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Content of this talk

• HH, HHH production at LHC focusing in VBF (LO HEFT)

• HH and HHH production at LHC focusing in ggF (NLO HEFT)
2405.05385, Anisha, Domenech, Englert, Herrero, Morales

2407.20706, Anisha, Domenech, Englert, Herrero, Morales
We study VVH ( ), VVHH ( ) and 

VVHHH ( ) effective Higgs couplings to gauge 
bosons (V=W,Z)

a = κV b = κ2V
c

We study HHH ( ) and HHHH ( ) effective 
Higgs self-couplings and NLO ( ) coefficients

κ3 = κλ κ4
ai
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HH production at LHC via WW scattering (VBF)

gg  dominates WW:  
difficult search at LHC 
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 ‘To Extract’ WW: impose cuts on  jets from q3 and q4 
Two opposite-sided forward/backward  jets with large pseudorapidity gap  
and large invariant mass, typically,      , VBS cuts Δηjj > 4 , Mjj > 500 GeV
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Focus: multiple Higgs production at the LHC

Vector Boson Fusion Gluon Fusion

Less statistics, but very characteristic signal 
with two opposed forward jets. Gives info on 

vector boson couplings to H.

Dominant signal, main source of 
info about Higgs self-couplings

Higgs coupling correlated in the SM, what about BSM? EFTs provide a model-independent analysis.

HEFT is the right tool in this case: uncorrelated couplings coming from H being a singlet, clear 

connection to -formalism. κ



LO-HEFT Higgs anomalous couplings: …a, b, c, κ3, κ4

Thus,	its	triple	and	quartic	couplings	(to	itself	and	to	gauge	bosons)	are	no	longer	correlated.

The EChL

ℒEChL ⊃ v2

4 [1 + 2a ( H
v ) + b ( H

v )
2

+ . . . ] Tr [DμU†DμU] − κ3λvH3 − 1
4 κ4λH4

The	Higgs	boson,	 ,	is	introduced	as	a	singlet,	being	no	longer	part	of	a	doublet.	H

The	electroweak	Goldstone	bosons	are	placed	in	an	exponential	representation	,	U = exp ( i ⃗ω ⃗τ
v )

Anomalous Higgs couplings: parametrize possible BSM effects. 

In the SM, , and the correlations are recovered.a = b = κ3 = κ4 = 1

Anomalous couplings: parameterize possible BSM effects in LO-HEFT  

Non-Linear GBs

H
Higgs is singlet

ℒLO
HEFT = −

1
2

m2
HH2

SM: a = b = κ3 = κ4 = 1, c = 0

iΓWWH = iagmWgμν iΓWWHH =
ibg2

2
gμν

aexp ∈ [0.97, 1.13][1] bexp ∈ [0.0, 2.1][2a]

iΓHHH = − iκ36λv
κexp

3 ∈ [−0.4,6.3][3a]
iΓHHHH = − iκ46λ

κexp
4 unconstrained

[1]ATLAS, Phys. Rev. D 101 (2020) [1909.02845]

[3a]ATLAS (PLB 843 (2023)137745
[3b]CMS (Nature 607, 7917, 2022)

[2a]CMS, PLB 842,137531 (2023) [2206.09401]
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a = κV b = κ2V

κ3 = κλ κ4

U(ωa) = eωaτa/v

Higgs in Polynomials 

+….

κexp
3 ∈ [−1.24,6.49][3b]

bexp ∈ [−0.1, 2.2](2b)

bexp ∈ [−0.03, 2.11](2c)

(2b) CMS, PRL129, 081802(2022) [2202.09617]
(2c) ATLAS, PRD108, 052003(2023) [2301.03212]

+c( H
v )
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iΓWWHHH =
i3cg2

2v
gμν

cexp unconstrained

c
H

Similar FRs for ZNotice: Only boson HEFT, fermions as in SM



WW—>HH gives access to  (LO-HEFT)a, b, κ3

Double Higgs Production via VBF

Sensitive process to a and b !

Double Higgs Production via
Vector Boson Fusion (VBF).

We focus on WW ! HH:
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VWWH = ia
g2v
2 g��

VWWHH = ib
g2

2 g��

In the Feynman-’t Hooft gauge we have 6 di�erent diagrams that contribute at tree-

level to the process W
+

W
! ! HH, and they are displayed in Fig. 3.1. As we can see,

there are 4 kinds of diagrams: one contact diagram, one s-channel, two t-channels and

two u-channels. The two diagrams of the latter 2 types correspond to the interchange of

a W boson and the corresponding GB.
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Figure 3.1: The 6 tree-level Feynman diagrams that contribute to the W
+

W
! ! HH

process in an arbitrary R! gauge.

The Feynman rules used to compute the scattering amplitudes for these diagrams

were derived from the chiral dimension 2 Lagrangian terms of the EChL (Eq. 2.12). As

previously remarked, the only di�erence with respect to a computation with the rules of

the SM is the appearance of the parameters a and b, which are present in the vertices with

either one or two Higgs bosons, respectively. Since we also have a triple Higgs coupling in

the s-channel, we could also study the e�ect of modifications of the parameter " 3 in this

process, but we will set it to its SM value (which is 1) since it has been already studied

by other authors [Argandaú2019 , GonzalezúLopezú2021]. The parameter " 4 involves a

four-Higgs boson interaction and therefore it is not accessible in this process at tree-level.

To access this " 4 parameter some authors have considered the production of three Higgs

bosons [GonzalezúLopezú2021].

Thus, the respective amplitudes for each channel are:

A C =
g

2
b

2
#+ á#!
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Figure 2 . Feynman diagrams within HEFT contributing to W W ! HH in the unitary gauge: s-channel (up-
per left), c-channel (upper right), t-channel (lower left), u-channel (lower right). The coloured dots represent
the e! ective interactions depicted in Fig. 1.

are just four diagrams contributing in the unitary gauge, corresponding to the contactc-channel, the
s-channel, the t-channel and the u-channel. The total scattering amplitude is obtained by adding
these four contributions:

A = A c + A s + A t + A u , (3.1)

where each contribution is given respectively by:

A c =
g2b
2

! + á! ! ,

A s =
3g2a

2
m2

H

s ! m2
H

! + á! ! ,

A t = g2a2 m2
W (! + á! ! ) + ( ! + ák1)( ! ! ák2)

t ! m2
W

,

A u = g2a2 m2
W (! + á! ! ) + ( ! + ák2)( ! ! ák1)

u ! m2
W

. (3.2)

Here, s, t and u are the Mandelstam variables of this subprocess,! + and ! ! are the polarizations of
the incoming W + and W ! bosons, with momentap+ and p! respectively,k1 and k2 are the momenta
of the outgoing Higgs bosons andg is the weak coupling. Notice that the SM prediction is recovered
for a = b = 1, as expected. In the center of mass frame (CM), the momenta of the Higgs bosons can
be written as:

k1,2 =
! "

s/ 2, ± sin"
"

s ! 4m2
H / 2, 0, ± cos"

"
s ! 4m2

H / 2
#

, (3.3)

where " is the angle between the momentump+ of the incoming W + boson andk1. The values of
the polarization vectors, ! ± , are di! erent for the longitudinal WL (with helicity 0) and the transverse

Ð 6 Ð

VWWH = ia
g2v

2
g! "

VWWHH = ib
g2

2
g! "
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where " is the angle between the momentump+ of the incoming W + boson andk1. The values of
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κ3

kappa-parameterization gives gauge invariant scattering 
amplitudes within HEFT:  ,  , κV = a κ2V = b κ3 = κλ

a

a

a a

a

κ3
b

WW—>HH gives relevant access to a , b and κ3
5

Same for ZZ HH→



 Less available phase space  smaller cross sections than for WW HH, but still possible access to large BSM couplings  ⟹ →

Very small SM ( ) rate: a = b = κ3 = κ4 = 1, c = 0 σSM(pp → HHHjj) (14 TeV) ≃ 10−7 pb

6

WW  HHH gives also access to  and κ4 c Idem ZZ—>HH



   ,  and  in EW HH / HHH production at LHCa b κ3

(All simulations with MG5 and VBFNLO)

Interesting correlation in b !!


Relation between HH and HHH is almost 
linear when going above or below the 

SM value ( )b = 1

VBF cuts:   

Mjj > 500 GeV

2 < ! ηj ! < 5
PTj > 20 GeV

ηj1 ⋅ ηj2 < 0

a b

2407.20706, Anisha, Domenech, Englert, Herrero, Morales

7

Not the best process to study : low 
sensitivity compared to b

κ3

• Our study within HEFT includes intermediate EW gauge bosons.

• Other studies within HEFT used the ET approx. where  are substituted by GBs  (pure scalar theory)

• Notice that we include all EW diagrams, not only the VBF ones

W±
L , ZL ω±, ω0 (e.g. 2204.01763, 2311.04280)



The effects of c are dominant in HHH production

Most important message: values of c 
different from 0 produce large 

deviations in the HHH production cross 
section  

 and  still play a relevant role, but  
and  are very subleading

a b κ3
κ4

HHH production for , ,  and  vs ca b κ3 κ4

Even conservative values of  
produce xs larger than 3 fb

c = 1.5

(SM ref value is  fb)10−4

2407.20706, Anisha, Domenech, Englert, Herrero, Morales 8

a b

κ3 κ4

c c

c c c



Unitarity is a limiting factor in EW HHH production

! a0(WLWL → HH)(s) ! ≤ 1

For HL-LHC (14 TeV, 3 ), e.g:ab−1

2407.20706, Anisha, Domenech, Englert, Herrero, Morales

σ(WLWL → HHH)(s) ≤
4π
s

b = 1, c = 0.5 ⟹ ϵU = 0.68 ⇒ N6b
U = 33

ϵU =
rates preserving unitarity

total rates
UNITARITY CONDITIONS

N6b
U = σ ⋅ ϵ6b ⋅ ϵU ⋅ L, ϵ6b = 0.583 ⋅ 0.86

HHH sets restrictive constraints on  and c b

b = 1.5, c = 0 ⟹ ϵU = 0.64 ⇒ N6b
U = 54

9

b = 1, c = 1 ⟹ ϵU = 0.46 ⇒ N6b
U = 89

b = 1, c = 2 ⟹ ϵU = 0.35 ⇒ N6b
U = 272



 Correlations: the role of  in a2 − b pp → H H jj → bb̄γγjj

b

a Largest sensitivity expected if   a2 ≠ b
Cepeda, Domenech, Garcia-Mir, Herrero  (Work in progress)

PR
ELIM

IN
A

R
a2 − b = 0
a2 − b = 0.05

a2 − b = 0.2
a2 − b = 0.8

 pb (Factor 10 increase from SM)σ(a2 − b = 0.8, a = 1) ≃ 10−2 ∼

Working on including Pythia + Delphes + 
Backgrounds for a more sophisticated analysis
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Different correlations predicted in several examples: ( )a = 1 − Δa, b = 1 − Δb
2HDM (close to alignment):  Δb = − 2Δa
SMEFT (order 6):  Δb = 4Δa

Also working on employing certain differential 
distributions to enhance the sensibility to a2 − b

(2307.15693)
(2208.05452) (2204.01763)

PR
ELIM

IN
A

R

a2
−

b

a



Including EW radiative corrections within bosonic-HEFT
Developed a practical program to include one-loop HEFT radiative corrections via insertions of 1PI’s   

(! 3 in HHH and ! 4 in HHHH ), 2) from the NLO Lagrangian terms, which depend on the
NLO coe! cients (generically calledai s), 3) from the one-loop diagrams collected in Fig.8
(involving the LO coe! cients a, b, ! 3 and ! 4 in the vertices), and 4) from counterterms, which
are generated from both the LO Lagrangian (in this case leading to the terms involving"! 3,
"! 4, "ZH , "m2

H, "v/ v, and "Z! ), and from the NLO Lagrangian (generically called "a!
i ).

These latter are typically generated by the shift ai ! ai + "ai and are needed in the HEFT to
remove the extra divergences appearing from the loop diagrams in addition to the divergences
removed by the previous"Õs. These 4 contributions can be written generically as follows:

ö" NLO = " LO + " ai + " Loop + " CT . (A.1)

where,

" LO
HHH = " 3! 3

m2
H

v
, " LO

HHHH = " 3! 4
m2

H

v2 , (A.2)

and the NLO coe! cients that enter in the " ai s are: aH !! , add! , aHdd , addW and addZ for
HHH , and adddd, aHH !! , aHdd ! , aHHdd , aHddW and aHddZ for HHHH . In addition a!!

enters in both HHH and HHHH via the Þnite contributions to "ZH and "m2
H in the on-shell

scheme.
The renormalized 1PI functions for HH , HHH and HHHH have been checked to be

Þnite for all vlues of the external momenta. For this Þniteness check just theO(# ") pieces
(named "") of the counterterms and the HEFT coe! cients in Eqs. (2.4), (2.6), and (2.7) are
needed. We include them below for completeness.
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H
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"
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H
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  Several examples:   2005.03537 and 2208.09334 (H decays), 
2107.07890 (WZ to WZ), 
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where

! LO
HHH ! ! 3! 3

m2
H

v
; ! LO

HHHH ! ! 3! 4
m2

H

v2 ; "A2#

and the NLO coefficients that enter in the! ai Õs areaH!! ,
add! , aHdd, addW, andaddZ for HHH andadddd, aHH!! ,
aHdd! , aHHdd,aHddW, andaHddZ forHHHH (see TableI). In
addition,a!! enters in bothHHH andHHHH via the finite
contributions to"ZH and "m2

H in the on-shell scheme.
Specifically,

"ZH ! " 0Loop
HH "q2 ! m2

H#!
4m2

H

v2 a!! ;

"m2
H ! ! " Loop

HH "q2 ! m2
H#!

2m4
H

v2 a!! : "A3#

The renormalized 1PI functions forHH, HHH , and
HHHH have been checked to be finite for all values of the
external momenta. For this finiteness check, just theO"# ##
pieces (named"#) of the counterterms and the HEFT
coefficients in Eqs.(2.4), (2.6), and (2.7) are needed.
We include them below for completeness:

FIG. 9. 1PI bosonic loops. Here, wavy lines denote generically gauge bosons,W and/orZ, and dashed lines denote generically scalar
bosonsH and/or Goldstone bosons$.
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The electroweak vacuum expectation value is fixed
through the gauge boson masses assuming custodial
invariance as highlighted in Eq.(2.1). The renormalization
conditions are tabled in Refs.[26,27]; it is worth high-
lighting that, owing to the singlet nature of the Higgs
boson in HEFT, any gauge dependence cancels explicitly.
Although, at face value, HEFT is a much broader class of
field theories (see, in particular, Ref.[33]), this fact together
with similar cancellations of gauge dependencies in the
gauge boson sector[26,27] leads to technical simplifica-
tions that are not present in, e.g., SMEFT. Furthermore, it is
known that the HEFT approximates the resummation
behavior of SMEFT[34]. Nonetheless, the latter can be
obtained from the former through appropriate redefinitions,
which, in turn, allude to a less transparent power counting
of HEFT. In fixed order calculations, which one is forced to
use for the concrete computation of scattering probabilities,

such field redefinitions amount to scheme dependencies,
which are typically employed to gauge the theoretical
robustness of calculations in renormalizable scenarios.
This is qualitatively different in HEFT (also compared to
SMEFT). Here, scheme dependencies are directly linked
to truncation uncertainties which are to be tensioned
against the redundancies of field redefinitions, which do
necessarily equate to applying equations of motion when
higher-order corrections are considered[35]. For the
renormalization process of the 1PI contributions, all vertex
insertions are required for a consistent (gauge-independent)
renormalization procedure; see[26,27] as well as the
Appendix. Generic scheme dependencies, therefore, are
possibly intrinsically large in HEFT (but can be resolved by
matching calculations).

The renormalized irreducible three-point vertex function
is parametrized as

!2:6"

which is manifestly invariant under permutations of the incoming external momentapi . This shows a further motivation for
the HEFT formalism that is rooted in its relation to the Lorentz structures that the different interactions induce. These are
directly related to experimental measurements. SMEFT, in contrast, selects correlations in this space throughinternal
symmetry considerations. Similar to the three-point vertex, the renormalized four-point function is given by

!2:7"
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Figure 3 . Cross sections within HEFT relative to the reference LO expectation, cf. Eq. (2.11). Here
we focus on sensitivities to! 3 and ! 4 and set all NLO coe! cients to ai = 0. To highlight regions
of strong coupling, we also include the squared NLO contributions which are part of the NNLO
corrections. For details see text.

In the following, we will identify a = b = 1 as these couplings will be predominantly con-
strained by single Higgs measurements. Note also that as we are assuming the on-shell scheme
with HEFT parameters chosen to reproduce the SM for the Higgs interactions withW, Z
bosons (as well as SM-like fermions), the dominant decay phenomenology of the Higgs is SM-
like and our results therefore generalize to the exclusive decay channelsH ! bøb," " , ##, W W.

Having a more detailed look at Fig. 3, we gather a qualitative estimate of the size of the
radiative weak corrections within the approximation detailed above. As can be seen, close
to the SM-like choices! 3 = ! 4 = 1, the radiative corrections are moderately small " 10%
for HH and " 30% for HHH production (the latter results from a larger sensitivity to ! 3

as the ! 4-dependence is probed highly o" -shell). These numerical NLO HEFT results for
the cross sections are in concordance with the numerical results obtained in the appendixA
for the 1PI functions and indicate that the e" ective momentum for the virtuality q value
of the propagating internal Higgs boson at the LHC is rather close to the threshold value,
i.e. q # 2mH and q # 3mH in HH and HHH production, respectively. The size of the
HEFT radiative corrections in HH and in HHH production are in any case larger than the
weak radiative corrections within the SM framework which, according to the results for the
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gg
→

H
H

gg
→

H
H

H

Corrections at LHC (13 TeV) cross sections 

κ3

κ3

κ4

κ4

Figure 6 . Cross section contours within the NLO HEFT for 13 TeV HH (left) and HHH (right)
production, relative to the NLO reference expectation as deÞned in Eqs. (2.10) and (2.12). The
contours are in the (add! , ! 3) plane (Þrst row) and the (aH !! , ! 3) plane (second row).

choice ! 3 = ! 4 = a = b = 1 (with top quarks taken SM-like) in Figs. 5, 6, and 7, where we
focus on cross sections expanded according to Eq. (2.9).4 More concretely, in the following,
we refer to

" ref
NLO = " HEFT

NLO (! 3, ! 4, a, b= 1 , ai = 0) for all remaining i in Eq. (2.1), (2.10)

as the reference value (see, e.g. [47] for a discussion on how this choice can be related to the
SM through Þeld redeÞnitions). When scanning over the HEFT parameters we will always
retain a choicea = b = 1.

It should be noticed that this NLO reference cross section value in Eq. (2.10) is not far
numerically from the SM-LO prediction. For the LHC with 13 TeV collisions we observe

" SM
LO (HH ) = " ref

LO (HH ) = 17 .40 fb ;" SM
LO (HHH ) = " ref

LO (HHH ) = 0 .041 fb (2.11)

4Cross sections are therefore not positive deÞnite and negative cross sections are typically understood as
parameter choices giving rise to strong coupling as the S matrix remains unitary.
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Size of the EW corrections in  and in  gg → HH gg → HHH

The most relevant change is in  

 For <0,  we find relevant 


enhancements in the NLO/LO prediction 

  of 


and in 

 of ( if )

κ3
κ3

σ(HH) ∼ 10 %

σ(HHH) ∼ 30 % ∼ 80 % NLO2

Most important message: 

(EW) radiative corrections within NLO-HEFT change 


the sensitivity to  and  in HH and HHH 
production at the LHC   

κ3 κ4

Also large changes in  

For >0,  we find relevant 


reductions in the NLO/LO prediction 

 of      

κ4
κ4

σ(HHH) ∼ 50 %

All simulations done with BVFNLO
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Large effects from NLO HEFT coefficients
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Figure 7 . Cross section contours within the NLO HEFT for 13 TeV HHH production, relative to the
NLO reference expectation as deÞned in Eqs. (2.10) and (2.12). The contours are in the (adddd , ! 3)
plane (upper left plot), the ( aHddW , ! 3) plane (upper right plot) and the ( aHHdd , ! 3) plane (lower
plot).

relevant, in particular as we can expect a realistic reconstruction in a busy environment to be
experimentally challenging. That said, the HL-LHC is likely to test the ! 3 ! ! 0.5; this is a
parameter region where a signiÞcant, order-of-magnitude departure of theHHH production
is possible provided that the Higgs potential reßects a sizeable amount of non-linearity. Such
enhancements could be probable at the HL-LHC and future colliders and might constitute a
strong motivation to pursue this Þnal state in whilst closing in on the HL-LHC HH production
sensitivity target.

Looking towards the more distant future, in Fig. 8 we show representative distributions
of cross section modiÞcations at a 100 TeV FCC-hh. Our Þndings here are qualitatively
similar to those for 13 TeV collisions, of course, at a signiÞcantly increased SM production
rate. In particular, the momentum dependencies are therefore probed with a higher expected
sensitivity. And as 100 TeV collisions probe the tails ofHHH production much more e! -
ciently than the LHC, we see larger enhancements for parameter choices, that populate the
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m 2
H
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! µ H ! µ H
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m 2

W
v2
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H
v
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m 2
W

v2

!
H 2

v2
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m 2

Z
v2

!
H
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! µ H ! µ H OHddZ aHddZ

m 2
Z

v2

!
H 2

v2

"
! µ H ! µ H

Odd! add!
1

v 3 ! µ H ! µ H ! H OHdd ! aHdd !
1
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!
H
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! µ H ! µ H ! H

OHH !! aHH !!
!

H 2

v2

"
! H ! H

v2 Odddd adddd
1

v4 ! µ H ! µ H ! ! H ! ! H

Table 1 . Relevant HEFT operators Oi with ai being the corresponding HEFT coe! cients.

embeddedU(1)Y ! SU(2)R so that the model describes a nonlinear realisation of electroweak
symmetry breaking SU(2)L " U(1)Y # U(1)em. The Þeld strength tensors are deÞned as

öWµ! = ! µ öW! $ ! ! öWµ + i [ öWµ, öW! ] ,
öBµ! = ! µ öB! $ ! ! öBµ , with

öWµ = gWa
µ

" a

2
, öBµ = g!Bµ

" 3

2

(2.2)

with weak and hypercharge couplingsg, g!, respectively; " a are the Pauli matrices. Elec-
troweak gauging in Eq. (2.1) is achieved through the covariant derivative

DµU = ! µU + i öWµU $ iU öBµ . (2.3)

Notice that gauge-Þxing and Faddeev-Popov terms were omitted for simplicity inL 2, in par-
ticular, we will implement the Feynman gauge in the numerical computations. Furthermore,
we are assuming that fermionic interactions are the same as in the SM. Hence, we consider the
new physics only in the bosonic sector. Concretely, in the chiral dimension two Lagrangian,
it is parametrized by the a, b, #3 and #4 HEFT coe! cients, and the chiral dimension four
operators are collected in Tab.1.

Once the on-shell renormalisation conditions are imposed, the counterterms and all the
renormalized 1-PI vertex functions are written in terms of the renormalized parameters elec-
tric charge and physical massesmW = gv/2, mZ =

#
g2 + g!2 v/ 2 and m2

H = 2v2$. From this
Lagrangian, one can derive the interactions that are relevant for the calculation of the relevant
(sub)amplitudes. The tree level contribution comes from bothL 2 and L 4, whereas the loop
contributions arise from the chiral dimension two Lagrangian only. The counterterms come
from the chiral dimension two Lagrangian, and also theai coe! cients of the chiral dimension
four act as counterterms. The building blocks relevant for thegg # HHH (gg # HH follows
from similar decomposition as shown in Fig.2) are the irreducible two, three, and four-point
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Figure 6 . Cross section contours within the NLO HEFT for 13 TeV HH (left) and HHH (right)
production, relative to the NLO reference expectation as deÞned in Eqs. (2.10) and (2.12). The
contours are in the (add! , ! 3) plane (Þrst row) and the (aH !! , ! 3) plane (second row).

choice ! 3 = ! 4 = a = b = 1 (with top quarks taken SM-like) in Figs. 5, 6, and 7, where we
focus on cross sections expanded according to Eq. (2.9).4 More concretely, in the following,
we refer to

" ref
NLO = " HEFT

NLO (! 3, ! 4, a, b= 1 , ai = 0) for all remaining i in Eq. (2.1), (2.10)

as the reference value (see, e.g. [47] for a discussion on how this choice can be related to the
SM through Þeld redeÞnitions). When scanning over the HEFT parameters we will always
retain a choicea = b = 1.

It should be noticed that this NLO reference cross section value in Eq. (2.10) is not far
numerically from the SM-LO prediction. For the LHC with 13 TeV collisions we observe

" SM
LO (HH ) = " ref

LO (HH ) = 17 .40 fb ;" SM
LO (HHH ) = " ref

LO (HHH ) = 0 .041 fb (2.11)

4Cross sections are therefore not positive deÞnite and negative cross sections are typically understood as
parameter choices giving rise to strong coupling as the S matrix remains unitary.
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HH HHH HHH

The largest effects are from operators with higher 

number of derivatives:   add□ , aH□□ , adddd . . .

For instance, for  and 


    


  


aH□□ = 0.1 κ3 = 1

σHEFT(HH) ∼ 1.5 σSM(HH) (50%)

σHEFT(HHH) ∼ 1.8 σSM(HHH) (80%)

Other 2D correlation plots in 2405.05385
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Conclusions

• HEFT is the proper tool to study BSM Higgs physics, make a clear 
connection to the  formalism and study Higgs effective couplings 
correlations.

κ

• VBF provides an important window to the Higgs effective couplings 
to EW gauge bosons.  plays an important role in HH.a2 − b

• Sensitivity to HHH EW production can be greatly enhanced by H 
effective couplings to EW gauge bosons.  plays an important role 
here.

c

14

•  and  are accessible through ggF. The inclusion of HEFT EW 
radiative corrections is important as they significantly affect the 
predictions.

κ3 κ4



Thanks for your attention



Accessibility to  and  in HH(H) production from ggF with 
NLO HEFT

κ3 κ4

In HH production,  enters only through loops 
and plays a minimal role  

κ4 In HHH production,  appears at tree level, 
and its effects are more noticeable for   

κ4
κ3 > 1
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Predictions of the HEFT coefficients from particular settings
Amplitude matching: identify mathematical structures within the scattering amplitudes 
at low energies, up to a certain order in .ΛUV

Example: 2HDM

Input parameters: ,  ,  ,  ,  ,  ,  , v mH mHheavy
mH± mA cβ−α tβ m12

a !2HDM = sβ−α b !2HDM = 1 + c2
β−α [1 − 2c2

β−α + 2cβ−αsβ−αcot(2β)]

Correlated for

 << 1 cβ−α

Δb !2HDM ≃ − 2Δa !2HDM

SMEFT matching

Δa !SMEFT = −
1
4

v2

Λ2
δϕD Δb !SMEFT = −

v2

Λ2
δϕD

Also correlated! 

Correlations among coefficients give 
information about possible UV theories!

SM-like Heavy masses

η =
v4

4Λ4 [a(1)
ϕ4 + a(2)

ϕ4 ] δ =
v4

4Λ4
a(3)

ϕ4

 Amplitudes are directly related to observables. T(WW → HH)HEFT = T(WW → HH)UV at  s ≪ ΛUV

Results in the heavy masses expansion mheavy ≫ mH, mW, mZ, v, . . .

Notice the non-decoupling effects
Δb !SMEFT = 4Δa !SMEFT

Δa ≡ 1 − a Δb ≡ 1 − b

2208.05452, Domenech, Herrero, Morales, Ramos 
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