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Measurements of the Higgs boson self-coupling
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• Current LHC measurements indicate that the properties of the 
discovered Higgs boson is SM-like. 

• However, the Higgs self-coupling is not measured accurately. 

−1.7 < λhhh /λSM
hhh < 8.7

−0.4 < λhhh /λSM
hhh < 6.3ATLAS:

CMS:

[ATLAS-CONF-2022-050]

[Phys.Lett.B 842 (2023) 137531]

• In future experiments, it will be measured with better accuracy.

[Dawson, Meade, Ojalvo, et. al, 2209.07510]
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Probe of Higgs sector by Di-Higgs production
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• Deviation from the SM predictions in  involves information of Higgs sector.σpp→hh

• The self-coupling is determined by measuring di-Higgs production  . pp → hh
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Probe of Higgs sector by Di-Higgs production
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• Deviation from the SM predictions in  involves information of Higgs sector.σpp→hh

• Origin of electroweak symmetry breaking

• The self-coupling is determined by measuring di-Higgs production  . pp → hh

• Structure of the Higgs sector

• Nature of the Higgs boson ( Elementary, composite )

How does the sign of compositeness emerge in  ？σgg→hh

Mystery of the 
Higgs sector
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Probe of Higgs sector by Di-Higgs production
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• Deviation from the SM predictions in  involves information of Higgs sector.σpp→hh

• Origin of electroweak symmetry breaking

• The self-coupling is determined by measuring di-Higgs production  . pp → hh

• Structure of the Higgs sector

• Nature of the Higgs boson ( Elementary, composite )

How does the sign of compositeness emerge in  ？σgg→hh

New physics contributions for Di-Higgs  producrion:

1. Heavy fermion loop 
2. Additional Higgs boson loop

- How much these new physics effects can enhance  ？σpp→hh

- How the correlation between  and  looks like ?σpp→hh λhhh

→We focus on Composite Two Higgs doublet model (C2HDM). [S. De Curtis, et al, JHEP 12 (2018) 051]

Mystery of the 
Higgs sector
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Composite two Higgs doublet model (C2HDM) [1/2]
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[S. De Curtis, et al, JHEP 12 (2018) 051]

• Symmetry:
Broken generators：8 (=15-7)

→  8 NGBs (=2HDM d.o.f)

• Lagrangian: ℒC2HDM = ℒelementary + ℒmixing + ℒstrong

= ℒ2HDM + ℒd≳6 (After integrating out heavy resonances )

: consists of SM gauge fields and matter fields.ℒelementary

     : contains interaction between NGB  and heavy resonance. ℒstrong

         : interaction  between . ℒmix ℒelementary ℒstrong

Higgs masses and self-coupling are generated through Coleman-Weinberg potential. 

The potential is described by the 
parameters in the composite sector.

, h, G0, G± H, A, H±
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Composite two Higgs doublet model (C2HDM) [2/2]

7

Fermion sector

• SO(6) is explicitly braked by the linear mixing between  and  . q6
L/R ψL/R

• Two  fields are introduced.ψL/R 8 heavy top partners contribute to . pp → hh

• SM fermion mass terms are generated by the Yukawa interaction and the linear mixing. 

( : NGB fields   )Σ

<latexit sha1_base64="fRmMrZ8eBMvNY2MF2qu3ydu9Urs="></latexit>

q6TL =
1p
2
(ibL, bL, itL,�tL, 0, 0)

<latexit sha1_base64="tnFEZisVB+eQ7rxydpxfF5xs5lU=">AAACG3icbVDLSgMxFM34rPVVdekmWAQFKTNFqhuh4MZlLX1Bpw6ZNNMGM48md4QS5j/c+CtuXCjiSnDh35g+Fr7O5cLhnHtJ7vETwRXY9qe1sLi0vLKaW8uvb2xubRd2dlsqTiVlTRqLWHZ8opjgEWsCB8E6iWQk9AVr+7eXE799x6TicdSAccJ6IRlEPOCUgJG8Qnnk1W+0dv0AVzLcyC7cQBKqnUy7aiRBl7PsyD6ZlXPiHINX9wpFu2RPgf8SZ06KaI6aV3h3+zFNQxYBFUSprmMn0NNEAqeCZXk3VSwh9JYMWNfQiIRM9fT0tgwfGqWPg1iajgBP1e8bmoRKjUPfTIYEhuq3NxH/87opBOc9zaMkBRbR2UNBKjDEeBIU7nPJKIixIYRKbv6K6ZCYcMDEmTchOL9P/kta5ZJTKVWu7WL1dB5HDu2jA3SEHHSGqugK1VATUXSPHtEzerEerCfr1XqbjS5Y85099APWxxdwsJ8Q</latexit>

q6TR =
1p
2
(0, 0, 0, 0, 1, 1)tR

<latexit sha1_base64="yzQdg9+NYR35X3UNN1HTyR1saMI="></latexit>

 T =
1p
2
= (iB�1/3�iX5/3, B�1/3+X5/3, iT2/3+iX2/3,�T2/3+X2/3,

p
2T̃1,

p
2T̃2)

tL tRψR ψL

< Σ >

ΔL ΔRY
∼

ΔLΔR

M2
ψ

(Y1sβ + Y2cβ)vSM ≡ ytvSM

Top partners(4): , , , T2/3 X2/3 T̃1 T̃2 Bottom partners(1): ,B−1/3 Exotic fermion (1): X5/3
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Di Higgs production cross section
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Spin-0 
contributions

• Heavy mass limit
<latexit sha1_base64="4AaRVr14KthoPEhffnYCrk8EBi4="></latexit>
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• Feynman diagrams

Spin-0 contributions 
is dominant. 

TriangleBox

box diagrams involve contributions of off-diagonal coupling. 

<latexit sha1_base64="ZN/WBum8eT+7INyKil+J/nB0Zsg="></latexit>
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[T. Plehn, M. Spira, P. M. Zerwas, Nucl.Phys.B 479 (1996) 46]

Spin-2 
contributions
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Numerical results: Di-Higgs production cross section
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Resonant case Non-resonant case

 @ATLASμHH ≲ 2.4
[ATLAS,2211.0121]

[De Curtis, Delle Rose,  
Egle,Mühlleitner, Moretti, KS]

→  In resonant case,  ~10. In non-resonant case,   ~2.3.σhh /σhh
SM σhh /σhh

SM

• two distinct scenarios

Resonant case :
σ(gg → H ) × BR(H → hh)

σ(gg → hh)
> 0.1,  Non-resonant case： σ(gg → H ) × BR(H → hh)

σ(gg → hh)
< 0.1

• Constraints：  perturbativity, EW vacuum, H,A,H±  direct searches, h couplingsλi ( )
f > 750GeV
ξ < 0.1
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Numerical results: Invariant  mass distributions
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Resonant case [De Curtis, Delle Rose,  
Egle,Mühlleitner, Moretti, KS]

Full

SM

Ti

H
Ti

H resonance Deviation in Tail

H
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Numerical results: Invariant  mass distributions  
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Resonant case [De Curtis, Delle Rose,  
Egle,Mühlleitner, Moretti, KS]

H resonance

H

Deviation in Tail

Ti

Nonresonant case

Deviation in the low mass region

( Doesn’t suppressed 
by Q2 )

<latexit sha1_base64="cpW0f9NF1lsJyOBmL51Sv2oMjJE="></latexit>

GhhTiTi ⇠ O(1)
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Correlation between  and  in C2HDMσhh λhhh
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[Plot by Felix Egle]

• There is a parameter region where  but . σhh /σhh
SM ∼ 1 λhhh /λSM

hhh − 1 ∼ − 20 %

• In such a parameter region,   can deviate from the SM. σ(e+e− → hhZ)

→ Even if , one may be able to survey  compositeness by measuring  
      in future colliders. 

σhh /σhh
SM ∼ 1

e+e− → hhZ
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Summary
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ヒッグスセクターの構造の詳細迫れる。

• There is a parameter space where  but σhh ∼ σSM
hh λhhh/λSM

hhh − 1 ≃ − 20 % .

• We discussed the new physics effects of the di-Higgs production rate in C2HDM. 

• In the resonant case,  ~ 10 due to H contributions.  In the non-resonant 
case, heavy top-loop contributions are significant ( ~2 ).  

σhh/σhh
SM

σhh/σhh
SM

• Di Higgs production  is an important observable, by which one can 
explore the structure of the Higgs sector. 

pp → hh



Back up
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Comparison with elementary 2HDMs
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[JHEP09(2022)011]

[De Curtis, Delle Rose,  
Egle,Mühlleitner, Moretti, KS]

Total cross section σH1H1 Total width of H

C2HDM:  σhh /σSM
hh ∼ 10

Deviations in h couplings

2HDM (Type I):  σhh /σSM
hh ∼ 12

2HDM (Type II):  σhh /σSM
hh ∼ 2

[S. De Curtis, et al, JHEP 12 (2018) 051]

If H is heavy, a new decay mode  opens. H → tTi

The correlation between 
 and  is more clear 

in C2HDM. 
κV mH

[           〃              ]

<latexit sha1_base64="84gRgXfmiVQryC8zz8BOyoGUaik=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQF9YkSHVZcOOygn1Ak4bJdNIOnSTDzKRQQnHjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TcEalsqxvY2V1bX1js7BV3N7Z3ds3Dw6bMkkFJg2csES0AyQJozFpKKoYaXNBUBQw0gqGt1O/NSJC0iR+UGNOvAj1YxpSjJSWfPPYHSLOkd90JY2gfTHqOpdlJ+w6575ZsirWDHCZ2DkpgRx13/xyewlOIxIrzJCUHdviysuQUBQzMim6qSQc4SHqk46mMYqI9LLZCxN4ppUeDBOhK1Zwpv6eyFAk5TgKdGeE1EAuelPxP6+TqvDGy2jMU0ViPF8UpgyqBE7zgD0qCFZsrAnCgupbIR4ggbDSqRV1CPbiy8uk6VTsaqV6b5VqV3kcBXACTkEZ2OAa1MAdqIMGwOARPINX8GY8GS/Gu/Exb10x8pkj8AfG5w+QjZWN</latexit>

V ⇠ 1� v2/(2f2)

C2HDM
E2HDM

[PRD 96 (2017) 3, 035014]

<latexit sha1_base64="fitZr7+GeI500l+yz5lx5vv0GTE=">AAACEnicbVBNS8NAEN3Ur1q/qh69BIvQItSkSPVY8NJjBfsBTRs22027uJuE3YlQQn6DF/+KFw+KePXkzX/jts1BWx8MPN6bYWaeF3GmwLK+jdza+sbmVn67sLO7t39QPDzqqDCWhLZJyEPZ87CinAW0DQw47UWSYuFx2vXub2Z+94FKxcLgDqYRHQg8DpjPCAYtucWKcJvDmqOYSPxhLS3b5+AmjkcBp8Na5aKc2HUnYtqpuMWSVbXmMFeJnZESytByi1/OKCSxoAEQjpXq21YEgwRLYITTtODEikaY3OMx7WsaYEHVIJm/lJpnWhmZfih1BWDO1d8TCRZKTYWnOwWGiVr2ZuJ/Xj8G/3qQsCCKgQZksciPuQmhOcvHHDFJCfCpJphIpm81yQRLTECnWNAh2Msvr5JOrWrXq/Vbq9S4zOLIoxN0isrIRleogZqohdqIoEf0jF7Rm/FkvBjvxseiNWdkM8foD4zPH5NAnBk=</latexit>

m2
H

⇠ f2(1 + t2
�
)/(16⇡2)

Type II can be 
separated. 

[see also PLB786(2018)189]

If H is light, the difference appears in   と  . If H is heavy, it appears in  . σhh κV ΓH
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correlation with scalar couplings
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HL-LHC sensitivity
[1902.00134]
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hhhとhhVVの測定
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[ATLAS-CONF-2022-050]

[Phys.Lett.B 842 (2023) 137531]
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Composite two Higgs doublet model (C2HDM) [2/2]

18

ヒッグスセクターに対する制限:  [  : composite スケール]f

• non-linearities  から生じるdim 6 operator

によりTパラメータへ寄与が生じる： →CP対称性を課す

• Higgs 由来のFCNCが存在する:

→  flavor aligned Yukawa 構造
( )を考えるYij

1 ∝ Yij
2

ヒッグス質量とヒッグス結合:                                                     [ ,                               ]ξ = v2
SM/f 2

=125 GeV

[S. De Curtis, et al, JHEP 12 (2018) 051]

∼ ξ

∼ f 2/(16π2) <latexit sha1_base64="5aMqRSuahhRWlkNDe6GoW5N8SgI="></latexit>

f = (1 + ch
f
⇠) cos ✓ + (⇣f + ch

H
⇠) sin ✓

<latexit sha1_base64="kcxMrW0R0rnfyFNcvhJi6nT1NE4=">AAACD3icbZDLSsNAFIYn9VbrLerSTbAoFUpNilQ3QsFNlxXsRdoaJtNJO3QyCTMnQgl9Aze+ihsXirh16863cXpBtPWHgY//nMOZ83sRZwps+8tILS2vrK6l1zMbm1vbO+buXl2FsSS0RkIeyqaHFeVM0Bow4LQZSYoDj9OGN7ga1xv3VCoWihsYRrQT4J5gPiMYtOWax8T175LKaX90+UO5NmDR9ijg/K2bOPni6MQ1s3bBnshaBGcGWTRT1TU/292QxAEVQDhWquXYEXQSLIERTkeZdqxohMkA92hLo8ABVZ1kcs/IOtJO1/JDqZ8Aa+L+nkhwoNQw8HRngKGv5mtj879aKwb/opMwEcVABZku8mNuQWiNw7G6TFICfKgBE8n0Xy3SxxIT0BFmdAjO/MmLUC8WnFKhdG1ny2ezONLoAB2iHHLQOSqjCqqiGiLoAT2hF/RqPBrPxpvxPm1NGbOZffRHxsc3J+Kbag==</latexit>

cH/h

f
= cH/h

f
(tan�, Y1,2)

でf → ∞ (mH, θ, κV/f ) → (∞,0,1)
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Custdial symmetry
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non-linearities  によりdim 6 operatorに以下のようなタームを含む

(これはSp(4)を破る)この寄与によりTパラメータに対するツリーレベルの寄与
が生じる

T parameter の制限は以下の対称性があれば回避出来る

1. CP: Im < Hi > = 0

1. C2 : か が0< H1 > < H2 >
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Higgs coupling measurements future prospects
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[Dawson, Meade, Ojalvo, et. al, 2209.07510]
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Effective lagrangian
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For , interactions for top and Higgs are only needed.pp → hh

<latexit sha1_base64="TJJUl0ybLUBVXDZh1aRYWQG5vY8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQkkU1JMUvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U391hMqzWP5YMYJ+hEdSB5yRo2V6ue9UtmtuDOQZeLlpAw5ar3SV7cfszRCaZigWnc8NzF+RpXhTOCk2E01JpSN6AA7lkoaofaz2aETcmqVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU1442dcJqlByeaLwlQQE5Pp16TPFTIjxpZQpri9lbAhVZQZm03RhuAtvrxMmhcV76pyWXfL1ds8jgIcwwmcgQfXUIV7qEEDGCA8wyu8OY/Oi/PufMxbV5x85gj+wPn8AXGtjK8=</latexit>

+

<latexit sha1_base64="ZMVpWcNDaZrKuPH07gL8NmaoDaU="></latexit>

⌘ �
(2)
hhH

hhH + �
(2)
hHH

hHH

The couplings  appears due to nonlinearlities. GhhTT, GHHTT, λ(2)
hhH, λ(2)

hHH
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b —> s γ constraint
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• By taking , the constraint becomes weaker. ξb = 0.1ξt

• Green points are allowed by current direct and indirect searches 
at the LHC.

[S. De Curtis, et al, JHEP 12 (2018) 051]
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Lagrangian of the strong sector for spin-1/2 resonances ΨI
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• To ensure the finiteness of the effective potential, two spices of  are needed. Ψi

<latexit sha1_base64="CMw/xNdtT+aV7xFikAY609wBbf0=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiuCqJgroRim5cVmzaQhvDZDpph84kYWYi1FB8FTcuFHHre7jzbZxeFtr6w8DHf87hnPnDlDOlHefbWlhcWl5ZLawV1zc2t7btnd26SjJJqEcSnshmiBXlLKaeZprTZiopFiGnjbB/Pao3HqhULIlrepBSX+BuzCJGsDZWYO+371hX4EsPTSBwvPtaYJecsjMWmgd3CiWYqhrYX+1OQjJBY004VqrlOqn2cyw1I5wOi+1M0RSTPu7SlsEYC6r8fHz9EB0Zp4OiRJoXazR2f0/kWCg1EKHpFFj31GxtZP5Xa2U6uvBzFqeZpjGZLIoyjnSCRlGgDpOUaD4wgIlk5lZEelhiok1gRROCO/vleaiflN2z8umtU6pcTeMowAEcwjG4cA4VuIEqeEDgEZ7hFd6sJ+vFerc+Jq0L1nRmD/7I+vwBGf2UWQ==</latexit>

⌃ = U⌃0U
T

• The mixing angle  is chosen as  to insure the CP conservation.θt θt = 0
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2-cite construction in the gauge sector
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G1 G2

• G1 はglobal。SU(2)×U(1)はlocalに格上げされる。G2 はglobal。

• U1はリンク場。SO(6)L×SO(6)RをSO(6)Vに破る。Σ2はG2において
SO(4)×SO(2)×U(1)X に破る

• covariant derivative

TAとTXはSO(6)とU(1)Xの
生成子
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gauge sector Lagrangian [1/2]
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• To ensure the finiteness of the effective potential, two spices of  are needed. 

 and  are geberator of SO(6) and U(1)XTA TX

 and  are spin-1 resonancesρA ρX

 elementary

 strong mix
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gauge sector Lagrangian [2/2]
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heavy Gauge resonanceをintegrate out すると以下のラグランジアンが得られる。

Form factors:

• W boson とZ boson mass
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Scan range of the composite parameters and BPs
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• To ensure the finiteness of the effective potential, two spices of  are needed. 

<latexit sha1_base64="uLqao1IucVO7kQX/h9B1wL0SsXQ="></latexit>

f = [700, 3000] GeV, g⇢ = [2, 10]

�I
L,R = [�10, 10]⇥ f, Y IJ

1,2 = [�10, 10]⇥ f
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Branching ratios of the heavy Higgs boson H
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• To ensure the finiteness of the effective potential, two spices of  are needed. 
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Binned distributions 
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Influence of Heavy top partner loop contributions 
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●  Heavy top partner gives destractuive and constructive contributions. 

●   contributions have influence when . Ti σhh/σhh
SM ∼ 0.5-2

[De Curtis, Delle Rose,  
Egle,Mühlleitner, Moretti, KS]
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MSSMとの比較
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decay rate of H 
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Form factor decomposition of gg → hh
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[E.W.N Glover, J.J. van der BIJ, 1988]

Noting that , gauge1 and gauge 2 are given by the helicity 
amplitudes as 

p1,2 ⋅ ϵ1,2 = 0

ℳ+− = ℳ−+ = − gauge1, ℳ++ = ℳ−− = − gauge2,

The cross section is calculated as 


