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Motivations

• The Higgs potential is still undetermined
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• � and ��can vary independently, for example by adding a higher 

dimensional operator ���
�

• So it is necessary to probe � and ��directly in multi-Higgs production  

• The measurements of ��in triple Higgs production is much more 
challenging than and depends on the measurements of � in double 
Higgs production
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M. J. Dolan, C. Englert, M. Spannowsky, JHEP 1210 (2012) 112
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Motivations

• The cross section of double Higgs production in the SM is small

• However, it has received a lot of attention after the Higgs boson was 
discovered since it is very sensitive to NP
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Chih-Ting Lu, Jung Chang, Kingman Cheung, Jae Sik Lee, JHEP 1508 (2015) 133

Azatov, Contino, Panico, Son,  Phys.Rev. D92, 035001 (2015)

Qing-Hong Cao, Bin Yan, Dong-Ming Zhang, Hao Zhang, Phys.Lett. B752 (2016) 285

Ligong Bian, Ning Chen JHEP 1609 (2016) 069

Hong-Jian He, Jing Ren, Weiming Yao, Phys. Rev. D 93, 015003 (2016)
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Bishara, Contino, Rojo, 1611.03860
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Motivations



• I will focus on �� → ℎℎ

• In the SM, there is large cancellation between

Low energy theorem 

• The current constraint on gluon fusion double Higgs production (8 TeV)

Motivations
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ATLAS Phys.Rev. D92, 092004 (2015)



• NP enters in double Higgs production in different ways

• A model independent way to study the NP effects is EFT

 �� = ��� = 1 and others=0 in the SM
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Motivations
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Partial wave analysis
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Partial wave analysis
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Partial wave analysis

• The �� → ℎℎ is dominated by s wave?

• Yes!
ℳ�� = � ℳℓ �̂ �ℓ cos �

�

ℓ��,�

ℓ = 0, s wave, ℓ = 2, d wave
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Partial wave analysis

• The �� → ℎℎ is dominated by s wave?

• Yes!
ℳ�� = � ℳℓ �̂ �ℓ cos �

�
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ℓ = 0, s wave, ℓ = 2, d wave

� �

�

�

cos �
�����

� cos �
= � �

�

�

cos � ��� �̂ + ��� �̂ �� cos � �

The d-wave contribution
is at most 10%
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Cut efficiency function

• The �� → ℎℎ is dominated by s wave

• So what?

• We consider �� → ℎℎ → �����. Owing to the (pseudo)scalar feature of 
the Higgs boson, there is no spin correlation among the initial and final 
state particles, thus ��

�, ��
�

, ��, �� mainly depend on ���

• Therefore, the cut efficiency is insensitive to the Higgs effective 
couplings

• Does this method work? Yes!

� ��� : cut efficiency function, which can be derived analytically with the parameter
obtained by fitting 
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Cut efficiency function

• At the 14 TeV LHC, ATL-PHYS-PUB-2014-019

• Similar at the 100 TeV pp-collider 
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��� distribution

• LET:
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��� distribution

• LET:

�□ → −
2

3
, �□ → �

�̂

��
� , �∆ →

2

3

�□
�

→
2

3
, �□

�
→ 2, �□

�
→ �

�̂

��
� , �∆

�
→ −1

= −
���̂���

4���
��

�(��)��
�(��) � ��

��□ + �̃�
��□

�
+

3��
�

�̂ − ��
� ��� ���∆ +

2

3
�� +

2

3
�� + ����∆ ���

+ ��
��□ + �̃�

��□
�

��� − ���̃��□
�

+
3��

�

�̂ − ��
� ��� �̃��∆

�
+

2

3
�̃� +

2

3
�̃� + �̃���∆

�
����

ℳ��



15

��� distribution



Cross section

• ��� =
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���
��
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Cross section

 �� can be modified significantly with a large ��
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Sensitivities to Higgs effective couplings

• We follow the analysis at the HL-LHC by the ATLAS Collaborarion and the 
analysis at the 100 TeV pp-collider in Physics at a 100 TeV pp collider: 
Higgs and EW symmetry breaking studies

• We use the cut efficiency functions � ��� to mimic the experimental 
cuts and detector effects

• We can extract the sensitivities on the Higgs effective couplings from 
the exclusion limit/discovery potential of (non-SM) double Higgs 
production

• On the other hand, we have included the constraints on the Higgs 
effective couplings from the measurements of �� and �� (and EDMs)

ATL-PHYS-PUB-2014-019
Contino et al., 1606.09408
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�̃� < 0.01, �̃� < 0.01

J. Brod, U. Haisch, J. Zupan, JHEP 11, 180 (2013), 1310.1385
Y. T. Chien, V. Cirigliano, W. Dekens, J. de Vries, E. Mereghetti (2015)
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Sensitivities to Higgs effective couplings

• 2� exclusion  and 5� discovery of double Higgs production

Sensitivities at the 100 TeV
pp-collider with ℒ = 10 fb��

are comparable to those at 
the HL-LHC
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3.7��
� − 0.29�� + 3.7�̃�

� ≥ 0.1 3.7�̃�
� + 1.4�̃��̃� + 4.5�̃�

� ≥ 0.1 3.7��
� − 0.29�� + 4.5�̃�

� ≥ 0.1

5� discovery of NP, where the SM hh is treated as bkg

ℒ = 30ab�� Sensitivities to Higgs effective couplings

Additional CP-violating interaction
has to be included to respect the 
strict EDM constraints if double 
Higgs production in NP models is
discovered outside the grey region



Summary

• �� → ℎℎ with CP violation is parametrized in the EFT approach

• �� → ℎℎ is dominated by s wave

• We use the cut efficiency function to mimic the experimental cuts and 
detector effects at the HL-LHC and the 100 TeV pp-collider

• We investigate the sensitivities to the Higgs effective couplings, 
especially we provide the analytical expressions corresponding to the 
5� discovery of NP
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Backup slides
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V. Barger, L. L. Everett et al, PRD 90 (2014) 095006
S. Kanemura, Y. Okada, E. Senaha, C.-P. Yuan, Phys.Rev. D70, 115002 (2004)
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Higgs self-coupling in 2HDM

• Two-Higgs-doublet model: in the decoupling limit cos � − � → 0
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C. Englert, K. Nordström, K. Sakurai, M. Spannowsky, 1611.05445

��
��� = ℎ ��ℎ ��

�� → ��: spin 1

• For a CP-mixed Higgs boson

It originates from a dimension-8 operator
for a linearly-realized model

M.B. Gavela, J. Gonzalez-Fraile, M.C. Gonzalez-Garcia, 
L. Merlo, S. Rigolin, J. Yepes, JHEP 1410 (2014) 044


