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2012   The Higgs boson is discovered.

Large Hadron Collider (LHC)

CERN

Introduction

Mass m=125.18±0.16 GeVH0
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The Standard Model
- The Standard Model was established in 1970s.

SU(3)

SU(2)×U(1)
Electroweak

- Gauge theory based on SU(3)C×SU(2)L×U(1)Y

Weak Force

Strong Force

Electro-Magnetic Force

}
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Higgs mechanism
- The Higgs field in the SM has 4 degrees of freedom. 
- After the symmetry breaking, the three of the four  
  degrees of freedom mix with the three bosons, W±  
  and Z. 
- By these inclusions, the gauge bosons, W± and Z,  
   get the masses.

- Only one physical component remains:   
   The Higgs boson 126 GeV

� =
1p
2

✓
�1 + i�2

�3 + i�4

◆
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- The electroweak gauge symmetry is spontaneously broken down 
    by the nonzero VEV of the Higgs field .

SU(3)C×SU(2)L×U(1)Y → SU(3)C×U(1)EM

80 GeV

91 GeV

v = 246 GeV
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80 GeV

Electroweak Symmetry Breaking

mW =
g2
2
v, mZ =

p
g21 + g22
2

v
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“Yukawa interaction”

eR eL

h

eReL
- The Higgs boson has a direct interaction with  
  the left-handed and the right-handed, Ye
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Fermion Masses

- The non-zero Higgs VEV gives an additional intrinsic energy, which is 
the mass.

mf =
Yfp
2
vFermion masses : 

eR eReL eL
× ×××

v
eL

v vv
- The Higgs forces the left to convert over to a right and vice versa.

- Fermion masses are proportional to the VEV.
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Higgs Coupling Measurements
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No Indication  
of  

Physics Beyond the Standard Model.
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Neutrino mass 
Dark matter 
Baryon- Antibaryon asymmetry 
Inflation 
Dark energy 
 ：

Open Questions
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- Neutrinos are only left-handed. 
- No right-handed neutrino. 
- Neutrino is massless particle.

In the SM 

- Neutrino oscillations are observed.

Neutrino Mass
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flavor eigenstate mass eigenstate
✓

⌫e

⌫µ

◆
=

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
⌫1

⌫2

◆ θ

| ν2 〉

| ν1 〉

| νe 〉
| νμ 〉２flavor

νe→νμ appearance probability

- Flavor states can be written as a superposition of mass eigenstates.

Neutrino Mass

   E :  energy (GeV) 
   L :  baseline length (km) 
Δm2: mass-squired difference(eV2)

P (⌫e ! ⌫µ) = sin2 2✓ sin2 �1.27L
E
�m2

�
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�m2 = |m2
1 �m2

2|
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The neutrino oscillation shows that neutrinos have mass 
and mixing.

Δm2 ≈ 2.5×10−3 eV2 ,  7.5×10−5 eV2３flavor
θ ≈ 8°, 35°, 45° 

δ ≈ 140° ~ 375°
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 Tritium decay  

- The tightest constraint on the sum of neutrino  
  masses comes from cosmological data. 

- The neutrino mass can be constrained by the β decay of nuclei. 

P
m⌫ < 0.23 eV
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 Gap!

→ Sugiyama-san’s talk
Where do the neutrino masses come from ? 
Why is the neutrino mass so small ?

- The neutrinos masses are predicted to be orders of magnitude smaller 
than the charged lepton masses.

Neutrino Mass
m⌫e < 2 eV

<latexit sha1_base64="CAUNIy0KX5ewlohcBaAXFfFln8o="></latexit><latexit sha1_base64="+ErzzVMxTg4gl6IlTMINHlOnlh0="></latexit><latexit sha1_base64="+ErzzVMxTg4gl6IlTMINHlOnlh0="></latexit> ~

 Planck+WMAP+highL+BAO
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Dark Matter

Stable 
Neutral 
Cold

Dark Matter 
       27% Matter ５%

Dark Energy 
     　68%

Galaxy rotation curves

}
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- The existence of dark matter has been confirmed.  
- In the SM, the massive neutrino is a good candidate for the DM.     
  But the Universe that consisted of hot dark matter would have  
  fewer structures. 
- The new particle for DM candidate :

→ Ishiwata-san’s talk

- e.g) Z2 symmetry is guarantee the stability of the DM.
    SM : even 
χ(DM): odd　 ×oddNRα νL

Φ0SMeven

even

χ
SM    

SM    - WIMP (Weakly Interacting Massive Particles ) miracle

SM

SM

χ

χ

 <σv> ~ 10-37 cm2 100 GeV mass range  
Electroweak interaction

⌦�h2 ' 0.1
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To obtain the correct abundance of DM,                      , via thermal 
production requires : 

}
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WIMP

- The 'WIMP Miracle' hope is severe.
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Baryon- Antibaryon Asymmetry

In the SM 
   - No ΔL≠ 0  interaction 
   - 1stOPT is not realized 
   - CP violation in the quark-mixing matrix is too small

Anti-baryon

…

……
…

……

…

……

…
……

Baryon

109 109

- Everything is made almost entirely of matter.
- The matter and the antimatter are equal at  
   the beginning of Universe. 
- The balance must be changed shortly after in 
   order to leaving a matter-dominated Universe.

CP violation

1st OPT

ΔB≠0
<H>=0

<H>=v

…

……

…
…… 109

…

……

…
…… 109

+1 -1}
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Two major scenarios:
- Leptogenesis

ΔL≠ 0 ΔL→ ΔB

- Electroweak Baryogenesis
@ Electroweak symmetry breaking

CP violation

B+L
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Grand Unified Theories 
Hierarchy problem  
      :             

Neutrino mass 
Dark matter 
Baryon asymmetry 
Inflation 
Dark energy 
      :

Open Questions

GUTs ⊃ SU(3)×SU(2)×U(1) relate some of these.
SM has 19 parameters.

The extreme fine-tuning is needed to stabilize the mh  at the electroweak scale.
Radiative corrections to mh2 diverges as ~ Λ2.

m2
h = (1019 GeV)2 � (1019 GeV)2 = (125 GeV)2
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Beyond the Standard Model
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SM + Right-handed Neutrino

⌫eR ⌫µR ⌫⌧R
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- Gauge singlet 
- Majorana particle

particle = antiparticle

Right-handed Neutrinos :
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- Yukawa interaction h
- Mass team of  
  the right-handed neutrino

- Neutrino mass

- Problem of Baryon-Antibaryon asymmetry can be solved   
  via the leptogenesis scenario.

→ Asaka-san’s talk

νRνR

νRνR

νR

νLνL

νL

SM + Right-handed Neutrino

ΔL≠ 0

m⌫ =
y2v2

2MR
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・y ~O(1),  M~1014 GeV
e.g)

・y ~ ye ~ 10-6,  M~100 GeV 

y

v v
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Grand Unified Theory

SU(3)

SU(2) × U(1)}
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}
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Grand Unified Theory

SU(5) 
SO(10) 
   ?

16 = (QL, uR, eR, LL, dR, νR )
- Quarks and leptons are in the same multiplet.

Electroweak

Strong
Electro- 
magnetic 

Weak

- Right-handed neutrinos are naturally included.

SO(10)



Mayumi Aoki    “Physics at the Cosmic Frontier” @Toyama            March.7, 2019

SM + Extra Higgs Bosons
Extended Scalar sector

H1

- Second doublet scalar

H2 8 d.o.f

H+ H−

A

- Charged Higgs boson 
- CP phase 
- 1st order phase transition 

H

- Problem of Baryon-Antibaryon asymmetry can be solved   
  via the electroweak baryogenesis scenario.
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Hierarchy Problem in the Standard Model

.

.

t W H

Radiative corrections to m2 diverges as ∼ Λ2. ⇔
Physical Higgs mass ∼ m2 . (Fine-tuning necessary if
Λ ≫ m )
In SUSY Standard Models this is automatically solved
since (softly broken) SUSY ensures the cancellation of
the quad. divergences. For example,

.

.

λ λ

t

λ2

t̃

D. Nomura (KEK IPNS) muon g-2 October 31, 2018 9 / 60

Supersymmetry
- SUSY introduces a new symmetry between fermions and bosons.

- SUSY can solve the hierarchy problem. 

- Unification of gauge interactions.

All SM interactions conserve the baryon number, 
lepton number, and spin. Therefore, the following 
quantity is also conserved :

- The lightest SUSY particle is stable (DM candidate).　

SM particle :  R = +1,            SUSY particle :  R = −1

R = (�1)3(B�L)+2S
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- R parity

 R-parity 

Attractive features:
SUSY particleSM + Extra Higgs bosons
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Hints for BSM?

Hints for BSM?
The LHC has shown us no new hints of what's next.

 - B anomalies

s̄
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= B(B→D(*)τν) / B(B→D(*)lν)   RD(*) 3.8σ

 = B(B+→K+μμ) / B(B+→K+ee) RK+ 2.6σ

The striking hints of lepton flavor universality violation has been shown.

3.5σdeviation from the SM predictionaexp

µ = 11 659 208.9(6.3) ⇥ 10�10
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・g=2 at tree level 
・g≠2 by radiative corrections

aµ ⌘ (g � 2)/2
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- Muon anomalous magnetic moment:
H = �~µ · ~B, ~µ = g

⇣ e

2m

⌘
~S
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magnetic moment:

anomalous magnetic moment:

 one of the most precisely measured quantities
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Summary

- BSM is crucial to understand the world. 
- BSM is a rich and complex. 
- Various experiments will help disentangle which is the model of  
   new physics.

Let's work on big puzzle !


