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Summary

• The WW  HH process and its relevance at colliders

• The EFT approach to study BSM Higgs couplings: the HEFT

• How to test Higgs couplings via Vector Boson Fusion at colliders:

• colliderse+e−

• The LHC
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Figure 1: Tree level diagrams that contribute to double Higgs production in vector boson scattering
in the Unitary gauge. The cyan circle represents the presence of the Higgs self-coupling in the
interaction vertex.

contact, t and u channels respectively, computed consistently in the Unitary gauge:
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Here, g is the EW coupling constant, mW is the mass of the W boson, and s, t and u are the usual
Mandelstam variables. The amplitudes for the ZZ ! HH case are identical except for a global
factor 1/c2w (with cw = cos ✓w and with ✓w being the weak angle), that has to be included in each
amplitude, and the substitution of m2

W
by m

2

Z
in the t and u channel expressions.

On the other hand, the contribution of each polarization state of the initial EW gauge bosons
behaves di↵erently, not only energetically, but also in what concerns to the sensitivity to �. There
are only two polarization channels that do depend on �: the purely longitudinal, VLVL, and the
purely transverse in which both vector bosons have the same polarization, VT+VT+ and VT�VT� .
All the other channels have vanishing s-channel contributions and will not actively participate,
therefore, in the study of the Higgs trilinear coupling, although all polarization states contribute to
the total cross section. Moreover, this total cross section is dominated, specially at high energies, by
the purely longitudinal VLVL configuration, and so is each diagram contribution. All these features
can be seen in Fig. 2, where we display the predictions for the cross sections of W+

W
�
! HH and

ZZ ! HH as a function of the center of mass energy for three di↵erent values of � separated by
polarizations of the gauge bosons, including, also, the unpolarized cross section. In this figure two
things are manifest: the first one is that the VLVT configuration is indeed independent of �. The
second one is that the total cross section is clearly strongly dominated by the purely longitudinal
contribution at all energies. This is a very interesting result, since it means that, if this process
was measured, we would be being sensitive to the purely longitudinal configurations of the gauge
bosons, and therefore to the heart of the self-interactions of the SM scalar sector.

The VLVL dominance can be understood through the inspection of the energy dependence of the
longitudinal polarization vectors, "V , at high energies. They are all proportional, for

p
s � mV ,

to a power of the energy over the mass, EV /mV . This leads to a behavior of the amplitudes,
presented in Eqs.(2)-(4), for the contact, t and u channels respectively, proportional to s, and to a
constant behavior with energy of the s-channel amplitude given in Eq.(1). Including the extra 1/s
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Figure 3: Contribution to the total cross section of W+
W

�
! HH (left panel), and of ZZ ! HH

(right panel) in the SM, i.e., � = �SM , of each diagram displayed in Fig. 1 as a function of the
center of mass energy

p
s. The sum of the contributions of the contact, t-channel and u-channel

diagrams as well as the sum of all diagrams that contribute are also presented.

sensitivity can be indeed reached in the future by means of VBS.
It is important to understand in more detail at this point the implications of setting � to a

di↵erent value than �SM in the kinematical properties of the VBS processes we are studying here.
For this purpose, we present in Fig. 4 the total cross section of the process W

+
W

�
! HH as

a function of the center of mass energy
p
s and the di↵erential cross section with respect to the

pseudorapidity ⌘H of one of the final Higgs bosons (notice that the distribution with respect to the
pseudorapidity of the other Higgs particle is the same) for di↵erent values of positive, vanishing and
negative �

1. The results for ZZ ! HH (not shown) are very similar to those of W+
W

�
! HH.

From this figure, it can be seen that, first and most evidently, the total cross section changes
in magnitude and in energy dependence with respect to the SM one, as already announced. This
happens especially near the HH production threshold, confirming that the sensitivity to deviations
in � with respect to the SM value is larger in this region. For the case of positive � the total BMS
cross section can be larger or lower than that in the SM, depending on the size of the deviations
in � with respect to �SM , since in this case there is a destructive interference between the s

channel contribution and the rest (c + t + u). In contrast, for the case of negative � values, the
sum of diagrams is always constructive and one obtains bigger cross sections than the SM one
independently of the absolute value of the coupling. The details of these features will be extended
when commenting the next figure. Regarding the angular dependence of the di↵erential cross
section, or correspondingly the distribution respect to ⌘H also shown in Fig. 4, we see clearly that
it also changes in the BSM scenarios respect to the SM one. We particularly learn from this figure
that for central values of the Higgs pseudorapidity, concretely for |⌘H | < 2.5, it is much easier to
distinguish between di↵erent values of �. Therefore, this suggests the kind of optimal cuts in this
variable ⌘H , or the equivalent one in terms of the final particles from the Higgs decays, we should be
giving to enhance the sensitivity to the signal when moving to the realistic case of the pp collisions
at the LHC.

In Fig. 5 we display our predictions for the total cross section of the two relevant VBS processes

1
We assume here a phenomenological approach when setting � 6= �SM , meaning that it is not our aim to

understand the theoretical implications of such a result like potential instabilities for negative values of �, etc. We

understand that the deviations in this coupling would come together with other BSM Lagrangian terms that would

make the whole framework consistent.
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Clear LL dominance explaining the flat behavior with energy : LL >TT >LT+TL |T(W+
LW−

L → HH) | ≃ |T(ϕ+ϕ− → HH) |

Equivalence Theorem: OK at TeV

Very subtle cancellations  at TeV among channels

Diagrams in unitary gauge

SM TOTAL IS FLAT WITH ENERGY 

The relevance of WW  HH in the SM

3
Access to λSM =

m2
H

2v2



WW       HH in BSM

VWWH = iκVgmWgμν

VWWHH =
iκ2Vg2

2
gμν

 SM-VBF  predictions recovered for κ2V = κV = 1
 BSM-VBF  means :  

 with 

Δκ2V ≠ 0 ; ΔκV ≠ 0
κ2V = 1 − Δκ2V ; κV = 1 − ΔκV

Diagrams in unitary gauge:

 like in most simulations with MG5

 BSM parameterizations must 
preserve Gauge Invariance in 
the Lagrangian


Example: HEFT  κV = a ; κ2V = b

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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WW  HH at colliders (SM and BSM)

W+

W−

H

H

e+

e− νe

ν̄e

• Cleaner 
• Lower backgrounds 
• No data yet (still a project)

• More difficult signals (separate WBF from ggF) 
• Higher backgrounds 
• Significant data (mainly HL-LHC)

W+

W−

H

H

q1

q2 q4

q3

WW HH takes place as a subprocess at both the LHC and  colliders (ILC, CLIC)→ e+e−
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Higgs Effective Field Theory (HEFT)

ℒLO
EChL = v2

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

v )
2

+ . . . ] Tr [DμU†DμU] − κ3λvH3 −
1
4

κ4λH4

, , ,  : Couplings parameterising the BSM effectsa b κ3 κ4  =  =  =  = 1  SM casea b κ3 κ4 ⇒

(Also called Electroweak Chiral Lagrangian)

• Operator ordering in terms of chiral dimension

• GBs are in a non-linear representation

• H is a singlet Uncorrelated Higgs couplings

U = exp(−iϕiτi/v)

Powers of momentum in the operator

ℒNLO
EChL =

In contrast to the doublet  
used in the SM and SMEFT

Φ

. . . + η (1/v2) ∂μ H∂ν HTr [(DμU+) (DνU)] + δ (1/v2) ∂μ H∂μ HTr [(DνU+) (DνU)] + . . .

 : Relevant NLO couplingsη, δ  =  = 0  SM caseη δ ⇒

Ch. dim. 2

Ch. dim. 4

6

0.97 < aexp < 1.13 −0.6 < bexp < 2.8 −0.4 < κexp
3 < 6.3

[1] [2] [3]

CMS, PLB 842 (2023) 137531 ATLAS, PLB 843 (2023) 137745ATLAS, PRD 101 (2020) 1909.02845[1] [2] [3]



Effective couplings of H with EW gauge bosons in HEFT

V(LO)
WWH = iagmWgμν

V(LO)
WWHH =

ibg2

2
gμν

a = κV b = κ2V

η δ

V(η)
WWHH = − i

g2

v
η [pμ

H1
pν

H2
+ pν

H1
pμ

H2] V(δ)
WWHH = − 2i

g2

v
δ [pH1

⋅ pH2]

 and  grow stronger with energy (chiral ordering), and affect the (dominant) LL modesη δ

At high energies,  and  dominate both a and b and other NLO coefficientsη δ
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RESULTS
All the following predicted rates are generated with MadGraph 5 @NLO at LO

Parton level simulations 
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Results in colliders:  and e+e− a b
Predicted signal cross section

a
2 − b =

0

CLIC 3 TeV Also studied ILC at 500 GeV and 1 TeV

Signal with greater statistics: e+ e-  HH   → νν̄ → bb̄bb̄νν̄

Minimal detection cuts

 > 20 GeVpb
T  < 2|ηb |

 > 0.4ΔRbb  > 20 GeVET

b-tagging efficiency of 80% 

 for    hasWLWL → HH s ≫ mW, mH
Close to the  

minimum
σ

Preliminar, Dávila, Domenech, Herrero, Morales

Sensitive to correlation hypothesis

 << 1 cβ−αΔb |2HDM ≃ − 2Δa |2HDM

Δb |SMEFT = 4Δa |SMEFT

Δb = 2Δa

2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos 
2307.15693, Arco, Domenech, Herrero, Morales. To appear in PRD 2023

(Similar results expected for qq HHqq)→
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Phenomenological consequences of correlations between
EChL LO parameters: MHH
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In general, going BSM distorts the distributions elevating the tails at
high MHH (if a2 � b 6= 0).

Exception: C = 2 ! close to a
2 = b.
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Similar results expected for  (WBF at LHC)
q1q2 → HHq3q4

In general going BSM with  distorts the dist. in  producing bumps, 

Except close to   


κ2V ≠ 1 ; κV ≠ 1 MHH
κ2V = κ2

Ve+e− → HHνν̄

Close to

 

Example:

κ2V = κ2
V

Δκ2V = 2ΔκV

(Δb = 2Δa)

(Work in progress) Preliminar, Dávila, Domenech, Herrero, Morales 10



Phenomenological consequences of correlations between
EChL LO parameters: ⌘H1
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In general, there is a peak at ⌘H1 = 0 in contrast to SM ! high
transversality.

Exception for C = 2.
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In general going BSM with  distorts the dist. in  producing peaks at 

Except close to   


κ2V ≠ 1 ; κV ≠ 1 ηH ηH = 0
κ2V = κ2

V

Similar results expected for  (WBF at LHC)
q1q2 → HHq3q4

Example: e+e− → HHνν̄

(Work in progress) Preliminar, Dávila, Domenech, Herrero, Morales
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Phenomenological consequences of correlations between
EChL LO parameters: pH1
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In general, the tail at large p
H1
T

is higher for BSM distributions.

Again, C = 2 shows almost no di↵erence w.r.t. SM.
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In general going BSM with  distorts the dist. in  elevating the tails at large 

Except close to            


κ2V ≠ 1 ; κV ≠ 1 pH
T pH

T
κ2V = κ2

V

Similar results expected for  (WBF at LHC)
q1q2 → HHq3q4

Example: e+e− → HHνν̄
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Accessibility to LO-HEFT ( , ) = ( , ) at a b κV κ2V e+e−

Some correlations are less accesible, such as ,


And others are more. e.g. in the UL quadrant,  is the best

Δb = 2Δa
Δb = −

1
2

Δa Testability of UV theories varies 

Accessibility parameter

R =
NBSM − NSM

NSM

No realistic background considered

Accesible region

CLIC is the best collider

 to access a and b and  

their correlations

Events for a, b 1NBSM ≡ ≠

Events for a, b 1NSM ≡ =

Purple region ( )  accesible regionR > 3 ≡
Also considered  and R > 5 R > 10

Preliminar, Dávila, Domenech, Herrero, Morales 13



Enhancement effects of NLO-HEFT ( , ) at η δ e+e−

The dashed lines correspond to the unitarity violation region

UV
UV

η

δ

η
η
η

δ
δ
δ η

η
η
η
δ
δ
δ
δ

Enhancement in  at large     enhancement in  at large invariant mass WW → HH s ⇒ e+e− → HHν̄eνe MHH

UV

UV

Notice the fast growth with energy of NLO, ; to be compared with LO,  A ∼ 𝒪(s2) A ∼ 𝒪(s)

2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos 14



Accessibility to NLO-HEFT ( , ) at η δ e+e−

Minimal detection cuts

 > 20 GeVpb
T  < 2|ηb |

 > 0.4ΔRbb  > 20 GeVET

b-tagging efficiency of 80% 

Signal with greater statistics: e+ e-  HH   → νν̄ → bb̄bb̄νν̄
Accessibility parameter

R =
NBSM − NSM

NSM

ILC CLIC

As expected, more accessibility in CLIC

(BSM cross section departs from the SM with energy) Accesible region: R > 3

2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos 15



Accessibility to NLO-HEFT ( , ) at LHCη δ

At the LHC, the background acquires a strong relevance

Signal of choice is qq  HH jj   bb jj → → γγ

Two relevant backgrounds

qq  ZH jj   bb jj→ → γγ

A(  bb jj ) γγ ∼𝒪(α2
s α)QCD-EW Background

ZH Background

Several cuts to discriminate the signal:

VBF cuts Higgs selection cuts

2 < |ηj | < 5

 GeVMjj > 500

[120, 130] GeVMγγ ∈

[120, 130] GeVMbb ∈

Basic detection cuts

 GeVpj
T > 20  GeVpb

T > 25  GeVpγ
T > 30

ηb < 2.5

ηγ < 2.5ηj1 ⋅ ηj2 < 0 ΔRbb > 0.2

ΔRjj > 0.4

ΔRγγ > 0.4

ΔRbj > 0.4

ΔRγj > 0.4

ΔRγb > 0.4
> 4Δηjj

(Work in progress, Domenech, Herrero, Morales)

All events generated with MadGraph 5: signal and background (Pdf set NN23LO1)
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 topology from HH decays at LHC: BSM with NLO-HEFT ( , ) versus SMγγbb̄ η δ
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Optimising detection cuts to access ( , ) at HL-LHCη δ

Example of refining cuts

 GeVpTγ1
> 60  GeVpTb1

> 60

 GeVMbbγγ > 400

Provide good accessibility to most of the considered signals

-0.01 0 0.01

-0.01 50.8 6.2 17.8

0 27.7 4.0 (SM) 36.2

0.01 12.7 9.6 62.6

η δ

Number of detected qq  HH jj   bb jj events → → γγ

ZH 4.9

QCD-EW 1.6

Events for backgrounds GeVMjj > 700

We assume 14 TeV

(Work in progress, Domenech, Herrero, Morales)

Most BSM signals have an expected number of events much greater than the backgrounds,  
being potentially accesible

and L = 3 ab−1
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Conclusions

• Studying the WBF process provides access to BSM Higgs couplings

• Possible correlations among effective couplings give information about UV theories in 
addition to the couplings themselves

• There is good accessibility to BSM Higgs couplings to W bosons in both future 
colliders and the HL-LHCe+e−
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Relevance of testing correlations among effective couplings

• Each UV theory predicts the values of the effective couplings:

• In HEFT, this means predicting values for a, b, κ3, κ4, η, δ, . . .

• UV theories also predict possible correlations among the eff. couplings

• Specific observables (such as WBF) are sensitive to certain correlations
e.g. WW  HH is sensitive to  κ2

V − κ2V

• Therefore, testing sensitivity to this correlation is also testing the UV theory



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, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos 
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