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Why investigate λ
hhh

?
 Probing the shape of the Higgs potential: since the Higgs discovery, 

the existence of the Higgs potential is confirmed, but at the moment we
only know:
→ the location of the EW minimum: v = 246 GeV
→ the curvature of the potential around the EW minimum: m

h
 = 125 GeV

However we still don’t know the shape of the potential →  depends on λ
hhh

 λ
hhh

 determines the nature of the EWPT!

 ⇒ O(20%) deviation of λ
hhh

 from its SM prediction needed to have

 a strongly first-order EWPT → necessary for EWBG [Grojean, Servant,
 Wells ’04], [Kanemura, Okada, Senaha ’04]

 Higgs couplings, such as λ
hhh

, can exhibit large effects from BSM Physics

→ Currently, −3.7 < λ
hhh

 /(λ
hhh

)SM < 11.5  [ATLAS-CONF-2019-049]

→ But the determination will be drastically improved at future colliders: 
~50% accuracy at HL-LHC; accuracy of some tens of % achievable at linear e+e- colliders (ILC/CLIC) 

(more details in backup)                     
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Classical scale invariance
• CSI: forbid mass-dimensionful parameters at classical (= tree) level 

→ tree-level potential: 

• However broken explicitly at loop level

• EW symmetry breaking: (c.f. [Coleman, Weinberg ‘73], [Gildener, Weinberg ‘76])
➢ Must occur along a flat direction of V(0) (= Higgs/scalon direction)
➢ EW sym. broken à la Coleman-Weinberg along flat direction
➢ EW scale generated by dimensional transmutation

• Here: CSI assumed around EW scale, for phenomenology
➢ Higgs (scalon) automatically aligned at tree level → compatible with current exp. results
➢ BSM states can’t be decoupled (no BSM mass term!)
➢ CSI scenarios: alignment with decoupling



λ
hhh

in CSI models
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One-loop effective potential and λ
hhh

• Only source of mass = coupling to Higgs and its VEV:

• Greatly simplifies the one-loop potential along Higgs (scalon) direction:

with

• Taking successive derivatives of the potential

➢ 1st derivative = tadpole equation → fix A in terms of v and B

➢ 2nd derivative = Higgs (effective potential) mass             →  fix B in terms of v and Mh

➢ 3rd derivative = λ
hhh

 but V(1) is entirely determined by A, B   →  

Universal one-loop result in CSI theories!
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Effective potential at two loops

• Form of V
eff

 changes at two loops: 

• New type of contribution:
new log^2 term!
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λ
hhh

 at two loops in CSI models

 Follow same procedure as at one loop:

 Eliminate A with tadpole eq., B with Higgs mass

 Still, C remains! 

 One finds:

  Deviation in λ
hhh

 depends on log^2 term in V
eff

  Universality found at one loop is lost at two loops! 

[JB, Kanemura, Shimoda ‘20]



Example:
a CSI-2HDM
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Setup of our calculation

● CSI-2HDM (see e.g. [Lee, Pilaftsis ‘12]): 
➢ similar to usual 2HDM, i.e. CP-even Higgses h, H; CP-odd Higgs A, charged Higgs H+ 
but 
➢ No mass terms in potential
➢ Automatically aligned at tree level!

● Derive V(2) (MS) → extract log^2 coefficient C → compute λ
hhh

 (MS)→ convert to OS scheme 

(details in backup)                              
● Dominant corrections to V(2)

= diagrams involving BSM scalars (H,A,H+) and top quark

                       

[JB, Kanemura, Shimoda ‘20]
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Theoretical and experimental constraints

● Perturbative unitarity: we constrain parameters entering only at two loops 
→ tree-level perturbative unitarity suffices [Kanemura, Kubota, Takasugi ‘93]

● EW vacuum must be true minimum of V
eff

, i.e. check that

● M
h
, generated at loop level, must be 125 GeV

→ imposes a relation between SM parameters, M
H
, M

A
, M

H
+, tanβ, e.g. we can extract: 

● Limits from collider searches with HiggsBounds and HiggsSignals



Numerical results
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No constraints
Taking degenerate BSM masses: M

Φ
=M

H
=M

A
=M

H
+

[JB, Kanemura, Shimoda ‘20]
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Comparing λ
hhh

 in 2HDM scenarios with or without CSI

CSI, 2ℓ, tanβ=1

CSI, 2ℓ, tanβ=1.4

CSI, 1ℓ
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Taking degenerate BSM masses: M
Φ
=M

H
=M

A
=M

H
+

[JB, Kanemura, Shimoda ‘20]

            From 
[JB, Kanemura ‘19]
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Unitarity and constraint from M
h

MΦ=MΦ(tanβ) to ensure Mh=125 GeV

Excluded by 
pert. unitarity

Allowed

(Zoom)

[JB, Kanemura, Shimoda ‘20]



Page 15| LCWS 2021 | Johannes Braathen (DESY) | March 18, 2021

Once all constraints are included
tanß uniquely constrained as a function of M

Φ [JB, Kanemura, Shimoda ‘20]
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Once all constraints are included
tanß uniquely constrained as a function of M

Φ

Could also be 
obtained in a 
non-CSI 2HDM
[JB, Kanemura ‘19]

[JB, Kanemura, Shimoda ‘20]
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Comparing λ
hhh

 in 2HDM scenarios with or without CSI

CSI, 2ℓ, tanβ=1

CSI, 2ℓ, tanβ=1.4

CSI, 1ℓ
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Taking once again degenerate BSM masses: M
Φ
=M

H
=M

A
=M

H
+

[JB, Kanemura, Shimoda ‘20]

Difficult to distinguish

CSI vs non-CSI!
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Summary

First explicit two-loop calculation of Higgs trilinear coupling in theories with CSI

▻ Matches level of accuracy for non-CSI, non-SUSY, extensions of SM in [JB, Kanemura 
‘19]

▻ Two-loop corrections allow distinguishing different scenarios with CSI

▻ Unitarity and M
h
 severely limit the allowed range of the two-loop corrections to λ

hhh

▻ Separate models w. or w/o. CSI difficult with only λ
hhh

, but possible with synergy of λ
hhh

 

and either collider or GW signals (see e.g. [Hashino, Kakizaki, Kanemura, Matsui ‘16])
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Future determination of λ
hhh

see also [Cepeda et al., 1902.00134], [Di Vita et al.1711.03978], [Fujii et al. 1506.05992, 1710.07621, 1908.11299], [Roloff et al., 
1901.05897], [Chang et al. 1804.07130,1908.00753], etc.

Expected sensitivities in literature, assuming λ
hhh

 = (λ
hhh

)SM

Plot taken from 
[de Blas et al., 1905.03764]

di-Higgs exclusive result

single-Higgs exclusive

single-Higgs global
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Future determination of λ
hhh

Higgs production cross-sections (here double Higgs production) depend on λ
hhh 

Plots taken from 
[de Blas et al., 1905.03764]
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Future determination of λ
hhh

See also [Dürig, DESY-THESIS-2016-027]

Achieved accuracy actually depends on the value of λ
hhh

 

[J. List et al. ‘21],
see also talk by 
G. Weiglein on 
Tuesday

https://indico.cern.ch/event/995633/contributions/4265722/attachments/2209697/3739459/lcws_21_bsm.pdf
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MS to OS scheme conversion

 V
eff

: we use expressions in MS scheme hence results for λ
hhh

 also in MS scheme

 We include finite counterterms to express the Higgs trilinear coupling in terms of 
physical quantities

 

 Also we include finite WFR effects → OS scheme 
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