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CMS: Nature 2022

The new particle seems to be a Higgs 
boson … but is it the SM Higgs boson?

Without the measurement of the 
trilinear Higgs coupling the 
shape of the potential is unknown!

[-1.2 < 𝜅𝜆 < 7.2]  

ATLAS: arXiv: 2406.09971 

Notation:

Higgs properties
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          ATLAS: arXiv 2602.23991

https://www.nature.com/articles/s41586-022-04892-x
https://arxiv.org/abs/2406.09971
https://arxiv.org/abs/2602.23991


Motivation: in which observable can we see new physics first?
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  Current limits:

  Projected limits:
          HL-LHC 

[0.73 < 𝜅𝜆 < 1.29]  at 68% C.L. for 𝜅𝜆=1
[0.982 < 𝜅Z < 1.018] at 68% C.L. 

           FCC-ee
[0.7 ≲ 𝜅𝜆 ≲1.3]  at 68% C.L. 
[0.9969 < 𝜅Z < 1.0031] at 95% C.L.  

 ATLAS and CMS: arXiv 2602.23991

 [−0.71 < 𝜅𝜆 < 6.1] at 95% C.L. 
 [0.97 < 𝜅Z < 1.11] at 95% C.L. 

 ATLAS and CMS: arXiv 2504.00672 

Notation:

Trilinear Higgs coupling 𝜅𝜆 or single Higgs couplings such as ghZZ ?

 Maura, Stefanek, You: arXiv: 2503.13719

FCC Collaboration

https://arxiv.org/abs/2602.23991
https://arxiv.org/pdf/2504.00672
https://arxiv.org/pdf/2503.13719
https://inspirehep.net/files/593f6ed00093859a06361433a6063821


hZZ coupling
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Trilinear coupling
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Radiative corrections to the trilinear couplings

Kanemura, Kiyoura, Okada, Senaha, Yuan:  arXiv: 0211308
Kanemura, Okada, Senaha, Yuan: arXiv:0408364

Large loop effects caused by heavy New Physics: 
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https://arxiv.org/pdf/hep-ph/0211308
https://arxiv.org/pdf/hep-ph/0408364


Power counting large BSM contributions: hhh

See also EFT arguments, e.g. talkby McCullough at ICHEP 2024 
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https://indico.cern.ch/event/1291157/contributions/5958058/attachments/2900626/5088330/ICHEP.pdf
https://indico.cern.ch/event/1291157/contributions/5958058/attachments/2900626/5088330/ICHEP.pdf


Power counting large BSM contributions: hVV

See also EFT arguments, e.g. talkby McCullough at ICHEP 2024 
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https://indico.cern.ch/event/1291157/contributions/5958058/attachments/2900626/5088330/ICHEP.pdf
https://indico.cern.ch/event/1291157/contributions/5958058/attachments/2900626/5088330/ICHEP.pdf


Power counting large BSM contributions: hff

See also EFT arguments, e.g. talkby McCullough at ICHEP 2024 
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https://indico.cern.ch/event/1291157/contributions/5958058/attachments/2900626/5088330/ICHEP.pdf
https://indico.cern.ch/event/1291157/contributions/5958058/attachments/2900626/5088330/ICHEP.pdf


Two Higgs Doublet Model (2HDM)

- two complex doublets:

- CP conserving 2HDM 

- softly broken ℤ2 symmetry:

- entails 4 Yukawa types  (how Higgses couple to fermions)

T. D. Lee (1973) Phys. Rev. D   
Branco, Ferreira et al: arXiv: 1106.0034 

Kateryna Radchenko Serdula                                                                                                                                                 9

https://www.scirp.org/%28S%28lz5mqp453edsnp55rrgjct55%29%29/reference/referencespapers.aspx?referenceid=2440597
https://arxiv.org/abs/hep-ph/9701257
https://arxiv.org/abs/1106.0034


     Free parameters
     5 unkown:

        → 0    

        2 known:

alignment limit :              =  SM at tree level

I’m 125 
GeV

T. D. Lee (1973) Phys. Rev. D   
Branco, Ferreira et al: arXiv: 1106.0034 Two Higgs Doublet Model (2HDM)
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https://www.scirp.org/%28S%28lz5mqp453edsnp55rrgjct55%29%29/reference/referencespapers.aspx?referenceid=2440597
https://arxiv.org/abs/hep-ph/9701257
https://arxiv.org/abs/1106.0034


hZZ coupling in the 2HDM
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SM-like counterterms
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Denner: arXiv: 0709.1075 

https://arxiv.org/pdf/0709.1075


BSM counterterms
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→ this is a version of an OS scheme,  see also:
Kanemura et al. arXiv: 0408364
Krause et al. arXiv: 1605.04853
Denner et al. arXiv: 1808.03466
Kanemura et al. arXiv: 1705.05399

https://arxiv.org/pdf/hep-ph/0408364
https://arxiv.org/abs/1605.04853
https://arxiv.org/pdf/1808.03466
https://arxiv.org/abs/1705.05399


Higher order effects
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Both are UV-finite contributions



Contributions to the one-loop trilinear coupling
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Automatized and computed in anyH3:

Bahl, Braathen, Gabelmann, Weiglein:  arXiv: 2305.03015
Bahl, Braathen, Gabelmann, R. , Weiglein: TBP

https://arxiv.org/abs/2403.14776


hhh coupling in the 2HDM
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OS renormalization conditions in the 2HDM 
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In anyH3 they need to be rotated from the mass basis to the interaction basis



OS renormalization conditions in the 2HDM 
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Automatic in anyH3



OS renormalization conditions in the 2HDM 
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Automatic in anyH3



OS renormalization conditions in the 2HDM 
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KOSY: arXiv:0408364

https://arxiv.org/pdf/hep-ph/0408364


OS renormalization conditions in the 2HDM 
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Counterterm for M in MS-scheme to cancel UV divergencies in the trilinear coupling

Self-energies are automatic, mixing angles and other parameters are user defined in anyH3 

KOSY: arXiv:0408364

https://arxiv.org/pdf/hep-ph/0408364


2HDM general scan

Vertical lines are the projected HL-LHC sensitivity assuming 𝜅𝜆 = 1
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2HDM general scan

Vertical lines are the projected HL-LHC sensitivity assuming 𝜅𝜆 = 1

Kateryna Radchenko Serdula                                                                                                                                                 22



2HDM one loop VS higher order effects 

Vertical lines are the projected HL-LHC sensitivity assuming 𝜅𝜆 = 1
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2HDM scheme comparison
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ℤ2SSM

ℤ2 -symmetric real singlet extension of the SM:

Compact expressions at 2 loops in backup

FCC-ee
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IDM

Inert Doublet Model:

Vertical lines are the projected HL-LHC 
sensitivity assuming 𝜅𝜆 = 1
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RxSM

With SFOEWPT: MS scheme Without SFOEWPT: OS scheme

Real singlet extension:
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orange region: Huang, Long, Wang.: 1608.06619

https://arxiv.org/abs/1608.06619


RxSM

With SFOEWPT: MS scheme Without SFOEWPT: OS scheme

Large uncertainties 
in the theory 
prediction

Smaller parameter 
region in this case

Real singlet extension:
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orange region: Huang, Long, Wang.: 1608.06619

https://arxiv.org/abs/1608.06619


Conclusions

● In typical BSM frameworks, deviations in single-Higgs couplings (e.g. ghZZ) can be too 
small to be observed at future e+e– colliders.

● In contrast, deviations in the Higgs self-coupling (𝜅𝜆) can be significant and 
potentially detectable at the HL-LHC.

● This highlights the importance of direct and model-independent measurements of the 
trilinear Higgs coupling.

● The next-generation Higgs factory should aim for the highest possible precision in 
probing this key parameter.
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Back up



Higgs self-coupling measurements

Notation:

Observable: Higgs pair production (at LHC: gluon fusion)

                     Exp. limits : 
                      (95% CL at LHC Run II)

                                ATLAS and CMS: arXiv 2602.23991

                           Obs. [−0.71 < 𝜅𝜆 < 6.1]
                              Exp. [−1.3 < 𝜅𝜆 < 6.7] 
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https://arxiv.org/abs/2602.23991


Motivation: unravel the scalar potential

SM

BSMBSM
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Evolution of the scalar potential

Coleman, Weinberg: (1973) Phys. Rev. D
Dolan,  Jackiw: (1974) Phys. Rev. D 
Arnold, Espinosa: arXiv:9212235

T= 0

Depending on the type of transition we can 
dynamically explain matter-antimatter asymmetry

Electroweak baryogenesis (EWBG)

First order = spontaneous bubble nucleation

Strong =                                      (n: nucleation)

See also talk by G. Weiglein on Monday
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.7.1888
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.9.3320
https://arxiv.org/abs/hep-ph/9212235
https://agenda.linearcollider.org/event/10594/contributions/56952/attachments/40552/64526/LCphyscase_LCWS_25.pdf


Requirements for a successful baryogenesis:

1. B violation                                                Sphaleron processes 
2. C/CP violation                                       BSM C/CP violation sources
3. Out of equilibrium dynamics             Strong First Order EW Phase Transition (SFOEWPT)

Electroweak baryogenesis

First order = spontaneous bubble nucleation:

Strong =                                      (n: nucleation)

Sakharov: (1967) JETP Letters

EWBG
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http://jetpletters.ru/ps/1643/article_25089.pdf


A strong first order electroweak phase transition is a 
requirement for successful baryogenesis and is typically 
correlated with a deviation in 𝜅𝜆  to values ~ 2
If the transition happens in “one-step” the energy barrier needs 
a deviation of the trilinear couplings from the SM prediction

𝜅𝜆 at T ≠ 0 and T = 0 

Biekötter, Heinemeyer, No, Olea, Weiglein: 
arxiv:2208.14466 (plot updated in 2025)

Kanemura, Okada, Senaha: arxiv:0411354
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https://arxiv.org/pdf/2208.14466
https://arxiv.org/pdf/hep-ph/0411354


Corrections to the trilinears in BSM models
They play an important role in many BSM models even in the alignment limit (i.e. the other couplings are SM like)

Bahl, Braathen, Gabelmann, 
Weiglein:  arXiv: 2305.03015
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https://arxiv.org/abs/2403.14776


Decoupling limit

Slide by J. Braathen
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https://indico.cern.ch/event/1354279/contributions/5942309/attachments/2877011/5039670/Braathen_SUSY2024_anyH3.pdf


thdmTools: a python package to explore the 2HDM

- EWPO:    impose a condition on the Higgs boson masses:   (mH±-mH) ∼ 0   and/or   (mH±-mA) ∼ 0
in our scenarios mH±= mA

- Theoretical:
(N)LO Unitarity: from the 2 → 2 processes scattering amplitude
Cacchio, Chowdhury, Eberhardt, Murphy: arXiv:1609.01290
Stability: tree level boundedness from below of the potential
Bhattacharyya, Das: arXiv:1507.06424

- Collider searches and measurements:
HiggsBounds: experimental limits from direct searches
HiggsSignals: signal strength of the 125 GeV Higgs            
HiggsTools Collaboration: arXiv: 2210.09332

-  Flavour observables:  B →XSγ and BS → 𝜇𝜇 (SuperIso)                                   
Mahmoudi: arXiv:0808.3144                       

Allowed regions of the 2HDM 
parameter space are scanned 
with the python package 
thdmTools  
Biekötter, Heinemeyer, No, K.R., Olea, 
Weiglein: arxiv:2309.17431
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https://arxiv.org/pdf/1609.01290.pdf
https://arxiv.org/pdf/1507.06424.pdf
https://arxiv.org/pdf/2210.09332.pdf
https://arxiv.org/pdf/0808.3144.pdf
https://arxiv.org/abs/2309.17431


Trilinear couplings = renormalized three point functions:

note: solid line = generic field

Trilinear Higgs couplings (generic approach)

h

h

h

pi

pj

pk
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ℤ2SSM at 2 loops

Kateryna Radchenko Serdula                                                                                                                                               38



STU in the THDM
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J. de Blas et al.: 
arXiv: 1905.03764

https://arxiv.org/pdf/1905.03764


2HDM with a SFOEWPT

Vertical lines are the projected HL-LHC sensitivity assuming 𝜅𝜆 = 1                                                                 
Phase transition dynamics computed using the code developed in  Biekötter, Heinemeyer, No, Olea, Weiglein: arxiv:2208.14466
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https://arxiv.org/pdf/2208.14466


2HDM with a SFOEWPT

Vertical lines are the projected HL-LHC sensitivity assuming 𝜅𝜆 = 1                                                                 
Phase transition dynamics computed using the code developed in  Biekötter, Heinemeyer, No, Olea, Weiglein: arxiv:2208.14466
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https://arxiv.org/pdf/2208.14466


STU in the THDM
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STU in the THDM
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STU in the THDM
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STU in the THDM
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STU in the THDM
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STU in the THDM
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WFR definition in anyH3
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Counterterm for M in the THDM
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𝜅𝜆 sensitivity at the HL-LHC

CMS and ATLAS: 
arXiv: 2504.00672
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https://arxiv.org/pdf/2504.00672


Sensitivity at other colliders

See talk by K. Jakobs 
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https://agenda.linearcollider.org/event/10594/contributions/57656/attachments/40553/64527/ESPP_LC_Valencia_2025.10.20.pdf

