

OS

b
= 4.7 GeV , mh = 125.1 GeV ,

(27)

where the OS bottom quark mass is taken from RunDec [42], and the rest of the parameters
from the particle data group [43]. We have used the NNPDF23 parton distribution functions
set at NLO [44].

Looking at the results, first we note that the operators O
(1),(3)

QQ
and Ott only contribute

to tth production. In this regard, however, it must be noted that the uncertainties due to
missing higher order corrections and the PDF+↵s uncertainty for the tth process are at the
several percent level, �

SM

tth,13TeV
= 0.506+6.9%

�10%
pb [45]. This is larger than the typical finite

e↵ects of C
(1),(3)

QQ
and Ctt for O(1) coe�cients and ⇤ ⇠ 1 TeV. Therefore, all Higgs rates are

expected to be relatively insensitive to these interactions unless rather large values of the
Wilson coe�cients are allowed. Secondly, from the analytic results, we observe that in the
NLO corrections to Higgs decay rates and gluon fusion, the Wilson coe�cients C

(1)

QtQb
, C

(8)

QtQb

always appear in a linear combination identical to the one seen in the RGE of the Wilson
coe�cients Ct� and Cb�, i.e.

C
+

QtQb
= (2Nc + 1)C(1)

QtQb
+ cFC

(8)

QtQb
. (28)

In fact, all single-Higgs rates are mostly sensitive to the linear combination in eq. (28). This

is because, even though the O
(1),(8)

QtQb
operators also enter in diagrams contributing to the tth

process, the corresponding finite corrections are suppressed by the bottom quark mass and
therefore very small. (For these operators, the results for �R

fin,log

Ci
are of O(10�5

� 10�6)
TeV�2, and were omitted in table 1.) This suppression is also expected for other “mixed”
top-bottom operators, which would contribute to tth via bottom-quark loops and hence
would be strongly suppressed, justifying that we did not consider them here. In summary,
apart from O

(1),(8)

Qt
, all the other third-generation four-quark operators produce only small

contributions to the tth process.

10Note that the presence and relevance of such finite pieces thus breaks the degeneracy that would exist
between the contributions of the four-fermion operators and the ones from those operators they mix with
and that enter at LO, should one only include the RGE e↵ects of the former.

13

(1),(8)

the b-quark mass. Similarly, other “mixed” bottom-top operators are expected to give very
suppressed contributions compared to those from four-top operators. Therefore we neglected
their e↵ects in our calculation.8

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
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single-Higgs rates, as a function of the four-heavy-quark Wilson coe�cients, are denoted by

�R(Ci) = R/R
SM

� 1, (25)

where R stands generically for a given partial width � or cross section �. They are sum-
marised in table 1. The results for �R(Ci) in that table concern only the linear contributions
in ⇤�2. They have been written as

�R(Ci) =
Ci

⇤2

✓
�R

fin

Ci
+ �R

log

Ci
log

✓
µ
2

R

⇤2

◆◆
, (26)

where we have separated the contributions in two parts: the first, parameterised by �R
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Ci
,

concerns the finite part of the NLO correction taken at the typical scale µR of the process;
the second, parameterised by �R
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, is the logarithmic contribution, obtained by solving the
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of these corrections

on the Wilson coe�cient as well as the part proportional to the logarithm �R
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in table 1. Our results can be improved by replacing the part proportional to the coe�cients
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by the solution of the coupled system of RGEs.

8In this regard, since the singlet and octet operators O
(1),(8)
QtQb are not implemented in the current version

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 computing the UV and R2 counterterms
needed for the tth calculation. The other “mixed” bottom-top operators are also currently not included
in SMEFTatNLO. A computation of their contributions, while being beyond the scope of this paper, would

require a similar strategy as for the O
(1),(8)
QtQb operator.

9Note that, in particular, for a given µR, �Rfin
Ci

contains, e.g., contributions ⇠ log µ2
R/m2
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choices of the renormalization scale will lead to changes in the values of �Rfin
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and the logarithm multiplying

�Rlog
Ci

so that the physical contribution to the process is independent of the choice of the scale.
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Operator Process µR �R
fin

Ci
[TeV2] �R

log

Ci
[TeV2]

O
(1)

Qt

ggF mh
2

9.91 · 10�3 2.76 · 10�3

h ! gg
mh

6.08 · 10�3 2.76 · 10�3

h ! �� �1.76 · 10�3
�0.80 · 10�3

tth 13 TeV
mt + mh

2

�4.20 · 10�1
�2.78 · 10�3

tth 14 TeV �4.30 · 10�1
�2.78 · 10�3

O
(8)

Qt

ggF mh
2

1.32 · 10�2 3.68 · 10�3

h ! gg
mh

8.11 · 10�3 3.68 · 10�3

h ! �� �2.09 · 10�3
�1.07 · 10�3

tth 13 TeV
mt + mh

2

6.81 · 10�2
�2.40 · 10�3

tth 14 TeV 7.29 · 10�2
�2.48 · 10�3

O
(1)

QtQb

ggF mh
2

2.84 · 10�2 9.21 · 10�3

h ! gg
mh

1.57 · 10�2 9.21 · 10�3

h ! �� �1.30 · 10�3
�0.78 · 10�3

h ! bb 9.25 · 10�2 1.68 · 10�1

O
(8)

QtQb

ggF mh
2

5.41 · 10�3 1.76 · 10�3

h ! gg
mh

2.98 · 10�3 1.76 · 10�3

h ! �� �0.25 · 10�3
�0.15 · 10�3

h ! bb 1.76 · 10�2 3.20 · 10�2

O
(1)

QQ

tth 13 TeV
mt + mh

2

1.75 · 10�3 1.84 · 10�3

tth 14 TeV 1.65 · 10�3 1.76 · 10�3

O
(3)

QQ

tth 13 TeV
mt + mh

2

1.32 · 10�2 5.48 · 10�3

tth 14 TeV 1.24 · 10�2 5.30 · 10�3

Ott

tth 13 TeV
mt + mh

2

4.60 · 10�3 1.82 · 10�3

tth 14 TeV 4.57 · 10�3 1.74 · 10�3

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

fin

Ci
, and

the leading log running of the Wilson coe�cients, �R
log

Ci
, see eq. (26). The �R

fin,log

Ci
terms

for the O
(1),(8)

QtQb
operators for the tth process are of O(10�5

� 10�6) TeV�2 and are omitted
in the table.

4 Fit to Higgs observables

In this section we will show the results of a fit to Higgs observables of the four-quark operators
of the third generation and the operator that modifies the Higgs potential and hence the
Higgs self-coupling. In ref. [19–22, 24] it was proposed to extract the trilinear Higgs self-
coupling via its loop e↵ects in single-Higgs measurements. Within the assumptions of the
SMEFT, a model-independent determination of the triple Higgs self-interaction, �3, should
be considered within a global analysis considering all e↵ective interactions that enter up to
the same order in perturbation theory as �3. In particular, apart from the trilinear Higgs
self-coupling modification, such a study must include those operators that enter at LO in
Higgs production and decay [26]. Furthermore, the sensitivity to the Higgs self-coupling
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A Numerical input

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 of the NLO
corrections to the same processes, which was calculated in ref. [20]. Here we give them
in table 2, translating the � dependence in terms of C�,

�� = �2
C�v

4

m2

h
⇤2

, (35)

and assuming ⇤ = 1 TeV.

Process C1 �R
fin

C�

ggF/ gg ! h 6.60 · 10�3
�3.10 · 10�3

tth 13 TeV 3.51 · 10�2
�1.64 · 10�2

tth 14 TeV 3.47 · 10�2
�1.62 · 10�2

h ! �� 4.90 · 10�3
�2.30 · 10�3

h ! bb 0.00 0.00
h ! W

+
W

� 7.30 · 10�3
�3.40 · 10�3

h ! ZZ 8.30 · 10�3
�3.90 · 10�3

pp ! Zh 13 TeV 1.19 · 10�2
�5.60 · 10�3

pp ! Zh 14 TeV 1.18 · 10�2
�5.50 · 10�3

pp ! W
±
h 1.03 · 10�2

�4.80 · 10�3

VBF 6.50 · 10�3
�3.00 · 10�3

h ! 4` 8.20 · 10�3
�3.80 · 10�3

Table 2: The relative correction dependence on C� for single-Higgs processes, taken from [24].
The C1 coe�cients are to be used in eq. (32), while for a direct comparison with the e↵ect of
the four-fermion operators, we quote the translated e↵ect �R

fin

C�
, which can be used directly

in eq. (26). If the value of
p

s is not indicated the e↵ect 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 [64]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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• We evaluate the size of these corrections and provide semi-analytical 
expressions (in the leading-log approx.) that can be used inside fitting tools:
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the b-quark mass. Similarly, other “mixed” bottom-top operators are expected to give very
suppressed contributions compared to those from four-top operators. Therefore we neglected
their e↵ects in our calculation.8

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. (21), while for the quark-initiated subprocess we also 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. [15–17]. As in the case of the finite pieces, the logarithmic corrections
from top-bottom operators were found to be very small and are neglected in what follows.

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-quark Wilson coe�cients, are denoted by

�R(Ci) = R/R
SM

� 1, (25)

where R stands generically for a given partial width � or cross section �. They are sum-
marised in table 1. The results for �R(Ci) in that table concern only the linear contributions
in ⇤�2. They have been written as

�R(Ci) =
Ci

⇤2

✓
�R

fin

Ci
+ �R

log

Ci
log

✓
µ
2

R

⇤2

◆◆
, (26)

where we have separated the contributions in two parts: the first, parameterised by �R
fin

Ci
,

concerns the finite part of the NLO correction taken at the typical scale µR of the process;
the second, parameterised by �R

log

Ci
, is the logarithmic contribution, obtained by solving the

RGE of the dimension-six Wilson coe�cients from the high scale ⇤ to the low scale µR, using
the leading log approximation.9 Both the finite part dependence �R

fin

Ci
of these corrections

on the Wilson coe�cient as well as the part proportional to the logarithm �R
log

Ci
are reported

in table 1. Our results can be improved by replacing the part proportional to the coe�cients
�R

log

Ci
by the solution of the coupled system of RGEs.

8In this regard, since the singlet and octet operators O
(1),(8)
QtQb are not implemented in the current version

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 computing the UV and R2 counterterms
needed for the tth calculation. The other “mixed” bottom-top operators are also currently not included
in SMEFTatNLO. A computation of their contributions, while being beyond the scope of this paper, would

require a similar strategy as for the O
(1),(8)
QtQb operator.

9Note that, in particular, for a given µR, �Rfin
Ci

contains, e.g., contributions ⇠ log µ2
R/m2

t , and di↵erent

choices of the renormalization scale will lead to changes in the values of �Rfin
Ci

and the logarithm multiplying

�Rlog
Ci

so that the physical contribution to the process is independent of the choice of the scale.
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so that the physical contribution to the process is independent of the choice of the scale.
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Table 1: The NLO corrections to single Higgs rates from the four heavy-quark SMEFT
operators of this study. We have separated the contributions into the finite piece, �R
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, and

the leading log running of the Wilson coe�cients, �R
log

Ci
, see eq. (26). The �R
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terms
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operators for the tth process are of O(10�5
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4 Fit to Higgs observables

In this section we will show the results of a fit to Higgs observables of the four-quark operators
of the third generation and the operator that modifies the Higgs potential and hence the
Higgs self-coupling. In ref. [19–22, 24] it was proposed to extract the trilinear Higgs self-
coupling via its loop e↵ects in single-Higgs measurements. Within the assumptions of the
SMEFT, a model-independent determination of the triple Higgs self-interaction, �3, should
be considered within a global analysis considering all e↵ective interactions that enter up to
the same order in perturbation theory as �3. In particular, apart from the trilinear Higgs
self-coupling modification, such a study must include those operators that enter at LO in
Higgs production and decay [26]. Furthermore, the sensitivity to the Higgs self-coupling
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R = σ, Γ

A Numerical input

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 of the NLO
corrections to the same processes, which was calculated in ref. [20]. Here we give them
in table 2, translating the � dependence in terms of C�,

�� = �2
C�v

4

m2

h
⇤2

, (35)

and assuming ⇤ = 1 TeV.

Process C1 �R
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±
h 1.03 · 10�2

�4.80 · 10�3

VBF 6.50 · 10�3
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h ! 4` 8.20 · 10�3
�3.80 · 10�3

Table 2: The relative correction dependence on C� for single-Higgs processes, taken from [24].
The C1 coe�cients are to be used in eq. (32), while for a direct comparison with the e↵ect of
the four-fermion operators, we quote the translated e↵ect �R

fin

C�
, which can be used directly

in eq. (26). If the value of
p

s is not indicated the e↵ect 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 [64]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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the b-quark mass. Similarly, other “mixed” bottom-top operators are expected to give very
suppressed contributions compared to those from four-top operators. Therefore we neglected
their e↵ects in our calculation.8

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. (21), while for the quark-initiated subprocess we also 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. [15–17]. As in the case of the finite pieces, the logarithmic corrections
from top-bottom operators were found to be very small and are neglected in what follows.

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-quark Wilson coe�cients, are denoted by

�R(Ci) = R/R
SM

� 1, (25)

where R stands generically for a given partial width � or cross section �. They are sum-
marised in table 1. The results for �R(Ci) in that table concern only the linear contributions
in ⇤�2. They have been written as

�R(Ci) =
Ci

⇤2

✓
�R

fin

Ci
+ �R

log

Ci
log

✓
µ
2

R

⇤2

◆◆
, (26)

where we have separated the contributions in two parts: the first, parameterised by �R
fin

Ci
,

concerns the finite part of the NLO correction taken at the typical scale µR of the process;
the second, parameterised by �R

log

Ci
, is the logarithmic contribution, obtained by solving the

RGE of the dimension-six Wilson coe�cients from the high scale ⇤ to the low scale µR, using
the leading log approximation.9 Both the finite part dependence �R

fin

Ci
of these corrections

on the Wilson coe�cient as well as the part proportional to the logarithm �R
log

Ci
are reported

in table 1. Our results can be improved by replacing the part proportional to the coe�cients
�R

log

Ci
by the solution of the coupled system of RGEs.

8In this regard, since the singlet and octet operators O
(1),(8)
QtQb are not implemented in the current version

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 computing the UV and R2 counterterms
needed for the tth calculation. The other “mixed” bottom-top operators are also currently not included
in SMEFTatNLO. A computation of their contributions, while being beyond the scope of this paper, would

require a similar strategy as for the O
(1),(8)
QtQb operator.

9Note that, in particular, for a given µR, �Rfin
Ci

contains, e.g., contributions ⇠ log µ2
R/m2

t , and di↵erent

choices of the renormalization scale will lead to changes in the values of �Rfin
Ci

and the logarithm multiplying

�Rlog
Ci

so that the physical contribution to the process is independent of the choice of the scale.
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Operator Process µR �R
fin

Ci
[TeV2] �R

log

Ci
[TeV2]

O
(1)

Qt

ggF mh
2

9.91 · 10�3 2.76 · 10�3

h ! gg
mh

6.08 · 10�3 2.76 · 10�3

h ! �� �1.76 · 10�3
�0.80 · 10�3

tth 13 TeV
mt + mh

2

�4.20 · 10�1
�2.78 · 10�3

tth 14 TeV �4.30 · 10�1
�2.78 · 10�3

O
(8)

Qt

ggF mh
2

1.32 · 10�2 3.68 · 10�3

h ! gg
mh

8.11 · 10�3 3.68 · 10�3

h ! �� �2.09 · 10�3
�1.07 · 10�3

tth 13 TeV
mt + mh

2

6.81 · 10�2
�2.40 · 10�3

tth 14 TeV 7.29 · 10�2
�2.48 · 10�3

O
(1)

QtQb

ggF mh
2

2.84 · 10�2 9.21 · 10�3

h ! gg
mh

1.57 · 10�2 9.21 · 10�3

h ! �� �1.30 · 10�3
�0.78 · 10�3

h ! bb 9.25 · 10�2 1.68 · 10�1

O
(8)

QtQb

ggF mh
2

5.41 · 10�3 1.76 · 10�3

h ! gg
mh

2.98 · 10�3 1.76 · 10�3

h ! �� �0.25 · 10�3
�0.15 · 10�3

h ! bb 1.76 · 10�2 3.20 · 10�2

O
(1)

QQ

tth 13 TeV
mt + mh

2

1.75 · 10�3 1.84 · 10�3

tth 14 TeV 1.65 · 10�3 1.76 · 10�3

O
(3)

QQ

tth 13 TeV
mt + mh

2

1.32 · 10�2 5.48 · 10�3

tth 14 TeV 1.24 · 10�2 5.30 · 10�3

Ott

tth 13 TeV
mt + mh

2

4.60 · 10�3 1.82 · 10�3

tth 14 TeV 4.57 · 10�3 1.74 · 10�3

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

fin

Ci
, and

the leading log running of the Wilson coe�cients, �R
log

Ci
, see eq. (26). The �R

fin,log

Ci
terms

for the O
(1),(8)

QtQb
operators for the tth process are of O(10�5

� 10�6) TeV�2 and are omitted
in the table.

4 Fit to Higgs observables

In this section we will show the results of a fit to Higgs observables of the four-quark operators
of the third generation and the operator that modifies the Higgs potential and hence the
Higgs self-coupling. In ref. [19–22, 24] it was proposed to extract the trilinear Higgs self-
coupling via its loop e↵ects in single-Higgs measurements. Within the assumptions of the
SMEFT, a model-independent determination of the triple Higgs self-interaction, �3, should
be considered within a global analysis considering all e↵ective interactions that enter up to
the same order in perturbation theory as �3. In particular, apart from the trilinear Higgs
self-coupling modification, such a study must include those operators that enter at LO in
Higgs production and decay [26]. Furthermore, the sensitivity to the Higgs self-coupling
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R = σ, Γ

A Numerical input

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 of the NLO
corrections to the same processes, which was calculated in ref. [20]. Here we give them
in table 2, translating the � dependence in terms of C�,

�� = �2
C�v

4

m2

h
⇤2

, (35)

and assuming ⇤ = 1 TeV.

Process C1 �R
fin

C�

ggF/ gg ! h 6.60 · 10�3
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tth 14 TeV 3.47 · 10�2
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h ! bb 0.00 0.00
h ! W

+
W

� 7.30 · 10�3
�3.40 · 10�3

h ! ZZ 8.30 · 10�3
�3.90 · 10�3

pp ! Zh 13 TeV 1.19 · 10�2
�5.60 · 10�3

pp ! Zh 14 TeV 1.18 · 10�2
�5.50 · 10�3

pp ! W
±
h 1.03 · 10�2

�4.80 · 10�3

VBF 6.50 · 10�3
�3.00 · 10�3

h ! 4` 8.20 · 10�3
�3.80 · 10�3

Table 2: The relative correction dependence on C� for single-Higgs processes, taken from [24].
The C1 coe�cients are to be used in eq. (32), while for a direct comparison with the e↵ect of
the four-fermion operators, we quote the translated e↵ect �R

fin

C�
, which can be used directly

in eq. (26). If the value of
p

s is not indicated the e↵ect 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 [64]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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Sizable effects in ggF (dominant at LHC)…
… and tth (strongest dependence on C𝜙)…

Contrib. from h self-coupling (C𝜙)

• We evaluate the size of these corrections and provide semi-analytical 
expressions (in the leading-log approx.) that can be used inside fitting tools:
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In the theoretical predictions for the signal strengths, we will assume that the new physics
corrections to the cross sections and the decay widths are linearised, i.e.

µ(C�, Ci) =
�Prod(C�, Ci) ⇥ BR(C�, Ci)

�Prod,SM ⇥ BRSM

⇡ 1 + ��(C�, Ci) + ��(C�, Ci) � ��h(C�, Ci), (31)

with ��, ��, ��h (�h denotes the Higgs total width) being the NLO corrections, relative to
the SM prediction as in eq. (25), from the dimension-six operators with Wilson coe�cients

C� and Ci. Here, Ci stands schematically for C
(1)

Qt
, C

(8)

Qt
, C

(1)

QtQb
, C

(8)

QtQb
, C

(1)

QQ
, C

(3)

QQ
and Ctt.

As mentioned in the previous section, however, the sensitivity to C
(1),(3)

QQ
and Ctt is rather

small, typically below the theory uncertainty of the tth calculation, and we will ignore these
Wilson coe�cients in the fits presented in this section.

In particular, in eq. (31) all the corrections from the four-quark operators to the cross
sections and decay widths are fully linearised in 1/⇤2. Given that current bounds on these
operators are rather weak, one may wonder about the uncertainty in our fits associated to
the truncation of the EFT. Note that, since the four-quark operators only enter into the
virtual corrections at NLO, Higgs production and decay contain only linear terms in 1/⇤2

in the corresponding Wilson coe�cients, i.e. the quadratic terms coming from squaring the
amplitudes are technically of next-to-NLO. Hence, the leading quadratic e↵ects in the signal
strengths come from not linearising the corrections to the product �Prod ⇥BR. We explicitly
checked that, for the fits we presented in the next section, the di↵erence between including the
full expression of the signal strength or the linearised version in eq. (31) results in di↵erences
in the bounds at the . 10% level. For the O� operator, however, there is an additional
contribution to the virtual corrections stemming from the wave function renormalisation of
the Higgs field. The correction to a given production cross section or decay width, again
denoted generically by R, is given by

�R�3 ⌘
RNLO(�3) � RNLO(�SM

3
)

RLO

= �2
C�v

4

⇤2m2

h

C1 +

✓
�4

C�v
4

⇤2m2

h

+ 4
C

2

�
v
8

m4

h
⇤4

◆
C2. (32)

In eq. (32), the coe�cient C1 corresponds to the contribution of the trilinear coupling to the
single-Higgs processes at one loop, adopting the same notation as [20]. The values of C1 for
the di↵erent processes of interest for this paper are given in appendix A. The coe�cient C2

describes universal corrections and is given by

C2 =
�Zh

1 �

⇣
1 �

2C�v
4

⇤2m2
h

⌘2

�Zh

, (33)

where the constant �Zh is the SM contribution from the Higgs loops to the wave function
renormalisation of the Higgs boson,

�Zh = �
9

16

GFm
2

h
p

2⇡2

✓
2⇡

3
p

3
� 1

◆
. (34)

The coe�cient C2 thus introduces additional O(1/⇤4) (and higher order) terms in �R�3 . In
ref. [20], considering the  formalism, the full expression of eq. (33) is kept, while we define
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In the theoretical predictions for the signal strengths, we will assume that the new physics
corrections to the cross sections and the decay widths are linearised, i.e.

µ(C�, Ci) =
�Prod(C�, Ci) ⇥ BR(C�, Ci)

�Prod,SM ⇥ BRSM

⇡ 1 + ��(C�, Ci) + ��(C�, Ci) � ��h(C�, Ci), (31)

with ��, ��, ��h (�h denotes the Higgs total width) being the NLO corrections, relative to
the SM prediction as in eq. (25), from the dimension-six operators with Wilson coe�cients

C� and Ci. Here, Ci stands schematically for C
(1)

Qt
, C

(8)

Qt
, C

(1)

QtQb
, C

(8)

QtQb
, C

(1)
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, C

(3)
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and Ctt.

As mentioned in the previous section, however, the sensitivity to C
(1),(3)

QQ
and Ctt is rather

small, typically below the theory uncertainty of the tth calculation, and we will ignore these
Wilson coe�cients in the fits presented in this section.

In particular, in eq. (31) all the corrections from the four-quark operators to the cross
sections and decay widths are fully linearised in 1/⇤2. Given that current bounds on these
operators are rather weak, one may wonder about the uncertainty in our fits associated to
the truncation of the EFT. Note that, since the four-quark operators only enter into the
virtual corrections at NLO, Higgs production and decay contain only linear terms in 1/⇤2

in the corresponding Wilson coe�cients, i.e. the quadratic terms coming from squaring the
amplitudes are technically of next-to-NLO. Hence, the leading quadratic e↵ects in the signal
strengths come from not linearising the corrections to the product �Prod ⇥BR. We explicitly
checked that, for the fits we presented in the next section, the di↵erence between including the
full expression of the signal strength or the linearised version in eq. (31) results in di↵erences
in the bounds at the . 10% level. For the O� operator, however, there is an additional
contribution to the virtual corrections stemming from the wave function renormalisation of
the Higgs field. The correction to a given production cross section or decay width, again
denoted generically by R, is given by
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In eq. (32), the coe�cient C1 corresponds to the contribution of the trilinear coupling to the
single-Higgs processes at one loop, adopting the same notation as [20]. The values of C1 for
the di↵erent processes of interest for this paper are given in appendix A. The coe�cient C2

describes universal corrections and is given by

C2 =
�Zh
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where the constant �Zh is the SM contribution from the Higgs loops to the wave function
renormalisation of the Higgs boson,

�Zh = �
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The coe�cient C2 thus introduces additional O(1/⇤4) (and higher order) terms in �R�3 . In
ref. [20], considering the  formalism, the full expression of eq. (33) is kept, while we define
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• Impact on extraction of C𝜙 : Results marginalising over 4-Quark operator
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Figure 6: A forest plot illustrating the means and 95% CIs of the posteriors for C� from
the two-parameter fits 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 are shown, as well as the bounds on C� from the 139 fb�1 search for
Higgs pair production [59]. The di↵erent four-fermion operators are assumed to be defined
at ⇤ and hence the fits include both the finite and logarithmic corrections in table 1. The
horizontal grey band illustrates the perturbative unitarity bound [60].

in this four-parameter fit. In particular, the four-parameter linear fit yields a bound on C�

⇠ 3 times weaker that in the single C� fit. In appendix B we present similar correlation plots
for various two-parameter fits, where the same behaviour of the change in the correlation
with the inclusion of quadratic terms in �R�3 is found.

4.3 Prospects for HL-LHC

We now turn to examine the constraining power of the Higgs data that is expected to be
collected at the HL-LHC. For this, we use the CMS projections for the single-Higgs signal
strengths provided in refs. [62, 63] for a centre-of-mass energy of

p
s = 14 TeV and integrated

luminosity of 3 ab�1. We use the projections for the S2 scenario explained in [64]. These
assume the improvement on the systematics that is expected to be attained by the end of the
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Figure 7: The marginalised 68% and 95% high density posterior contours and HDPI’s for
the four-parameter fits including the di↵erent four-quark Wilson coe�cients and C�. The
numbers above the plots show the 95% CI bounds while the correlations are given on the
top-right corner. These limits correspond to values of the Wilson coe�cients evaluated at
the scale ⇤ = 1 TeV. The upper panel shows the fit including terms up to O(1/⇤2) in �R�3 ,
while the lower one shows the fit with including also O(1/⇤4).

HL-LHC physics programme, and that theory uncertainties are improved by a factor of two
with respect to current values. These projections are assumed to have their central values
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the scale ⇤ = 1 TeV. The upper panel shows the fit including terms up to O(1/⇤2) in �R�3 ,
while the lower one shows the fit with including also O(1/⇤4).

HL-LHC physics programme, and that theory uncertainties are improved by a factor of two
with respect to current values. These projections are assumed to have their central values
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• Toy fits to 4-Quark operator Wilson coefficients together with C𝜙

• Impact on extraction of C𝜙 : Correlations with 4-Quark operator

C𝜙 ~ [-22.0, 5.0] C𝜙 ~ [-18.1, 3.9]Single operator fit: Single operator fit:

Impact ~3.5x Impact ~1.5x
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Figure 8: Results of a single parameter fit showing the improvement in constraining power
of the HL-LHC over the current bounds from Run-II data. The limits correspond to values
of the Wilson coe�cients evaluated at the scale ⇤ = 1 TeV.

in the SM prediction with the total uncertainties summarised in table 3 in appendix A.15

In fig. 8 we confront the results of single-parameter fits to Run-II data for each of the four-
quark operators with the projections for the HL-LHC. For all the four-quark operators the
constraining power of the HL-LHC is roughly a factor two better than the current bounds we
could set from single-Higgs data, with a slightly lower improvement for the operators O

(1),(8)

QtQb

compared to O
(1),(8)

Qt
. In fig. 9 we show the limits on C� in a single parameter fit for Run-II

and the projections for the HL-LHC including corrections in �R�3 up to order O(1/⇤2) or
O(1/⇤4). As expected, the inclusion of terms of O(1/⇤4) makes a less pronounced di↵erence
for the HL-LHC projection compared to the Run-II results. Our results are very similar to
the projections presented in a � fit in [65]. We confront these single-Higgs limits also with
the bounds derived from data from searches for Higgs pair production with 139 fb�1 [59] and
HL-LHC projections [66] on Higgs pair production. As mentioned in the previous section,
these are obtained including e↵ects up to O(1/⇤4), and the comparison shows that Higgs
pair production will still allow to set stronger limits on C�. These O(1/⇤4) limits, however,
are expected to become weaker for C� < 0 by about a factor of two when one only includes
linear terms in 1/⇤2 [61]. In any case, for C� > 0 the hh constraints are still expected to
dominate.

5 Summary and discussion

In this paper, we have computed the NLO corrections to Higgs observables induced by third
generation four-quark operators relevant for single-Higgs production and decay at the LHC.

15The correlation matrix for the S2 scenario can be found on the webpage [63].
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Figure 9: A forest plot illustrating the means and 95% CIs of the posterior for C� from
a single-parameter fit, showing also the di↵erences in including terms of O(1/⇤2) or up to
O(1/⇤4) in the definition of �R�3 . For comparison, also the limits and projections from
searches for Higgs pair production are shown.

Our results show that such processes are sensitive to the all possible chiral structures for the
third generation four-quark operators in the dimension-six SMEFT, but in di↵erent degrees.
Operators with di↵erent chiralities are, for instance, the only ones that can contribute to
Higgs production via gluon fusion, and the decay of the Higgs boson to gluons, photons
and bottom quarks pairs. The latter are particularly sensitive to the top-bottom operators
O

(1),(8)

QtQb
, which then also significantly a↵ect the total decay width. In the associate production

of a Higgs boson with a top quark pair, on the other hand, a priori all the third generation
four-quark operators enter. Sensitivity to four-quark operators where all fields have the
same chirality, however, is only possible for very large values of the corresponding e↵ective
interactions, in a way that they can generate contributions beyond the size of current theory
uncertainties, but possibly in a regime in conflict with the EFT expansion. Contributions
from “mixed” top-bottom operators are also highly suppressed. The tth process is, in fact,
particularly important in setting limits on the four-quark operators O

(1)

Qt
and O

(8)

Qt
, due to the

comparatively large NLO corrections they induce in this process with respect to others. It
also breaks a degeneracy among the Wilson coe�cients of those two operators, which always
appear in a single combination for all other processes.

To illustrate the constraining power of single-Higgs processes in bounding these four-
quark operators, we performed several simplified fits of these interactions to Higgs data and
find that the resulting limits from our fits are, in some cases, comparable or better than
similar results obtained from top data [6, 55]. In these fits to the above-mentioned four-

quark operators we also include the operator
�
�
†
�
�3

, that modifies the Higgs potential and
the trilinear Higgs self-coupling. Due to the lack of powerful constraints from top data, the
inclusion of the four-fermion operators diminishes the power of setting limits on the trilinear
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• Projections at the HL-LHC:

✓ Same considerations apply in terms of the interpretation of single Higgs 
measurements to obtain h3 

✓ We illustrate the improved constraining power to bound 4-Top 
operators at HL-LHC, via single parameter fits:

Roughly ~2x improvement

Warning: Remember, not a global fit! But can be relevant for BSM scenarios contributing dominantly through these 
operators
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• Production at e+e- Higgs factories is via electroweak interactions:

✓ Zh and WBF not corrected by 4-Top operators at NLO

✓ Above the tth threshold, however, 4-Top interactions will enter at NLO      
(as in qq →tth)

• Decay is however affected in the same way as in Hadron colliders…

• …but the possibility of an inclusive measurement of the Zh cross section 
facilitates the interpretation of Higgs measurements in terms of the h3 coupling

✓ Currently studying whether is possible to obtain a model independent 
determination in a global fit (LO + NLO from h3 and 4-Top ops)

✓ Still a partial result, since other interactions may “contaminate” the NLO 
determination of the h3 coupling
‣ e.g. 2-lepton 2-Top operators ⇒ Require tt production at lepton collider

(a) (b)

(c)

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

to a counterterm

=
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✏
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which is non-vanishing for o↵-shell gluons.
The results of our calculation were cross-checked using Madgraph aMCNLO [41] (version

3.1.0) using the SMEFTatNLO v1.0.2 model [11]. To match both calculations, we set MadLoop
to filter out the NLO QCD corrections, whereas other contributions such as those in diagrams
(a) and (b) in fig. 3, or (a) and (c) in fig. 4, needed to be included, as they are filtered out
by the default MadLoop settings.

The results of our calculation reveal that associated Higgs production with top quarks
receives significant finite NLO corrections from the singlet and octet operators O

(1),(8)

Qt
, while

the contributions from other operators, e.g. the singlet and triplet left-handed operators,
O

(1),(3)

QQ
, or the right-handed four-top operator, Ott, are small. As will also be seen in the

explicit numerical results presented in the next section, while for Higgs production via ggF
or the decay into gluons only certain combinations of singlet/octet operators entered, leading
to a degeneracy, this is not the case for tth production, where the gluons no longer need to
combine to a colour singlet state. The degeneracy between the singlet and octet operators is
mainly broken by the contributions from the triangle diagrams, where, for instance, the dif-
ference between the contributions of O

(1)

Qt
and O

(8)

Qt
does not follow the same colour structure

as other diagrams.
As we saw in the previous sections, the operators O

(1),(8)

QtQb
are expected to have a sizeable

e↵ect in ggF and, in particular, h ! bb. This is not the case for tth, where we explicitly
computed their contributions and found them to be negligible, as they are suppressed by

11

(a) (b)

(c)

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

to a counterterm

=
igs

12⇡2⇤2
T

A

ij
p
2

g
�
µ

 
CttPR +

⇣
C

(1)

QQ
+ C

(3)

QQ

⌘
PL +

C
(8)

Qt

4

!✓
1

✏
� 1

◆
, (24)

which is non-vanishing for o↵-shell gluons.
The results of our calculation were cross-checked using Madgraph aMCNLO [41] (version

3.1.0) using the SMEFTatNLO v1.0.2 model [11]. To match both calculations, we set MadLoop
to filter out the NLO QCD corrections, whereas other contributions such as those in diagrams
(a) and (b) in fig. 3, or (a) and (c) in fig. 4, needed to be included, as they are filtered out
by the default MadLoop settings.

The results of our calculation reveal that associated Higgs production with top quarks
receives significant finite NLO corrections from the singlet and octet operators O

(1),(8)

Qt
, while

the contributions from other operators, e.g. the singlet and triplet left-handed operators,
O

(1),(3)

QQ
, or the right-handed four-top operator, Ott, are small. As will also be seen in the

explicit numerical results presented in the next section, while for Higgs production via ggF
or the decay into gluons only certain combinations of singlet/octet operators entered, leading
to a degeneracy, this is not the case for tth production, where the gluons no longer need to
combine to a colour singlet state. The degeneracy between the singlet and octet operators is
mainly broken by the contributions from the triangle diagrams, where, for instance, the dif-
ference between the contributions of O

(1)

Qt
and O

(8)

Qt
does not follow the same colour structure

as other diagrams.
As we saw in the previous sections, the operators O

(1),(8)

QtQb
are expected to have a sizeable

e↵ect in ggF and, in particular, h ! bb. This is not the case for tth, where we explicitly
computed their contributions and found them to be negligible, as they are suppressed by

11

γ, Z γ, Z γ, Z

e+

e-

e+

e-

e+

e-



Comments on Future e+e- Higgs Factories

34Jorge de Blas 
University of Granada

Higgs probes of top-quark contact interactions at the LHC and interplay with the Higgs self-coupling 
May 24, 2022

• …but the possibility of an inclusive measurement of the Zh cross section 
facilitates the interpretation of Higgs measurements in terms of the h3 coupling

✓ Currently studying whether is possible to obtain a model independent 
determination in a global fit (LO + NLO from h3 and 4-Top ops)

✓ Still a partial result, since other interactions may “contaminate” the NLO 
determination of the h3 coupling
‣ e.g. 2-lepton 2-Top operators ⇒ Require tt production at lepton collider

‣ Studied for (non-4 fermion) Top operators in 
G. Durieux, J. Gu, E. Vryonidou, C. Zhang,  Chin. Phys. C 42 (2018) 12, 123107
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to future study. As these four-fermion operators are in-
cluded in the global tree-level analysis of Ref. [11], we set
their coe�cients to zero when using results from there.

Our global analysis of Higgs and diboson measure-
ments is based on that of Ref. [5]. Various observables
are combined to constrain e�ciently all directions of the
multidimensional space spanned by the Higgs and top-
quark operator coe�cients. They will be discussed in
Section 4. We work under the same assumptions: de-
parting from flavor universality only to single out top-
quark operators and distinguish the various measurable
Yukawa couplings, as well as taking electroweak and CP-
violating observables perfectly SM-like. We also neglect
the quadratic contributions of dimension-six operators as
justified in Ref. [5]. Operators that modify Higgs cou-
plings and TGCs are then captured by the following 12
parameters of the Higgs basis:

�cZ , cZZ , cZ⇤, c̄�� , c̄Z� , c̄gg,

�yt, �yc, �yb, �y⌧ , �yµ, �Z .
(2)

As described in Ref. [5] (with di↵erent notations), they
can be easily mapped to the coe�cients of 12 SILH-like
basis operators:

O'W ='
†
'W

I

µ⌫
W

Iµ⌫
,

O'⇤ =
�
'

†
'
�
⇤
�
'

†
'
�
,

OB = iD
µ
'

†
D

⌫
'Bµ⌫ ,

Oµ' =('†
')l̄2e2'+h.c.,

Ot' =('†
')Q̄t'̃+h.c.,

OWWW = ✏
IJK

W
I⌫

µ
W

J⇢

⌫
W

Kµ

⇢
,

O'B ='
†
'Bµ⌫B

µ⌫
,

OW = iD
µ
'

†
⌧
I
D

⌫
'W

I

µ⌫
,

Ob' =('†
')Q̄b'+h.c.,

O⌧' =('†
')l̄3e3'+h.c.,

Oc' =('†
')q̄2u2'̃+h.c.,

O'G ='
†
'Gµ⌫G

µ⌫
,

(3)
where Q is the third-generation quark doublet. The sub-
scripts 2, 3 are flavor indexes (weak and mass eigenstate
fermions are not distinguished, approximating mixing
matrixes by the identity). The assumption of perfect
electroweak precision measurements in Ref. [5] allowed
to disregard the two operators

O'WB ='
†
⌧
I
'W

I

µ⌫
B

µ⌫
, O'D =

�
'

†
D

µ
'
�⇤ �

'
†
Dµ'

�
.

(4)

In this work, this assumption must be enforced at the
one-loop level, including also top-quark operators. This
will be discussed in the next section.

The 14 Higgs operators above form a set consistent
with the basis employed in the calculation of Ref. [12].
The top-quark operators considered here are the follow-
ing:

Ot' = Q̄t'̃('†
')+h.c.,

O
(1)

'Q
=('†

i
 !
D µ')(Q̄�

µ
Q),

O
(3)

'Q
=('†

i
 !
D

I

µ
')(Q̄�

µ
⌧
I
Q),

O't =('†
i
 !
D µ')(t̄�

µ
t),

OtW =(Q̄�
µ⌫
⌧
I
t) '̃W I

µ⌫
+h.c.,

OtB =(Q̄�
µ⌫
t) '̃Bµ⌫ +h.c.,

OtG =(Q̄�
µ⌫
T

A
t) '̃GA

µ⌫
+h.c. . (5)

The O'tb operator is neglected because its interferences
with SM amplitudes are suppressed by a factor of mb. In
addition, we define

O
(+)

'Q
⌘

1

2

⇣
O

(1)

'Q
+O

(3)

'Q

⌘
, O

(�)

'Q
⌘

1

2

⇣
O

(1)

'Q
�O

(3)

'Q

⌘
, (6)

and exclude O
(+)

'Q
which a↵ects the tightly constrained

Z ! bb̄ branching fraction and asymmetry. Note that
Ot' has been included already in the Higgs operators,
and its coe�cient has a simple relation with �yt:⇤

�yt =�
Ct'v

2

⇤2
. (7)

In summary, the following 6 top-quark operator coe�-
cients are included in our analysis:

C't, C
(�)

'Q
, CtW , CtB, Ct', CtG. (8)

Apart from the top-quark operators, loop corrections
also provide new opportunities for indirectly constrain-
ing the Higgs trilinear coupling, �3. The modification
in the this coupling is induced by a dimension-six op-
erator O' = ('†

')3. The coupling can be directly con-
strained at the LHC, but only at the O(1) level even as-
suming the high luminosity scenario [25]. It was shown
in Ref. [10] that the measurements of the Higgsstrahlung
process at lepton colliders can have an indirect but com-
petitive reach on this coupling via its loop contribution.
A global analysis was performed in Ref. [8], which showed
that the discrimination between the Higgs trilinear cou-
pling and other Higgs operators is possible, but never-
theless nontrivial. In this work, to determine the impact
of �3 on the global reach of the top-quark operators, we
follow Ref. [8] and include its one-loop contribution to all
the single Higgs processes, parameterized by ��⌘��1,
where � is the ratio of the Higgs trilinear coupling to
its SM value,

�⌘
�3

�SM

3

, �
SM

3
=

m
2

h

2v2
. (9)

By turning on and o↵ this coupling in our fit, we will see
by how much the determination of top-quark couplings
will be a↵ected.

⇤�yt receives an additional contribution from C'⇤. It is ommited because �yt in our calculation enters at the loop level, while we
only aim at the LO contribution from C'⇤.
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cluded in the global tree-level analysis of Ref. [11], we set
their coe�cients to zero when using results from there.
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violating observables perfectly SM-like. We also neglect
the quadratic contributions of dimension-six operators as
justified in Ref. [5]. Operators that modify Higgs cou-
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Apart from the top-quark operators, loop corrections
also provide new opportunities for indirectly constrain-
ing the Higgs trilinear coupling, �3. The modification
in the this coupling is induced by a dimension-six op-
erator O' = ('†

')3. The coupling can be directly con-
strained at the LHC, but only at the O(1) level even as-
suming the high luminosity scenario [25]. It was shown
in Ref. [10] that the measurements of the Higgsstrahlung
process at lepton colliders can have an indirect but com-
petitive reach on this coupling via its loop contribution.
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Fig. 4. Global one-sigma precision reach on the 18 top-quark (left) and Higgs (right) operator coe�cients deriving
from HL-LHC and circular lepton collider measurements. The Higgs parameter definitions are that of Ref. [5].
Large degeneracies are present in the CC 240GeV scenario and push the precision reach on some operator coe�-
cients outside of the plot range. With lepton-collider measurements only, CtG and c̄gg remain fully correlated. The
constraint displayed for c̄gg is then actually to be interpreted as applying on c̄gg+0.46CtG.

Eq. (2) and (8). It amounts to 18 degrees of freedom
once the trilinear Higgs boson self-coupling is included.
Note that �yt and Ct' represent the same degree of free-
dom since they are related through Eq. (7). The reach on
the top-quark and Higgs operator coe�cients is respec-
tively shown in the left and right panels. For top-quark
operators, five scenarios are presented. The first column
shows the reach of the HL-LHC measurements. The sec-
ond column shows the indirect reach of a 240 GeV run.
This result is then combined with the HL-LHC measure-
ments and displayed in the third column. The fourth and
the fifth columns display similar information, but with
all three energies, 240, 350 and 365 GeV. The e

+
e
�
! tt̄

measurements are then in particular included. We also
display the impact of �� on the reach of the top-quark
operators. The results shown with the light shades are
obtained by setting �� to zero, and the ones with darker
shades are obtained by marginalizing over ��. The im-
pact of �� is small once the double Higgs measurements
of the HL-LHC are included.

As expected, the indirect global reach of Higgs and di-
boson measurements on top-quark operator coe�cients
is much lower than the individual one. In particular,
large degeneracies are present when data from a 240 GeV
run only is exploited, pushing global limits beyond the
range of validity of the EFT. While the dependence of
observables used in the fit on dimension-six operator co-
e�cients is still dominated by linear contributions, these
limits should be interpreted with care. The di↵erence
between individual and global constraints is particularly
pronounced for CtB, Ct' and CtG due to their approx-
imate degeneracies with Higgs operators. The h ! ��

branching fraction is for instance very well constrained
but, alone, does not discriminate between the contribu-
tions from Ct', CtB and c̄�� . Similarly, h! gg measure-

ments only constrain a combination of Ct', CtG and c̄gg.
Lepton collider runs nevertheless provide some marginal
improvement in a combination with direct top-quark
measurements at the HL-LHC. Note that the OtG opera-
tor enters h! gg but no other measurement at 240 GeV.
So its marginalized limit without combination with HL-
LHC data is absent. At higher energies, it could enter
in NLO corrections to tt̄ production (or in tt̄j) which
we do not include. This is in contrast with Ot' whose
marginalized limit at lepton colliders derive from its loop
corrections to other channels which are however not loop-
induced. We will further discuss the reach on the top-
quark Yukawa coupling at the end of this section. Direct
measurements of e+e� ! tt̄ still yield the best handle on
top-quark operator coe�cients. As mentioned earlier, it
remains to be examined whether they are also e�cient
in constraining indirectly the Ot' and OtG operator coef-
ficients in a global analysis. In our treatment, the main
constraints on these parameters arise from the HL-LHC
measurements of tt̄, tt̄h, and gg!h.

In the right panel of Fig. 4, the one-sigma reach on
Higgs couplings are presented for circular lepton collid-
ers with and without combination with HL-LHC data.
The impact of a 240 GeV run alone is again separated
from that of the full scenario considered, with operation
at center-of-mass energies of 240, 350 and 365 GeV. In
this figure, we aim to answer the second question raised
in the introduction, by emphasizing the impact of uncer-
tainties on top-quark couplings on the extraction of Higgs
couplings. This is visible in the di↵erence between bars
of lighter and darker shades, for which the correspond-
ing top-quark operator coe�cients (including �yt) are re-
spectively marginalized over or set to zero. Considering
a lepton collider run at 240 GeV only, without any di-
rect constraint on top-quark operator coe�cients, these
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Need more observables ⇒ Is it possible to close a GLOBAL fit in the d-6 SMEFT at NLO ?

Changes the interpretation of LO/NLO results!
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• Precision measurements provide a powerful tool to test indirectly physics 
beyond the Standard Model in a Model-Independent (MI) way ⇒ SMEFT

• SMEFT LO → NLO:  increase in complexity but may bring sensitivity to several 
interactions of physical interest, difficult to test directly:

✓ Most famous example is Higgs self-coupling in single Higgs
✓ Proliferation of SMEFT interactions at NLO difficults interpretation unless:
‣ It’s done within particular scenarios (e.g. only h3 is generated) ← Not MI
‣ All other operators are well constrained experimentally ← Not the case

• Towards SMEFT@NLO interpretation:  We evaluated NLO effects of 4-quark 
operators in single Higgs observables (only another piece of the global picture!):
✓ Sizable effect in LHC observables + poor bounds → Need to be taken into 

account in NLO SMEFT single-Higgs studies of h3 
✓ Also relevant, via Higgs decays, for physics at future e+e- Higgs factories

• In general, many interactions (in particular involving e.g. Top) enter at NLO in 
single H (and EW) → Difficult to use, in isolation, as robust probes of a 
particular interaction entering only at NLO (plus can affect LO results!)

Higgs probes of top-quark contact interactions at the LHC and interplay with the Higgs self-coupling 
May 24, 2022

1st compute ⇒ Need to close the global fit ⇒ What observables are needed?


