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Motivations

• Self-coupling of the Higgs boson is a crucial property which 
depends on the dynamics of the electroweak symmetry 
breaking sector.

• One of the probes of Higgs self-coupling is the Higgs-boson-
pair production at the LHC.

• In this work, we perform the most up-to-date comprehensive 
signal-background analysis for Higgs-pair production through 
gluon fusion and the H(→ bb)H(→ γγ) channel at the HL-LHC 
and HL-100 TeV hadron collider, with the goal of probing the 
self-coupling λ3𝐻𝐻 of the Higgs boson.
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Understanding the process 
in the effective Lagrangian

★ In the SM, λ3𝐻𝐻=𝑔𝑔𝑡𝑡𝑠𝑠 = 1 and 𝑔𝑔𝑡𝑡𝑡𝑡𝑠𝑠 = 𝑔𝑔𝑡𝑡𝑡𝑡𝑃𝑃 = 0

In the gluon fusion process at the hadron collider

The differential cross section is given by

SM Higgs self couplings

𝑔𝑔𝐻𝐻𝐻𝐻𝐻𝐻 =
3𝑚𝑚𝐻𝐻
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Feynman diagrams

Important Interference term !!! ↔ λ3𝐻𝐻𝑁𝑁𝑁𝑁𝑁𝑁−𝑆𝑆𝑆𝑆

Propagator of Higgs



For the reference, there are various production modes
λ3𝐻𝐻=λ3𝐻𝐻𝑆𝑆𝑆𝑆 = 1

The gluon fusion production mode 
is dominant one !

14 TeV

(gg -> HH) = 45.05 fb, 
(qq0 -> HHqq0) = 1.94 fb, 
(qq(0) -> V HH =0.567(V = W) =0.415(V = Z) fb, 
(gg/qq -> ttHH) = 0.949 fb 
are calculated at
NNLO+NNLL, NLO, NNLO, and NLO, respectively



continue ….

100 TeV

The 100 TeV cross sections
(gg -> HH) = 1749 fb, 
(qq0 -> HHqq0) = 80.3 fb, 
(qq(0) -> V HH = 8.00(V =W) =8.23(V = Z) fb, 
(gg/qq -> ttHH) = 82.1 fb 
are calculated at the same orders as at 14 TeV.

λ3𝐻𝐻=λ3𝐻𝐻𝑆𝑆𝑆𝑆 = 1



Including top Yukawa uncertainty !

Ratio of cross sections (gg -> HH)=(gg -> HH)SM versus 3H taking account of 10%
uncertainty of the top-Yukawa coupling: gSt = 1:1 (black), 1 (blue), and 0:9 (red) for sqrt(s) = 14 TeV (left) 
and sqrt(s) = 100 TeV (right).



In the heavy quark limit

There is large cancellation between the triangle and box diagrams

The production cross section normalized to the corresponding SM cross section :

0.263 -1.310 2.047 14 TeV

0.208 -1.108 1.900 100 TeV
JHEP 1508(2015) 133

Interference term



Outline of simulations and event selections

• Our goal is to disentangle the effects of the trilinear Higgs 
coupling, which is present in the triangle diagram, in Higgs 
pair production.

• We vary the value of the trilinear coupling λ3𝐻𝐻 between -5 
and 10 to visualize the effects of λ3𝐻𝐻 .

• We consider the full set of backgrounds.



Outline of simulations

2015 MadGraph school on Collider Phenomenology November 23-27 @ Shanghai

Hadronization and showering
Processes

Hard Scattering Part Reconstruction level

b-jet efficiency

c-jet efficiency

ATL-PHYS-PUB-2016-026





Main fake processes and the corresponding rates



Event selection

These conditions of cuts are very important to distinguish signal and background !!!!!



0.4 < ∆𝑅𝑅𝛾𝛾𝛾𝛾 < 2.0 0.4 < ∆𝑅𝑅𝑏𝑏 �𝑏𝑏 < 2.0

Signal-region-like Background-region-like Signal-region-like Background-region-like



𝑃𝑃𝑇𝑇
𝛾𝛾𝛾𝛾 > 80 GeV

Signal-region-like
Background
-region-like

𝑃𝑃𝑇𝑇𝑏𝑏
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Background
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Final Results I : 
Expected Yields and Kinematic distributions 

of 𝑀𝑀ΥΥ(GeV) and𝑀𝑀𝑏𝑏�𝑏𝑏(GeV) 



Combined significance 
= 1.194

Signal



Essence of analysis results at the HL-LHC

𝑍𝑍 = 2 ( 𝑠𝑠 + 𝑏𝑏 ln 1 +
𝑠𝑠
𝑏𝑏 − 𝑠𝑠) ]



Required luminosity for 95% confidence level sensitivity 
at the 14 TeV HL-LHC v.s λ3𝐻𝐻. 





Main fake processes and the corresponding rates



Event selection at the 100 TeV Hadron collider

We relaxed these two conditions to enhance the signal yields !



Final Results II : 
Expected Yields and Kinematic distributions 

of 𝑀𝑀ΥΥ(GeV) and𝑀𝑀𝑏𝑏�𝑏𝑏(GeV) 
at HL-100 TeV collider 



Combined significance 
= 9.981

Signal



The number of signal event N 
v.s λ3𝐻𝐻 with 3 𝑎𝑎𝑏𝑏−1

The 1-σ error regions v.s the input values of λ3𝐻𝐻𝑖𝑖𝑁𝑁
assuming 3 𝒂𝒂𝒂𝒂−𝟏𝟏 (black) and 30 𝒂𝒂𝒂𝒂−𝟏𝟏 (red) 

`
∆𝑠𝑠 = 𝑠𝑠 + 𝑏𝑏
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HL-100 TeV hadron collider

∆λ3𝐻𝐻=λ3𝐻𝐻𝑁𝑁𝑜𝑜𝑡𝑡 − λ3𝐻𝐻𝑖𝑖𝑁𝑁 v.s λ3𝐻𝐻𝑖𝑖𝑁𝑁 along the λ3𝐻𝐻𝑁𝑁𝑜𝑜𝑡𝑡= λ3𝐻𝐻𝑖𝑖𝑁𝑁 line 
with 3 𝑎𝑎𝑏𝑏−1 (left) and 30 𝑎𝑎𝑏𝑏−1(right)  

∆λ3𝐻𝐻 ≤ 0.3



Conclusion I [HL-LHC]

• We find that even for the most promising channel 
H(→ bb)H(→ γγ) at the HL-LHC with a luminosity of 3000 𝑓𝑓𝑏𝑏−1,
the significance is still not high enough to establish the Higgs 
self-coupling at the SM value.

• Instead, we can only constrain the self-coupling to
−1.0 < λ3𝐻𝐻< 7.6 at 95% confidence level after considering the 
uncertainties associated with the top-Yukawa coupling and the 
estimation of backgrounds.



Conclusion II [HL-100 TeV hadron collider]

• With a luminosity of 3 𝑎𝑎𝑏𝑏−1, we find there exists a bulk 
region of 2.6 < λ3𝐻𝐻< 4.8 in which one can not pin down the 
trilinear coupling.

• At the SM value, we show that the coupling can be measured 
with about 20% accuracy.

• While assuming 30 𝑎𝑎𝑏𝑏−1, the bulk region reduces to
3.1 < λ3𝐻𝐻< 4.3 and the trilinear coupling can be measured 
with about 7% accuracy at the SM value.



Machine learning approaches to 
the Higgs boson self coupling
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Why Higgs pair production so difficult ?

In the SM, hh rates are small : In the leading gluon fusion production mode, the cross section at 14 TeV is only 40 fb,
further suppressed by each decay branching fractions.



Why Higgs pair production so difficult ?
∙ Xsec(gg -> hh) = 39.64 −6.0

+4.4 (scale) ±2.1 𝑃𝑃𝑃𝑃𝑃𝑃 ± 2.2 α𝑠𝑠 fb @ [14 TeV, 𝑚𝑚ℎ = 125 GeV]

NNLO cross sections including top quark mass effects to NLO
Phys. Rev. Lett. 117, 012001 [S.Borowka, et al. ] 

∙ O (10^-3) smaller than the single Higgs production (SM)

Xsec(gg -> hh) ~ 40 fb                                           Xsec(gg -> h) ~ 50 fb         @ 14 TeV

∙ For the reference, with Xsec ~ 33 fb at 13 TeV,
2017 LHC @ 13 TeV with 40 fb^-1                 1320 Events

14 TeV with 40 fb^-1                 1600 Events



Why Higgs pair production so interesting ?

may reveal the doublet nature of the Higgs by means of the hhVV coupling

can probe the Higgs self-coupling

Allows accessing crucial components of the Higgs sector !!!

can help to reconstruct the electroweak symmetry breaking potential



Search channel for Higgs pair production
Channel BR(%) Events with 3 ab^-1

bbbb ~ 33 40080

bbWW ~ 25 30000

bbττ ~ 7.3 9000

WWWW ~ 4.3 5200

bbΥΥ ~ 0.27 5200

bbZZ(eemm) ~ 0.015 19



Machine Learning approaches to 
the Higgs boson self coupling
① BDT(Boosted Decision Tree) : 

1. Phys.Rev. D96 (2017) no.3, 035022 (Alves, Alexandre et al.) arXiv:1704.07395 [hep-ph]

BDT + kinematic cuts 5 σ (4.6 σ) significance with 10 %(20%) systematics and 3 ab^-1

② (Supervising) Deep Neural Networks (DNN) :
1. “Supervising Deep Neural Networks with topological augmentation in search for di-Higgs production 

at the LHC (Won Sang Cho, next speaker)
5 classes by the number of leptonic taus
Optimass & its compatibility distance with dim. Of vars ~ 40  

bbΥΥ

bbWW + bbττ

AUC of ROC = 0.991
Eff(sig)

@(Background purity=0.01) = 0.84



Machine Learning approaches to 
the Higgs boson self coupling
③ DNN ( ANN  : a multi-layer feed-forward artificial neural network )  : 

1. Eur. Phys. J. C (2016) 76:386 (Katharina Behr, Bortoletto et al.) arXiv:1512.08928 [hep-ph]

DNN + kinematic cuts 𝑆𝑆
𝐵𝐵
~ 3 σ significance with 3 ab^-1

bbbb



Machine Learning approaches to 
the Higgs boson self coupling



Summary Table
Channel Achievable

Significance (σ )
Methods Papers Remarks

bbbb ~ 3 Kinematic Cuts+ DNN Eur. Phys. J. C (2016) 76:386 HL-LHC (3 ab^-1)

~ (3.1 ~ 5.7) DNN Arxiv: 1609.002541 100 TeV FCC (10 ab^-1)

bbWW

bbττ

WWWW

bbΥΥ ~ 5 (4.6) Kinematic Cuts + BDT Phys.Rev. D96 (2017) no.3, 035022 HL-LHC (3 ab^-1), 

~ 2.1 Kinematic Cuts + BDT Preriminary With full BGs.

bbZZ(eemm)

DNN Recnt Dr. Won Sang Cho work HL-LHC (3 ab^-1)
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Conclusion
1. Higgs pair production can allow us to reconstruct the EWSB potential 

and to understand the nature of the EWSB mechanism ! 
2. The bbΥΥ channel can offer the appropriate yields and clean(?) signal.
3. Various multivariate classification methods based on machine learning techniques are used to 

consider the enhancement of significance in measuring the Higgs self coupling.
4. We found that the BDT-related methods (+ cut-based analysis) can give the best results compared 

with other methods.
5. Presently, we are checking consistencies of our methods.



Conclusion
1. Higgs pair production can allow us to reconstruct the EWSB potential 

and to understand the nature of the EWSB mechanism ! 
2. The bbΥΥ channel can offer the appropriate yields and clean(?) signal.
3. Various multivariate classification methods based on machine learning techniques are used to 

consider the enhancement of significance in measuring the Higgs self coupling.
4. We found that the BDT-related methods (+ cut-based analysis) can give the best results compared 

with other methods.
5. Presently, we are checking consistencies of our methods.



BACKUP SLIDES



λ dependency with BDT



λ dependency with MLP



Higgs pair productions
Vector Boson FusionGluon Fusion

Top associated productions Higgs strahlung



Future colliders

HL-LHC
(High luminosity LHC)

HE-LHC ,
(High Energy LHC)

VHE-LHC
(Very High Energy 

LHC)

FCC-hh

(TLEP) CEPC
(Circular Electron Positron Collider)

SPPC
(Super Proton Proton Collider)

ILC
(International Linear Collider)

CLIC
(Compact Linear Collider)

Snowmass 1310.8361

FCC-ee
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