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n SM fits the experimental data very well in EW scale.
n Discovery of Higgs boson makes SM self-consistent.

Introduction
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Origin of EWSB

n Need a more fundamental theory in which SM is
only a low-energy approximation è New Physics.

n Many big questions not answered by SM !
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n LHC & ATLAS/CMS detectors

n BSM Searches @ LHC

n Prospects @ Future proton colliders

n Summary

Outline
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LHC & ATLAS/CMS 
detectors 



日内瓦湖

Large Hadron Collider
机
场

CMS

ATLAS

LHCb

ALICE

LHC 大型强子对撞机

• 周长 27 公里，隧道深100米，跨越瑞士法国国境
• 世界最大，能量最高的加速器，进行最前沿的粒子物理研究
• 质心系能量14TeV (Tevatron的7倍)，可以发现5TeV以下的!"#$%&
• 积分亮度1034 cm-2 s-1 (Tevatron 的100倍), 可以发现微小衰变截面的'()*

CERN
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25 ns

Event rate: 

N = L x s (pp) » 109 interactions/s 

Mostly soft (low pT) events

Interesting hard (high-pT) events are rare

à very powerful detectors needed 10



Inner Detector for a Z à μμ event with 25 primary vertices 

Excellent LHC performance 
is a (nice) challenge for the 
experiment:

- Trigger 
- Pile-up
- Maintain accuracy of the
the measurements in this
environment
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A Toroidal LHC ApparatuS
- 42m!22m, 7000 ton
- Solenoid + Toroidal magnet (2T)
- Fine granularity liquid Ar/Tile 
calorimeters

Compact Muon Spectrometer
- 21m!15m, 14000 ton
- All silicon trackers, 4T 
solenoid magnet
- PbWO4+Tile calorimeters

ATLAS and CMS: two multi-purpose detectors @LHC

Large Hadron Collider   
(LHC): 
- Proton-Proton synchrotron
- World’s highest and largest  

collider

ATLAS and CMS detector @ LHC
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ATLAS
Length  : ~ 46 m 
Radius  : ~ 12 m 
Weight : ~ 7000 tons
~ 108 electronic channels
~ 3000 km of cables

n Tracking (|h|<2.5, B=2T) : 
- Si pixels and strips
- Transition Radiation Detector (e/p

separation)
n Calorimetry (|h|<5) :

- EM : Pb-LAr
- HAD: Fe/scintillator (central), 

Cu/W-LAr (fwd)
n Muon Spectrometer (|h|<2.7) : 

- air-core toroids with muon 
chambers 13

A Toroidal LHC ApparatuS

https://mp.weixin.qq.com/s/_UtuSypTu1Dl1lnDuo6VTw
https://mp.weixin.qq.com/s/cJ6J3M-y36qNMicy7-jVQw

https://mp.weixin.qq.com/s/_UtuSypTu1Dl1lnDuo6VTw
https://mp.weixin.qq.com/s/cJ6J3M-y36qNMicy7-jVQw
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CERN’s particle accelerator chain
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Detector performance Highlights
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Fig. 8 Comparison of the data-driven measurements of the identifi-
cation efficiency for converted photons as a function of ET, for the
four pseudorapidity intervals a |η| < 0.6, b 0.6 ≤ |η| < 1.37, c
1.52 ≤ |η| < 1.81, and d 1.81 ≤ |η| < 2.37. The error bars represent

the sum in quadrature of the statistical and systematic uncertainties esti-
mated in each method. The shaded areas correspond to the statistical
uncertainties. The last bin extends to 1.5 TeV

5.4 Results and combination

The efficiencies εID measured in data for each method are
shown in Fig. 7 for unconverted photons, and in Fig. 8 for
converted photons. The results obtained in Sect. 5.1 in the
Z → eeγ and Z → µµγ channels are found to be in good
agreement and are therefore combined and shown as Z →
$$γ . The combination is performed following the method
presented below.

The three methods show excellent agreement over the
energy ranges where their measurements overlap, with pho-
ton εID values ranging from 50–60% at ET = 10 GeV, to
95–99% (unconverted) and 88–96% (converted) for photons
with ET above 250 GeV . The εID values obtained from the
inclusive photon and electron extrapolation methods can be
compared directly, since they both apply to photons from

the γ + jet prompt-photon production process. The radiative
Z method applies to the photon sample obtained from the
Z → $$γ process, with a different εID value due to dif-
ferences in the photon kinematics within each measurement
bin, and because of the impact of photons from fragmenta-
tion processes in γ + jet production, which are absent from
Z → $$γ . Fragmentation photons are typically identified
with lower efficiency, due to higher hadronic activity around
the photon candidate. However, they only constitute a small
fraction of the total sample, about 10% at low ET and a few
percent at higher ET [7], and their impact does not lead to
significant differences between the εID values measured by
the different methods.

Efficiency scale factors (SF) are computed as the ratios of
the data-driven values of εID to the values obtained in sim-
ulation. To account for the differences in photon properties

123

Bumper crop of results from Run 2 only possible thanks to excellent understanding of 
detector performance, and development of reconstruction and identification algorithms

electron ID

tau ID
RNN

muon ID

poton ID

b-tagging
deep NN

Jet E scale
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BSM Searches @ LHC
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Long Stop

Run1

Run2
2015-2018 Run4-5 …

2028-2038

2010-2012 
~25 fb-1

We are here : 
2015-2018: 

~140 fb-1(13TeV)
Run3
2022-2024 

The results are based on 36-140 fb-1 @ 
13 TeV (RUN2 2015-2018) ~ 2-5% of total

1
5 7
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P. Higgs at CMS

(TeV-scale) Supersymmetry (SUSY)

19

Higgs SUSY



SUSY Introduction
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q Establishes a symmetry between fermions
(matter) and bosons (forces)
q Motivation:

o Unification (fermions-bosons, matter-forces)
o Solves some deep problems of the SM
o Provide Dark Matter candidate
o ……

Q |boson>   = |fermion> 
Q |fermion> = |boson>

Spin differ by 1/2

(Julius Wess and Bruno Zumino, 1974)

OUR WORLD… NEW WORLD?

Julius Wess
(1934 – 2007)

Bruno Zumino
(1923 – 2014)



Minimal Supersymmetric Standard Model

Standard Model 
Particles and Fields

Supersymmetric Partners

Interaction 
Eigenstates

Mass           
Eigenstates

Symbol Name Symbol Name Symbol Name
quark squark squark
lepton slepton slepton

neutrino sneutrino sneutrino
gluon gluino gluino

W-boson wino
charginocharged 

Higgs boson
charged 
higgsino

B-field bino

neutralinoW0-field wino
neutral 

Higgs boson
neutral 

higgsino
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p Solve hierarchy problem without
“fine tuning”
- Fermion and boson loops

contribute with different signs to
the Higgs radiative corrections

- Supersymmetric partner
contributions to Higgs mass
cancel SM contributions

SUSY Introduction

Mr. Higgs

Mrs. SUSY

Fermion loop

Boson loop

2 2 2 2
, ; : ~ ; : ~ log( / )h h tree h h h soft softM M M SM M SUSY M m m= +D D L D L
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p Unification of gauge couplings
- New particle content changes running of couplings
- Requires SUSY masses below few TeV

SUSY Introduction

Unification of Forces



®通过寻找SUSY，可以为
暗物质寻找提供实验证据！24

Provide Dark Matter candidate

天⽂学家发现宇宙中很
⼤⼀部分是我们看不见
的暗物质（明物质只
占4.6%）

‘Supersymmetric’ particles ?

Provide perfect dark mater
candidate - WIMP(lightest neutralino
in R-parity conserving models)

q stable
q electrically neutron
q same density as DM
0.094 < WCDMh2 < 0.136  (95% CL)



P. Higgs at CMS

(TeV-scale) Supersymmetry (SUSY)
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Higgs SUSY



How do we start? - SUSY Signature

26

n Conserved R parity (originally introduced for 
stability  of proton)  

- SUSY particles produced/annihilated in pairs
- Lightest SUSY particle (LSP) stable (DM 

candidate)
- Typical signature:  jets/leptons/photons + MET 

(key signature: large MET)

R=+1  (SM)
R=-1 (SUSY)



How do we search for SUSY?

n SUSY search strategy: search for
deviation from SM from the tails

q SUSY sensitive variables: Try to
establish excess of events in some
sensitive kinematic distribution

q SM background: the discovery of
new physics can only be claimed
when SM backgrounds are
understood well or under control
- SM bgs understood very well J
- No hints for new physics L

SM “backgrounds”– the big picture

27



n ET
miss from escaping LSP, to 

suppress bg from mis-
measured jets and oth. SM BG

n Related to the sparticle 
mass scale, like effective 
mass (Meff)

n mT, mT2 (stransverse 
mass): suppress BG with 
Ws

n Many others …

28

1: Define SRs using SUSY Sensitive Variables
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Standard Model
Top, multijets

V, VV, VVV, Higgs                  
& combinations of these

Reducible backgrounds
Determined from data

Backgrounds and methods 
depend on analyses

Irreducible backgrounds
Dominant sources: normalise 

MC in data control regions
Subdominant sources: MC

Validation
Validation regions used to 
cross check SM predictions 

with data

Signal regions

blinded

blinded

2: SM Background estimations (data-driven + MC)

SUSY searches rely primarily on the understanding of the SM 
BG

29
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Standard Model
Top, multijets

V, VV, VVV, Higgs                  
& combinations of these

Reducible backgrounds
Determined from data

Backgrounds and methods 
depend on analyses

Irreducible backgrounds
Dominant sources: normalise 

MC in data control regions
Subdominant sources: MC

Validation
Validation regions used to 
cross check SM predictions 

with data

Signal regions

SUSY searches rely primarily on the understanding of the SM 
BG

n Multijet background: “ABCD
method” or fake factor method

n Fake leptons or heavy-
flavour jets determined with
“matrix method” in different-
purity samples using “real” and
“fake” probabilities measured
in data.

n ……

2: SM Background estimations (data-driven + MC)
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Standard Model
Top, multijets

V, VV, VVV, Higgs                  
& combinations of these

Reducible backgrounds
Determined from data

Backgrounds and methods 
depend on analyses

Irreducible backgrounds
Dominant sources: normalise 

MC in data control regions
Subdominant sources: MC

Validation
Validation regions used to 
cross check SM predictions 

with data

Signal regions

SUSY searches rely primarily on the understanding of the SM 
BG

Normalise MC prediction in SRs 
using dedicated CRs ® transfer 
factor: T

2: SM Background estimations (data-driven + MC)
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Standard Model
Top, multijets

V, VV, VVV, Higgs                  
& combinations of these

Reducible backgrounds
Determined from data

Backgrounds and methods 
depend on analyses

Irreducible backgrounds
Dominant sources: normalise 

MC in data control regions
Subdominant sources: MC

Signal regions

SUSY searches rely primarily on the understanding of the SM 
BG

Validation
Validation regions used to 
cross check SM predictions 

with data

2: SM Background estimations (data-driven + MC)Ev
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(bg esti.)
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Standard Model
Top, multijets

V, VV, VVV, Higgs                  
& combinations of these

Reducible backgrounds
Determined from data

Backgrounds and methods 
depend on analyses

Irreducible backgrounds
Dominant sources: normalise 

MC in data control regions
Subdominant sources: MC

Signal regions

SM Background Estimation

SUSY searches rely primarily on the understanding of the SM 
BG

Validation
Validation regions used to 
cross check SM predictions 

with data

n No significant excess
except for SR-lowMass

3: Compare SM 
predictions with 

data
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Standard Model
Top, multijets

V, VV, VVV, Higgs                  
& combinations of these

Reducible backgrounds
Determined from data

Backgrounds and methods 
depend on analyses

Irreducible backgrounds
Dominant sources: normalise 

MC in data control regions
Subdominant sources: MC

Signal regions

SM Background Estimation

SUSY searches rely primarily on the understanding of the SM 
BG

Validation
Validation regions used to 
cross check SM predictions 

with data 4:
Interpretations⌧̃

⌧̃
p

p
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1
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Standard Model
Top, multijets

V, VV, VVV, Higgs                  
& combinations of these

Reducible backgrounds
Determined from data

Backgrounds and methods 
depend on analyses

Irreducible backgrounds
Dominant sources: normalise 

MC in data control regions
Subdominant sources: MC

Signal regions

SM Background Estimation

SUSY searches rely primarily on the understanding of the SM 
BG

Validation
Validation regions used to 
cross check SM predictions 

with data 4:
Interpretations

n excludes stau masses between 120-390 GeV
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P. Higgs at CMS

(TeV-scale) Supersymmetry (SUSY)
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Higgs SUSY

ATLAS public link
CMS public link

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS


E. Resseguie (Berkeley lab) LHCP 2021: Searches for Supersymmetry

• Search program split by SUSY particle 
 production


• Strong + stop: S. Andrean's talk, D. Spitzbart's talk


• Largest cross section


• Events with many jets in final state


• Electroweak + slepton:


• Smaller cross section


• Final states depend on decay of  
bosons


• Leptonic final state C.Herwig's talk


• Semileptonic or hadronic S. Guindon's talk


• Consider both promptly decaying and long-lived (LLP) SUSY particles


• LLPs originate from small couplings, near degenerate masses, or decay via heavy 
mediators R. Rosten's talk, E. Kuwertz's talk


• To increase sensitivity to signal, many techniques employed: machine learning, mutl-bins


• Interpretation: several simplified models but starting to include new interpretations 

Overview of SUSY search

3
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n Interpretation: several simplified models but starting to include new
interpretations

Overview of SUSY Search

Strong production:
q targeting gluinos and squarks
q ~t/~b should be lowest mass
squarks for naturalness reasons

q by far largest cross-sections
Electroweak production:
q targeting Electroweakinos &
sleptons

q Lowest mass sparticles, clean
signature

RPV/LL:
q targeting R-parity violating
models and long lived sparticles

q More exotic models
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n Interpretation: several simplified models but starting to include new
interpretations

Overview of SUSY Search

Strong production:
q targeting gluinos and squarks
q ~t/~b should be lowest mass
squarks for naturalness reasons

q by far largest cross-sections
Electroweak production:
q targeting Electroweakinos &
sleptons

q Lowest mass sparticles, clean
signature

RPV/LL:
q targeting R-parity violating
models and long lived sparticles

q More exotic models
Signatures: 

Ø Large #jets and missing energy (N1/n)
Ø #leptons：0-n (from ~l/boson decay)



Gluino search
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Large mass split 
region: full had. SR.

Low mass 
/compressed region: 
multi-lep. SRs

excluded

Neutralino NLSP 
light gravitino LSP

Neutralino LSP 

In simplified 
model approach :
• M(~g) < O 

(1.9 - 2.2 TeV) 
@95% CL

Weaker limits: decay via W/Z or 
cascade decay



Squark search
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In simplified model approach (depending on decay mode and/or mass splittings):
• M(~g) < O (1.9 TeV) – O (2.2 TeV) @95% CL
• M(~q) < O (1.4 TeV) – O (1.85 TeV) @95% CL
• M(~t/~b) < O (0.7  TeV) – O (1.25/1.35 TeV) @95% CL

40



On-s
he

ll t
op

q Search for stop directly from ~t~t production
q Large spectrum of possible stop decays, covering range from low

to heavy stop mass, various decay modes.

41

3rd Generation: stop 

4-body 3-body 2-body



Stop search

42

Large mass split scenario: 
up to 1.2 TeV

Compressed scenario: 
still < 700 GeV

Can be even worse in
some corners of simplified
model space

In simplified model approach (depending on decay mode and/or mass splittings):
• M(~g) < O (1.9 TeV) – O (2.2 TeV) @95% CL
• M(~q) < O (1.4 TeV) – O (1.85 TeV) @95% CL
• M(~t/~b) < O (0.7  TeV) – O (1.25/1.35 TeV) @95% CL

42



Sbottom search

43

In simplified model approach (depending on decay mode and/or mass splittings):
• M(~g) < O (1.9 TeV) – O (2.2 TeV) @95% CL
• M(~q) < O (1.4 TeV) – O (1.85 TeV) @95% CL
• M(~t/~b) < O (0.7  TeV) – O (1.25/1.35 TeV) @95% CL

43
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n Interpretation: several simplified models but starting to include new
interpretations

Overview of SUSY Search

Strong production:
q targeting gluinos and squarks
q ~t/~b should be lowest mass
squarks for naturalness reasons

q by far largest cross-sections
Electroweak production:
q targeting Electroweakinos &
sleptons

q Lowest mass sparticles, clean
signature

RPV/LL:
q targeting R-parity violating
models and long lived sparticles

q More exotic models

Gaugino pair production via ~l 
or boson decay

p

p �̃±
1

�̃⌥
1

p

p �̃±
1

�̃0
2 p

p �̃0
2

�̃0
3

Slepton pair production

p

p ˜̀

˜̀

Signatures: 
Ø leptons (~l or boson decay) + low-

multiplicity jets + MET
Ø Sometimes full hadronic



EWK-ino production
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Mass splitting of the EWKinos depends on M1, M2, µ and tanb

Standard wino-bino case: 
large Dm between N1 
and C1/N2; 
è MET + hard leptons

N1,N2,C1 almost 
degenerate: 
experimental 
challenging; 
è MET + soft leptons

è Lower xsec than
higgsino LSP;

è WW+MET
dominant;

Bino LSP Higgsino LSP
higgsino

bino

wino

bino

higgsino

wino
µ

M2

M1

Wino LSP

wino

bino

higgsino
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q Powerful exclusions in decays via sleptons (C1/N2 up to 0.6-1.1 TeV)
q Comparable exclusions in decays via bosons inc. full hadronic FS (up to

400-1060 GeV)

EWKino search (summary)

Decays via sleptons
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Z
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Decays via W (*) /Z(*)
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First search for fully
hadronic signature at LHC

Electroweakinos: Wh

Signature:

two boosted W/Z/h + ETmiss



48q DM reached to 1 GeV

Higgsino search

48

Bino LSP

~G LSP



Slepton search

49Limits maybe different in case of cascade decays of the
sleptons into lighter electroweakino states

◦ To-do: Cover gaps at
low/compress mass region



Smuon & g-2
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To-do: Cover gaps at low/compressed mass region
from experiments

Examples of pMSSM parameters compatible with μ g-2 anomaly

ATL-PHYS-PUB-2021-019



E. Resseguie (Berkeley lab) LHCP 2021: Searches for Supersymmetry

• Search program split by SUSY particle 
 production


• Strong + stop: S. Andrean's talk, D. Spitzbart's talk


• Largest cross section


• Events with many jets in final state


• Electroweak + slepton:


• Smaller cross section


• Final states depend on decay of  
bosons


• Leptonic final state C.Herwig's talk


• Semileptonic or hadronic S. Guindon's talk


• Consider both promptly decaying and long-lived (LLP) SUSY particles


• LLPs originate from small couplings, near degenerate masses, or decay via heavy 
mediators R. Rosten's talk, E. Kuwertz's talk


• To increase sensitivity to signal, many techniques employed: machine learning, mutl-bins


• Interpretation: several simplified models but starting to include new interpretations 

Overview of SUSY search
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2.2 Tev

squarks: 
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1.3 Tev

EWK: 
0.95 TeV

slepton: 
0.7 TeV

Current limits at the end of 2015-2018 data taking
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n Interpretation: several simplified models but starting to include new
interpretations

Overview of SUSY Search

Strong production:
q targeting gluinos and squarks
q ~t/~b should be lowest mass
squarks for naturalness reasons

q by far largest cross-sections
Electroweak production:
q targeting Electroweakinos &
sleptons

q Lowest mass sparticles, clean
signature

RPV/LL:
q targeting R-parity violating
models and long lived sparticles

q More exotic models



RPV SUSY 

n Precision SM measurements support baryon and lepton
number conservation, while some MSSM couplings do not

n Search for R-parity Violating SUSY

n Super-potential with RPV of lepton or baryon number
R=+1  (SM);    R=-1 (SUSY)

52
LLE LQD UDD Bilinear LH



RPV SUSY 

n Precision SM measurements support baryon and lepton
number conservation, while some MSSM couplings do not

n Search for R-parity Violating SUSY

n Super-potential with RPV of lepton or baryon number
R=+1  (SM);    R=-1 (SUSY)

53
LLE LQD UDD Bilinear LH

Signatures: 
Ø Small missing energy (n)
Ø Final states depending on scenarios:

• LLE  (decays via Lepton number-violating couplings): multi-leptons
• LQD (decays via Lepton/Baryon number-violating couplings): lepton+jets
• UDD (decays via Baryon number-violating couplings): multi-jets
• LH: lepton+jets



RPV SUSY 

n Precision SM measurements support baryon and lepton
number conservation, while some MSSM couplings do not

n Search for R-parity Violating SUSY

n Super-potential with RPV of lepton or baryon number
R=+1  (SM);    R=-1 (SUSY)
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LLE LQD UDD Bilinear LH

Signatures: 
Ø Small missing energy (n)
Ø Final states depending on scenarios:

• LLE (decays via Lepton number-violating couplings): multi-leptons
• LQD (decays via Lepton/Baryon number-violating couplings): lepton+jets
• UDD (decays via Baryon number-violating couplings): multi-jets
• LH: lepton+jets



Long-lived Particles (LLP)

55

What makes LLPs so difficult? 
• Not triggered by conventional ones 
• Need special reconstruction
• Non-standard Backgrounds, non-

simulated 

Long lifetimes result from a few simple physical mechanisms:
• Small couplings (ex. RPV SUSY )
• Limited phase space: small mass splitting (ex. compressed SUSY, …)
• Heavy intermediate states
• ……



Long-lived Particles (LLP)
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Long-lived R-hadron production Long-lived chargino

SUSY Models - ATLAS
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Long-lived Particles (LLP)



58
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Prospects at HL-LHC: SUSY
Discovery potential with 3000 fb-1@14TeV

Gluinos ~ 2.5 TeV；Stop ~ 1.2  TeV；EWKinos ~ 0.9 TeV；Staus ~ 0.5 TeV

In most BSM scenarios, we expect
the HL-LHC wil l increase the
present reach in mass and coupling
by 20 − 50% and potent ia l ly
discover new physics that is
currently unconstrained.

ATL-PHYS-PUB-2018-048

https://cds.cern.ch/record/2651927
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exotics



Exotics - various extension of SM

61

Extended Higgs Sector
o A common feature in

SUSY models
o Mixing with Higgs

Extended Fermion Sector
o Chiral structure important
o Heavy quarks (T, B )
o Excited fermion (q*,l*,v* …)

Extended Gauge Sector /
New bosons
o Extra dimension models (V

KK,GKK, …)
o Grand unification theories

(leptoquarks, …)
o Technicolor, composite

Higgs (W’, Z’,…)

Compositeness
o New forces/particles integrate out at low energies (SM)



n Many models: MSSM, 2HDM, etc.
n Benchmark models: MSSM-like

⚬ 5 Higgs bosons: h, H, A, H∓
⚬ 2 free parameters at tree level:mA, tan β= νu/νd

n Search for extra Higgs bosons (BSM Higgs)

Extended Higgs sector – BSM Higgs

ATL-PHYS-PUB-2021-030

62



n Many models: MSSM, 2HDM, etc.
n Benchmark models: MSSM-like

⚬ 5 Higgs bosons: h, H, A, H∓
⚬ 2 free parameters at tree level:mA, tan β= νu/νd

n Search for extra Higgs bosons (BSM Higgs)

Extended Higgs sector – BSM Higgs

Di-higgs

63

HHàbbtt

bbgg
bbtt

bbtt
bbbb
bbgg bbbb

ATL-PHYS-PUB-2021-031
JHEP 11 (2020) 163



n Classic resonant signatures:

Extended gauge sector – Resonance (jj)

64

JHEP 05 (2020) 033

Jet-jet

n Predicted by many BSM models:
⚬ ED (Randall-Sundrum (RS) Graviton),

Heavy Vector Triplet (HVT: W′, Z′), …
⚬ DM mediator, the sequential standard

model 𝐙𝐒𝐒𝐌' , the GUT model 𝐙𝛙' , …

With Run-2 dataset, multi-TeV masses 
probed for the benchmark models :

⚬ String ~ 7.5-8.5 TeV
⚬ Excited quark ~ 6-7 TeV
⚬ W’ ~ 3.3-3.6 TeV
⚬ Z’ ~ 2.7-3.4 TeV

http://dx.doi.org/10.1007/JHEP05(2020)033


n Classic resonant signatures:

Extended gauge sector – Resonance (VV)

n Predicted by many BSM models:
⚬ ED (Randall-Sundrum (RS) Graviton),

Heavy Vector Triplet (HVT: W′, Z′), …
⚬ DM mediator, the sequential standard

model 𝐙𝐒𝐒𝐌' , the GUT model 𝐙𝛙' , …

⚬ Spin-2 bulk RS 
Graviton 
GKK→WW/ZZ

⚬ Heavy Vector 
Triplet (HVT)

ATL-PHYS-PUB-2021-018
65

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-018/


n Classic resonant signatures:

Extended gauge sector – Resonance (ll)

66

n Predicted by many BSM models:
⚬ ED (Randall-Sundrum (RS) Graviton),

Heavy Vector Triplet (HVT: W′, Z′), …
⚬ DM mediator, the sequential standard

model 𝐙𝐒𝐒𝐌' , the GUT model 𝐙𝛙' , …

With Run-2 dataset, multi-TeV masses 
probed for the benchmark models :

ü Gkk ~ 2.5-4.8 TeV
ü Z’SSM ~ 4.5-5.1 TeV

arXiv:2103.02708

ee+µµ ee+µµ

LFV eµ

PRL 125 (2020) 251802 

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-019/


n Leptoquarks (LQs) arise in many models,
such as grand unified theories, compositeness
models and superstring theories.

n LQs: carry colour charge, fractional electric
charge, and both lepton and baryon quantum
numbers.

n Could explain B anomalies and μ g-2

67

m(LQmix) > 0.9-1.8TeV

Extended gauge sector – Leptoquarks (LQ)

PLB 819 (2021) 136446

Pair production Single production
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Extended fermion sector 

m(N, L!) > 910 GeV 

Heavy Leptons

n Heavy Vector-like fermions (T, B, Tau … )
o New heavy partner of top in loop to solve hierarchy problem
o Among the best constraints on Singlet/Doublet BB, TT: 1.2-1.4 TeV

n Excited fermion (q*,l*,v* …) see#64

CMS-PAS-B2G-19-004

Single TàZ(nn)t Double TT



Dark Matter (DM) 
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n Colliders:
Ø Complete models (SUSY, axions, 2HDM, Higgs portal
DM, …);

Ø Simplified models (mono-X, mediator, …);
n Direct detection (XENON1T, PandaX, …)



DM direct search at colliders

Searches with MET+X or mediator

70 ATL-PHYS-PUB-2021-006

n Searches in the Mono-X
final states: Many models
constrained up to 2 TeV

n Searches also in the Di-Jet
final states exclude up to
3.6 TeV for almost whole
DM range

70

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/


Collider vs Direct Detection

71

Complementarity:

Collider searches:
• Almost 

independent on 
DM mass.

• Better performance 
for low DM masses.

Direct detection 
searches:
• Better performance 

for DM masses > 
10 GeV.

ATL-PHYS-PUB-2021-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
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IHEP Beijing, 8-Sep-2016             Peter Jenni 
(Freiburg and CERN) LHC, Higgs and Beyond (ATLAS Highlights) 73J Blaeu 1664

The journey into new physics territory
has just only begun, and for sure, exciting times are 

ahead of us! (only ~5% dataset ready)
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Prospects at Future 
colliders
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Long term prospects for 2 more collider scenarios have
been studied (14, 27, 100 TeV @3000 fb-1)

HL-LHC
14 TeV, 
3000 fb-1

HE-LHC
27 TeV, 
3000 fb-1

FCC/SPPC
100 TeV, 
3000 fb-1

Future Proton Colliders
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Future hadron collider projects in a nutshell
-- The next discovery machine



Constr. Physics LEP

Construction PhysicsProtoDesign LHC – operation run 2

Construction PhysicsDesignHL-LHC - ongoing project

PhysicsConstructionProto

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

~20 years

Design

CERN Circular Colliders & FCC

2040

77

FCC – design study

14 TeV, 300 fb-1

14 TeV, 3000 fb-1

100 TeV, 3000 fb-1
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Prospects at HL/HE-LHC: SUSY

n In most BSM scenarios, we expect the HL-LHC will increase the
present reach in mass and coupling by 20 − 50% (half Run-2 data)

n HE-LHC will allow for exclusion of almost all SUSY natural
scenarios in case of null observation
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EU Strategy- SUSY: ~g  
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EU Strategy- SUSY: ~q  
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EU Strategy - SUSY: ~t 
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EU Strategy - SUSY: Wino

ILC 500/CEPC240: discovery in all scenarios up to kinematic limit: √s/2
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EU Strategy- SUSY: Higgsino

CEPC/FCCee(240)



84

EU Strategy: SUSY-DM
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EU Strategy: DM
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EU Strategy: DM
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Exited quark q*àqg: di-jet

ATL-PHYS-PUB-2015-004 ATL-PHYS-PUB-2017-002

Z’àttbar
6-8 TeV｜HL-LHC
14 TeV ｜HE-LHC
43 TeV ｜FCC_hh

3-4 TeV ｜HL-LHC
6-13 TeV ｜HE-LHC
14-40 TeV｜FCC_hh

Eur. Phys. J. Special Topics 228, 
1109–1382 (2019)

Prospects at HL/HE-LHC: Exotics

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-002/
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Eur. Phys. J. Special Topics 228, 
1109–1382 (2019)

Prospects at HL/HE-LHC: Exotics
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New
 W

or
ld 

!!!
LHC is discovery machines, new
physics may come at any time ,
stay tuned!


