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We will have a Higgs workshop “HPNP2019” in Feb 2019 in OSAKA
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Standard Model

Spontaneous Symmetry Breaking:  Mass
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October 26, 2016
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Color Isospin Hypercharge
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W a
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ψL(x)i → (exp iθ(x))ijψL(x)j

ψL(x)i → UijψL(x)j

Uij = (exp iθ(x))ij
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Weak bosonsPhoton

Gluon
MassiveMassless

Quarks and leptons
3-generations

Gauge principle: Interac<on

Massive
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LHC experiment

Spin, Pality 0+

Coupling with many par:cles
hγγ, hgg, hZZ, hWW, hττ, h), hbb, …

ATLAS/CMS 
July 2012

Discovery of a scalar particle

Iden:fied as a Higgs boson

Mass 125 GeV, …

Measured couplings turned out to be
consistent with the SM Higgs  

SM prediction

“Tentative” SM Higgs sector works well!

No BSM par:cle has been found

Standard Model is enough?



Beyond the Standard Model

Unifica3on of Law

– Paradigm of Grand Unifica3on

– Yukawa structure (flavor physics)

Problem in the SM Higgs 

– Hierarchy Problem, Shape of Higgs sector, Nature, …

BSM Phenomena

– Dark MaJer

– Neutrino mass and mixing

– Baryon Asymmetry of Universe

– Infla3on, Dark Energy, Gravity,…

New Physics is necessary At which scale?

17

Many reasons to consider New Physics beyond SM

If TeV scale, they should have connection with Higgs physics 



Higgs problems
Higgs boson was found, but Higgs sector is unknown 

� Nature of Higgs boson Hierarchy Problem
New paradigm of New Physics

By the discovery of h(125), these problems became frontier

� Structure MulDplet structure, Symmetry, …
RelaDon to new paradigms 
and BSM phenomena

� Higgs PotenDal EW Symmetry Breaking
Dynamics of EWSB
EW Phase TransiDon μ2 < 0

Only one Higgs?



Higgs is a key to new physics

• It is the weakest part in the SM
• Its structure remains unknown
• It relates to the physics beyond the SM
• It can be tested by current and future

experiments

We can access to the new physics 
via the Higgs physics! 



Nature of Higgs 

– Elementary Scalar                           

– Composite of fermions                                

– A vector field in extra D     

– Pseudo NG Boson           

– ……              

SUSY

Dynamical Symmetry Breaking

Minimal Composite Models

Gauge Higgs Unification

……

Higgs Nature ⇔ BSM Paradigm

Each new paradigm predicts a specific Higgs sector 
(eg. MSSM: two Higgs doublets,                            

Gauge-Higgs Uni.: Higgs couplings are weaker) 



Higgs is a window to new physics

Higgs portal new physics
scenarios

SUSY
Dynamical symmetry breaking
Higgs as a pNGB
Gauge Higgs Unifica?on
CW mechanism 
Higgs portal dark maBer 
Inert scalar models 
Radia?ve neutrino mass models
Electroweak baryogenesis
…

It is important to experimentally determine 
the Higgs sector to explore new physics beyond SM 



Hyper-
K?

Ν0ββ

EDM

LFV
…

Future experiments
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2017

2026

2034

2030

SuperKEB
LHC

Run II, III

HL-LHC
Direct/indir

ect
searches

ILC250,
CEPC, …

Higgs
precision

LISA
EWPT via GW

2040

Golden Age  2030s



1-2  Basics of Higgs 
physics
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Symmetry and Vacuum

Charge QA is a generator of the 
symmetry for the field φ

Under G, there are two phases for vacuum

���Wigner Phase

��� Nambu-Goldstone
phase
�Broken Phase�

Zero mass parFcle appears
= Nambu-Goldstone Theorem

If a physics system (action) is invariant 
under a global transformation G, 
there is the conserved current Jμ

A

for each generator T A of G.



Global U(1) Scalar Theory 
Complex field

Lagrangian is invariant under the U(1)

���� global transformation

For μ2 < 0, vacuum is on the circle

Mass term of η

No ξ2 term
→  ξ is massless (Nambu-Goldstone boson)

Only up to dim-4 
by renormalizability

Using U(1) we can set the vacuum at 



Gauge Symmetry

Impose invariance under 
a local U(1) gauge transforma8on 

System of Free Dirac Fermion

Impossible as it is

Introduce the gauge field and covariant deriva8ve

Define the transforma8on of the gauge field

Gauge Principle� Theory is invariant under the local gauge symmetry

Aμ cannot have the mass 
term

such that



Higgs Mechanism
Case of Gauged U(1) Scalar Theory 

Assuming μ2 < 0, expand the field around the vacuum

Originally  ξ + η + Aμ�2 � 4 degree of freedom �dof�
But it looks like ξ + η + Aμ�3 =5 → excess can be eliminated by the gauge transformaIon

Gauge transform After SSB, ξ is unphysical, 
and its original d.o.f. becomes 
that of longitudinal component of Aμ

geuge mass MixingNG boson scalar mass



1-3   EW force and the 
Standard Model 
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Nuclear Decay

Other decays of Hadrons

Beta decays etc

10−23 s

10−17 s

10−10 s

Life9me τ

Weak Force

Electromagtic
Force

Strong Force

Decay with gamma emission

Brief Article

The Author

October 23, 2016
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Nuclear 
Force

Strange particle

Typical Life Time for each Force 

µ− → e− + νe + νµ

µ− + p → n+ νµ

π+ → µ+νµ

n → p+ e− + νe

jemµ = −eψγµψ

∂µ → ∂µ − ieAµ

L = ψ(iγµ∂
µ −m)ψ − jemµ Aµ
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ψ → ψc = Cψ
T

C = iγ2γ0
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こんにちは兼村です！！
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Beta decays
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Beta decay of neutrons

Pauli� Predicton for Neutrinos (1931)

Neutrino was introduced to explain 
the continuous spectrum of 
the electron energy distribution

Fermi� �-body interacAon (1934)

New force where kind of parAcles changes
(Not QED)

Case of 
2 body
decay

Data 
Con0nuum

DistribuAon of E of the electron 



Fermi Theory (1934)
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Beta decay of neutrion

Neutrion annihilated, and proton, electron anti-neutrino generated

Shape of Interac8on Fermi assumed the type V

Brief Article

The Author

October 23, 2016
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Mul8plica8on of bi-linear forms
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こんにちは兼村です！！
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S AP V T

Data: Helicity of an8-neutrino   +1
Helicity of electron            −1

Only le'-handed 
(νe)L,  e−

L

Brief Article
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H ∼ G√
2
[pγµ(1− λγ5)n] [eγ

µ(1− γ5)νe]

H ∼ (pΓin)(eΓiνe)

Λ → p+ + π−

µ− → e− + νe + νµ

π+ → µ+νµ

n → p+ e− + νe

jemµ = −eψγµψ

∂µ → ∂µ − ieAµ

L = ψ(iγµ∂
µ −m)ψ − jemµ Aµ

φ→ φ∗

ψ → ψc = Cψ
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1

Brief Article

The Author
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λ ∼ 1.25

H ∼ G√
2
[pγµ(1− λγ5)n] [eγ

µ(1− γ5)νe]

H ∼ (pΓin)(eΓiνe)

Λ → p+ + π−

µ− → e− + νe + νµ

π+ → µ+νµ

n → p+ e− + νe

jemµ = −eψγµψ

∂µ → ∂µ − ieAµ

L = ψ(iγµ∂
µ −m)ψ − jemµ Aµ

φ→ φ∗

1

Weak interaction takes the type V−A 
The deviation in hadron current come from the strong interaction



Scale of weak force

W

g

g
G

Vector field W which mediate the weak force has mass of O(100) GeV

Consider 
a theory with 
a broken symmtry

If the weak force is a gauge force under a gauge symmetry , 
the gauge boson must be massless

Spontaneous symmetry breaking

� V=246GeV 

�



Weak Force mixes with EM 
Force
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µ(1− γ5)νe]
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Isospin SU(2)I and Hypercharge U(1)Y  are 

fundamental, and EM symmetry U(1)EM 

remains a@er Spontaneous Symmetry Breaking
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Flavor SU(3)
Octet (B=1)

Y�B�S

Discovery of Strangeness �Nakano, Nishijima, Gell-Mann: 1953�

Quark Model (u, d, s)

Q:  Electric Charge
I3:  Isospin 
Y:   Hypercharge
B:  Baryon Number
S:  Strangeness

SU(2)I�U(1)Y → U(1)EM



Standard Model
（Weinberg-Salam）

Electromagne,c Force

Weak Force
P, C Viola,on
Flavor is changed by the process
FCNC suppression
CP viola,on (three genera,on)
Origin of mass

Explained at the 
same ,me
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1-4   Higgs sector
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Spontaneous Symmetry 
Breaking

38

Higgs Potential

Put μ2 < 0 ⇒ Symmetry is broken

Vacuum expecta<on value

Mass of 
Higgs boson h

light    h ⇔ small  λ (Weak)
heavy h ⇔ large λ (Strong)
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Higgs mechanism 
Kinetic term

Gauge field     Mass eigenstate Mass obtained

SU(2)I�U(1)Y → U(1)EM

photon

W boson 

Z boson
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EW ρ parameter: the ra4o of CC and NC
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Experimentally ρ is very close to unity In the SM, ρ = 1 is predicted 

ρexp = 1.0004   + 0.0003
− 0.0004
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neutrino scattering



Mass of quarks and leptons
SM is a chiral theory (Le1 and Right have different charges)
Fermions are massless under chiral symmetry
Dirac masses are generated via Yukawa couplings and SSB

If flavor (genmeraEon) is taken into accout, Yukawa coupling is a 
matrix, and mass matrices for quarks and leptons are generated.



Higgs is Origin of Mass

�

�

�

�

�

�

�

f

f

W

W

Yukawa 
Coupling

Gauge
Interaction

Self-interac8on



Higgs is Origin of Mass
Masses of all par+cles come from vacuum!
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Mass-Coupling Universality 
In the SM, we have the relation

SM can be tested by using this 
Mass-Coupling Universality 

In other Higgs models (e.g. 2HDM), 
this relaCon is violated at tree level 
and radiaCve correcCons 

Need to measure both masses and 
couplings as precisely as possible

Co
up

lin
g 

w
ith

 H
ig

gs
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120-130GeV

Rich decay modes for 125 GeV 
• Higgs is origin of mass
• It couples to all 

par<cles 
[hγγ, hgg via loop]

• Decay to various 
par<cles

• In par<cular, we are 
very lucky because 
mh=125 GeV is ideal  
to test many decays 



47

Higgs production and decay in SM
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Flavor Mixing (skip)
Ratio of leptonic decays 
of  π (ud)   and K (us)

Weak 
eigenstates
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Small deviation in the coupling of beta decays 
Can also be explained
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Data

RaAo = 0.974

ReacAon with ΔS = 1
is suppressed as compared 
to that with ΔS = 0 

Cabbibo angle



Flavor Changing Neutrial
Current

When only u, d, s were known as quarks

Cabbibo explained charged current processes by flavor mixing 

At the same time, flavor changing neutral current was predicted
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Flavor Changing Neutral Current (FCNC)

But the data shows that FCNC is very suppressed
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GIM Mechanism
Introduc)on of the second genera)on isospin doublet (charm quark: c )
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Canceled with the FCNC from 

the 1st genera)on

By introduction of charm quark, neutral currents are flavor diagonal 

Because of the unitarity Ud† Ud =I, and no FCNC appear.

Glashow-Illiopoulos-Miani (GIM) mechanism (1970)
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FCNC is induced via loop 
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It reproduces the correct order of the data
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Charm was discovered aCer 4years from GIM mechanism (1974)
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FCNC and new physics
The fact of the FCNC suppression generally gives 
a strong constraint on new physics beyond the 
SM.

Extended Higgs sectors
Supersymmetric models
Technicolor
…

We see later for the case of 
Extended Higgs sectors



1-5 Properties of the 
Higgs boson
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Higgs mass
Before discovery, Higgs mass was the 
last free parameter of the SM
There are theoretical bounds on the 
mass 
– Unitarity
– Triviality
– Vacuum Stability

These ideas are still 
useful to constrain 
parameters in various 
new physics models 

Brief Article

The Author

October 25, 2016

m2
h = 2λv2

⟨φ0⟩ = v√
2
̸= 0

φ0 =
1√
2
(v + h+ iz)

Dµ = ∂µ − igIτaW a
µ − ig′

Y

2
Bµ

V (Φ) = −µ2|Φ|2 + λ|Φ|4

L = −1

4
GµνG

µν − 1

4
WµνW

µν − 1

4
BµνB

µν

+QLiγ
µDµQL + LLiγ

µDµLL

+|DµΦ|2 − V (Φ)

−
{
YuQLΦ̃uR + YdQLΦdR + YeQLΦeR + (h.c.)

}

+uRiγ
µDµuR + dRiγ

µDµdR + eRiγ
µDµeR

eR

1



Unitarity in WL+WL-→ WL+WL-
elastic scatterings

It is on the circle for unitarity

For 2→2 elas4c sca5erings, 
S-wave amplitudes sa4sfy 

S-Matrix is unitary |S|2 = 1

Argand diagram

If perturba4on calcula4on is correct, 
the tree-level result should be near the circle. 

Perturbative Unitarity



Perturbative Unitarity
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WL
+WL

− Elas%c Sca)ering

a0(WL
+WL

−→WL
+WL

−) ≈  A E4 + B E2 + C (E→∞)

A=0  by the gauge symmetry

|C | < 1 ⇒ mh < 1.2 TeVIn the SM

Unitarity Violation if A, B ≠ 0

To make B = 0,  diagrams mediated 

by a scalar field must be added

A Higgs field h is required 

to save unitarity

Lee, Quigg, Thacker (1977)



Result without Higgs mediation

58

E < 2.5 TeV
Unitarity is broken at high energies

S-wave amplitude



Addition of the Higgs mediation
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Cancella5on occurs for only if κ = 1.   (Namely the SM case)  

mh < 1.2 TeV

ghWW
SM → κ ghWW

SM

Unitarity is stabilized, and the upper bound on the mass is obtained

S-wave amplitude



Perturbative Unitarity
Multi-Channel Unitarity

Eigenvalues zz - hh
- 2ww + zz + hh

zh

+ 2ww + zz + hh

mh
2=2 λ v2

λ

O(4):  φ= (w1 , w2 , z, h)

Lee, Quigg, Thacker (1977)



Triviality and           
Vacuum stability
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Landau Pole
The Φ4 theory is asympto/c non-free

RGE Equa/on

Coupling blow up and divergent at the Landau pole

Λ

λ(μ)

μ0 μ

λ0

Calcula/on 
using perturba/on
for simplicity



Triviality/Vacuum Stability
Require that the SM holds 
up to a scale Λ
– No Landau Pole
– Stable Vacuum  (λ＞０)

If initial value of λ is 
large, β-function is 
positive (blow up) 

yt=O(1)

If the 2nd term is 
stronger,β-function 
is negative (fall down) 

mh
2 = 2 l v2

RGE of λ coupling



The Cut-off of the SM Λ
With the discovered 125 GeV Higgs 
boson, λ becomes negaCve below 
Planck Scale (at central value of mt)

arXiv:1205.6497, Degrassi et al

Cut off Λ = 107 – 1019 GeV
large uncertainty comes 
from large Δmt

At Planck Scale, λ(Mpl) < 0, but the theory saCsfies the condiCon 
of the meta-stable vacuum 

At ILC, Δmt≈ 30 MeV is expected 
Cutoff Λ can be determined    



Tunneling into the other vacuum
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Decay Rate of EW vacuum
(Tunneling effect)

Decay Probability 

If λ(ht) = − 0.01,  τU << τEW .  

If λ(ht) < − 0.05,  τU >>  τEW . Instability and dangerous

Meta-stable but not dangerous

EW vacuum
tunneling

λ < 0

DesNny of the Universe is determined by the balance 
of the age of the Universe (τU) and the life Nme (τEW) of the EW vacuum 



Are we on the edge?

arXiv:1205.6497, Degrassi et alCondi@on of meta-stability 
is sa@sfied. τEW >> τU



Part I   Summary 
• Higgs field is origin of mass
• Higgs is a probe of new physics
• SM Higgs sector
• Some proper9es (Unitarity, Vacuum stability, 

…)
• If SM is correct up to very high energies, the 

vacuum of our universe would be meta-stable.
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Nambu-Goldstone Theorem
��Lorentz and transla-on invariance 
��Conserved current exists 
��Symmetry is spontaneously broken

Massless particle appears and 
couples to the current

Matrix element 
with current

From explicit Lorentz invariance

Nambu-Goldstone’s Theorem
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What a coincidence!
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Predic)on in the SM 
with one Higgs doublet

�# ���
�	��
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�1� (v=246 GeV)



Produc'on of the SM Higgs @LHC
Gluon Fusion
H→gg (110-140GeV)     
H→ZZ→llll (140-1000GeV)   
H→WW      (130-170)           

Vector Boson Fusion (VBF)
H→tt (110-140GeV)    
H→WW (130-200GeV)      gHWW
H→ gg (110-140GeV)
H→bb      (110-140GeV)     Yb

Top association
H→bb         (110-130GeV)   Yt
H→tt (110-130GeV)   Yt
H→WW      (130-180GeV)   Yt

W associa'on
H→WW   (140-170GeV)  gHWW

Produc'on cross sec'on


