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Motivation : Incredible Success of the Standard Model



Fermion mass hierarchy ? 

Only 3 generations below electroweak scale ? 

Flavor mixing structures ?



Gauge coupling unification ?

The strong CP problem ?



Metastability of Higgs field ?

Dynamical origins of the EWSB sector ?

Elementary scalars or composite ones ?



Metastability of Higgs field ?

Dynamical origins of the EWSB sector ?

Fundamental scalars or composite ones ?

Is there any testable process to study the properties of the scalar 
potential at colliders ?
Self-coupling of the Higgs boson is a crucial property which depends 
on the dynamics of the EWSB sector.

One of the probes of Higgs self-coupling is the Higgs-boson-pair 
production at the LHC & future hadron colliders.



The shape of the Higgs potential & EWSB in the 
early universe

Slow 2nd order phase transition 
in the SM ?

Strong 1st order phase 
transition with a modified 
Higgs potential ?

EW baryogenesis

VS.



It is clear that the gluon 
fusion into HH gives the 
largest cross sections 
independently of

From now on we shall 
focus on the gluon 
fusion mechanism for 
our studies !
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Effective Lagrangian
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Effective Lagrangian

In a general 2HDM we can have a diagram with a vertex             and a
vertex connected by the heavy      . 

When the heavy      is integrated out, we are left with the contact 
diagram               .

On the other hand,               is a dim-5 operator, which may originate 
from a genuine dim-6 operator, e.g., 
after electroweak symmetry breaking, 



Effective Lagrangian



• The differential cross section for the process

in the SM :

• Here we extend the result to including the CP-odd top-Yukawa and 
the anomalous ttHH couplings :



• In the heavy quark limit, one may have

leading to large cancellation between the triangle and box diagrams.

• The production cross section normalized to the corresponding SM 
cross section, with or without cuts, can be parameterized as follows :





triangle diagram
box diagram
contact diagram

triangle diagram
box diagram
contact diagram





• The differential cross section for the process

in the SM :

• The triangle diagram (red line) peaks at the lower invariant mass and 
decreases with , because of the s-channel Higgs propagator. 
The box diagram (skyblue line), on the other hand, is larger than the 
triangle diagram at high invariant mass.
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Effective Lagrangian



Numerical analysis : Classifications



Basic cuts :

&   ROOT codes

The most sensitive channel because of the 
background suppression and signal reconstruction



Numerical analysis :   

Basic cuts

C_1(S) C_2(S) C_3(S)

dR > 2

C_1(S) C_2(S) C_3(S)

dR < 2

C_1(S) C_2(S) C_3(S)



We adopt an approach that the signal cross sections (after background subtraction) are measured 
with uncertainties of order 25-50%.



Numerical analysis :   





Numerical analysis :   

Basic cuts

c_1(s) c_2(s) c_3(s)

e_1(s) e_2(s) e_3(s)

dR > 2

c_1(s) c_2(s) c_3(s)

e_1(s) e_2(s) e_3(s)

dR < 2

c_1(s) c_2(s) c_3(s)

e_1(s) e_2(s) e_3(s)



CPC2:



CPC2: &



Numerical analysis :   



Numerical analysis :   

Basic cuts

c_1(s) c_2(s) c_3(s) d_1(s)

d_2(s) d_3(s) d_4(s)

dR > 2

c_1(s) c_2(s) c_3(s) d_1(s)

d_2(s) d_3(s) d_4(s)

dR < 2

c_1(s) c_2(s) c_3(s) d_1(s)

d_2(s) d_3(s) d_4(s)



CPV1: &



CPV1:



CPV2:



CPV2: &
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The comprehensive signal-background analysis – HL-LHC

• The backgrounds include



The comprehensive signal-background analysis – HL-LHC

Box diagram 
dominant



The comprehensive signal-background analysis – HL-LHC

• V



The comprehensive signal-background analysis – HL-LHC



The comprehensive signal-background analysis – HL-LHC

NOW

FUTURE



The comprehensive signal-background analysis – HL-100 TeV Collider

• The backgrounds include



The comprehensive signal-background analysis – HL-100 TeV Collider



The comprehensive signal-background analysis – HL-100 TeV Collider

We can not pin down for 1-
sigma error regions.



The comprehensive signal-background analysis – HL-100 TeV Collider

The boundaries of 
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Discussions and Conclusions

• 1. One of the major goals of the HL-LHC and HL-100 TeV hadron 
collider is to unfold the mystery of the EWSB mechanism, which is 
related to the origin of mass. We have investigated the trilinear self-
coupling of the Higgs boson in Higgs-pair production using the most 
promising channel with a fully comprehensive 
signal-background analysis.



Discussions and Conclusions

• 2. We have performed an exploratory study with heavy degrees of 
freedom being integrated out and resulting in possible modifications 
of the top-Yukawa coupling, Higgs trilinear coupling, and a new 
contact ttHH coupling, as well as the potential CP-odd component in 
the Yukawa and contact couplings.



Discussions and Conclusions
• 3. We have identified useful variables — the angular separation 

between the decay products of the Higgs boson — to discriminate 
among the contributions from the triangle, box, and contact diagrams. 

The triangle diagram, which 
contains an s-channel Higgs 
propagator, does not increase 
as much as the box diagram or 
the contact diagram with the 
center-of-mass energy.



Discussions and Conclusions

Higgs boson trilinear self-coupling precision test !



Discussions and Conclusions

• 5. The large event samples of signal and background processes can 
afford machine learning, which is believed to give more efficient 
background rejection and signal retention. (In Progress !)





Back-up Slide



Measurement of the Higgs Self-coupling at the ILC



Measurement of the Higgs Self-coupling at the ILC



Use machine learning analysis to 
disentangle these degenerate 
points          ?  



Cross sections for various HH production channels



Monte Carlo samples

LHC



Monte Carlo samples

100 TeV hadron 
collider



Fake rate

LHC



Fake rate

100 TeV hadron 
collider


