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Disclaimer and Apologies
Symposium organizers wish for a somewhat 
different talk than those given at previous 
symposia, focusing more on new ideas 
and techniques…

This talk is divided in two parts:
• Highlight a few recent results

- Latest Higgs results
- Observations of di-boson and tri-boson processes

(My apologies for the injustice to many other new results.  
Please do listen to other talks on LHC results at this symposium.)

• Discuss a few results from new ideas 
or using new techniques, new at least at the time.
(Some results are not really new, as it takes time to 
perfect techniques and to bring ideas to fruition. )

(See next talk by Anadi Canepa for what future entails.) (My last Pheno)
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Large Hadron Collider

Here we are
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Luminosities/experiment delivered:
   5 fb      @ 7 TeV
   20 fb    @ 8 TeV
   150 fb  @ 13 TeV
Only 5% of the luminosity envisioned
for HL- LHC
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Tremendous potential for 
increasing statistics, limited 
potential for increasing energy. 
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Proton-Proton Collision Physics

Every process matters:
• Known known processes for 

calibration and for precision 
measurements

• Known unknown processes
to test Standard Model

• Unknown processes  to
search for BSM physics

We are blessed to have a successful
theory called the Standard Model.

LHC explores physics over 10+ order
of magnitude in rates.
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Standard Model Processes

Standard Model is alive and well
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Examples of Limits (SUSY Searches)

No discoveries yet, but not for lack of efforts
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Higgs Boson Physics
* 4H ZZ→ → 

H γγ→

( )
( )* *

  Major production processes , , ,  and decay 

   modes , , , ,  have been established

ggF VBF VH ttH

bb WW ZZττ γγ


  Current efforts focused on precision measurements, studies  
   of production and decay kinematics,  and  couplings,  
   HH production, and searches for BSM phenomena.

H Hccµµ
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Higgs Boson Differential and STXS Measurements
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From inclusive measurements
to differential and simplified-
template cross section (STXS) 
measurements ⇒ Enhancing
sensitivities to BSM contributions

(Reduced Stage 1.1)
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WH, ZH Production with H→bb
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Final states:
    0-lepton:  
    1-lepton:  
    2-lepton:   
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Almost separate observations 
    for WH and ZH processes
 
 
 

(from zero)
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Higgs-Top Coupling CP Structure

Amplitude:

CP-odd fraction:

Matrix-element based discriminant 
to extract the CP-odd fraction.

0.67 @ 95% CLHtt
CPf <
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( )Pure CP-odd  coupling is excluded at 3.2 2.6ttH σ

Extensive CP studies in the  coupling,  production with 
decay is idea to study the CP properties of the Higgs-fermion coupling. 

HVV ttH H γγ→

0.51 pb @ 125 GeVSM
ttHσ 

Identifying top pairs in both leptonic
and hadronic final states. SM fit:

( )0.36
0.291.38  6.6  from 0 .ttHµ σ+
−= ⇒

Similar results from ATLAS: arXiv:2004.04545
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Search for H→Zγ Decay
( )

( )
In the SM 125 GeV :

    0.15%
Hm

B H Zγ

=

→ ≈

Search in ,   final states, 
full Higgs mass reconstruction, 
good mass resolution.

Z ee µµ→

Non-resonant SM Zγ process is 
the main background. Multiple (6) 
categories to take advantage of 
different S/B. 

Fit the mass spectra to extract
the potential signal. 

( )
( )

( )

Observed Expected  
significance: 2.2 1.2

3.6 2.6  @ 95% CL
σ

µ⇒ <

( )1.0
0.92.0µ +
−=
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Search for the Invisible Decay of the Higgs Boson
Two VBF tagging jets recoiling against invisible 
Higgs boson decay. Background dominated by 
V+jets events.

Multiple (11) signal regions based on the mass
and azimuthal separation of the tagging jets

Data control regions to constrain contributions 
from different background sources.
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( )*SM: 4 0.12%B H ZZ ν→ → =

( )
( )

1Previous analysis 36.1 fb
0.37 0.28  @ 95% CLinvB

−

<

Event yields in CRs and SRs

Significant improvement 
beyond the dataset increase
from improved analysis!

ATLAS: arXiv:1809.06682

( )13% 13%
@ 95% CL

invB <
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Observation of VBS ZZ Production

Select two tagging-jets, consider 
4 ,   final states. ZZ νν→  

Signal: Production of ZZ pairs with 
two jets, with only EW vertices at 
the lowest order

Background: Production of ZZ pairs 
with two jets, with QCD vertices.

Signal (EW) Background (QCD)

Use control regions to constrain major
background contributions, BDT based 
multivariate discriminant to improve
S/B separation 

( )
No EW production hypothesis 

is excluded at 5.5 4.3 .σ
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Observation of VVV Production

Diagrams of Higgs, trilinear 
and quartic couplings.

Look for same-sign dilepton and 
multi-lepton signatures

CM
S-

PA
S-

SM
P-
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New Techniques and New Ideas
Changing analysis landscape

• Wide application of machine learning techniques, from searches, 
object identifications, to triggers;

• Proliferation of signal regions to maximize S/B separation;
• Exploring rare SM processes, challenging theoretical calculations;
• Emerging prominence of SSML final states, requiring new techniques 

for suppressing fake lepton contributions; …

New techniques and signatures
• Large-radius jets with substructures for highly boosted V and top decays;
• Highly ionizing particles and displaced vertices 

to search for long-lived particles;
• Tagging of charm-jets, tagging of quark-jets from gluon-jets;  …

Theoretical development
• Descriptions of experimental results in the framework or using

the parameterization of EFT, STXS, and simplified models; 
• Higher order corrections to constrain potential BSM physics;
• New BSM models; …

In the following slides, I will attempt to sample some of these points…
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Tagging c-quark jets is critical for the direct 
measurement of the Higgs-charm coupling, 
Important for testing Yukawa coupling beyond 
the 3rd generation.

Jet flavor tagging is largely based on hadron lifetimes: 
⇒ measurable decay distances

Tagging c-Quark Jets

100 m,   500 mc bc cτ µ τ µ 

c-jet tagging is particularly challenging,  
large backgrounds from both light-quark and b-quark jets.
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Search for H→cc Decay

( ) ( )1.0
0.74.5 2.4  pb

Still long way to be sensitive to SM
VH B H ccσ +

−× → <

arXiv:1912.01662 (CM
S)

Like the  decay, cannot trigger on the
decay  associated production  almost  
the same final state as the ( ). 

H bb

VH bb

→
⇒ ⇒

( ) ( )
-jet tagging is the only tool for separating 

the two. Worse, 20
b c

B H bb B H cc→ ≈ × →

( )

( )

SM 125 GeV :

   2.3 pb

   2.9%

H

VH

m

B H cc

σ
=

≈

→ ≈
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Hcc Coupling from Higgs pT Distribution
 An enhanced Higgs coupling to charm quark will modify the inclusive 

  Higgs p  distribution due to enhanced  contribution.H
T gQ HQ→
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 Constraint on the Higgs-charm coupling can be obtained from the
   the measured p  distribution, e.g., from  and 4  H

T H Hγγ→ →
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4.9 4.8 @ 95% CLc
c SM

c

y
y

κ− < ≡ <

Higgs  shape modificationsTp

(from both the rate and shape info.)(Similar results from ATLAS: arXiv:2004.03969)
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Higgs Boson Self-Coupling

Single Higgs boson production and decay are also sensitive to the 
self-coupling through Higher-order corrections. 

These corrections are generally small in the SM, but can be large 
for large coupling modifications.

Production: Decay

λ

( ) 40 pb @ 13 TeVgg hhσ → ≈

95% CL intervals:
    ATLAS: 5 12 
    CMS:   11.8 18.8

λ

λ

κ
κ

− < <
− < <

(from 36 fb-1 dataset)

(arXiv:1906.02025)

Higgs boson self-coupling can be directly
probed through the measurement of the 
Higgs boson pair production

(arXiv:1811.09689)

SM
λ

λκ
λ

≡
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Higgs Boson Self-Coupling
Large self-coupling modification will lead to significant changes 
to the inclusive rates as well as event kinematics

ATL-PHYS-PUB-2019-009
CMS-PAS-HIG-19-005

ATLAS used both the rates and kinematic information
CMS used the inclusive rates information only

4.3
4.1

4.6
6.6

ATLAS:  4.0   or  3.2 11.9 @ 95% CL

CMS:      6.7
λ λ

λ

κ κ

κ

+
−

+
−

= − < <

=

Competitive with the constraints from the direct searches

G. Degrassiet al., arXiv:1607.04251
F. M

altoniet al., arXiv:1709.08649

3 λκ κ≡
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SSML: Searches for Supersymmetry
• Same-sign dilepton and multi-lepton events (SSML) have relatively 

low rates in the SM.

• Are expected in many extensions to the Standard Model
Often produced in the cascade decays of heavy particles.

• Good generic signatures for many BSM scenarios

Examples:

CMS studied SSML events with at least two jets to search for SUSY 
and set constraints on many SUSY models
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SSML: Search for Four-Top Production
Rare process in the SM, interesting for 
Higgs and BSM physics.

Signature: SSML events with multiple 
light-flavor and b-quark jets.

Backgrounds: dominated by the
ttX (X=V,H) processes and fakes.
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12 fbSMσ 

BDT to improve S/B separations.
17 discrete BDT bins as SRs.

Using theoretical calculations
and measurements to constrain
ttX backgrounds.

5.8
5.212.6  fb

 2.6  significance
ttttσ

σ

+
−=

⇒

( )4 12%B t SSML→ ≈
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Long-Lived Particles
Particle decay distance often determines how it can be detected:
   1 cm  detect daughter particles
   10 m  decay outside the detector, detect parent particle

c
c

γ τ
γ τ

< ⇒
> ⇒

 

 

LLPs: new particles that decay in the detector, could be both
neutral or charged Signatures:

displaced vertices, non-prompt jets, 
disappearing tracks, highly ionizing
charged particles, stopped particles, …

Backgrounds are expected to small
compared with standard signatures

Challenges:
These events are generally not recorded,
need special trigger and reconstruction
software 

LHC potential for LLP searches has been discussed extensively in
arXiv:1903.04497. Many searches have been performed.
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Search for Long-Lived Particles
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Decay inside the detector
⇐ Displaced vertices

Non-prompt jets ⇒

Charged LLP

Reconstruct DVs in the inner detector 
from tracks with large displacements,
DV mass as the discriminant 

Neutral LLP

Use calorimeter timing to identify 
non-prompt jets, extending the 
search to proper decay distance 1 m  cτ <
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Highly Boosted Particles
CM

S-
PA

S-
HI

G-
19

-0
03

( )

For ,  the  angular separation:
The two jets from -quarks cannot be 
efficiently resolved in the detector if ,  more efficient to 
reconstruct them as a single large-radius jet . 

H
T H

H bb bb
b

p m
J

→



2
 H

bb H
T

m
R

p
∆ 

Boosted particle tagging technique significantly improves 
our ability to study high-  phenomena. 
Example:  CMS inclusive  measurements. 

Tp
H bb→
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Highly Boosted Particles
New Resonance

, , ,t H W Z

, ,qν

As the mass exclusion pushed higher, the mass 
gaps between new resonances and SM particles 
get larger ⇒ highly boosted SM particles in decays.

This feature has been extensively exploited in 
searches for heavy resonances, particularly in 
new diboson and ditop resonances, pushing 
searches to multi-TeV mass regime.

( )( )X VV qq qq JJ→ → →
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'Z tt JJ→ →
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Significant improvement from 
DNN top tagger 
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Machine Learning for Particle ID

ImageTop: 
an algorithm developed by CMS to 
discriminate energetic hadronically
decaying top-quark jets from QCD jets. 
• It uses standard image recognition 

technique based convolutional neural 
network.

• Pixelizing the jet energy deposits and 
define different channels based on 
relevant detector information.

Machine learning techniques are prevalent in analyses at the LHC for
sometime, they are now being applied to particle identifications as well.

CM
S: arXiv:2004.08262

For 1000 1500 GeV, a rejection
of 100 for QCD jets with a 50%
efficiency for top jets can be achieved.

Tp< <


These new techniques pave the way 
for more innovative analyses ! 



28

Concluding Remarks
• Many new results from the LHC. Standard Model is alive

and well.  No indication of BSM physics… unfortunately
(see talks at this symposium and ATLAS and CMS for additional information)

• LHC will run for the next 15+ years. With 95% of the data 
is yet to come, precision measurements and studies of rare
processes are likely to  be the focus.
(see the next presentation by Anadi Canepa).

• With limited potential for increasing in energy, now is more
than ever for new calculations, techniques, and ideas for 
exploring the LHC physics potential to the fullest.

Thank you for your attention!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
http://cms-results.web.cern.ch/cms-results/public-results/publications/index.html
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ttH Production with H→γγ
Identify top-pair using their hadronic and 
leptonic decays, BDT for S/B separation
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0.36
0.291.38     6.6ttHµ σ+
−= ⇒

0.51 pb @ 125 GeVSM
ttHσ 
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Multiple (20) signal categories based  on two BDTs, one for ttH-background
discrimination, the other for 
separating CP-even and CP-odd 
components.

Simultaneous fit to the mγγ distributions 
in all categories.  

Assuming CP-even:

With the CP mixture:

Higgs-Top Coupling CP Structure
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 angle: 0 in the SMCP α =

CP-even CP-odd

( )43  63  @ 95% CLα < ° °

( )
A pure CP-odd  coupling 
is excluded at 3.9 2.5

ttH
σ( )without prior  constrainttκ

( )2Htt
CP sinf α⇒ =

Similar analysis in ATLAS, with slightly different parameterization

1.4 0.4 0.2    5.2ttHµ σ= ± ± ⇒
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Implication on WIMP
Interpreting the  limit from the VBF  search as the constraint 
on the spin-independent WIMP-nucleon cross section within the effective 
field theory framework. 

invB H inv→

 Note: 13% @ 95% CL     11% @ 90% CLinv invB B< ⇒ <

ATLAS-CONF-2020-008
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Higgs-Charm (Hcc) Coupling

( )2

In SM:  

2
10     2.9% @ 125 GeVc

c H
m

y B H cc m
υ

−= ⇒ → ≈ =

Hcc coupling is extremely challenging to
measure at (HL-)LHC. 

Important for testing Yukawa couplings 
beyond the 3rd generation.  

Can benefit greatly from new tools and ideas:

  experimental tool: c-jet tagging

  theoretical ideas: ,   production,  distribution, ...H
THw J Hc

N

N p

ew

e ψ γ

⇒

⇒ →

( ) ( )About 20  smaller than ,  3  smaller than . 
Moreover, c-quark jets are experimentally difficult to identify.

B H bb B H gg× → × →
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Search for H→J/ψ+γ
( ) 6In SM: 3 10B H J ψ γ −→ ≈ ×

arXiv:1505.03870, arXiv:1407.6696

( )
( )
( )

4

4

Upper limit on :
   ATLAS:  3.5 3.0 10  
   CMS:     7.6 5.2 10
@ 95% CL assuming 
is transversely polarized.

B H J

J

ψ γ

ψ

−

−

→
< ×
< ×

ATLAS: arXiv:1807.00802, CMS: arXiv:1810.10056

( )

Identify through ,
Search for mass bump in the 

   spectrum

J J

smooth J

ψ ψ µ µ

µ µ γ ψ γ

+ −

+ −

→
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Higgs Boson Potential
λ

Higgs boson pair production can 
directly probe the Higgs boson 
self-coupling (and therefore the 
Higgs potential), but the rates are 
low and backgrounds are high 

( ) 40 pb @ 13 TeVgg hhσ → ≈

( ) ( ) ( )22 † † 3 4

4
V h hφ µ φ φ φ φ υ λλ λ= + ⇒ +

2

2

1
2 8

SM: λ
υ

= ∼hm

95% CL intervals:
    ATLAS: 5 12 
    CMS:   11.8 18.8

λ

λ

κ
κ

− < <
− < <

ATLAS: arXiv:1906.02025, CMS:    arXiv:1811.09689

(from 36 fb-1 dataset)
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Z’→tt in Fully Hadronic Final States
Search for a pair of highly boosted Top 
quarks in their hadronic decays

Deep neural network to identify large-R
jets with substructures consistent with
those from hadronic top-quark decays 

ATLAS: to be submitted
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Search for Long-Lived Particles
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Signatures:
decay inside 
the detector

⇓
displaced verticesCharged LLP Neutral LLP

Reconstructing DVs in the inner detector from tracks with large displacements, 
using vertex mass as the discriminant. The neutral search identifies the other 
LLP decays inside the muon detector, extending cτ<~1 m.
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LLP Search Limits
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Search for VBF HH→4b

20.56 2.89 @ 95% CLVκ− < <
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SM: 1.64 pb @ 13 TeVVBF
HHσ 

Final state:  jj bbbb+

Two tagging jets: 5.0,   1000 GeV

Four b-jets forming two H bb candidates
Background dominated by multijets

ii
jjmη > >

→
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