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                                                                                          Higgs Boson discovery

Higgs boson as last missing 
ingredient of the Standard Model 
discovered in 2012
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                                                                                          Higgs Boson discovery

But how does it behave? Is it the SM Higgs boson?
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                                                                                          Higgs Boson discovery

But how does it behave? Is it the SM Higgs boson?

Or maybe it is not all SM-like and helps us in understanding the open puzzles of our 
universe
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                                                                                          Higgs boson is puzzling

….so far the situation is more puzzling than ever.
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                                                                                          Higgs boson is puzzling

Will the Higgs boson help us to let a clearer picture emerge behind?

Baryon Asymmetry

Naturalness

Dark Matter

Mass Hierarchies

Vacuum stability
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.

[CMS in Nature ’22]
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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[CMS in Nature ’22]

• Higgs couplings to massive vector 
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.
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is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
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vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
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The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
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of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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• Higgs couplings to massive vector 
bosons and third generation 
fermions measured with amazing 
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• first/(second) generation?
   Higgs self-couplings?
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•  More generically: Constrain 
Effective Lagrangian where several 
operators modify the Higgs 
interactions

Higgs Couplings
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Precision in the SM Higgs sector

Interpreted by me as: Effective Field Theory
and connection to UV models for Higgs couplings

I apologise for being very incomplete and biased

SM/SMEFT, and Higgs theory 
overview
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                                                                                          Precision Higgs Boson
Precise Predictions for Higgs physics are needed.
Theory Uncertainty could be bottle neck for HL-LHC programme.

assumes halving of TH uncertainty λXY = κX /κY
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                                                                                          Precision Higgs Boson

Gluon fusion is dominant

08
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                                                                                          Precision Higgs Boson

Incorporate QCD correction in heavy top limit up to N3LO

Finite quark mass effects at NLO

 expansion at NNLO1/m2
t

Electroweak  NLO and approximate mixed QCD+EW corrections

Gluon fusion Cross section prediction as of YR4

[Anastasiou, Duhr, Dulat, 
(Furlan) , Gehrmann, Herzog, 
Mistlberger  ’14,’15, ‘15]

[Graudenz, (Djouadi), Spira, 
Zerwas ’93 ’95, Aglietti et al. ’07]
[Harlander, Ozeren ’09, Pak, 
Rogal, Steinhauser ’09]

[Aglietti et al’04,  Actis et al ’08] [Anastasiou et al. ’08]
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 expansion at NNLO1/m2
t

Electroweak  NLO and approximate mixed QCD+EW corrections

Gluon fusion Cross section prediction as of YR4

[Anastasiou, Duhr, Dulat, 
(Furlan) , Gehrmann, Herzog, 
Mistlberger  ’14,’15, ‘15]

[Harlander, Ozeren ’09, Pak, 
Rogal, Steinhauser ’09]

[Aglietti et al’04,  Actis et al ’08] [Anastasiou et al. ’08]

Recent Updates

Finite quark mass effects at NNLO and t+b interference
[Czakon, (Harlander, 
Klappert) Niggetiedt ’20, ’21, 
Czakon et al. ’23]

[Czakon, Eschment, Niggetiedt, Poncelet, Schellenberger ’24]

allow to study renormalisation scheme dependence and FS

[Graudenz, (Djouadi), Spira, 
Zerwas ’93 ’95, Aglietti et al. ’07]
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                                                                                          Precision Higgs Boson
approximate N3LO PDF sets now available

Combination between NNPDF and MSHT

Higgs production in gluon fusion

[Ball et al. ’24; ; talk by R. Stegeman]

[McGowen et al. ’22, Ball et al. ’24]
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                                                                                          Precision Higgs Boson
approximate N3LO PDF sets now available

Combination between NNPDF and MSHT

Higgs production in gluon fusion

[Ball et al. ’24; ; talk by R. Stegeman]

[McGowen et al. ’22, Ball et al. ’24]

Cross section shrinks

Not all N3LO options 
contained in the PDF 

uncertainty (but in 
PDF+MHOU)

Many other updates, i.e. first 
steps towards N4LO, 

matching to PS, …
[Mistlberger, Suresh ’25; 
Niggetiedt, Wiesemann ’24; …]

10

PDF uncertainty

Missing higher order uncertainty (MHOU)

NNLO N3LO
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                                                                                          Gluon fusion Higgs Production
Double Higgs Production

Offshell Higgs Production

VH Production,
contribution at NNLO QCD

Computation at NLO QCD more difficult with respect to single Higgs due to many scales in 
the problem

Solutions: numerical evaluation or expansions
[numerical: Borowka et al. ’16, Chen et al ’20]

Measurement of triple Higgs 
coupling

Higgs width measurement

third largest Higgs production
 measurementh → bb̄

11
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NLO QCD
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Giardino, RG, ’18]

standard approach
NLO QCD corrections 
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partial NNLO QCD
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Steinhauser, (Vitti) ’24 ’25,
see also M. Vitti’s talk]
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Expansion Method
Method: reduce amount of scales by dividing in small/large

BUT: needs to cover (nearly) whole phase space

[Davies, Mishima, 
Steinhauser, Wellmann ’18]

NLO QCD

NLO QCD
[Bonciani, Degrassi, 
Giardino, RG, ’18]

standard approach
NLO QCD corrections 
computed 25 years ago

[Dawson, Dittmaier, Spira ’98]

partial NNLO QCD
[Davies, Schönwald, 
Steinhauser, (Vitti) ’24 ’25,
see also M. Vitti’s talk]
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Method: reduce amount of scales by dividing in small/large

BUT: needs to cover (nearly) whole phase space

[Davies, Mishima, 
Steinhauser, Wellmann ’18]

NLO QCD

NLO QCD
[Bonciani, Degrassi, 
Giardino, RG, ’18]

Numerical evaluation in Monte Carlo very fast and flexible, see POWHEG implementation

standard approach
NLO QCD corrections 
computed 25 years ago

[Dawson, Dittmaier, Spira ’98]

Can be combined
[Bellafronte, Degrassi, 
Giardino, RG, Vitti ’22]

[HH: Bagnaschi, Degrassi, RG ’23; ZH: Campillo, RG, Heinrich, Jones, Kerner, Vitti ‘in prep.; also ggXY D. Stremmer’s talk ]

partial NNLO QCD
[Davies, Schönwald, 
Steinhauser, (Vitti) ’24 ’25,
see also M. Vitti’s talk]
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[Bagnaschi, Degrassi, RG ’23]
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Uncertainty addressed in [Jaskiewicz, Jones, Szafron, Ulrich ’25]

in high-energy limit can be understood in SCET

include tower of higher log’s in OS definition in HE range to reduce uncertainty 

Top mass uncertainty
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[Fig. by L. Alasfar]

Effective Field Theory
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Standard Model Effective Field Theory

ℒ = ℒSM + ∑
i

c𝒪

Λi
𝒪i

for Higgs physics 
i ≥ 2

respects the SM gauge 
symmetries, all fields 
transform as in SM[Fig. by L. Alasfar]

Effective Field Theory
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Standard Model Effective Field Theory

ℒ = ℒSM + ∑
i

c𝒪

Λi
𝒪i

for Higgs physics 
i ≥ 2

respects the SM gauge 
symmetries, all fields 
transform as in SM[Fig. by L. Alasfar]

Higgs Effective Field Theory

ℒ = ℒkin,SM + V(h) −
v2

2
Tr(VμVμ)F(h) −

v

2
(F̄LUYF(h)FR + h . c.)

Goldstone matrix 

polynomial in the physical Higgs field, 

i.e. F(h) = a
h
v

+ b
h2

v2
+ . .

Effective Field Theory
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Warsaw basis

ℒ = CH |H |6 +

CHG |H |2 GμνGμν CuHQ̄LH̃tR |H |2 + h . c .+ + CuGQ̄LσμνTaH̃tRGa
μν + h . c .

CH,□(H†H ) □ (H†H ) + CHDDμ(H†H )Dμ(H†H )* +
SMEFT:

coefficients of 𝒪(1/Λ2)

16
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SMEFT @ NLO QCD implemented into POWHEG [Heinrich, Lang, Scyboz ’22]

[Alasfar, Cadamuro, Dimitriati, Ferrari, RG et al. ’23
see also:

Heinrich, Lang, Scyboz ’22]

Uncertainty on EFT truncation

[Heinrich, Lang, Scyboz ’22]

17
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SMEFT @ NLO QCD implemented into POWHEG [Heinrich, Lang, Scyboz ’22]

Inclusion of chromomagnetic operator and four-fermion operators in 
weakly-interacting loop counting 

[Heinrich, Lang ’23]

[Buchalla, Heinrich, Müller-
Salditt, Prandler ’22]

[Heinrich, Lang ’23]
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SMEFT @ NLO QCD implemented into POWHEG [Heinrich, Lang, Scyboz ’22]

Inclusion of chromomagnetic operator and four-fermion operators in 
weakly-interacting loop counting 

[Heinrich, Lang ’23]

[Buchalla, Heinrich, Müller-
Salditt, Prandler ’22]

[Heinrich, Lang ’23]

Updated fit                                  allows smaller range due to better 4top production limits 
and inclusion of EWPOs

[Di Noi, El Faham, RG, 
Vitti, Vryonidou ’25]      

[Dawson, Giardino  ’19, ’22; Haisch, 
Schnell ’24; Biekötter, Pecjak ’22]      
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SMEFT @ NLO QCD implemented into POWHEG [Heinrich, Lang, Scyboz ’22]

Inclusion of chromomagnetic operator and four-fermion operators in 
weakly-interacting loop counting 

[Heinrich, Lang ’23]

[Buchalla, Heinrich, Müller-
Salditt, Prandler ’22]

Sizeable effect on  distribution
dependence on  continuation scheme
can be translated in chiral SMEFT

mhh
γ5

[See also: Di Noi, RG, 
Heinrich, Lang, Vitti ’23]
[Di Noi, RG, Olgoso ’25]

[Heinrich, Lang ’23]

18
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[Di Noi, RG, Mandal ’24]

The first set-up for the Wilson coe�cients (scenario 1) follows the loop counting discussed
in Ref. [28]:

S1 : C
tH
(⇤) = 1, C

HG
(⇤) =

1

16⇡2
, C

tG
(⇤) = �

1

16⇡2
, C

Qt(1,8)(⇤) = �10, C
H
(⇤) = 0. (19)

This case serves as a showcase of a scenario in which the two-loop running e↵ects can be
important. It should be stressed that this scenario is chosen in such a way the four-top
operators and O

tH
contribute with the same sign in the RGE of O

HG
, enhancing the e↵ect.

Moreover, we let the four-top operators be larger since they are less constrained [55]. Within
this set-up the two loop contributions (blue line) a↵ect the running of C

HG
significantly (up

to 80%), as shown in Fig. 4, if compared to the one loop distribution (red line).

Figure 4: Comparison between one and two loop running of the Wilson coe�cient C
HG

in
S1 as a function of the renormalization scale µ. Left: Value of C

HG
. Right: Percentual

di↵erence between one-loop and two-loop RGE running computed as
� =

�
C
1L
HG

(µ)� C
2L
HG

(µ)
�
/C

1L
HG

(µ).

We note that the two-loop e↵ects in the running improve significantly the �
2 obtained

by the fit for our scenario.
As a second scenario, we study the case in which only the operator C

tH
is non-vanishing

at the high-energy scale:

S2 : C
tH
(⇤) = 3, C

HG
(⇤) = 0, C

tG
(⇤) = 0, C

Qt(1,8)(⇤) = 0, C
H
(⇤) = 0. (20)

This scenario allows to focus on the term which was computed for the first time in this work.
The evolution of C

HG
as a function of the renormalization scale is displayed in Fig. 5 for

scenario 2.

4.1 Higgs pT,h-spectrum

We show the impact on the transverse momentum distribution in pp ! hj using the results
in Ref. [21], where the results for diagrams with a single insertion of dimension six SMEFT
operators have been presented for the first time. This means that the matrix element is
computed at O (1/⇤2) and the cross section at O (1/⇤4) (but no dimension eight operators
are taken into account). For the numerical evaluation of the cross section we use an in-house

9

Consistent loop counting: include the two-loop running effects in the Higgs-
gluon coupling from potentially tree-level generated operators

for processes with dynamical scale choice the running effects in the Wilson 
coefficients can sizeably affect the cross section [Maltoni, Ventura, Vryonidou ’24; 

Heinrich, Lang ‘24]

19
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                                                                                          HEFT in HH
Powercounting

Loop expansion

EFT expansion

NLO

NNLO

NNNLO

LO NLO NNLO
LO

NNNLO

SMEFT power counting 
keeps EFT expansion 
independent of loop 

expansionSMEFT

HEFT HEFT power counting 
counts loops, so one is 

constrained on the 
diagonal

[Brivio, RG, Schmid ’in preparation]
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                                                                                          HEFT in HH
NLO and NNLO operators

New kinematic benchmarks 
with respect to

the ones of 

[Brivio, RG, Schmid ’in preparation]

[Carvalho et al. ’16; 
Capozi, Heinrich ’19]
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BSM vs. SMEFT 

A word of caution

SMEFT

UV models



BSM vs. SMEFT 

A word of caution

SMEFT

UV models

To be kept in 
mind when 

thinking about 
future strategies 
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Charm quark:
can be tagged

:pp → V(h → cc̄) ATLAS:

CMS:

[arXiv: 2410.19611]

[arXiv: 2205.05550]

|κc | < 4.2@95 % CL

|κc | < 5.5@95 % CL

Further proposals for light quark Yukawa couplings: 

• Higgs pT  spectrum
[Bishara, Haisch, Monni, Re ’16, 
Soreq, Zhu, Zupan ’16]

•  charge asymmetryW±h [Yu ’16]

• Global fits to Higgs data [De Blas et al ’19]

• Higgs pair production [Alasfar, Corral Lopez, RG ’19, Alasfar, 
RG, Grojean,  Paul, Qian ’22]

• Higgs + photon 

• Tri-boson production

• Higgs off-shell production

[Aquilar-Saavedra, Cano, No ’20]

[Falkowski et al ’20]

[Balzani, RG, Vitti ’23]

|κc | < 1.2

|κs | < 13
|κd | < 156
|κu | < 260

Electron Yukawa coupling: 

@ HL-LHC

• Higgs decays to electrons |κe | < 260ATLAS:
[PLB 801 (2020) 135148]

|κe | < 120

@ HL-LHC

[Cepeda et al. ’19]

κf = ghff /gSM
hff

Light fermion Higgs couplings

23
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                                                                                          UV models

two VLQ representations
no s channel resonance 

decaying to dijets
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Figure 1: Feynman diagrams showing how new states can generate an operator of type
qL�̃uR �†� at tree level. (a) A second Higgs doublet �. (b) A second Higgs doublet � and
a scalar singlet or triplet S. (c) A pair of VLQs Q1 and U as in Model 1. (d) A scalar S
and a VLQ U .

The mass matrices are diagonalized by a new set of bi-unitary transformations

mqi =

✓⇣
V u/d
L

⌘†
Mu/d V u/d

R

◆

ii

, (11)

in which the CKM matrix is defined as V = (V u
L )

† V d
L . One can then rewrite (Cq�)ij in terms

of (C̃q�)ij which are now in the mass basis

(C̃q�)ij = (V q
L )

⇤
ni (Cq�)nm (V q

R)mj , with q = u, d . (12)

Finally, for the flavour diagonal case one can write Eq. (8) in the -formalism as

ghqq = q g
SM
hqq . (13)

Since we are considering the light quark Yukawa couplings one needs to pay attention to
what exactly is meant by the SM value of the coupling. We will define it here and in the
following in the limit of ⇤ ! 1 and with respect to the reference mass valuesmu = 2.2 MeV,
md = 4.7 MeV, mc = 1.27 GeV, and ms = 95 MeV considered as constant, i.e. non-running,
values.

As can be seen from Eq. (8), for the new states to influence the e↵ective light fermion-
Higgs couplings, they need to contribute to the operators Ou� and Od� in Eq. (5). Interest-
ingly, there are only a couple of minimal SM extensions with at most two new states that
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6

study case of two VLQs
schematically yq

ySM
q

= κq = 1 +
v2λu

Q1
λUλUQ1

MQMU

where  stands for the vector-like quark fields Q1, Q5, Q7, T1, T2, U , and D. The interaction
parts of the simplified models are described by the following Lagrangian densities:

• Model 1 (adding U +Q1):

�L
int
1 = �UUR�̃

†qL + �u
Q1
Q1L�̃ uR + �d

Q1
Q1L� dR + �UQ1U �̃† Q1 + h.c. , (16)

• Model 2 (adding D +Q1):

�L
int
2 = �DDR�

†qL + �u
Q1
Q1L�̃ uR + �d

Q1
Q1L� dR + �DQ1D�†Q1 + h.c. , (17)

• Model 3 (adding U +Q7):

�L
int
3 = �UUR�̃

† qL + �Q7Q7L� uR + �UQ7U�† Q7 + h.c. , (18)

• Model 4 (adding D +Q5):

�L
int
4 = �DDR�

†qL + �Q5Q5L�̃ dR + �DQ5D�̃† Q5 + h.c. , (19)

• Model 5 (adding T1 +Q1):

�L
int
5 =�u

Q1
Q1L�̃ uR + �d

Q1
Q1L� dR +

�T1

2
T

I
1R�

†�I qL +
�T1Q1

2
T

I
1�

†�I Q1 + h.c. , (20)

• Model 6 (adding T1 +Q5):

�L
int
6 = �Q5Q5L�̃ dR +

�T1

2
T

I
1R�

†�I qL +
�T1Q5

2
T

I
1�̃

†�I Q5 + h.c. , (21)

• Model 7 (adding T2 +Q1):

�L
int
7 = �u

Q1
Q1L�̃uR + �d

Q1
Q1L�dR +

�T2

2
T

I
2R�̃

†�IqL +
�T2Q1

2
T

I
2�̃

†�IQ1 + h.c. , (22)

• Model 8 (adding T2 +Q7):

�L
int
8 = �Q7Q7L� uR +

�T2

2
T

I
2R�̃

†�IqL +
�T2Q7

2
T

I
2�

†�IQ7 + h.c. . (23)

In each model, two types of Yukawa-like interactions appear: either two VLQs interact
with the Higgs boson or one VLQ interacts with the Higgs and a SM quark. In the latter
case, the couplings (for example �U , �u

Q1
, and �d

Q1
in Model I) are three-vectors in flavour

space, and carry a flavour index of the SM quark field. Taking M � v, the VLQs can be
integrated out from the low-energy dynamics resulting in the tree-level contribution to the
operators shown in Tab. 2. We collect the matching to the corresponding Wilson coe�cients
for all models in Tab. 3. Note that we have neglected the contributions proportional to the
marginal Yukawa couplings of LSM. To explain why such contributions are expected to be

8

where  stands for the vector-like quark fields Q1, Q5, Q7, T1, T2, U , and D. The interaction
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I
1�̃

†�I Q5 + h.c. , (21)

• Model 7 (adding T2 +Q1):

�L
int
7 = �u

Q1
Q1L�̃uR + �d

Q1
Q1L�dR +

�T2

2
T

I
2R�̃

†�IqL +
�T2Q1

2
T

I
2�̃

†�IQ1 + h.c. , (22)

• Model 8 (adding T2 +Q7):

�L
int
8 = �Q7Q7L� uR +

�T2

2
T

I
2R�̃

†�IqL +
�T2Q7

2
T

I
2�

†�IQ7 + h.c. . (23)

In each model, two types of Yukawa-like interactions appear: either two VLQs interact
with the Higgs boson or one VLQ interacts with the Higgs and a SM quark. In the latter
case, the couplings (for example �U , �u

Q1
, and �d

Q1
in Model I) are three-vectors in flavour

space, and carry a flavour index of the SM quark field. Taking M � v, the VLQs can be
integrated out from the low-energy dynamics resulting in the tree-level contribution to the
operators shown in Tab. 2. We collect the matching to the corresponding Wilson coe�cients
for all models in Tab. 3. Note that we have neglected the contributions proportional to the
marginal Yukawa couplings of LSM. To explain why such contributions are expected to be

8

for 2HDM see [Ginnakopoulou, Meade, Valli ’24]

[Bar-Shalom, Soni ’18;
for charm: Nir, Udhayashankar ’24]

for electron Yukawa  see backup [Erdelyi, RG, Selimović ’25]

models that generate
q̄Lϕ̃uRϕ†ϕ
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CMS  ‘25γh

CMS  ‘25γh

HL-LHC off-shell h
HL-LHC off-shell h

HL-LHC individual fit

HL-LHC individual fit

[Erdelyi, RG, 
Selimović 

’24]

Light quark Yukawa couplings

25
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                                                                                          Conclusion

• Need for precision to understand Higgs sector better 

• Theory uncertainties in SM shrinking due to many advances

• In SMEFT many subtleties and additional uncertainties: truncation 
uncertainties, RGE running, renormalisation/continuation schemes to 
be considered

• HEFT can bring changes in kinematic distributions so far not 
considered

• Case of enhancements in light fermion coupling also motivated by UV 
model point of view

26
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• Need for precision to understand Higgs sector better 

• Theory uncertainties in SM shrinking due to many advances

• In SMEFT many subtleties and additional uncertainties: truncation 
uncertainties, RGE running, renormalisation/continuation schemes to 
be considered

• HEFT can bring changes in kinematic distributions so far not 
considered

• Case of enhancements in light fermion coupling also motivated by UV 
model point of view

Thanks for you attention !
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                                                                                          Continuation scheme dependence

 treatment in d dimensions can lead to different results in bottom up SMEFT approachγ5

dependence can drop upon matching or can be attributed to different 
renormalisation schemes [Di Noi, RG, Olgoso ’25]

[Di Noi, RG, Heinrich, 
Lang, Vitti ’23]

Example: 4top operators in Higgs production

𝒪(1)
Qt = (Q̄LγμQL)(t̄RγμtR) 𝒪(8)

Qt = (Q̄LγμTAQL)(t̄RγμTAtR)

[Di Noi, El Faham, 
RG, Vitti, 

Vryonidou ’25]

27
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                                                                                          Bound on 4top operators

c(8)
Qt

c(1)
Qt

[Di Noi, El Faham, 
RG, Vitti, 

Vryonidou ’25]

28



   Ramona Gröber                           SM/SMEFT, and Higgs theory overview                                           /   26

                                                                                          

FCC-ee can directly measure the electron Yukawa coupling by dedicated run at 
Higgs pole mass

requires monocromatised  beam, 
precise knowledge of Higgs boson mass, 

extended timeline

e+e−

e−

e+

h

probes κe < 1.6
[d’Enterria, Poldaru, Wojcik ‘21]

And which models are probed?

Electron Yukawa couplings

29
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                                                                                          Electron Yukawa couplings

E = (1,1)−1

Δ1 = (1,2)−1/2

Δ3 = (1,2)−3/2 Σ1 = (1,3)−1

Two Vector-like Lepton representations Vector-like Lepton + Scalar

S = (1,1)0 Ξ = (1,3)0

[Erdelyi, RG, Selimović ’25]

a dedicated run for the electron Yukawa coupling at the FCC-ee can probe existing models
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