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1. Introduction

The situation in particle physics is, in many respects, more puzzling than ever. With the
discovery of the Higgs boson in 2012 [1, 2], the last missing ingredient of the Standard Model (SM)
was finally observed, yet we still lack clear guidance on how to resolve the deep puzzles the SM
leaves unanswered. Since the Higgs boson is directly connected to several of these open questions –
such as the hierarchy problem, the stability of the electroweak vacuum, and possibly also the origin
of the matter-antimatter asymmetry of the Universe – ensures that Higgs physics remains a vibrant
and exciting field. A wealth of precision measurements of Higgs-boson properties will become
available in upcoming runs of the LHC and its high-luminosity upgrade (HL-LHC) [3].

The Higgs couplings to massive gauge bosons and third-generation fermions have already been
measured with remarkable precision [4, 5]. In contrast, the Higgs self-couplings are still only
constrained to be within several times their SM value [6, 7], and the Yukawa couplings to first-
and second-generation fermions remain largely unknown, with the notable exception of the muon
coupling [8, 9]. More generally, the effective Lagrangian describing potential deviations from the
SM still allows for a broad range of possibilities that need to be systematically explored.

A comprehensive strategy to investigate the Higgs sector is built on two pillars. First, precise
higher-order predictions within the SM are crucial to provide accurate and reliable benchmarks for
data comparisons. Second, one should explore in a systematic and theoretically consistent way
which kinds of deviations from the SM are possible and how they can be probed experimentally. In
the absence of direct signals of new physics, Effective Field Theories (EFTs) such as the Standard
Model EFT (SMEFT) [10, 11] and the Higgs EFT (HEFT) [12–14] provide a powerful and model-
independent framework to describe heavy new states. Nevertheless, EFT interpretations should be
complemented by checks of their possible ultraviolet (UV) realisations to ensure that the inferred
deviations are consistent with well-defined extensions of the SM (see e.g. Refs. [15, 16] for trilinear
Higgs self-coupling deviations).

This contribution discusses, in Section 2, the current status of precision Higgs physics; in
Section 3, the application of SMEFT and HEFT to the interpretation of Higgs observables; and, in
Section 4, concrete model realisations that can induce deviations in the light Yukawa couplings.

2. Precision predictions in Higgs physics

Precise theoretical predictions for Higgs physics might become the bottleneck for the HL-LHC
program. In projections usually a halving of the theory uncertainty is already assumed, nevertheless
in various Higgs production and decay channels the theory uncertainty might turn out to be the
dominant one at the HL-LHC [17].

In the recent years, due to the development of new tools and methods, an impressive level of
precision in theoretical predictions for Higgs production and decay has been reached.

For the dominant gluon-fusion channel, QCD corrections are known up to N3LO in the heavy-
top limit [18, 24], electroweak corrections at NLO [20, 21] and the mixed QCD+EW corrections up
to O(α3

sα
2)[25]. One of the recent developments is the computation of finite-quark-mass effects at

NNLO and the interference of top and bottom loops that allowed also to study the renormalisation
scheme dependence [26, 27]. These results, together with the advent of approximate N3LOPDF sets
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[28–30] and refined missing-higher-order estimates, are crucial to control theoretical uncertainties
in the HL-LHC era.

Gluon fusion is also relevant for other Higgs production processes, ranging from double
Higgs production to the gluon-induced Zh production to off-shell Higgs production with sizeable
interference of the continuum Z Z production in gluon fusion with Higgs production and subsequent
decay to Z Z . Due to the multiple scales in the problem, the calculation of higher order corrections
is more difficult with respect to the single Higgs case. Taking the example of double Higgs
production, which plays a central role in probing the Higgs self-coupling λhhh, various methods
of the computation of two-loop multi-scale computations were tested. The computation of the full
NLOQCD corrections with exact top-mass dependence has been performed numerically in [31, 32].
Analytically, a possible approach is the one of expansions, like the heavy-top mass expansion [33–
35] limited to the phase space ŝ < 4m2

t , where ŝ denotes the partonic center of mass energy and mt

the top quark mass. The expansion can be improved in combination with a threshold expansion and
Padé approximants [36]. An expansion in small transverse momentum as proposed in [37] covers
more than 95% of the phase space. For the rest of the phase space, this expansion can be combined
with a high-energy expansion [38], see [39, 40] and hence can give a fully analytic description of
the full phase space. The thus obtained matrix elements are very fast in their numerical evaluation
and were included into a Powheg code [41]. They are fully flexible, so allow to change the top
mass renormalisation allowing to evaluate the corresponding uncertainty [42]. In particular, at large
invariant masses the scheme dependence is especially pronounced and can be up to ∼ 40% for some
bins in the invariant mass of the Higgs boson pair, MHH . This uncertainty is currently the main
player in the total uncertainty budget of Higgs pair production in gluon fusion. Recently, Ref. [43]
helped in the understanding of the origins of logarithms in the top mass in the high-energy limit via
SCET. This could in the future be a street ahead in reducing the top mass renormalisation scheme
uncertainty. Alternatively, a reduced uncertainty will be obtained once mass dependent results at
NNLO QCD are available. First efforts in this direction [44–46] make use of the expansion in small
transverse momentum.

3. Effective Field Theories in Higgs Physics

Effective Field Theories (EFTs) provide a systematic description of possible deviations from
the SM in a model-independent way. From the bottom-up perspective, the construction of an EFT
describing new physics effects requires as input the particle content, the symmetries and a truncation
(“power-counting”) rule a required. In the SMEFT, particle content and symmetries follow the SM
and the Lagrangian is organised as

LSMEFT = LSM +
∑
i

Ci

Λ2Oi , (1)

where Λ denotes the scale of new physics. In HEFT, the Higgs boson no longer comes together
with the Goldstone bosons in a Higgs doublet but transforms instead as a singlet. The price to
pay is that the theory becomes non-unitary for scales Λ > 4πv, where v ≈ 246 GeV denotes the
SM vacuum expectation value. As a consequence the power-counting rule cannot count orders
of Λ but is more complicated. Instead, the chiral dimension [47] can be counted, with Ref. [48]
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Figure 1: Ratio of various choices of the top mass renormalisation scheme with respect to the onshell (OS)
prediction. Figure taken from Ref. [41].

Powercounting

Loop expansion

EFT expansion

NLO

NNLO

NNNLO

LO NLO NNLO
LO

NNNLO

SMEFT

HEFT

SM

RGE@1L (1/Λ2)

RGE@2L (1/Λ2)

300 400 500 600 700 800 900 1000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

mhh [GeV]

d
σ
/d

m
h

h
[p

b
/G

e
V
]

Figure 2: Left: Schematic description of the powercounting in SMEFT andHEFT. In SMEFT loop expansion
and EFT expansion are independent, while in HEFT they are not, so in a consistent expansion one should
stay on the diagonal. Right: Example of the impact of the RGE running of the SMEFT Wilson coefficients
in Higgs pair production. Figure taken from Ref. [54].

demonstrating on how to propagate the counting from Lagrangian to observable, intertwining loop
and EFT expansion as shown schematically in Fig. 2 left.

In what regards the Higgs pair production process, HEFT and SMEFT operators at NLO QCD
have been implemented in the Powheg program gghh [49, 50]. The leading loop SMEFT effects
can instead be estimated considering the effect of renormalisation group equation (RGE) running
of the Wilson coefficients, see for the size of the effect in Higgs pair production [51, 52]. Since
the operator OHG = H†HGµνGµν contributes at leading order (LO) to Higgs pair production and
the SM at one-loop level, an analysis of the dominant RGE effects should also include the two-loop
RGEs ofOHG = H†HGµνGµν from potentially tree-level generated operators forOHG as computed
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in [53–55]. An example of their relevance can be seen in Fig. 2. It should also be noted that the
two-loop RGE of OHG depends on the continuation scheme of γ5 in d dimensions [53].1 While
most automated tools in SMEFT use the naive scheme [58], the Breitenlohner-Maison-t‘Hooft-
Veltman scheme (BMHV) [59, 60] is the only known algebraically consistent one. Recent works
[61, 62] provide a first step towards translation between the two schemes. Bottom-up fits to data
depend on the scheme choice of γ5 [63]. In conclusion, a consistent SMEFT interpretation must
also address truncation uncertainties, renormalisation-scheme and γ5 continuation effects, and the
interplay between loop and EFT expansions.

The HEFT framework is in particularly interesting for multi-Higgs production as interactions
with fermions, gluons or vector bosons and several Higgs bosons are decorrelated from the single
Higgs couplings so HEFT seems to provide a more general prediction for Higgs pair production.2
In Ref. [65] the impact of HEFT NLO operators on Higgs pair production are investigated using
a consistent power counting [48]. The NLO HEFT operators can lead to new type of kinematic
distributions so far not considered in the shape benchmarks [66–68] used by the experimental
collaborations. Given the large theory and experimental uncertainties, it is though rather unlikely
to find kinematic distributions in the HEFT parameter space that have not yet been considered.
Should the uncertainty decisively shrink with respect to current HL-LHC projections, the kinematic
benchmarks might no longer be sufficient.

4. Light generation Yukawa couplings

Despite the remarkable success in measuring third-generation Yukawa couplings, the Higgs
interactions with first- and second-generation fermions remain largely unconstrained. Even future
HL-LHC projections from global fits show that they can be constrained only much above their SM
value |κc | < 1.2, |κs | < 13, |κd | < 260, and |κu | < 560 at 95% CL [69], where κq = ghqq̄/g

SM
hqq̄

describes the ratio to the SM coupling. Alternative proposals to constrain them exploit the Higgs
transverse-momentum spectrum [70, 71], the W±h charge asymmetry [72], or associated h+ γ [73]
production, triboson production [74], Higgs pair production [75, 76] and off-shell Higgs production
[77]. The latter shows the best HL-LHC projections for the up- and down-coupling, |κd | < 156 and
|κu | < 260.

Given that the projections show that these couplings can only be constrained very weakly, a
natural question to pose is whether there are any models that would predict such large deviations. A
possible way to address this question is to study models that generate the SMEFT operator that leads
to a modification of the light quark couplings to the Higgs boson at tree-level. The only model with
a single mediator is the two-Higgs doublet model [78], but in case of two mediators the operator of
type q̄LHqR (H†H) can be generated by models with two heavy vector-like states or one vector-like
state and new scalars, or a second Higgs doublet and further scalar states [79–82]. The models with
two different representations of VLQs have the advantage that they avoid di-jet resonances. Apart
from generating operators of type H3ψ̄ψ also operators of type (H†

↔

DH)(ψ̄ψ) are generated at

1The γ5 scheme dependence was also shown in the two-loop quark and gluon field renormalisation constants
contributions of four-top operators [56, 57].

2As shown in [64] this is a question of convergence of the EFT series: all structures in HEFT arise also in SMEFT
but potentially at higher orders in the EFT expansion.
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Figure 3: Maximally allowed values of the light quark Yukawa couplings in various models featuring two
vector-like quark states (the notation for those is following Ref. [83]). The red line indicates HL-LHC
projections from [77], whereas the purple line are CMS bounds [84]. Figure taken from Ref. [82].

tree-level, where ψ stands generically for a fermion. Furthermore, they generate various operators
at one-loop level which can be constrained by electroweak precision tests, Higgs physics or flavour
physics. Taking those constrains and future projections from the HL-LHC into account one can
indeed find that tests like [77] probe interesting model parameter space [82]. Furthermore, one can
find that these models can be tested well at the FCC-ee Z-pole run, which will leave much reduced
range for light quark Yukawa enhancements.

Analogous constructions with vector-like leptons or scalars can enhance the electron Yukawa
coupling [85–87], potentially testable in a dedicated FCC-ee run at the Higgs pole with projected
reach κe < 1.6 [88].

5. Conclusion

Recent years have brought substantial progress in our understanding of the Higgs sector. On
the theory side, ever more precise predictions have become essential and, given the absence of clear
new-physics signals, EFTs have emerged as indispensable tools for Higgs characterisation. The
SMEFT framework has seen remarkable developments, with the RGE of the Higgs gluon interaction
now computed at (partial) two-loop precision. The more general HEFT formalism, although less
explored, offers increased flexibility, especially for describingmulti-Higgs dynamics where SMEFT
may be overly restrictive. Efforts on consistent power-counting schemes aim to render HEFT more
systematic and automatable. Finally, viable UV completions can accommodate enhanced first-
and second-generation Yukawa couplings, providing a well-motivated target for the challenging
searches in this sector.
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