
BSM Physics in double Higgs production

Francisco Arco (he/him)

1st COMETA Meeting – İzmir, Türkiye – February 29, 2024 

Based on: 
• e+e− colliders:   FA, S. Heinemeyer, M.J. Herrero, Eur.Phys.J.C 81 (2021) 10, 913, 

arXiv:2106.11105
• Hadron colliders: FA, S. Heinemeyer, M. Mühlleitner, K. Radchenko, Eur.Phys.J.C 81 

(2021) 10, 913, arXiv:2106.11105

Role of BSM triple Higgs couplings
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Plenty of room for new physics!

Framework: two Higgs doublet 
model (2HDM)

5 Higgs bosons + complete new 
scalar sector

Motivation: the Higgs sector
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The discovered Higgs boson is consistent with the SM :(

However self-interactions not measured with high accuracy

  

ATLAS bound at 95% CL:
ATLAS [arXiv:2211.01216]
CMS [arXiv:2207.00043]

(Similar 
results 
in CMS)
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Triple Higgs couplings (THC) can enter at leading order (LO) in di-
Higgs production
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Why di-Higgs?

e+e− colliders Hadron colliders
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“Higgs-strahlung” Vector boson fusion (VBF) Gluon-gluon fusion (ggF)

Sensitivity to λhhh or κλ (non-resonant) and λhhH (resonant) 
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SM + second Higgs doublet 

CP  conservation: (h, H even, A odd)  

Z2 symmetry to avoid FCNC (sofly broken by        )  →  only consider type I 

Input parameters:

Alignment limit: for                             the SM interactions for h are recovered 

Two Higgs Doublet Model (2HDM)
5 physical Higgs bosons:  h,  H,  A   and  H±
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Triple Higgs Couplings in the 2HDM
Tree-level triple Higgs couplings (THC) given by:

Constraints:

and

EWPO, mainly T  parameter

Tree-level unitarity and potential stability 

BSM Higgs boson searches @LHC, 
TeVatron and LEP

Properties of the SM-like Higgs boson

Close to alignment limit i.e. cβ−α   ≃  0, 
less severe in type I

Flavor Observables

In the alignment limit: κλ = 1 and λhhH = 0 

Allowed ranges at the tree-level:

Type I Type II

 [-0.5, 1.3] [0.6, 1.0]

[-1.7, 1.6] [-1.8, 1.5]

[FA, Heinemeyer, Herrero, 
2005.10576, 2203.12684] 

2HDMC, HiggsBounds, HiggsSignals, SuperISO were used

(n = # identical bosons)
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e+e− vs hadron collider
Total XS presented in benchmark planes with large (and allowed) THC

Full computation with all LO diagrams, i.e. no NWA!

Access to triple Higgs couplings (THC) via the differential cross 
section distributions on the invariant mass of the final Higgs pair mhh 

e+e− colliders: ILC and CLIC

                                    (VBF)

Tree level computation: Madgraph 

hhZ (hhνν) dominates at low 
(large) energies

Hadron colliders: HL-LHC

Gluon-gluon fusion

One-loop calculation: HPAIR

NLO QCD corrections also included in 
the total XS (K-factor ~ 2)

[FA, Heinemeyer, Herrero, 2106.11105] [FA, Heinemeyer, Mühlleitner, Radchenko, 2212.11242] 
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At both colliders, in the alignment limit                           (at LO)

A) Non-resonant diagram with κλ  →  important at low mhh 

Interference with the other diagrams

B) Resonant H  diagram with λhhH  →  important when mhh  ≃  mH 

C) Only at e− e+ colliders, resonant A diagram (no THC) 
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At e+e−  colliders
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hhZ is the dominant channel at this energy

cβ−α − tanβ  plane (with large masses) → effect of 

cβ−α − m plane (with low masses) → H and A resonances with   

hhZ cross section @ILC 500 GeV

Black line 
is the 
boundary 
of the 
allowed 
region 
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Triple Higgs Couplings @ILC 500 GeV

κλ and λhhH effects “mixed” if mH 
close to threshold

Asymmetry of the H peak →  
λhhH sign

➔ Access to THC via the differential XS

A

B

C

A) κλ → at the threshold 
(light blue line)

B) λhhH → resonant peak at 
mhh ≃ mH (dark blue line)

C) A resonance → plateau 
wrt the SM (yellow line)
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Black line 
is the 
boundary 
of the 
allowed 
region 

hhνν is the dominant channel at this energy

Now the H and A resonant production is sizable also for large Higgs masses

For moderate masses                    and for low masses up to 
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Triple Higgs Couplings @CLIC 3 TeV

A

B

C

A) κλ → at the threshold 

Different from SM even 
with κλ = 1 

B) λhhH  → prominent 
resonant peak at mhh ≃ mH

 Dip-peak structure → 
sign of λhhH 

C) no A resonance 
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Great access 
to λhhH @CLIC 
3TeV !

Estimated “sensitivity” 
to λhhH from the 
expected final 4b jet 
events at the H peak:

Overall, larger 
“sensitivity” to λhhH at 
VBF channel at 
@3TeV

Also good 
“sensitivity” if mH is 
very low
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At the HL-LHC
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hh production via ggF @HL-LHC 

XS shows effects from κλ and λhhH in both planes

Effect from H resonant production only important for mH below ~600 GeV

Black line 
is the 
boundary 
of the 
allowed 
region 
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Effect of κλ @HL-LHC

➔ Access to κλ via the 
differential XS

A) κλ → at the threshold 

Larger XS for κλ <  1 

B) λhhH → No resonant peak 
at  mhh ≃ mH (red arrows)

Very small H Yukawa 
coupling Bin: 5 GeV

A
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Effect of λhhH  @HL-LHC

Bin: 20 GeV

mH very close to 
threshold →  

“Conservative” mH          
→ 

A) κλ  ≃ 1 
then BSM 
effect 
mainly from 
H diagram

B) λhhH → 
Resonant 
peak at  
mhh ≃ mH 

Sign of λhhH 
→ structure 
of the 
resonance

A

A

B
B
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Effect of experimental uncertainties 
Smearing: uncertainty from the finite resolution of the detectors 

More realistic bin size: ~ 50 GeV

Smearing + bin size can make the signal reconstruction challenging :(
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Summary & Conclusions 
Overview of the BSM effects from triple Higgs couplings (THC) in double 
Higgs production in the 2HDM (type I), still allowed by present constraints

κλ → non-resonant effect, important at low mhh (similar to SM unless H is 
light)

λhhH →resonant effect, experimental access via resonant production

At e+e− colliders: good prospects for the VBF channel @CLIC 3TeV, ILC 
could be competitive if H is light

At HL-LHC:  resonant H contributions possible if H is relatively light below 
~ 600 GeV  

Challenging reconstruction of the final signature (bin resolution + 
smearing)

Future directions! 1-loop effects to κλ can be sizable even in the alignment 
limit! To be continued...
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Thanks for your attention! :)
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Back up
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XS vs κλ in the SM at LHC
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XS vs κλ in the SM at e+e− colliders
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2HDM Yukawa couplings

with
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Plane 1
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Plane 3
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R “sensitivity” at e+e− colliders

Cuts:
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