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Dawn of a New Age 
● 2008 Nobel Prize in Physics 

"for the discovery of the mechanism of spontaneously broken symmetry in subatomic
physics"

● 2013 Nobel Prize in Physics

"for the theoretical discovery of a mechanism that contributes to our understanding of
the origin of mass of subatomic particles, and which recently was confirmed through
the discovery of the predicted fundamental particle, by the ATLAS and CMS
experiments at CERN's Large Hadron Collider"
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Old and New Questions 
● How to think of the vacuum as a “condensate carrying weak nuclear charge” ?

● How are the mysteries associated with the Higgs field to be solved?

● What is the origin and nature of Dark Matter?

● What is the origin of the matter-antimatter asymmetry in the Universe?

● What is the secret of neutrino masses and mixing? 

  

● Why is Dark Energy so small but non-zero?

● How does SM connect with Gravity? 
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A Century of Particle Physics
● Success # 1: discovery of 6 quarks and 6 leptons

● 12 fundamental fermions: matter particles (and their antimatter
counterparts) derived by combining quantum mechanics and special
relativity and group theory  

But the intriguing pattern 
of mass values is not 
explained

Why 3 generations?  
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A Century of Particle Physics

● Success # 2: principle of gauge invariance for predicting the nature of
fundamental forces

– matter particles (quarks and leptons) transform in curved internal spaces

– The equations of motion predict terms that describe particle interactions
with force fields
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Higgs Condensate Breaks Gauge Symmetry

● Gauge Symmetry predicts all particles should be massless

● Solution: scalar Higgs field develops a condensate that violates the gauge
symmetry and generates particle masses via Higgs interactions  

● Phase transition → vacuum state possesses non-trivial quantum numbers

– Dynamical origin of this phase transition is not known 

– Implies vacuum is a condensed, superconductor-like state 
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Higgs Boson Puzzles
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Fundamental vs Parametric Physics

● Fundamental principles lead to

– Chiral fermions from irreducible representations of Lorentz group

● fermions as spin ½ representations of Lorentz group
● Fermi-Dirac statistics → Pauli Exclusion Principle
● why matter occupies volume

– Massless force mediators (gauge bosons) from gauge invariance

– Massive gauge bosons and fermions from spontaneous breaking of gauge
symmetry

● In comparison, the breaking of gauge symmetry by the Higgs condensate is
parametrically induced

– No dynamic or underlying principle behind it in the Standard Model
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Why is Higgs Puzzling
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Higgs Signals
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Higgs Signals
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Why is Higgs Puzzling

Ad-hoc potential, similar to and motivated by Landau-Ginzburg theory of  
superconductivity

Standard Model Higgs potential can be extrapolated to the high-energy of quantum 
gravity without additional parameters

but no a-priori reason for a parameterization to respect this condition     
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Expect O(1) deviations from SM in self-coupling coefficient
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Why is the Higgs Boson so Light?

∫   
d4k (k2 - m

H

2)-1λ

Λ

~ Λ2 λ 

2 2

For the first time, we have additive corrections to parameters which are
quadratically divergent

The Higgs boson ought to be a very heavy particle, naturally

However, observed m
H
 <<  Λ 
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Well-behaved Quantum Correction - Asymptotic Freedom in QCD

Running of coupling constant
induces an energy scale Λ ~ 0.2 GeV
where coupling becomes large 

QCD Lagrangian with no dimensioned parameters is scale-invariant classically 
BUT quantum loops induce a distance (or momentum) scale dependence !  

Color-charge screening due to quark loops

Color-charge anti-screening due to quark loops

N
f
 = Number of quark flavors

α
S
 → 0  as μ → ∞ : asymptotic freedom

(2004 Nobel Prize for Gross, Wilczek, Politzer)
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 Test of QCD Quantum Loops at High Energy

Running of  strong coupling
has been confirmed experimentally 

PDG
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Fine-tuning Problem of Higgs Boson Mass

● The large quantum corrections must be regulated by
some very high-energy physics such as energy
associated with quantum gravity, M

planck
 ~ 1019 GeV

●

●

Top quark loop
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Quantum Corrections to Higgs Self-Coupling

●              receives quantum corrections from Higgs and top-quark loops 

(from Paul Steinhardt)
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Stability of  Vacuum Ground State
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Higgs boson puzzles

● First fundamental (?) scalar field to be discovered

● Spontaneous symmetry breaking by development of a charged condensate

– But condensate is induced parametrically by ad-hoc Higgs potential, no
dynamics in SM 

● Parameters of Higgs potential are not stable under quantum corrections

– First time that the quantum correction to a particle mass is additive and
quadratically divergent

– Gauge boson masses are protected by gauge invariance

– Fermion masses are protected by chiral symmetry of massless fermions

– No additional symmetry in SM to protect the Higgs boson mass 

● Single scalar Higgs field is a strange beast, compared to fermions and
gauge bosons

● Additional symmetries and/or dynamics strongly motivated by Higgs
discovery            
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Dark Mater 



23

Dark Mater Partcles

A consistent hypothesis is the 
existence of new, non-relativistic
particles beyond the Standard
Model
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Searching for WIMP Dark Matter



Dark Mater Partcles – Direct Detecton



Dark Mater Partcles – Direct Detecton



Collider vs Direct Detecton Complementarity

(from O. Buchmuller)



Collider Searches – Large Mediator Mass
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Origin of Matter-Antimatter Asymmetry
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Origin of Matter-Antimatter Asymmetry
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Status of CP Violation in CKM Unitarity Triangle

Higher precision at 
Belle II and LHCb
experiments 
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Baryon Asymmetry and Higgs Phase Transition

Beyond Standard Model                                      Standard Model
needed to create matter excess                             cannot create matter excess 

( Ashutosh V. Kotwal, Michael J. Ramsey-Musolf, Jose Miguel No, Peter Winslow 
Phys. Rev. D 94 (2016) 3, 035022; arXiv:1605.06123 )
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Baryon Asymmetry and Electroweak Phase Transition
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Inducing First-Order Electroweak Phase Transition

300 GeV      ←  benchmark m
S
 →    900 GeV

(A.V.Kotwal, P. Winslow,
J.M. No, 
M.J.Ramsey-Musolf)
 

S → HH → bb and 4τ

Discovery potential across entire parameter space
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Neutrino Puzzles
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Neutrino Puzzles

(from Karsten Heeger)

Neutrino masses << other fermion masses, why? 

Indication of higher-dimension operator inducing neutrino masses?
 Seesaw mechanism?  
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● The electroweak gauge sector of the standard model  is
constrained by precisely known parameters

– αEM (MZ) = 1 / 127.918(18)

– GF = 1.16637 (1) x 10-5 GeV-2

– MZ = 91.1876 (21) GeV

– mtop = 172.89 (59) GeV

– MH = 125.25 (17) GeV

● Before quantum corrections, these parameters related to MW 

– MW
2 = παEM / √2GF sin2ϑW 

● Where ϑW is the Weinberg mixing angle, defined by 

          cos ϑW = MW/MZ  

Motivation for Precision Measurements
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● Quantum fluctuations due to heavy quark and Higgs loops and
(potentially) undiscovered particles

Motivation for Precision Measurements

Standard Model calculation :  MW
2 = ρ [MW(tree)]2   where

Δρ = (ρ-1) ~ Mtop
2
  and Δρ ~ ln MH

● Since we know top quark and Higgs boson masses, comparing measured
   and calculated values of W boson mass tells us about new particles “X”
   beyond the Standard Model 
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● The mass of the W boson is tightly constrained by the symmetries of
the standard model, in conjunction with Mtop and M

Higgs
 

– The Higgs boson was the last missing component of the model

– Following the observation of the Higgs boson, a measurement of the W-
boson mass provides a stringent test of the model

● The W boson mass is presently constrained by SM global fits to a
relative precision of 0.01%

– provides a strong motivation to test the SM by measuring the mass to the
same level of precision

– SM expectation M
W

 = 80,357 ± 4
inputs

 ± 4
theory

 MeV

– Inputs include Z- and Higgs boson and top-quark masses, EM coupling
and muon lifetime measurements 

Motivation for Precision Measurements
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● Hypotheses to provide a deeper explanation of the Higgs field, its
potential and the Higgs boson, include 

– Supersymmetry

– Compositeness

– New strong interactions

– Extended Higgs sector

● Hypothetical sources of particulate dark matter 

● Additional fundamental forces 

Beyond-SM Modifications to Expected M
W
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Single Scalar Extension of Higgs Sector

Inclusion of an additional scalar particle with no SM charges, which
mixes with the Higgs boson
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1st Order Electroweak Phase Transition Induced by 
Additional Higgs-like Particle

Satisfies crucial Sakharov condition
for creating excess matter in the Universe 
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Contributions from Supersymmetric Particles

● Quantum correction to W boson mass depends on mass splitting (Δm2)
between supersymmetric quarks

● SUSY loops can contribute tens of MeV to M
W 

– Even with significant exclusions from Large Hadron Collider

– Supersymmetric particle could constitute dark matter   



44A. V. Kotwal, TIFR, 21 September 23

W Boson Mass Measurements from Different Experiments

LHCb measurement : M
W

 = 80,354 ± 23
stat

 ± 10
exp

 ± 17
theory

 ± 9
PDF  

[JHEP 2022, 36 (2022)]  

CDFII citation: Science 376, 170 (April 7, 2022); DOI: 10.1126/science.abk1781 
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Detecting New Physics through Precision Measurements

● Willis Lamb (Nobel Prize 1955) measured the difference between
energies of 2S

½
 and 2P

½ 
states of hydrogen atom

– 4 micro electron volts difference compared to few electron volts
binding energy

– States should be degenerate in energy according to tree-level
calculation

● Harbinger of vacuum fluctuations to be calculated by Feynman
diagrams containing quantum fluctuations

– Modern quantum field theory of electrodynamics followed ( Nobel
Prize 1965 for Schwinger, Feynman, Tomonaga)
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Summary
● The SM is an amazingly successful theory, built on deep principles

and has huge experimental confirmation – but many open questions
point to a bigger theory that will subsume the SM 

● A big hint for beyond SM physics: new CDF result measurement of
W boson mass is twice as precise as previous measurements:

– MW = 80433.5 ± 6.4stat ± 6.9syst MeV
       = 80433.5 ± 9.4 MeV 

● Difference from SM expectation of M
W

 = 80,357 ± 6 MeV

– significance of 7.0σ 

– suggests the possibility of extensions to the SM
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Next Steps for Electroweak Measurements

● Electroweak observables access all the mechanisms that can stabilize /

explain the light Higgs mass 

– Is it stabilized by a symmetry such as SuperSymmetry ?

– Is the Higgs boson a pseudo Nambu-Goldstone Boson?

– Is there new strong dynamics ?

– Do extra-dimensional models bring the Planck scale close to

Electroweak scale?

● Motivation for a W/Z/Higgs factory (electron-positron collider) 
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Options for New High-Energy Colliders
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Options for New High-Energy Colliders
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Options for New High-Energy Colliders
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Conclusions

● Electron-position colliders (at very high luminosity) and proton / muon
colliders (at very high energy) provide unprecedented discovery potential

● New territory explored with precision measurements and direct searches is
strongly motivated for 

– Solving the mysteries associated with the Higgs boson

– Discovering WIMP Dark Matter

– Understanding the electroweak phase transition and discovering the
conditions for electroweak bryogenesis

● Potential for big surprises and discovery of unexpected new principles of
nature 



http://cepc.ihep.ac.cn/preCDR/volume.html
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Circular pp Collider
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Some Experimental Goals
● Testable reasons why the Standard Model must be incomplete

– Dark Matter could be
● Weakly-interacting particles
● Particles interacting through Higgs portal
● Interacting with SM particles through gravity

– Electroweak Baryogenesis

● Can the electroweak phase transition (formation of Higgs
VeV) provide the out-of-equilibrium condition  needed for
matter-antimatter asymmetry observed?

● Can the parameter space of new physics be a bounded
parameter space?

● Can it be fully covered with a 100-TeV scale pp collider?

YES and YES
● Naturalness – the need to explain the lightness of the Higgs mass – testing

Naturalness at 10-4   
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Squark & gluino discovery potential up to 10-20 TeV

Full exploration of “low-scale” SUSY 

Exploring New Territory – Squarks and Gluinos


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57

