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Standard Model

2

Very successful describing low energy scale physics
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Why do we need new physics beyond SM？

Look at the constituents of our universe

We (almost) know nothing about the origin of our universe!

What is the dark energy?

(cc, quintessence…)

What is the dark matter?

(WIMP, axion…)

Why is there more baryon 

than anti-baryon?

(EW baryogenesis, leptogenesis)

What is the origin of 

the neutrino masses?

(type I,II,III seesaw…)
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•  Naturalness problem


•  Vacuum stability


•  Strong CP problem


•  Why three generation fermions


•  Grand unification


•  Quantum gravity

Theoretical motivated

Why do we need new physics beyond SM？
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•  Muon g-2


•  W mass


•  LFU


•  …

Experimental data request

Why do we need new physics beyond SM？
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electron

Classical description of electron

No structure of electron:

Large cancellation is needed, unnatural in 
the classical electromagnetism 

0.5 = -9999.5 + 10000.   MeV

electrostatic self-energy

me = m0 + �m, �m =
q2

4⇡r0

Physical mass Bare mass

r0 < 10�19m

Borrowed from Hitoshi Murayama, hep-ph/0002232

r0-
-

- -
-

--

-

mp ⇠ 1 GeV ⇠ 10�16m

Naturalness problem for the electron
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Problem solved by Dirac

Quantum Electrodynamics(QED)

The correction:

log dependence

Existence of the positron

Particles get doubled

me = m0 + �m, �m =
q2

4⇡r0

Physical mass Bare mass

�m =
3q2

4⇡
m0 log

1

m0r0

Even if                       ,  the correction is only few percentr0 = lpl = 10�34m

self-energy

Solution to naturalness problem of the electron   
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Higgs

(125 GeV)2

Much larger cancelation is needed, not natural

m2
h = m2

0 + �m2

�m2 ⇠ M2
pl = (1018 GeV)2

Naturalness problem for the Higgs

See Lian-tao Wang’s talk
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Solutions to naturalness problem

Extra dimension

Mpl is low (TeV) in extra dimension

Composite Higgs

Higgs is not fundamental

Supersymmetry
Quadratic divergence becomes log


Particle number get doubled

�m2 = M2
pl ! M2

SUSY logMpl/MSUSY

All predict new particles at around TeV scale!
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Alternatives: cosmological selection of the electroweak scale 

Relaxion

Nnaturalness

arXiv:2105.08617(104 Pages)

Sliding naturalness

New degree of freedom(s)!
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Supersymmetry

• Naturalness problem


• Unification of forces


• Dark matter 


• Baryogenesis


• …
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Current SUSY searches

See Tong-guang Cheng’s talk
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Look at the data

Compressed region:SUSY particle is 
light, “hidden” in the backgrounds 

JHEP 09 (2015) 127

“Co-annihilation” DM prefers 

the compressed region

It is important to develop new methods to probe the compressed region 
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jet substructure

“Revealing the jet substructure in a compressed spectrum”
  CCH and M. Park, Phys. Rev. D 94, no. 1, 011502 (2016), Rapid Communication

Jet substructure technique helps to probe the gluino co-annihilation region

Jet substructure helps
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DM from stau co-annihilation

Stau < 900 GeV

�M < 20 GeV Soft tau 

G. H. Duan, CCH, B. Peng, L. Wu, J. M. Yang, Phys.Lett.B,788,475(2019)
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Vacuum stability of the Higgs

Let us forget about the naturalness problem(assuming Higgs mass is finetuned). 
Is there anything wrong if we extend SM up to a high(Mpl) scale?

We may face the problem of Higgs instability

Unstable

Higgs self-coupling measurement are important!
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Higgs self-coupling measurement
Nature 607, 60–68 (2022)

arXiv:2211.01216

Sensitivity at future colliders, 

see Yaquan Fang’ talk
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Vacuum stability of the Higgs in SM

D. Buttazzo, et al arXiv:1307.3536

Our vacuum is metastable(not stable but decay lifetime is 
longer than the age of the universe), so far so good!

S. D. Bass, A. D. Roeck, M. Kado, Nature Reviews Physics(2021)

Our vacuum is not at the minimum
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Vacuum stability of the Higgs in the very early universe

1505.04825(231 citations)

Quantum fluctuations 
 δφ~H 

The probability depends 
 the value of H. 

Decay rate becomes very high in the very early universe
Solving the Higgs instability problem becomes urgent!
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CCH, Shi Pi and Misao Sasaki, Phys.Lett.B 791 (2019) 314-318 

Vacuum stability of the Higgs

0
H

V (H)

Higgs potential

Very early universe

0
H

V (H)

Late universe

Higgs potential

We are here

Quintessence Saves Higgs Instability
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Origin of neutrino masses

21

Three types of seesaw models(tree level)

Tommy Ohlsson, Shun Zhou, Nature Commun. 5 (2014) 5153

SM + 3 singlets fermions SM + 1 triplet Higgs SM + 3 triplet fermions
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Collider searches for type I seesaw

T. Han, J. Liao, H. Liu, D. Marfatia, R. Ruiz, arXiv:2203.06131 CMS Collaboration, arXiv: 2206.08956
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Collider searches for type II seesaw

1

2
yij�

0⌫̄c⌫ + h.c.L �

Neutrino masses from h�0i = v�

Decay of the doubly-charged Higgs

N. D. Barrie, CCH, H. Murayama, Phys. Rev. Lett. 128, 141801

Consistent with baryogenesis from type II seesaw

Testing the type II seesaw baryogenesis at colliders!
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T. Han, J. Liao, H. Liu, D. Marfatia, R. Ruiz, arXiv:2203.06131

Collider searches for type II seesaw

Sensitivity of few TeV can be reached at future colliders
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Strong CP problem

• Pecci-Quinn symmetry 


• Nelson-Barr mechanism


• Massless u/d quark

Solutions

Axion, axion quality problem

Dangerous loop correction

Not favored by lattice result

L � ✓
g2

32⇡2
Gµ⌫

a G̃aµ⌫

✓̄ < 10�10Neutron eDM
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SUSY Nelson-Barr

• Avoid the higher loop correction

• Consistent with the leptogenesis

• CP symmetry is spontaneously broken
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Axion dark matter solving the cosmic dipole problem

QCD axion dark matter and the cosmic dipole anomaly, 

CCH, arXiv: 2211.06912 

Recently a dipole problem appears in cosmology 
reviewed by Noble Laureate, P. J. Peebles

This anomaly may be an evidence of the axion dark matter!
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Flavor anomalies 

Z’, leptoquark, vector fermions, 
scalars …



韩成成-中⼭⼤学(SYSU)   BSM: a minimal review 29

Z 0 Lepto-quark Loop

s̄�⇢bL µ̄�⇢µ

Lepton flavor universality violation

• New gauge symmetry should be anomaly-free

• Strong limit from LHC searches pp ! Z 0 ! µµ̄
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A simple Z’ model

R. Alonso, P. Cox, CCH, T. T. Yanagida, Phys.Lett.B 774 (2017) 643-648

B3 � L2

C. Bonilla, T. Modak, R. Srivastava and J. W. F. Valle, Phys. Rev. D 98 (2018), no. 9 095002

JHEP10(2017)182

Flavored B-L

Strong interaction with third generation quarks

Fa
vo

re
d 

by
 th

e 
an

om
al

y

Large Hadron Collider Constraints on Some Simple Z′ Models for b→sμ+μ− Anomalies

B.C. Allanach, J. M. Butterworth, Tyler Corbett,  Eur.Phys.J.C 81 (2021) 12, 1126
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W mass problem

Science 376 (2022) 6589, 170-176

7 sigma away from SM prediction

Many new physics models
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Models to explain W mass problem 

• Provide dark matter candidate

• DM mass between 54-74 GeV

• Probed in near future
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Models to explain W mass problem 

• Achieving gauge unification

• SU(2) Triplet scalars around TeV

• Easily probed at the LHC
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“The more I learn, the more I realize how much I don't know.”

― Albert Einstein

34

Summary

• Many problems require new physics beyond SM

• Colliders are still one of the most powerful tools to 
probe new physics

• So many new physics models,  we need experimental 
data to point out the direction 

The More We Learn, the Less We Know
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Thanks!


