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1st 2nd 3rd

July 4th 2012: Higgs discovery
§ Discovery of “a/the(?)” Higgs boson w/ mH=125.38±0.14 GeV (~0.2%)
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Higgs boson

LHC Run 1 

July 4, 2012

- Completes the Standard Model (SM) 
of particle physics 

- Plays a central role: Interacts w/ all 
massive particles
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Higgs as an exploration tool
§ “New Physics” (BSM) can modify Higgs properties

◆ Which precision/sensitivity?
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BSM O(1TeV): Impact on H-couplings

Arxiv:1708.08912

e.g. Λ=1 (5)TeVà~5 (0.1)%

https://arxiv.org/pdf/1708.08912.pdf
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BSM O(1TeV): Impact on H-couplings

Arxiv:1708.08912

e.g. Λ=1 (5)TeVà~5 (0.1)%

SM
~4x

SM

BSM

Higgs kinematics

e.g. pT(H)~500 GeV
Λ=1 (5)TeVà~25 (1)%
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BSM O(1TeV): Impact on H-couplings

Arxiv:1708.08912

e.g. Λ=1 (5)TeVà~5 (0.1)%

SM
~4x

SM

BSM

Higgs kinematics

The discovery of the Higgs boson opens a whole new chapter of exploration

e.g. pT(H)~500 GeV
Λ=1 (5)TeVà~25 (1)%

https://arxiv.org/pdf/1708.08912.pdf
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Outline:
• Introduction: LHC and CMS experiment
• Higgs physics: current status
• Jet tools: Review of a decade and recent developments
• Challenging Higgs interactions

• Higgs-charm coupling
• Higgs pair production

• Summary and outlook
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LHC 
Higgs discovery

AI for Higgs; JHU March 2023

Geneva 
airport

SPS
W/Z discovery

The Large Hadron Collider at CERN
The LHC 
tunnel
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The Large Hadron Collider at CERN
Compact Muon Solenoid (CMS)

LHC 
Higgs discovery

Geneva 
airport

SPS
W/Z discovery

The LHC 
tunnel
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The Compact Muon Solenoid experiment
Largest silicon tracker ever made

[σ(pT)/pT~ 1.5∙10-4pT(GeV)⊕0.005]

ECAL: 76K scintillating 
PbWO4 crystals

[σ(E)/E ≈
2.9%/√E(GeV)⊕0.5%⊕0.13GeV/E]

HCAL:
Brass + plastic Scintillator 

(~7K channels)
[σ(E)/E ≈ 120%/√E(GeV)⊕6.9%]

4T superconducting
solenoid

Muon System:
CSC, RPC, DT

[σ(pT)/pT ≈ 1 (5)% for low 
(high) pT muons]
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A collision event at CMS



Loukas Gouskos

CMS event reconstruction
§ Combines information from all subdetectors

◆ Provides mutually exclusive list of particles
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Jet reconstruction
§ A Jet in theory:

◆ Quarks and gluons carry color and interact via the strong force
• QCD confinement allows only colorless states

◆ Jet is seen as a spray of hadrons produced by the hadronization 
of quarks & gluons [forming bound states]

§ Experimentally: 
◆ Cluster the reconstructed 

particles in the detector
◆ softer-particles cluster 

around the hardest ones
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Higgs boson:
Current status & next milestones
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LHC: A Higgs factory
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VH
ttH

ggH
VBF

~1Higgs/sec

Production #Higgs Run 2
ggH 7M

VBF 500K

VH 300K

ttH 70K

mH=125 GeV

Production Decay

Decay BR [%]
bb 60%

WW 20%

ττ 6%

cc 3%* for comparison: ttbar: 100 M, QCD: 1010 M
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Flash back: Run 1
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W±

Z0

γ

g

Forces

via
loops
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Flash back: Run 2
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t

b

τ

ντ

3rd-Gen

W±

Z0

γ

g

Forces

via
loops
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Flash back: Run 2
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t

b

τ

ντ

3rd-Gen

W±

Z0

γ

g

Forces

Impressive agreement ! 
via

loops
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Next stop: 2nd-Gen

19

Higgs-muon ?

c

Higgs-charm?

t

b

τ

ντ

3rd-Gen

W±

Z0

γ

g

c

s

μ

νμ

2nd-GenForces

via
loops
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Next stop: 2nd-Gen::H-μ coupling
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W(àev)H(àμμ) @13 TeV
high-pT
electron

neutrino
[MET]

Hàμμ

CMS:   obs: 3σ (exp: 2.5 σ)
ATLAS: obs: 2σ (exp: 1.7 σ)

signal strength
μ = 1.2±0.4

Evidence of Higgs coupling to 
2nd generation leptons 
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Towards Higgs-charm coupling
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Mission: Impossible (?)
§ Similar concept to Hàbb but two big challenges

◆ Small BR (Hàcc): ~20x smaller than BR(Hàbb)
◆ Charm-quark identification much more challenging than for b quarks

22

light (u,d,s,g) jet bottom jet

charm jet

Incredibly hard to search for @LHC
Needs novel tools and techniques [& HL-LHC]
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“In conclusion, the extraction of a signal
from Hàbb decays in the WH channel
will be very difficult at the LHC, even
under the most optimistic assumptions for
the b-tagging performance and calibration
of the shape and magnitude of the various
background sources from the data itself.”

*ATLAS Technical Design report (1999)
- feeling not different in CMS

But: Often exceed expectations Hàbb observation
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Jet identification (“tagging”)

24

Type of elementary particle 
that initiated the jet?
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?

Resolved-jet
gluon, u, d, s, 

c, b, τ…?
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Jet identification (“tagging”)
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?

Resolved-jet
gluon, u, d, s, 

c, b, τ…?

Merged-jet
W, Z, H, top …?

2xmH/pT(H)
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Jet tagging basics

27

Flavour

?

- Larger lifetime of b/c hadrons
- Displaced tracks/vertices
- Harder fragmentation
- Non-isolated leptons
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eg, q/g

eg, W, Z, H

eg, top
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Jet tagging basics
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?
substructure

eg, q/g

eg, W, Z, H

eg, top

Light q/g: m(jet)à0 GeV

Higgs: m(jet)à125 GeV
jet mass [GeV]

Jet mass

Flavour
- Larger lifetime of b/c hadrons
- Displaced tracks/vertices
- Harder fragmentation
- Non-isolated leptons
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Jet tagging basics

30

?
substructure

eg, q/g

eg, W, Z, H

eg, top

Light q/g: m(jet)à0 GeV

Higgs: m(jet)à125 GeV
jet mass [GeV]

Jet mass

Flavour
- Larger lifetime of b/c hadrons
- Displaced tracks/vertices
- Harder fragmentation
- Non-isolated leptons

- In the beginning: 
unclear what correlations existed among these
- Early days: 
Algorithms based on High-level variables as 
input to simple ML
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Exploring more of CMS potential
§ But: highly collimated decay products

◆ difficult to identify patterns

§ Towards particle-based jet tagging
◆ CMS PF algo: Rich set of info / particle 
• Energy/momentum
• Position
• Particle type
• Displacement from PV
• Reconstruction quality
• ….

§ Ideal case for Deep Learning (DL) based algorithms with low-level inputs

31

Jet 
substructure

Flavour

Facts:
- O(50-100) particles per jet
- O (50) features per particle
~O(1000) inputs/jet
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Exploring more of CMS potential
§ Latest approach: Jet tagging using jet constituents directly
§ Then: use Deep Learning (DL) à Key: Jet representation

32

Hàcc

Jet Image

detector à camera
jet à image
Cons: - sparse images

- heterogeneous detectors
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Hàcc

Jet Image

detector à camera
jet à image
Cons: - sparse images

- heterogeneous detectors

Particle Sequence

particles

Ε
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Exploring more of CMS potential
§ Latest approach: Jet tagging using jet constituents directly
§ Then: use Deep Learning (DL) à Key: Jet representation
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Hàcc

Jet Image

detector à camera
jet à image
Cons: - sparse images

- heterogeneous detectors

pa
rti

cle
 p

ro
pe

rti
es

Optimal exploration of detector 
granularity & event reconstruction potential

Ε

η

φ

ID

Particle Sequence

particles
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A game changer
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Fa
ke

 ra
te

 (B
ac

kg
ro

un
d)

bb-tagging

better

20%

High-level info
+ Simple ML

>10x 
improved

BKG rejection

Low-level info
+ Advanced DL

[particle sequence]

Hàbb identification
NeurIPS 2017

CMS-DP-2017-049
JINST 15 (2020) P06005

https://dl4physicalsciences.github.io/files/nips_dlps_2017_10.pdf
https://cds.cern.ch/record/2295725?ln=el
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Pushing the limits in jet tagging
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Pushing the limits in jet tagging

§ “Point clouds”: Objects represented as unordered set of points

37
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Point clouds
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“far”

“close”

Represent the object 
as a set of “points”

Group points based on 
similarity [usually using ML]

e.g. Identify the wings
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ParticleNet
§ Improved jet representation:  

Particle Sequences à Particle Clouds
◆ Treat the jet as an 

unordered set of particles

§ Improved Network architecture: 
Graph Neural Networks
◆ Particle cloud represented as a graph
◆ Each particle: vertex of the graph; 

Connections b/w particles: the edges

§ Learn from the Graph
Follow a hierarchical approach
◆ First local structures à then more global

39

particles

pi,1

pi,2

pi

pi,5

pi,3

pi,4

SVi,6

SVi,8

H. Qu and LG
PRD 101 056019 (2020)

https://arxiv.org/abs/1902.08570
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§ Convolution operations proven to be very powerful
Extracting info from an image

Fixed grid: →
Convolution

40
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§ Convolution operations proven to be very powerful
Extracting info from a cloud

→

particle 
cloud:

not straight forward …
- Irregular and unordered sets
- Requires permutation invariant 
convolutional operation

Fixed grid:

Convolution

41
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§ Find the k-nearest neighbors of each particle
Convolution on particle clouds

Nearest Neighbors

pi,1

pi,2

pi

pi,5

pi,3

pi,4

SVi,6

SVi,8

42
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§ Find the k-nearest neighbors of each particle
§ Design a permutation invariant convolution operation

◆ Define edge feature function à aggregate edge feat. w/ symmetric func.

§ In a nutshell:

Convolution on particle clouds

ParticleNet:
hΘ: MLP [shared across edges]

: average over all k-NN

pi,1

pi,2

pi

pi,5

pi,3

pi,4

SVi,6

SVi,8
pi,1

pi,2

pi

pi,5

pi,3

pi,4

SVi,6

SVi,8

ConvolutionNearest Neighbors

43
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§ Find the k-nearest neighbors of each particle
§ Design a permutation invariant convolution operation

◆ Define edge feature function à aggregate edge feat. w/ symmetric func.
§ Update Graph: Use feature space produced after convolution

◆ i.e. a mapping from one particle cloud to another

§ In a nutshell:

Convolution on particle clouds

pi,1

pi,2

pi

pi,5

pi,3

pi,4

SVi,6

SVi,8
pi,1

pi,2

pi

pi,5

pi,3

pi,4

SVi,6

SVi,8 p’
i,1

p’
i,2

p’
i

p’
i,5

p’
i,3

p’
i,4

Update Graph

ParticleNet:
hΘ: MLP [shared across edges]

: average over all k-NN

ConvolutionNearest Neighbors

44
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ParticleNet in action
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Fa
ke

 ra
te

cc-tagging

Particle 
sequences

JINST 15 (2020) P06005

CMS-DP-2022-005Hàcc identification

https://arxiv.org/abs/2004.08262
https://cds.cern.ch/record/2805611?ln=el
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ParticleNet in action
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Fa
ke

 ra
te

cc-tagging

Particle 
sequences

JINST 15 (2020) P06005

CMS-DP-2022-005Hàcc identification

Confirmed in data 

jet momentum

https://arxiv.org/abs/2004.08262
https://cds.cern.ch/record/2805611?ln=el
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ParticleNet in action
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Fa
ke

 ra
te

cc-tagging

Particle 
sequences

JINST 15 (2020) P06005

CMS-DP-2022-005Hàcc identification

Confirmed in data 

jet momentum

Other ParticleNet applications [in CMS]:
- jet mass reconstruction
- event reconstruction/clustering
- real-time selection [since Run 3] 

https://arxiv.org/abs/2004.08262
https://cds.cern.ch/record/2805611?ln=el
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§ And other experiments: in DM and Astroparticle physics

ParticleNet … beyond colliders

48

Dark Matter [e.g. LDMX]

End-to-end 
calorimetry reconstruction 

Neutrino physics [e.g. KM3Net]

Pattern recognition of 
comics-rays direction
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Back to Hàcc

49



Loukas Gouskos

The Hàcc analysis
§ Target VH production 

◆ Smaller production cross-section but clean signature

50

§ Challenges [reminder]:
◆ Small BR
◆ Charm tagging

Fully explore Higgs decay topology

§ Target leptonic decays of V boson
◆ Suppress QCD background
◆ Main backgrounds:

ttbar, W/Z+jets
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Hàcc candidate

51

Zàμμ

Hàcc

Hàcc candidate
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Analysis strategy
§ Two complementary approaches for Higgs reconstruction

52

c

c

Traditional approach: Resolved-jet

Higgs 
boson

- Larger signal acceptance
- but also larger BKGs..
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Analysis strategy
§ Two complementary approaches for Higgs reconstruction
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c

Higgs 
boson

c

c

Final result: Combination of two topologies

c

Traditional approach: Resolved-jet

Higgs 
boson

Novel approach: Merged-jet

- Larger signal acceptance
- but also larger BKGs..

- Improved signal purity
- Better exploit correlations 

between charm quarks
- Use state-of-the-art tools

[i.e., ParticleNet]
Boost (pT [jet])
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Event-level separation
§ Large and complex backgrounds against small signal

◆ Need powerful discrimination power à “Machine Learning”
◆ Small systematic uncertainties

54

Event classifier

Backgrounds

Signal

Tip:
- Classifier designed allowing 
“in-situ” ParticleNet calibration

- ~30% reduced systematics
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Background estimation
§ Complex backgrounds à data-driven approach:

◆ Design a data control region / BKG process
◆ Measure the process and extract corrections
◆ Transfer them to the search region to correct BKGs

55

v

v v
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Signal extraction
§ Look for an excess in data compatible with Hàcc

◆ IF no excess:
set limits on the maximum possible Hàcc rate allowed by the data

56
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How all these work in data?

57
Zàcc: 1st observation at hadron colliders!

“Blinded”

Z boson

Technique proven on VZ(àcc)
5.7σ (5.9σ) Obs (Exp)
μ = 1.01 ± 0.22

Golden candle

c

c
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Look for VHàcc

58

Z boson

“Unblind” Higgs mass

Hàcc signal strength
μ = 7.7+3.8

-3.5

Higgs boson

Hàccc

c
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VH(àcc) results

59

PRL 131 (2023) 061801

Merged

Resolved

Combination *
improvement

Previous 
CMS result

Improvements:
- 3x from charm-tagging
- 2x from additional data

Strongest limits to date @LHC:
- CMS: obs: 14 (exp: 7) 

Constraints on Higgs-charm coupling
obs: 1.1<|κC|<5.5 (exp: |κC|<3.4) 
Comparable to previous (ATLAS, LHCb) 
projections for HL-LHC [i.e. 20x more data]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061801
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Intermediate summary

60

v

v v

v
v

v2015 2019 2022 HL-LHC

LHCb 1.98 fb-1

UL<7600

LHCb 300 fb-1

UL <O(10)

ATLAS 36 fb-1

UL < 150
ATLAS 139 fb-1

UL < 31

~1.3σ

CMS 36 fb-1

UL < 37

CMS 138 fb-1

UL < 7.6

O(10000)à….à O(10) in ~5 years
Lot’s of effort & ingenuity in multiple areas

U
L 

on
 σ

(V
H
à

cc
)
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v

v v

v
v

v

LHCb 1.98 fb-1

UL<7600

LHCb 300 fb-1

UL <O(10)

ATLAS 36 fb-1

UL < 150
ATLAS 139 fb-1

UL < 31

~1.3σ

CMS 36 fb-1

UL < 37

CMS 138 fb-1

UL < 7.6

O(10000)à….à O(10) in ~5 years
Lot’s of effort & ingenuity in multiple areas

Looking ahead: HL-LHC

Simultaneous extraction 
of H-c and H-b coupling

Reach SM sensitivity!

ATLAS 3000 fb-1

UL < 6.4

CMS 3000 fb-1

UL < 1.6

U
L 

on
 σ

(V
H
à

cc
)

2015 2019 2022 HL-LHC
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Still a long way ahead
§ HL-LHC: potentially evidence [3σ] of Higgs-charm coupling

◆ Only a future e+e- machine can guarantee observation

62

better

ParticleNet@FCCee

Z(àvv)
H(àqq) bb cc ss gg

δμ/μ (%) 0.3 2.1 100 0.8

charm tagging
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The big picture

63

Z(àvv)
H(àqq) bb cc ss gg

δμ/μ (%) 0.3 2.1 100 0.8 t

b

τ

ντ

3rd-Gen

W±

Z0

γ

g

c

s

μ

νμ

2nd-GenForces

via loops

Will be established 
@(HL-)LHC 
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Z(àvv)
H(àqq) bb cc ss gg

δμ/μ (%) 0.3 2.1 100 0.8 t

b

τ

ντ

3rd-Gen

W±

Z0

γ

g

c

s

μ

νμ

2nd-GenForces

via loops

Will be established 
@(HL-)LHC 

Maybe @(HL-)LHC
Guaranteed @e+e-
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The big picture
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Z(àvv)
H(àqq) bb cc ss gg

δμ/μ (%) 0.3 2.1 100 0.8

better

t

b

τ

ντ

3rd-Gen

W±

Z0

γ

g

c

s

μ

νμ

2nd-GenForces

via loops

Will be established 
@(HL-)LHC 

Maybe @(HL-)LHC
Guaranteed @e+e-

Tantalizing close 
@FCC-ee

Potential to complete 2nd-Gen 
Yukawa couplings

ParticleNet@FCCee

Strange tagging
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Interactions with two Higgs bosons

66
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The nature of the Higgs potential
§ Big milestone towards fully exploring the Higgs properties

◆ Understand how electroweak symmetry broke in the early universe
◆ Is generation of masses connected to the matter-antimatter asymmetry

67

SM BSM

Higgs mass Shape of potential Measure Higgs 
self-coupling

λ
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Higgs pair production at the LHC
§ Direct access to self-coupling: via Higgs pair production (HH)

§ Very rare (σ ~31fb): 1/1000 of single-H; ~4K HH during Run 2 
68

Dominant production: ggF
Interference [assuming SM]

triangle: lower mHH
box: larger mHH

λ



Loukas Gouskos

HH experimental signatures

69

La
rg

es
t B

R

Cleaner signature

General strategy
- Explore several final states
- No golden channel [as in single-H]

Final states Main drivers (early Run2)

Most sensitive channels:
at least one Hàbb

- Good compromise b/w signal purity 
and acceptance

- Clearly: Jet tagging is critical

bbVV

comb.

bbγγ

bbττ

bbbb
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High pT HHà4b analysis

Hàbb Hàbb

High pT HHà4b analysis
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High pT HHà4b analysisHigh pT HHà4b analysis
Advantages:
§ Largest BR
§ High momentum Higgs bosons

◆ Reduced combinatorial BKG
◆ Improved signal purity

Challenges:
§ Huge QCD background

◆ Hàbb identification
◆ ParticleNet Hàbb tagger

§ Background estimation 
[e.g. QCD, ttbar]

◆ data-driven approach

Hàbb Hàbb
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Sensitivity on HH production

72

bbZZ

Multi-L

bbγγ

bbττ

bbbb

comb.

SM value

Previous result

*improvement

Improvements:
- 4x from b-tagging
- 2x from additional data
HHà4b: drives sensitivity

Strongest limits to date @LHC:
- CMS: obs: 6.4 (exp: 4.0) 

Higgs self coupling (κλ):
- CMS: obs: -3.0<|κλ|<9.9 

(exp: -1.8<|κλ|<8.8)

Results

PRL 131 (2023) 041803

Phys.%20Rev.%20Lett.%20131%20(2023)%20041803
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En route to self-coupling: HHVV
§ HHVV coupling: not established [until recently]

73

vv

κ2V
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En route to self-coupling: HHVV
§ HHVV coupling: not established [until recently]

§ Turning the LHC to a VV collider
◆ Direct sensitivity to VVHH (κ2V) coupling 
• but: Extremely rare [σ~1.7 fb]

74

κ2V
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En route to self-coupling: HHVV
§ HHVV coupling: not established [until recently]

§ Turning the LHC to a VV collider
◆ Direct sensitivity to VVHH (κ2V) coupling 
• but: Extremely rare [σ~1.7 fb]
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§ HHVV coupling: not established [until recently]

§ Turning the LHC to a VV collider
◆ Direct sensitivity to VVHH (κ2V) coupling 
• but: Extremely rare [σ~1.7 fb]
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§ HHVV coupling: not established [until recently]

§ Turning the LHC to a VV collider
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En route to self-coupling: HHVV
§ HHVV coupling: not established [until recently]

§ Turning the LHC to a VV collider
◆ Direct sensitivity to VVHH (κ2V) coupling 
• but: Extremely rare [σ~1.7 fb]

78

κV
2κ2V

SM: large cancelation

HH SM, (κ2V=1)
HH BSM, κ2V=0.8
BKGs

- BSM: striking effect on mHH

- Signature: high pT Higgs 
bosons

Powerful probe of BSM
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§ Same tools as ggF HHà4b, but also exploit VBF signature
◆ high pT(H) regime
◆ ParticleNet Hàbb tagging
◆ Data-driven BKG estimation 

Analysis strategy in a nutshell

79

κ2V

b
b

b
b
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Results on HH-VV coupling

80

CMS

- Tightest constraints to date @LHC
- κ2V=0 excluded by > 6σ à 1st confirmation of HH-VV coupling

PRL 131 (2023) 041803

excl.

κ2V

b
b

b
b

Phys.%20Rev.%20Lett.%20131%20(2023)%20041803
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~2
.6

2 
m

Silicon 
(Si)

|η| ~ 3

|η| ~ 1.5

CE-HCE-E

~25X0 ~10λ

beam~0.28 m

~2 m

Scintillator 
(Sc)

Mid-term future: HL-LHC
§ CMS High Granularity Calorimeter (HGCAL): 

◆ fine lateral and longitudinal segmentation
◆ precision timing capabilities

§ Physics-driven design
• particularly relevant for VBF signatures
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Lot’s of potential

Natural playground for developing 
cutting-edge AI-based algorithms 
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Summary and outlook

82AI for Higgs; JHU March 2023



Loukas Gouskos

Summary and outlook
§ The discovery of the Higgs boson completes a remarkable theory: 

The Standard Model of Particle Physics
◆ Clearly the biggest highlight of the 1st decade of the LHC

§ Since then: Enormous progress in understanding the Higgs particle
◆ Both from the Experiment and Theory communities
◆ Cutting-edge techniques [e.g., AI] in several areas brought substantial 

improvements in sensitivity
• Often reaching sensitivity expected at the end of HL-LHC program

§ Still: Everything looks very SM like
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Summary and outlook
§ The discovery of the Higgs boson completes a remarkable theory: 

The Standard Model of Particle Physics
◆ Clearly the biggest highlight of the 1st decade of the LHC

§ Since then: Enormous progress in understanding the Higgs particle
◆ Both from the Experiment and Theory communities
◆ Cutting-edge techniques [e.g., AI] in several areas brought substantial 

improvements in sensitivity
• Often reaching sensitivity expected at the end of HL-LHC program

§ Still: Everything looks very SM like, but…
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.. and we all know what 
followed after this statement
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Back-ups
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Interpretation [i.e. look for deviations]
§ Signal strength (μ) 

:= Production cross-section x BR

§ Coupling modifiers (κ): 

◆ Simplest framework to probe deviations from SM [express “μ”  to “κ”]
◆ no need of BSM calculations; but simplifications [e.g., blind to polarization, etc..]

§ Effective Field Theory (EFT):

◆ Extension of κ–framework: probe helicity structure and polarization
◆ sensitive to higher-order effects [via operators]
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Indirect bounds
§ New physics can modify Higgs kinematics [e.g. pT(H)]

87

PRL 118, 121801 (2017)

Impact on pT(H): Theory Measurement of pT(H): Experiment
.. and look for deviations
PRL 118, 121801 (2017)

Strong model–dependence L

Constraints on H-c coupling (κC):

IF both κb and κC float:
-33 (31) < κC < 38 (36) OBS (EXP)

-4.9 (-6.1) < κC < 4.8 (6.0) OBS (EXP)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.121801
https://reader.elsevier.com/reader/sd/pii/S037026931930228X?token=298BF8854452128874310E7913F0B3D4D63A084DAC48CAC62CA0EE8D4A392EF30ECD3387E3643E9048D2F45B85F79BFF&originRegion=eu-west-1&originCreation=20230116181057
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Exclusive decay modes
§ Access κc via charmonium decays:

◆ Very clean signature
◆ but: Very rare

BR(HàJ/ψ γ) ~ 3x10-6

88

κc-dependent mμμγ

§ Analysis strategy:
◆ μμ final state
◆ Fit mμμγ to extract signal

- Constraints on κC O(100xSM)
- Far weaker than indirect ones
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§ Based on EdgeConv and DGCNN 
◆ but customized for the jet tagging task

ParticleNet architecture

EdgeConv block

H. Qu and LG
PRD 101 056019 

(2020)

Introduced: 
- features beyond 

spatial coordinates
- residual connections
- MLP conf.

89

https://arxiv.org/abs/1902.08570
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§ Based on EdgeConv and DGCNN 
◆ but customized for the jet tagging task

ParticleNet architecture

ParticleNet Architecture

From local 
to more 
global 

structures

particles 
distributed in η-φ

H. Qu and LG
PRD 101 056019 

(2020)

EdgeConv block
Introduced: 
- features beyond 

spatial coordinates
- residual connections
- MLP conf.

90

https://arxiv.org/abs/1902.08570
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A closer look to the jet mass

§ Traditional approach: 
Jet “grooming”
◆ Pros: - simple 

- well tested in data
◆ Cons: some inefficiency

§ Additional challenge:
Decays to bb/cc
Energy loss via 
(undetected) neutrinos

91

Over-subtraction Additional 
radiation

JINST 15 (2020) P06005

https://arxiv.org/abs/2004.08262
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Improving jet mass reconstruction
§ ParticleNet: to predict the jet mass from its constituents

92

Groomed mass 
[traditional 
technique]

ParticleNet
mass

> 2x improvement in 
jet mass resolution
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Merged-jet: BKG estimation
§ Major backgrounds (i.e. V+jets and ttbar) estimated from data CRs 

◆ CRs are designed to have similar flavor composition as SRs 
• Extract cc-tagging efficiency directly from data
• No need to split V+jets BKG à reduced systematic uncertainties

93

Full analysis validated in 
two data samples:
à Low pT(V)
à Low values of the 

cc-discriminant  

Simple and robust BKG 
estimation stragegy
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Resolved-jet: Analysis strategy
§ Recover signal acceptance by including 

the “traditional” resolved jet topology  

§ Higgs candidate (Hcand) selection
◆ Define two discriminants
• “CvsL”: P(c) / [ P(c) + P(light) ]
• “CvsB”: P(c) / [ P(c) + P(b) ]

§ Hcand:
◆ two highest “CvsL” small-R jets

§ Search region (SR)
◆ Leading “CvsL” jet pass WP:

94

b ~15%

~15%

~5%

DeepFLavour/DeepJet

Flavor Efficiency
c-jet 43%

light-jet 5%

b-jet 15%

Higgs 
boson

c

c
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Resolved-jet: c-jet regression
§ Precise estimation of the b/c-quark energy challenging

◆ energy loss via (undetected) neutrinos from semileptonic decays (~20%)
◆ mis-reconstructed tracks and/or tracks outside jet cone, etc..

95

DNN architecture

• Fully connected 
network

• 6 Layers

Inputs (43 in total):
• Jet kinematics
• Jet composition
• PU information
• Info about leptonic decays
• Secondary vertex (SV) info

Outputs:
• scale correction
• 25% quantile
• 75% quantile

DNN-based regression algorithm

after regressionbefore regression Improve jet energy 
scale & resolution

CSBS 4 (2020) 10
Inspired by:

https://link.springer.com/article/10.1007%2Fs41781-020-00041-z
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Resolved-jet: Further improvements
§ “FSR Recovery”: 

Recover jets from Final State Radiation: 
◆ Jets close [i.e. ΔR<0.8] to Hcand

included in Higgs 4-vector

§ “Kinematic Fit”:
◆ 2L channel i.e. Z(àLL)H(àcc): no genuine sources of missing energy
◆ Improve pT(jet) measurement 

via a kinematic fit
• Constraint 2L system to Z mass
• Balance LL+cc+jets in transverse plane
• Adjust jet energies within EXP resolution
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Up to ~5% improvement 
in m(Hcand) resolution

Up to ~30% improvement 
in m(Hcand) resolution

c

c

c

c
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Resolved-jet: m(Hcand) performance

97

2L channel, pT(V)> 150 GeV  

m(Hcand) resolution

- FSR recovery: 12.3 %

- c-jet regression: 10.9 %

- Kinematic Fit [2L]: 8%
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Resolved-jet: Analysis strategy (II)
§ Precise estimation main BKGs [i.e. V+jets and ttbar] vital

◆ Estimated from dedicated data control regions [CRs]
• N.B.: V+jets split based on flavor composition: (V+c(c), V+b(b)/bc, V+udsg)
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SR

V+b

V+c

ttbar

veto m(Hcand)

invert:  m(Z), add. jets Simultaneously 
fit SRs and CRs

V+
L
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Resolved-jet: Analysis strategy (II)
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SR

V+
L

V+b
ttbar

V+c
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VH(àcc): Results
§ Final result: combination of two topologies

◆ IFF pT(Large-R)>300 GeV à merged-jet, else resolved-jet
• Maximize expected sensitivity

§ Systematics scheme: 
◆ mostly correlated 

but: c/cc-tagging efficiency 
& PDF, μR, μF for V+jets

§ Dominant sources:
◆ Stats of CRs
◆ Statistical power of

MC samples
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Validation using VZ(àcc)
§ Final result: combination of both topologies
§ But first … Validation by measuring VZ(àcc) 
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Technique proven on VZ(àcc)
5.7σ (5.9σ) Obs (Exp)

μ = 1.01 ± 0.22
[1st observation at hadron colliders]

Combination VZ(àcc) signal strength
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§ Jet taggers are correlated with jet mass

§ Depending on the analysis this may not be welcome

Jet mass (de-)correlation

Jet Mass distribution in Background jets 
becomes similar to that from signal:

“Mass sculpting”

Background [e.g. QCD]
Signal [e.g. Z boson]
Signal [e.g. Higgs boson]

Background [e.g. QCD]
Signal [e.g. Z boson]
Signal [e.g. Higgs boson]

Before selection on the tagger After selection on the tagger

102



Loukas Gouskos

§ Several jet mass decorrelation techniques explored so far

§ Sample reweighting: 
◆ reweight QCD m(j) to match the signal one

§ Design Decorrelated Tagger (DDT):
◆ Define a metric e.g.,                                         to capture correlation m(jet)
◆ Then: transform response to preserve constant BKG rejection across m(j):

TaggerDDT = Tagger – X(%)

§ Adversarial networks: 
◆ Introduce an NN to predict m(jet) from the features extracted by the 

nominal network
◆ Acts as penalty term in classifier network

Jet mass (de-)correlation methods

103
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Jet mass (de-)correlation methods

DeepAK8 
[Nominal]

N2 [nominal]

N2DDT [DDT]

BKG jets

QCD jet [inclusive]

JINST 15 (2020) P06005

DeepAK8-MD 
[adversarial nets]

Mass sculpting greatly reduced but not perfect …
104

https://arxiv.org/abs/2004.08262
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§ A new jet mass de-correlation method for 2-prong tagging
◆ Developed in the context of ParticleNet [applicable to any tagger]

§ Strategy:
◆ Design dedicated “signal” samples w/ flat m(X) [X: spin-0 particle] 
• hadronic decays of X à bb, cc, qq [on equal fractions]

◆ Signal and BKG jets re-weighted to a flat distribution in m(jet) & pT(jet) 

Jet mass (de-)correlation methods (II)

à Improved mass decorrelation
No indication of mass sculpting
- even for very tight WPs

CMS-DP-2020-002

BKG jets

mass sculpting

105

https://cds.cern.ch/record/2707946/files/DP2020_002.pdf
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§ A new jet mass de-correlation method for 2-prong tagging
◆ Developed in the context of ParticleNet [applicable to any tagger]

§ Strategy:
◆ Design dedicated “signal” samples w/ flat m(X) [X: spin-0 particle] 
• hadronic decays of X à bb, cc, qq [on equal fractions]

◆ Signal and BKG jets re-weighted to a flat distribution in m(jet) & pT(jet) 

Jet mass (de-)correlation methods (II)
CMS-DP-2020-002

à Improved mass decorrelation
No indication of mass sculpting
- even for very tight WPs

à Minimal performance loss compared 
to the nominal ParticleNet
- ~2x improved performance 

compared to DeepAK8—MD 
(ie adversarial training)

à Training significantly easier

better

~2x loss in 
BKG rejection

MD := mass decorrelated

Hàcc performance
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https://cds.cern.ch/record/2707946/files/DP2020_002.pdf
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§ Challenge: No pure H/Zàbb,cc sample; rely on proxy jets from gàbb,cc
◆ Yet: difficult to select proxy jets w/ similar characteristics to signal jets

§ New method:
Develop a BDT to distinguish 
hard 2-prong splittings, from 
soft-bb/cc radiations

ParticleNet calibration 

proxy-jets

signal-jets

e.g. AK15 jets, Hàcc

e.g. Large-R jets, Hàcc

- Extract SFs from simultaneous fit of m(SV) 
in “pass” and “fail” categories

- For different values of the BDT

BDT

CMS-DP-2022-005

AI for Higgs; JHU March 2023

https://cds.cern.ch/record/2805611?ln=el
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Performance comparison
§ Comparison against various DL-based jet tagging algorithms

◆ tested on a common top-tagging dataset

108

DeepAK8
(v1)

Ensemble
of all 

taggers: 0.986ParticleNet 0.940 1615 ± 93 366k

SciPost Phys. 7, 014 (2019)

https://arxiv.org/abs/1902.09914
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Look for VH(àcc)

109

Resolved + merged topologies

signal strength (μ) = 7.7+3.8
-3.5

“Unblinding” Higgs mass
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Cornerstone: Hcand reconstruction & ID
§ Two complementary approaches
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Resolved: 2 AK4 jets
Merged: 1 AK8 jet
Merged: 1 AK15 jet

CMS
Preliminary

(13 TeV)

 bb,cc→H 

Hcand reco efficiency

merged-jet
topology

Merged-jet (R=1.5)

Higgs 
boson

- Better exploit correlations 
b/w the two c-quarks

c
c

Traditional approach:
Resolved-jet

Higgs 
boson

- Larger σ(VHàcc)
[but also BKGs L]

c

c
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Signal extraction
§ Look for an excess in data compatible with Hàcc

◆ IF no excess:
set limits on the maximum possible Hàcc rate allowed by the data
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Merged-jet
Use Hcand mass

Final result: Combination

Resolved-jet
Use discriminant
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HH extra
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HH ATLAS Full Run 2
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Higgs as an exploration tool
§ “New Physics” (BSM) can modify Higgs properties:
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Higgs couplings
Hi

gg
s-

bo
tto

m
 c

ou
pl

in
g

Higgs-tau coupling

SM

BSM
e.g. SUSY 

LHC Run 2 
constraints on 

Higgs couplings 

BSM models
still “alive”
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Sensitivity on HH production

115

PRL [accepted]

bbZZ

Multi-L

bbγγ

bbττ

bbbb

comb.

SM value

Previous result

*improvement

Improvements:
- 4x from b-tagging
- 2x from additional data
HHà4b: drives sensitivity

Strongest limits to date:
- CMS: obs: 6.4 (exp: 4.0) 
- ATLAS: obs: 5.4 (exp:8.1)

Higgs self coupling (κλ):
- CMS: obs: -3.0<|κλ|<9.9 

(exp: -1.8<|κλ|<8.8)
- 2x better than ATLAS

Results

https://dl4physicalsciences.github.io/files/nips_dlps_2017_10.pdf
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Higgs pair production (VBF)
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CMS

ATLAS

VBF HH: Results

HHVV coupling

~50% from 
ParticleNet Hàbb

~40-50% from ParticleNet 
mass regression

DeepAK8 
+ groomed mass

ParticleNet 
in action

At constant fake rate

QCD ttData VBH HHà4b
(κ2V=0)

Signal extraction
(mHH)

lower S/B à higher S/B à best S/B

excl.


