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• To enhance, the couplings are modified away from SM, following  framework,κ

Status of multi-Higgs interactions

• Higgs-self and couplings with gauge bosons are crucial to understand the EW symmetry breaking 
mechanism.

• Experimentally direct probes of multi-Higgs couplings are multi-Higgs processes.

‣  explore the shape of Higgs potential, cosmological evolution of universe.  H3

• Discuss the multi-Higgs production using the modifications to couplings using EFT framework.

‣  are important for the geometry of the EW vacuum structure.HVV, H2VV

‣ Due to small rate of  production, the couplings are very weakly constrained.HH/HHH
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 ggF HHH
κ3 ∈ [−1.2, 7.2]

sensitivity from  ggF HH
limits  weaker than 

perturbative unitarity limits
∼ O(102)

ATLAS 2406.09971
CMS 2407.13554

coupling modifiers

H3VV
no limit available  
in SM  =0H3VV

direct contact interactions probed via  WBF HHH
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single Higgs decays H → WW * /ZZ *
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κV ∈ [−0.93, 1.17]
sensitivity from WBF HH

κ2V ∈ [0.0, 2.2] ATLAS 2211.01216

ATLAS 2207.00092

Stylianou, Weiglein 2312.04646

CMS-PAS-HIG-24-015 
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https://arxiv.org/pdf/2406.09971
https://arxiv.org/pdf/2407.13554
https://arxiv.org/pdf/2211.01216
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Effective Field Theory for SM

Brivio,Trott 1706.08945For review, refer
‣ For Higgs sector phenomenology, two different choices of EFT are possible.

‣ Describe new physics using Higher Dimensional Operators by comparing theoretical predictions with 
experimental data.  

Alonso et al 1511.00724

- Couplings modifiers are defined using EFT operators

- Higgs field and Goldstone bosons encoded in  doublet 
- The effective SMEFT lagrangian is written before SSB with SM lagrangian.

SU(2)LSM EFT

HEFT - Higgs and Goldstone bosons are treated separately. 

- Higgs is a singlet and GBs are given as bi-doublet of .  

- The effective HEFT lagrangian is written as EW chiral lagrangian with a Higgs singlet.

SU(2)L × U(1)Y

SM EFTHEFT ⊃HEFT is more general

- decorrelates Higgs couplings with SM particles.

- connects directly and extends the  formalism.κ

‣ For SMEFT vs HEFT, a lot of literature is available via bottom-up and top-down approach.

- multi-Higgs processes also studied for SMEFT vs HEFT effects.

‣ Using HEFT framework, the couplings affecting multi-Higgs production are modified and effects are 
studied.

Ambrosio et al 2204.01763, Domenech et al 2208.05452, Delgado et al 2311.04280Kilian et al 1808.05534
Mahmud et al 2406.03522 Domenech et al 2506.21716 Gröber et al 2509.02680

https://arxiv.org/pdf/1706.08945.pdf
https://arxiv.org/pdf/1511.00724
https://arxiv.org/abs/2509.02680
https://arxiv.org/pdf/2406.03522
https://arxiv.org/abs/2204.01763
https://arxiv.org/pdf/2311.04280
https://arxiv.org/abs/2506.21716
https://arxiv.org/abs/2208.05452
https://arxiv.org/pdf/1808.05534
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• Goldstones  are written non-linearly using U matrix where πa
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• Gauge Bosons is given via the covariant derivative of U matrix

• SM Higgs is not part of the  doublet. H being a singlet, no limitations on its interaction with 
other SM fields. The interactions are given via generic polynomial in powers of 

Φ
(h /v)n

HEFT Framework

• Using the above relevant pieces, HEFT Lagrangian is written.

‣ U leads to multiple Goldstone interactions with themselves and other fields.
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‣ H couplings with SM fields are uncorrelated —  and .HVV HHVV
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HEFT Lagrangian

Higgs interactions with SM gauge fields is given by the Flare function

5

Leading order Lagrangian

in case of SM,  a = b = 1, c = 0

Potential

Yukawa Lagrangian

Herrero, Morales 2107.07890,2005.03537 
Brivio et al.1311.1823,1604.06801
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 we have taken , SM Yukawa Lagrangiana1f = 0
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Ambrosio et al 2204.01763
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a = V =
gHV V

gSM
HV V

, b = 2V =
gHHV V

gSM
HHV V

, c = gHHHV V

parameterises the Goldstone bosons.U(π) = exp (iπaτa /v)

Alonso et al.1212.3305, Buchalla et al.1307.5017

 fermion-Higgs and fermion-gauge sector SM like ⟹

https://arxiv.org/abs/2107.07890
https://arxiv.org/abs/2005.03537
https://arxiv.org/abs/1311.1823
https://arxiv.org/abs/1604.06801
https://arxiv.org/abs/2312.03877
https://arxiv.org/abs/2208.09334
https://arxiv.org/abs/2204.01763
https://arxiv.org/abs/1212.3305
https://arxiv.org/abs/1307.5017
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HEFT loop order effects

Renormalisation in HEFT  
Computing loops generate UV divergences with new structures that requires to add higher 
dimensional HEFT operators to the LO Lagrangian. 
In HEFT all relevant operators are included from the start as these are required for a 
consistent final one-loop result. 

• HEFT parameters ( )  are renormalised in  scheme using the UV 
divergences obtained in the 2-point and 3-point functions.

κ3, κ4, ai MS

• On-shell renormalisation conditions for the Electroweak parameters and for the field 
and mass renormalisation constants using the relevant 2-point functions. }both handled 

simultaneously

For the one-loop computations

HEFT operators contribute 
to the total counter-termX
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X
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Herrero, Morales 2107.07890,2208.05900

Gavela et al 1409.1571

Asiáin et al 2109.02673
Buchalla et al 2004.11348

Herrero, Morales 2107.07890For details, refer
Herrero, Morales 2208.05900

https://arxiv.org/pdf/1409.1571
https://arxiv.org/abs/2109.02673
https://arxiv.org/abs/2107.07890
https://arxiv.org/abs/2208.05900
https://arxiv.org/pdf/2004.11348
https://arxiv.org/abs/2107.07890
https://arxiv.org/abs/2208.05900
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Anisha, Daniel Domenech, Christoph Englert, M. J. Herrero, Roberto Morales 2405.05385

HEFT Bosonic corrections to Higgs self couplings 
and  effects on multi-Higgs production

https://arxiv.org/abs/2405.05385
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HH/HHH production via gluon gluon fusion

gg → HH

gg → HHH
σggF

HHH ∼ 50 ab

σggF
HH ∼ 31 fb

Leading order Feynman diagrams for  topologiesggF

ATLAS 2023CMS 2023

Chen et al 1510.04013 Fuks et al 1510.07697Papaefstathiou et al 1508.06524 Fuks et al 1704.04298

Abdughani et al 2005.11086 Stylianou et al 2312.04646

Papaefstathiou et al 1909.09166

Florian et al 1912.02760

Borowka et al 1608.04798

Baglio et al 1811.05692

Grazzini et al 1803.02463

in SM,  κ3 = κ4 = 1
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https://arxiv.org/abs/1510.07697
https://arxiv.org/abs/1508.06524
https://arxiv.org/abs/1704.04298
https://arxiv.org/abs/2005.11086
https://arxiv.org/abs/2312.04646
https://arxiv.org/abs/1909.09166
https://arxiv.org/pdf/1912.02760
https://arxiv.org/abs/1608.04798
https://arxiv.org/abs/1811.05692
https://arxiv.org/abs/1803.02463
https://arxiv.org/pdf/2312.13562
https://arxiv.org/pdf/2505.20463
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no contact  interactions are considered.ggH
assumed SM-like top-Higgs and top-gauge couplings.

LO

HEFT modifications to  topologiesggF

NLO

- to obtain renormalised vertices, these operators also act as counter terms.

• Operators contribute  corrections at tree level.𝒪(p4)
- non standard coupling modifications and momentum dependencies. Anisha et al 2402.06746

Brivio et al 1405.5412

https://arxiv.org/abs/2208.05900
https://arxiv.org/pdf/1604.06801.pdf?fname=cm&font=TypeI
https://arxiv.org/pdf/1304.5937.pdf
https://arxiv.org/abs/2402.06746
https://arxiv.org/abs/1405.5412
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Modified Higgs self couplings

• To obtain renormalised vertices, these operators also act as counter terms.

 two-pt functionHH
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H

H
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gg → HHH

HEFT radiative corrections  for  HH/HHH

gg → HH
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above corrections are implemented in 𝚅𝚋𝚏𝚗𝚕𝚘

tree level with  , κ3 ai

one-loop from LO parameters

CT with LO and δai
renormalised 3-pt vertex

renormalised 4-pt vertex

Reducible 4-pt contribution

Arnold et al 0811.4559 Baglio et al 2405.06990

https://arxiv.org/abs/0811.4559
https://arxiv.org/pdf/2405.06990
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Effects of radiative corrections

• radiative corrections in  leads to enhancement.κ3 < 0

• size of the corrections change in HEFT

•  is mildly sensitive.κ4
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Contours for  vs κ3 κ4
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•   is the motivated range to be explored at HL-LHC for which we obtain a 
significant departure of the  production. 
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 Effects with HEFT operators
• Several combinations can lead to enhancement of cross-sections.
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• With HEFT  operators due to non trivial momentum dependencies, the cross-sections are altered.𝒪(p4)

•  imparts momentum dependent departure from SM leading to enhanced  cross-section even for .adddd HHH κ3 ≃ 1
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Anisha, Daniel Domenech, Christoph Englert, M. J. Herrero, Roberto Morales 2407.20706

HEFT contributions to multi-Higgs gauge couplings 
and  effects on multi-Higgs weak boson fusion

https://arxiv.org/abs/2407.20706
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WBF induced multi-Higgs production

pp → HHjj

pp → HHHjj σWBF
HHH ∼ O(ab)

Representative LO Feynman topologies

Papaefstathiou et al 1508.06524

σWBF
HH ∼ 1 fb

in SM,  κV(a) = κ2V(b) = κ3 = κ4 = 1, c = 0
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Bishara et al 1611.03860
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Kilian et al 1808.05534
Belyaev et al 1212.3860
Belyaev et al 1801.10157

Jäger et al 2502.09112

Figy 0806.2200 Baglio et al 1212.5581 Frederix et al 1401.7340
Dreyer et al 1811.07918Dolan et al 1506.08008

 is statistically limited than WBF ggF

https://arxiv.org/abs/1508.06524
https://arxiv.org/abs/2502.09132
https://arxiv.org/abs/1611.03860
https://arxiv.org/pdf/1808.05534
https://arxiv.org/pdf/1212.3860
https://arxiv.org/pdf/1801.10157
https://arxiv.org/abs/2502.09112
https://arxiv.org/abs/0806.2200
https://arxiv.org/abs/1212.5581
https://arxiv.org/abs/1401.7340
https://arxiv.org/abs/1811.07918
https://arxiv.org/abs/1506.08008
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HEFT effects to  topologiesWBF
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LO

Effects in SMEFT

analysis focussed on  parameter HHHVV c

HHHZZ OHD

Λ2
=

(Φ†DμΦ)*(Φ†DμΦ)
Λ2

constrained by  parameterT

Dim-8 operatorsHHHWW → 1/Λ4

• In SMEFT at dim-6,

• Decoupling effects for BSM matched to SMEFT reduce the size of couplings whereas in HEFT, effective BSM 
couplings are large (non-decoupling effects).

Arco et al 2307.15693Dawson et al 2305.07689
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HEFT effects to  topologiesWBF
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• to understand whether Higgs is part of doublet or of a composite theory.

• geometry of EW vacuum 

‣ HEFT vs SMEFT effects
Ambrosio et al 2204.01763, Domenech et al 2208.05452, Delgado et al 2311.04280For SMEFT vs HEFT studies in multi-Higgs production, see
Kilian et al 1808.05534 Mahmud et al 2406.03522

Alonso, West 2109.13290

 c ≠ 0
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https://arxiv.org/abs/2204.01763
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Collider Predictions

• QCD corrections using  ( -channel momentum transfer of exchanged ) μF = μR ∈ [0.5,2] Q t W/Z

• HEFT couplings are implemented in  and cross-checks with 𝚅𝚋𝚏𝚗𝚕𝚘𝟹 𝙼𝚊𝚍𝙶𝚛𝚊𝚙𝚑𝟻_𝚊𝙼𝙲@𝙽𝙻𝙾
Baglio et al 2405.06990

•  cuts on forward jetsWBF
<latexit sha1_base64="Nf5ZZ5WyhEtyMvxySdGSPg64zh4="></latexit>

pT,j � 20 GeV, 2 < |⌘j | < 5 , mjj � 500 GeV , ⌘j1 ⇥ ⌘j2 < 0

<latexit sha1_base64="Rs8J4CJasoWXNUGY71eP1R1vE78="></latexit>

�NLO(pp ! HHHjj) = 0.197 ab
a = b = κ3 = κ4 = 1, c = 0

 provides a cleaner window 
to probe   interactions

pp → HHHjj
H3VV

QCD stable  distributionmHHH
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https://arxiv.org/pdf/2405.06990
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Correlations between HEFT parameters 
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• Correlations follows the high-energy behaviour of the amplitudes  following 
Goldstone equivalence theorem

s ≫ m2
W, m2

H

Delgado et al 2311.04280

μF = μR = Q
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HL-LHC single Higgs limits
a ∈ [−0.9,1.1]

Ambrosio et al 2204.01763

•  leads to  enhancements.c ≠ 0 σ(pp → HHHjj)
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• Insensitive to  and κ3 κ4

• Sensitivity to , b (κ2V) c
σ(pp → HH(H )jj)

b ≠ 1,c ≠ 0

 enhancements 
constrained by unitarity.
σ(b, c)
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Correlations with Higgs-self couplings

unitarity constraints on  
and  are very weak.

κ3
κ4

Lopez et al 2011.13915Arganda et al 1807.09736

https://arxiv.org/pdf/2011.13915
https://arxiv.org/pdf/1807.09736
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Unitarity Constraints 

<latexit sha1_base64="qmpiICroFx89TysKnPYVv1kUwi4="></latexit>

|a0(WL WL ! HH )(s)| " 1
<latexit sha1_base64="aR7mQqoMnbCIHmXpBgYshLIvrcc="></latexit>

! (WL WL ! HHH ) " 4!
s

LO unitarity conditions 

s(GeV)

s(GeV)

σ
[p

b]

s [GeV]

s(GeV)

s(GeV)

! a
0(

W
LW

L
→

H
H

)!

s [GeV]

Killian et al 1808.05534
Lopez et al 2011.13915

•   upto b ≠ 1, s 3 TeV

‣ constraints are stronger for HHH
‣ no unitarity is violated for HH

σ
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s [GeV]
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s(GeV)

c = 0.5, 2.25 TeV

a = κ3 = κ4 = 1

•   upto c ≠ 0, s 3 TeV

‣ , unitarity is violated.c ≥ 0.5
‣  is the unitarity preserving limit.! c ! < 0.5

WLWL → HHH

https://arxiv.org/pdf/1808.05534
https://arxiv.org/pdf/2011.13915
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Parameter spaces at  TeV FCC-  100 hh
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Cross-section enhancements for a = b = κ3 = κ4 = 1, c = 0
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! NLO (14 TeV) = 0 .197 ab
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Conclusions

‣ Included one-loop radiative corrections upto  leading to cross-section 
enhancements for .

𝒪(p4)
gg → HH(H )

• HEFT operators offer non-trivial momentum dependencies that can affect the phenomenology of 
multi-Higgs final states. 

‣  is still difficult due to small rate but HEFT-specific momentum dependencies can vastly 
increase its production thus providing further motivation to consider these processes during 
the HL-LHC phase. 

HHH

‣ Being stable under QCD effects, it provides a clean window to probe into electroweak 
symmetry breaking sector.

• HEFT introduces non-SM  contact interactions which are important to understand the 
EW symmetry breaking.

H3VV

• Multi-Higgs production at HL-LHC and FCC-hh will provide additional insights into the dynamics 
responsible for electroweak symmetry breaking. If there is any aspect of non-linearity at the TeV 
scale, HEFT analysis is important.

‣ These BSM couplings enhance the cross-sections which also get limited from LO unitarity.

‣ These contribute to triple Higgs production via .WBF



Thank you for the attention !
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For  and using  s = mHHH σ(WLWL → HHH ) ≤ 4π
s

c = 1, mHHH = 1.75 TeV
c = 2, mHHH = 1.4 TeV

Unitarity violation
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pp → HHHjj, 14 TeV

SM scaled by 103

a = b = κ3 = κ4 = 1

Unitarity constraints on the  distributionmHHH
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! U !
rates preserving unitarity

total rates

*rates without selection efficiencies 
and backgrounds

ϵU = 0.46, c = 1
ϵU = 0.35, c = 2

To impose the unitarity restrictions

Killian et al 1808.05534
Lopez et al 2011.13915

https://arxiv.org/pdf/1808.05534
https://arxiv.org/pdf/2011.13915

