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MotivationMotivation 1/131/13
▶ Important to measure the Higgs properties and compare with SM predictions
▶ Higgs HHH (kλ), VVH (kV ) and VVHH (k2V ) couplings are potential portals to new

physics, where kX = X
XSM

1 Single Higgs with EWK loop (NLO) corrections depends on kλ

2 Higgs pair production offers experimental access to all couplings
Single-Higgs Di-Higgs

▶ Modifications to the Higgs couplings ⇒ changes in the production cross-section



H and HH Decay ModesH and HH Decay Modes 2/132/13
Single-Higgs Di-Higgs

H HH
Analysis Reference Analysis Reference
H → bb HIG-19-003,HIG-18-016,HIG-17-026 HH → γγbb HIG-19-018
H → ττ HIG-19-010 HH → γγττ HIG-22-012
H → ZZ HIG-19-001 HH → ττbb HIG-20-010
H → γγ HIG-19-015 HH → bbbb HIG-20-005,B2G-22-001,HIG-22-006
H → µµ HIG-19-006 HH → WWbb HIG-21-005

H → WW HIG-20-013 HH → ZZbb HIG-20-004
H → ZZ , WW , ττ (tH or ttH) HIG-19-008 HH → WW γγ HIG-21-014

https://www.arxiv.org/abs/2006.13251
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801
https://www.arxiv.org/abs/1804.03682
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://cds.cern.ch/record/2807752
https://link.springer.com/article/10.1140/epjc/s10052-021-09200-x
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.072004
https://www.arxiv.org/abs/2103.06956
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://www.arxiv.org/abs/2404.08462
https://www.arxiv.org/abs/2009.04363
https://arxiv.org/abs/2403.09430
https://www.arxiv.org/abs/2206.09466
https://link.springer.com/article/10.1007/JHEP06(2023)130
https://www.arxiv.org/abs/2011.03652
https://cds.cern.ch/record/2799151


Resolved and Boosted TopologiesResolved and Boosted Topologies 3/133/13
▶ Two strategies based on H PT

1 Resolved: H products are reconstructed as
individual AK4 jets

2 Boosted: Collinear H products forming a
large-cone AK8 jet

▶ Resolved topologies are effective in constraining scenarios with SM-like
couplings, while boosted ones are sensitive to larger deviations

▶ Deviations in k2V significantly affect the boosted regime
▶ Jet tagging algorithms are now developed for both scenarios

(coverage of the full phase space)
k2V = 1 (Resolved) k2V = 0.8 (Boosted)

arxiv:1611.03860

https://arxiv.org/abs/1611.03860


HH → bbbb ResolvedHH → bbbb Resolved 4/134/13
▶ Phase space: ≥ 4 jets, with ≥ 3 b-tagged
▶ Event categorization based on the 2D mass phase space

Background Estimation
Using the 3b and 4b CRs
Data driven method

ggF/VBF Categorization:
1 Presence of 2 forward jets

with negative η product
2 BDT to separate ggF and VBF

▶ Additional BDT
for ggF Vs Bkg separation

Prefit Distribution (ggF)

-2.3 < kλ < 9.4 (-5.0 < kλ < 12.0) -0.1 < k2V < 2.2 (-0.4 < k2V < 2.5)

UL on σHH : 3.9 (7.8) × σSM
HH

HIG-20-005

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802


HH → bbbb BoostedHH → bbbb Boosted 5/135/13
▶ Phase space: At least 2 AK8 jets with PT ≥ 300 GeV
▶ ggF & VBF Orthogonality: Presence of 2 forward AK4 jets with large mjj and ∆ηjj

▶ ParticleNet algorithm for boosted H → bb Vs QCD discrimination (Xbb score)
ggF

HH: Jets with the highest Xbb score
▶ Event categorization based on the 2nd

jet’s Xbb and BDT output:
T Cat1
M Cat3 Cat2
L QCD CR

Jet2 Xbb/ggF Vs Bkg BDT L M T

VBF
HH: Jets with the highest PT

▶ Event categorization based on the Xbb
score of the 2 H candidates:

T HP
M MP
L LP
B QCD CR

Jet1/Jet2 B L M T

-9.9 < kλ < 16.9 (-5.1 < kλ < 12.2) 0.62 < k2V < 1.41 (0.66 < k2V < 1.37)

σHH : 9.9 (5.1) × σSM
HH

B2G-22-001

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803


HH → bbττHH → bbττ 6/136/13
▶ Phase Space: 1 τh + 1 τh/µ/e and ≥ 2 ak4 jets

Prefit Distribution (VBF) -1.8 < kλ < 8.8 (-3.0 < kλ < 9.9) -0.4 < k2V < 2.6 (-0.6 < k2V < 2.8)

UL on σHH : 3.3 (5.2) × σSM
HH

HIG-20-010

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.072004


HH → bbγγHH → bbγγ 7/137/13
ggF and VBF categorization based on the presence of 2 forward AK4 jets
BDT training to reduce γγ +jets and γ + jets bkg
Dedicated NN to remove ttH bkg
2D mbb and mγγ fit, for signal extraction
Background modeling

1 Single Higgs: Parametrize mγγ and mbb with analytical models
2 QCD: Data-driven, 2D envelope method (mγγ and mbb)

Results:
-3.3 < kλ < 8.5 (-2.5 < kλ < 8.2) -1.3 < k2V < 3.5 (-0.9 < k2V < 3.1)

UL on σHH : 7.7 (5.2) × σSM
HH

HIG-19-018

https://link.springer.com/article/10.1007/JHEP03(2021)257


Combined Results



Higgs Pair Production Cross-SectionHiggs Pair Production Cross-Section 8/138/13

Inclusive Cross-Section VBF Cross-Section

▶ Observed (Expected) Results
Inclusive: 3.5(2.5) × σSM

HH

VBF: 79(91) × σSM
VBF

▶ HH → bbbb, bbττ and bbγγ analyses
play a significant role in the HH
combination

CMS-PAS-HIG-20-011

https://cds.cern.ch/record/2917252


Higgs CouplingsHiggs Couplings 9/139/13

k2V [0.62, 1.42] kλ [-1.39, 7.02] (HH Analyses) kλ [-1.2, 7.5] (H + HH)

kλ Vs k2V

kλ extracted from single Higgs analyses
favors positive values
k2V = 0 scenario is excluded for all kλ

CMS-PAS-HIG-20-011 , HIG-23-006

https://cds.cern.ch/record/2917252
https://arxiv.org/abs/2407.13554


BSM InterpretationBSM Interpretation 10/1310/13

▶ Study the ggF production cross section as a function of 2 HEFT benchmark sets of
coupling modifier combinations (kλ, kt , c2, cg , c2g ) and c2 coupling modifier alone

JHEP04(2016)126

σggF for HEFT Benchmarks
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 = 1tκ = λκ
 = 12Vκ = Vκ

 (13 TeV)-1138 fb

▶ No significant deviations from expectations are observed
▶ Excess in all benchmarks, between 1 and 2 σ

CMS-PAS-HIG-20-011

https://link.springer.com/article/10.1007/JHEP04(2016)126
https://link.springer.com/article/10.1007/JHEP03(2020)091
https://cds.cern.ch/record/2917252


UV ModelsUV Models 11/1311/13
▶ Mapping between kλ, kt and c2 and the parameters of each model, to extract

experimental constraints on those parameters
▶ BSM Models:

1 Additional scalar ϕ (singlet). [1], [2]
2 Additional Higgs doublet (2HDM). [3], [4], [5]
3 Higgs composite models (MCHM4/5). [6], [7], [8], [9]

Singlet with Z2 SSB 2HDM

MCHM4

a = Mixing angle of the scalar
with the doublet
β = v2

v1
ξ = ( v

f )2, f is the strong
dynamics scale

cos(a) > 0.79

tan(β) = 0.5

excluded for

cos(β-a) < -0.13

and

cos(β - a) > 0.16

ξ < 0.45 ξ < 0.26

2HDM

MCHM5

CMS-PAS-HIG-20-011

https://www.arxiv.org/abs/1704.07851
https://www.arxiv.org/abs/1412.8480
https://www.arxiv.org/abs/1106.0034
https://www.arxiv.org/abs/1507.04281
https://www.arxiv.org/abs/1604.01406
https://www.arxiv.org/abs/hep-ph/0703164
https://www.arxiv.org/abs/1012.1562
https://www.arxiv.org/abs/1303.3876
https://www.arxiv.org/abs/1005.4269
https://cds.cern.ch/record/2917252


HHH → 4b2γHHH → 4b2γ 12/1312/13

Motivation
▶ V (h) = 1

2 m2
hh2 + λ3vh3 + 1

4 λ4h4

▶ HHH involves both λ3 and λ4

▶ λ3 and λ4 measurements may reveal
sensitivity to BSM effects

ggF (HHH)

Analysis Strategy
▶ Phase Space: 2γ and 4 AK4 jets
▶ Non-Resonant and Resonant Bkg reduction via 2 separate BDTs
▶ Fake Photon Background Estimation: Data driven method in a photon LSR

-16.1(-13.8) < kλ3 < 20.2(18)
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CMS-PAS-HIG-24-015

https://cds.cern.ch/record/2937680?ln=en


SummarySummary 13/1313/13

▶ ML techniques have expanded the phase space and
improved the sensitivity in determining the Higgs couplings
The final results of the entire Run2 reach high sensitivity
and offer very promising projections for the HL-LHC

▶ Strong constraints achieved on the HH cross section and k2V

▶ Many results on BSM interpretations based on HEFT parametrization
benchmarks, constraints on c2 and UV model interpretations

▶ The Run2 results pave the way for measurements of the Higgs couplings
with the Run3 data, which benefit from improved tools and triggers



BACKUP



HH → bbbb Resolved (HIG-20-005)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802


StrategyStrategy 14/1314/13
Phase space: ≥ 4 jets, with ≥ 3 b-tagged (DeepJet Medium WP)
A DNN algorithm is used for b-jet energy regression

HH Reconstruction:
1 Create the 3 possible HH pairs from the

4 jets with the highest b-tag scores
2 Calculate their distance to the diagonal

in the mass plane (DHH)
3 Choose the smallest DHH or the leading

in PT if |D1
HH − D2

HH | < 30GeV

ggF and VBF Categorization:
1 Presence of 2 forward jets with η1η2 < 0
2 BDT trained to separate ggF and VBF,

exploiting the VBF topology

▶ 2 ggF categories (low and high mHH)

▶ 2 VBF categories using the BDT score



Event CategorizationEvent Categorization 15/1315/13
Based on the 2D mass phase space R1 ≤

√
(M(H1) − C1)2 + (M(H2) − C2)2 < R2

Both 3b and 4b regions are included
SR : 4b with (C1,C2) = (125,120)GeV and (R1,R2) = (0,25)GeV

Control Region
Data driven method
BDT-reweighting model
Extract weights from
3b → 4b CRs
Applied on 3b SR to
model Bkg in 4b SR

Validation Region
Phase space orthogonal to SR
(C1,C2) = (179,172)GeV
Same BDT-reweighting model
and procedure

SR Before ReWeighting SR Afte-ReWeighting VR After-ReWeighting



ResultsResults 16/1316/13

Discriminant Variables: BDT output for ggF, mHH for VBF
kλ and k2V scans:

kλ k2V

▶ Observed (Expected) Results
UL on σggF+VBF : 3.9 (7.8) × σggF+VBF

-2.3 < kλ < 9.4 (-5.0 < kλ < 12.0)
-0.1 < k2V < 2.2 (-0.4 < k2V < 2.5)



HH → bbbb Boosted (B2G-22-001)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803


StrategyStrategy 17/1317/13
▶ Phase space: At least 2 ak8 jets with PT ≥ 300 GeV
▶ ggF & VBF Orthogonality: Presence of 2 forward AK4 jets with large mjj and ∆ηjj

▶ ParticleNet algorithm for boosted H → bb Vs QCD discrimination (Xbb score)
▶ Jet mass regression is performed using the PNet architecture (mreg )

ggF
HH: Jets with the highest Xbb score

Jet1:mSD ≥ 50GeV, Jet2:mreg ≥ 50GeV

Jet1: Xbb > 0.8

ggF Vs Bkg BDT

▶ Event categorization based on jet2 Xbb
and BDT output:

T Cat1
M Cat3 Cat2
L QCD CR

Jet2 Xbb/BDT L M T

VBF
HH: Leading in PT jets

Well separated candidates (∆Φ,∆η)

mreg ∈ (50, 250)GeV

PT 1 ≥ 500GeV, PT 2 ≥ 400GeV

▶ Event categorization based on the 2 jets
Xbb score:

T HP
M MP
L LP
B QCD CR

Jet1/Jet2 B L M T



Background Estimation and DiscriminantBackground Estimation and Discriminant 18/1318/13
▶ PNet Xbb score is calibrated in a QCD region (Data driven method)

ggF
tt recoil correction (fully hadronic final
state)

QCD is estimated from the low score
region

VBF
tt normalization from a semileptonic
region

QCD MC:

▶ Discriminant Variables: Jet2 mreg for ggF, mHH for VBF



ResultsResults 19/1319/13

ggF and VBF combined results
kλ and k2V scans:

kλ k2V

▶ Observed (Expected) Results
UL on σggF+VBF : 9.9 (5.1) × σggF+VBF

-9.9 < kλ < 16.9
0.62 < k2V < 1.41



HH → bbτhτX , X = h, µ, e (HIG-20-010)

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.072004


StrategyStrategy 20/1320/13
▶ Phase Space: 1 τh + 1 τh/µ/e and ≥ 2 ak4 jets
▶ τh and b-jet identification using the DeepTau and DeepFlavour algorithms

H → ττ Reconstruction:
2 opposite sign τ leptons
∆R(τ, τ) > 0.5
SVfit algorithm for mττ reconstruction

H → bb Reconstruction:
HH-Btag NN for H → bb identification
2 jets with the highest HH-Btag score
mbb is the invariant mass of the 2b

HH Mass Selection:
Elliptical cuts around mbb and mττ expected values
( mττ −X

σX
)2 + ( mbb−Y

σY
)2 < 1

Parameters defined by minimizing bkg acceptance
Event Categorization:

Pre-selections
VBF (mjj > 500GeV, |∆ηjj | > 3)

Non VBF
Resolved

Boosted

1b

2b

For all categories a DNN is trained to maximize the signal Vs bkg discrimination



Background EstimationBackground Estimation 21/1321/13
QCD (ABCD Method)

Model is validate in the mass sideband
and in different DeepTau WPs

DYLL
Data-driven corrections
From a Z → µµ enriched region

tt
Data-driven corrections
In the mass sideband of the 2b category
Method is validated in the low DNN score
region of 1b and 2b categories

▶ 2b region for τhτh and τhτe channels after the MC corrections



ResultsResults 22/1322/13

Discriminant Variable: DNN score
kλ and k2V scans:

kλ k2V

▶ Observed (Expected) Results
UL on σggF+VBF : 3.3 (5.2) × σggF+VBF

-1.8 < kλ < 8.8 (-3.0 < kλ < 9.9)
-0.4 < k2V < 2.6 (-0.6 < k2V < 2.8)



HH → bbγγ (HIG-19-018)

https://link.springer.com/article/10.1007/JHEP03(2021)257


Analysis StrategyAnalysis Strategy 23/1323/13
DNN b-jet energy regression and mbb regression to improve resolution
ggF and VBF categorization based on the presence of 2 forward AK4 jets
Separate BDT training for ggF and VBF to reduce γγ +jets and γ + jets bkg
Dedicated NN to remove ttH bkg
Event categorization based on mHH = mγγbb − mbb − mγγ + 2mH and BDT
2D mbb and mγγ fit, for signal extraction
Background modeling

1 Single Higgs: Parametrize mγγ and mbb with analytical models
2 QCD: Data-driven, 2D envelope method (mγγ and mbb)

Results:
-3.3 < kλ < 8.5 (-2.5 < kλ < 8.2) -1.3 < k2V < 3.5 (-0.9 < k2V < 3.1)

UL on σggF+VBF : 7.7 (5.2) × σggF+VBF



H + HH CombinationH + HH Combination 24/1324/13



HEFT BenchmarksHEFT Benchmarks 25/1325/13
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