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Standard Model

Theoretical Description of Nature
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1=1,

Introduction- SM

Standard Model of Particle Physics

=  Successful at energy scales below TeV
« 3 gauge symmetries: electromagnetic, weak, strong forces
« 2 accidental global symmetries: B and L number
» So far, all the collider measurements are in good agreement with SM predictions
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1-1. Introduction- SM

= Quantum Field Theory
« Framework to describe elementary particles and their interactions

* Theory: Action + +

*  Symmetry: AS =(path-independent)

(final|initial) = [ DA,DDYDY eStAwt¥¥l

- Poincare symmetry: mass, spin

- Internal symmetry: charge

vig)

Symmetry breaking

- Spontaneous breaking: the ground state is not symmetric /4

|||||

- Anomaly: Breaking by quantum effects =S

due to fermions with chiral symmetry coupled to gauge fields

AP
Clp ~ total derivative — relevant nonperturbatively

JH = AL = FHYE

32772 wv e.g. B + L is anomalous under electroweak
A°
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1-1. Introduction- SM

Physical objects from fields
= Point-like particles

Small linear perturbations of fields around the ground state

=  Solitons
Solution of the classical field equation 65 =0
« Lumps of fields of finite size
« Similar to particles, but without quantization

« Existence and stability due to non-linearity of the field egs

e.g. magnetic monopole, domain wall, cosmic string, ...

. 1
(size) ~ ~

m
(energy) ~ 5
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1-1. Introduction- SM

v

= [nstantons
Localized, finite-action solution of the Euclidean field eqs

Wick rotation it - 7

dq\? . dq\?
S=[dt (%m(d—Z) — V(q)) - Sy = [dt (%m(d—Z) +V(q))
« Tunneling between quantum systems

» Decay of a false vacuum by bubble nucleation

= Sphalerons
Static, unstable, and finite-energy solution of the classical field egs
» Classical transition between vacua

« Possible at high energy scales

instanton sphaleron

Non-Abelian gauge theory: topologically non-trivial vacuum structure with an infinite number of

ground states

Instantons — anomaly has physical effects
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1-1. Introduction- SM

SM as Low Energy Effective Theory

= UV theory with renormalizable local operators

L=Ly(¢u ¢L)+ L(¢L)

where ¢y (¢,) are fields describing heavy (light) particles above (below) A

= Effective theory of light fields
« Obtained by integrating out heavy fields: [ D¢y D@, eS!PnPL]

 Below the cutoff scale A

;" (n)
Legs = L(¢py) + z Az Ui (¢1)
n,i

(n)

i

Dimensionless Wilson coefficients ¢

- Effects of heavy particles and high energy modes
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1-1. Introduction- SM

= Effective theory of light fields

« Contribution of the local operator Oi(") to a process at energy scale E < A

o

* Matching

Same physical predictions at low energy scales

Aegr() = Agyn(u) + (threshold corrections)

'''''

“““““

» For a case of strongly coupled theory

- Effective theory of relevant degrees of freedom e.g. hadrons in QCD
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Why Beyond the SM?

Experimental Evidences
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1-2. Why BSM? Observational Hints

Physics beyond the Standard Model

S a
Q

*  Weak eigenstate = mixture of mass eigenstates

Experimental evidences
= Neutrino Masses and Mixing

» Neutrino oscillation experiments

Ui;
l parameter best fit £1o 20 30
sign of from matter effects —» [ Am3; [10-%eV?] 750701 7.24-7.99 7.09-8.19
2.45+0.00 2.28 — 2.64 218 —2.73
Am3; [107%eV?
m [107°eVT] | g g0ty —(2.17 — 2.54) —(2.08 — 2.64)

sin® 01 0.3127901% 0.28-0.35 0.27-0.36
L 0.51+0.06 0.41-0.61
sin 0z 0.52 + 0.06 0.42-0.61 0:30-064
2p 0.01075:902 < 0.027 < 0.035
S
s 0.013100%0 < 0.031 < 0.039

% Neutrinos are massless in the SM

KS JEONG @ PNU
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m3

Normal

atomospheric:

24x107 ev?

solar: 7.5x10° eV?

Cosmological observations
Ym, <0.1eV

Inverted

solar: 7.5x107 ev?

atomospheric:

24x107 ev?
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1-2. Why BSM? Observational Hints

= Neutrino Masses and Mixing N S
How to generate tiny neutrino masses? )

« Majoranav =v (AL = 2) v ‘

— o~ 2 o ~
- Seesaw mechanism: L = y €, Hvg + %MRWVI% = Less = z—R({’LH)(HT{’C)

H H 2 2
m, ~ YT .1ev
M

R

VR VR

<
- - - — -
- ---
<

seesaw scale: My ~ y2x10*GeV

« Diracv+#7v (AL =0)
- Tiny Yukawa coupling: L =y ¢, Hvy —» m, = y(H) ~ 0.1eV

BB0v to test Majorana nature of neutrino:
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1-2. Why BSM? Observational Hints

= Dark Matter
Non-baryonic cold dark matter
- Observed motions of stars and galaxies

- Mass distribution measured with gravitational lensing

Observations
from starlight

Velocity
(km s-1)

10,000 20,000 30,0000 40,000

Distance (light years)

Rotation curve of galaxy ek

Sur bulge

Bullet cluster: gravitional lensing + X-ray

disk

Milky Way

*» No candidate for cold dark matter in the SM
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1-2. Why BSM? Observational Hints

= Dark Matter

« Various models in a broad range of masses

MOG

- Stability + Production mechanism

. . e Dark
» Active researches on dark matter detection strategy s o Matter

Particle WIMPzilla

Dwarf galaxies

- Bosonic: de Broglie wavelength < kpc = heavier than 10722eV Y ss

- Fermionic: phase space density limit by Pauli exclusion principle = heavier than about keV

If once thermalized: structure formation = heavier than keV

zeV aeV feV peV neV peV meV eV keVv MeV GeV TeVv Pev 30Mg
1 | | | | ] ] L . 1

IIIIIIIIIII
‘IIIIIIIl"l"l"l"l"lnli

€— —> >
QCD Axion WIMPs
<€ . > € - > >
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
DM velocity distribution ¢ > < >
Standard halo model Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM

T ~—> < , >

SHM H‘“ - Post-Inflationary Axion Asymmetric DM
SHM*+ o . -

! - Freeze-In DM

«—>
SIMPs / ELDERS

Evans, O'Hare, McCabe

1 1 1 L ) L
100 200 300 400 500 600 700 800 1
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1-2. Why BSM? Observational Hints

=  Baryon Asymmetry

* Non-observation of gamma ray burst

fromm matter-antimatter annihilation

Electron and positron annihilate each other

Electron

Positron

« Big Bang Nucleosynthesis: abundance of light elements

Gamma rays

« Cosmic Microwave Background: sound speed of baryon-photon fluid

baryon density Qh?

0.26 &
> 0.25 F
0.24

0.23 F
o 108

D/

104 1

SHe/H

1075 |

10~ |

7Li/H

10-10 |

10-10 10-?
baryon—to—-photon ratio 7

e+ 1) CTT oinpd

Pl mmaem. €y, 50% higher
7\ ——— best ACDM fit

Q, 50% lower

0 200 400 600 800 1000 1200 1400
Multipole moment ¢

% Baryogenesis requires B violation, C and CP violation, and B violating interactions out

of thermal equilibrium « Not enough in the SM

KS JEONG @ PNU
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1-2. Why BSM? Observational Hints

=  Baryon Asymmetry

» Electroweak phase transition: (free potential) = V +(thermal effects)

7

1 2
AVoy ~ §ChT2h2 - gEh:rh3

crossover B, ~ 73(%5;; ") 14 % 10
T, T
¢ E (—\T~E
- Last period affecting baryon asymmetry |
B + L violation by rapid EW sphaleron transition in symmetric phase /
=0
o 1 2

nCS

« Baryogenesis scenarios
- B — L generation above the weak scale: Leptogenesis, Affleck-Dine, ...
- B + L generation at the weak scale and rapid sphaleron decoupling:

E|ectr0weak ba ryogeneSiS c.f. electron EDM bound from ACME I

KS JEONG @ PNU 16



Temperature fluctuations (uK)
3 8 3 3

o

1-2. Why BSM? Observational Hints

Cosmological Inflation
Exponential expansion & reheating in the early universe for the standard hot Big Bang model
* Homogeneous and isotropic universe on large scales

* Nearly scale-invariant, Gaussian density perturbations
power spectrum of density perturbation

logy P, (k) ~ 1

Curvature of Temperature power spectrum
tha universa flat Planck 2018

6000

5000

4000

Amount
of baryonic
dark matter

3000

DIT [uK?)

2000

1000

10 100 1
Multipole moment (I) 000

600
300

60
30
0
-30
L 1 L -60
2 10 30 500 1000 1500 2000 2500

ADIT
o

-300
-600 |

sourced by density fluctuations

Difficult to implement inflation in the SM
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1-2. Why BSM? Observational Hints

= Cosmological Inflation

V(p)

Slow-roll inflation

slow-rolling
inflaton

reheating

A

Planck constraints

” \2
n, =~ 1+2V——3(K)
4 4

N2
-4
A V

§

Tensor-to-scalar ratio (vg,002)

0.20

0.15

0.10

0.0.

0.00

- Inflation during slow-roll era with e < 1 and |n| « 1

1

V2
)

14

= M3 —
n Py

- Coherent oscillations of inflaton to convert energy

to SM particles - Reheating

.
0.94

0.96
Primordial tilt (n;)

el ITTT!

-
[

TT,TE,EE+lowE+lensing

TT,TE,EE+lowE+lensing
+BK15

TT,TE,EE+lowE+lensing
+BK154+BAO

Natural inflation
Hilltop quartic model
« attractors
Power-law inflation
R2 inflation

V x ¢?

Vo ¢p/3

Vxo

V x ¢/

Low scale SB SUSY
N.=50

=
I

=Y
1S3
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1-2. Why BSM? Observational Hints

= Content of the universe
« Baryon acoustic oscillations: power spectrum of galaxy fluctuations

» Large scale structures: 21cm, Lya, CMB lensing, galaxy clustering, ...

Before

%Prolon

Electron

Lyman a transition of HI

After

21cm
emission

hyperfine transition of Hl

* Supernovae

HISTORY OFTHE | INIVERSE 1.0 Atoms »
: 2.9% Dark
= Energy o Vac
68.3% s b oca™
0.8 Dark
Matter - 22
26.8% g
Z 05
0.6 L
-
~ <
| . i S
0.4 TODAY DY - PR— L i ........... e
Supernovae ) A
CMR 107 10 10 10 105 100 10 10 0" 10
) CMB Scale Factor
0.21 Voids Neutrinos Dark
10% Matter
BAO 63%
0.0
: o Photons
0.2 0.4 0.6 0.8 15%

o,

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)
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Why Beyond the SM?

Theoretical Puzzles

KS JEONG @ PNU
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1-3. Why BSM? Theoretical motivations

= Standard Model Lagrangian

1 2 . T
7 b FH D H|" = V(H )]+ Yok Dy + yiiHp;

Gauge sector Higgs sector

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons] )
| 1] 1]
mass | =2.2 MeV/c* = 2 = 0 =124.97 GeV/c?
@ I @ I € @ |- H
up charm top gluon higgs
=4.7 MeV/c* =096 MeV/c* =4.18 GeV/c* 0
@I I'® || @
down strange bottom photon
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c* =91.19 GeVic?
@ IO '@ || @
electron muon tau Z boson I
<1.0eVic? <0.17 MeV/c* <18.2 MeV/c? =80.39 Ge

Leptons @D D | ®

electron muon tau I
neutrino neutrino neutrino W boson
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1-3. Why BSM? Theoretical motivations

Physics beyond the Standard Model
Theoretical Puzzles
=  Quantum Gravity

* General relativity

- gravity = spacetime curvature quantized

1
Guv = Ry — Egm,R = 81

- Gravitational force becomes comparable to other forces at
Planck scale: Mp; = 2.4x1018GeV

* Not renormalizable in QFT — String theory (?)

KS JEONG @ PNU 22



1-3. Why BSM? Theoretical motivations

= Gauge Sector 1
° SU(3)XSU(2)XU(1) for QCD and EW force 60 ~_ Standard Model

 Grand Unification

- Hint from renormalization group flow

- Charge quantization (magnetic monopole)

1 10° 1010 10"°

«  Models: SU(5), SO(10), Eq, ... Energy, GeV

- Proton decay by B and L violation mediated by heavy gauge bosons

Unification scale: Mgyt ~ 101GeV

1/2
gcz;UT
0.5

MGUT > 1016GeV <_
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1-3. Why BSM? Theoretical motivations

Higgs Sector

Scalar potential
v = LAIHP + AlH|*

where v = 246GeV and m;, = 125GeV

Higgs quartic coupling A

= u = 88GeV and A = 0.13 at the weak scale 10

c.f. QCD scale: natural due to log running of as

0.10

0.08 -

0.06 -

0.04

0.02 -

0.00

-0.02 -

-0.04 -
10?

> T T T
€ 1 aTLAS and cus
¥ LHC Run 1
S}
ELL|> 107'F 3
w
¥
1072 E
¢ ATLAS+CMS 1
w0k, & T SM Higgs boson |
— M, €] fit 3
[ 68% CL
[ Jes5%cCL
Il 1
107 1 10 102

Particle mass [GeV]

Vacuum stability: new physics at M;_, ~ 10°712GeV?

Instability / )

&C l ] J
Stability | g

V2 |

u“ .2 !

30 bands in
M, =173.1 % 0.6 GeV (gray) 200
@; (M) = 0.1184 % 0.0007(red)
M, = 1257 + 0.3 GeV (blue) >
new physics? S 15088
physICcss &
by
% 100
<
g
(=9
o
= 50 -
M, = 174.9 GeV. Ot=
I T T N S T Y Y SN T T N W SR | 0

108 loll) 10I2 10]4 101(\ 10IS 103()

RGE scale p in GeV
Degrassi et al
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1-3. Why BSM? Theoretical motivations

= Higgs Sector

« Radiative correction to the Higgs mass squared parameter u?

Q \ c.f. mass protection
\
_-__O--_- i P e e i 0 - Gauge boson: Gauge symmetry

- Fermion: Chiral symmetry

2 _ Y° A2 V) A a2
Su” = v tgzh tg2 0
fermion gauge boson scalar boson

- EW hierarchy problem: sensitive to unknown UV physics

How to stabilize the weak scale?

W=, Z
Higgs Planck
i t
neutrino 0 e o new physics ? GUT

l l l l particle desert ? J MPl
1 | | 1 | | | | | I |  ER ] Pl | I I | I I | 1 I | 1 I | 1 I | |
1 1 1 1 1 1 1 I 1 1 I 1 1 T 1 T T 1 T T T T T T T T T T 1 T

109 108 10-3 10° (i 109 1012 1015 101 [GeV]

MR MGUT
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1-3. Why BSM? Theoretical motivations

= Higgs Sector

« Unnatural without new physics around TeV

- EW naturalness has been considered as a guiding principle to BSM

- Interesting ideas:

Particle zoo

Particles are divided into two families called bosons and fermions. Among them are groups known as leptons, quarks and
force-carrying particles like the photon. Supersymmetry doubles the number of particles, giving each fermion a massive boson
asasuper-partner and vice versa. The LHCis expected to find the first supersymmetric particle

[ LepoNs | QUARKs |
electron up
muon down
tau charm GLUINO PHOTINO WINO ZINO HIGGSINO
electron neutrino strange
muon neutrino bottom
FERMIONS tauneutrino top
SLEPTONS SQUARKS
GLUON PHOTON | w: | [z HIGGS
BOSONS selectron sup pHoToN ] — v Hces
smuon sdown
stau scharm Sia1
Sleciron stieutdns sstrange The lightest supersymmetric particle is
muon sneutrino ‘sbottom called the neutralino. It could be any one
tausneutrino stop of the -inos, or a combination of them

(often) WIMP as cold dark matter if realized around TeV

Standard model

Island Universes in Warped Space-Time

According to string theory,

our universe might consist of
a three-dimensional “brane,”

embedded in higher
dimensions. In the model
developed by Lisa
Randall and Raman
Sundrum, gravity is much
weaker on our brane
than on another brane,
separated from us by a
fifth dimension. (Time is
the unseen fourth
dimension.)

GRAVITY BRANE
(where gravity is
concentrated)

KS JEONG @ PNU

closed strings, which are not

Fifth dimension

Space is warped by energy throughout
five-dimensional space-time. As a result,

gravity is much weaker on our brane.

Gravltloné,
which transmit gravity, are

confined to either brane.

The ends of

.. open strings,
whose
oscillations are
particles and
forces other
than gravity,
are stuck to
our brane.

BRANE
(our universe)

Because space-time is warped,
things are exponentially bigger and
lighter closer to our brane
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1-3. Why BSM? Theoretical motivations

= Higgs Sector

Supersymmetry

- Unique extension of the Poincare spacetime symmetry

- Symmetry between boson and fermion

Weak scale SUSY

- Natural solution to gauge hierarchy problem
- Gauge coupling unification

- WIMP dark matter: Lightest superparticle

60
50
40
o130
20

10

- Explanation of how EWSB occurs

- Higgs quartic from gauge couplings

- Local SUSY - Graviton

8 10 12 14 16 18
Log,,(Q/GeV)

T T T T

2 2,1/Z]
_ (w+mg) b

KS JEONG @ PNU

n n 1 " 1
10 12 14

S. P. Martin
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1-3. Why BSM? Theoretical motivations

= Higgs Sector
* LHC results so far
- No significant deviations from the SM
- No clear signals for BSM
» Direct & indirect dark matter searches so far
- No evidence of WIMP

« New approach
Cosmological relaxation of the Higgs boson mass

- u* = p*(¢): selection by slow-rolling relaxion

Relaxion
potential

.

"W_m Relaxion

field

wiggles after EWSB

KS JEONG @ PNU
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1-3. Why BSM? Theoretical motivations

=  Fermion Sector
* Quarks and leptons

- Mass hierarchy

—'V3

r—<V2

u-e (o J re
ce ue te
@ = —
CBD < 2 = Q o
< < < <

Weak eigenstate = mixture of mass eigenstates

- CKM matrix for quarks, PMNS matrix for leptons

Flavor mixing and CP violation in charged weak current interactions

1 0.2 0.005 08 0.5 0.15
[UckMm| = | 0.2 1 0.04 [Upmns| =104 0.6 0.7
0.005 0.04 1 04 06 0.7

3 small angles 2 large angles and 1 small angle

CP phase: dcgm = 1 CP phase: § =~ —= (?)
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1-3. Why BSM? Theoretical motivations

=  Fermion Sector

e Quark sector

- Continuous family symmetry spontaneously broken by flavon ¢

e.g. Froggatt-Nielson mechanism

n;j .
— Dynamical Yukawa couplings: y;; = 4;; (T—;) " with Aij=0Q)

* Lepton sector

Different from the quark sector
- Fine-tuning? Non-Abelian discrete symmetries?

- Seesaw + Froggatt-Nielson?

Gouvea , Vogel
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1-3. Why BSM? Theoretical motivations

=  Fermion Sector
«  GIM mechanism

No flavor-changing neutral current at tree-level in the SM (GIM)

= 7000 T
S my, _ ,
_ 2 60001 1 ———————ligoe F*
<5000 I (k+ 1){\2/ -
105 B 915 L + (QzQy)(Q Q;) 4000 B(u — eee)=10"° | I m
30000 S ml’l vuer (Ey'e)
104F
g . 2000} " Bl en)=10"
= g
= 10°F . B(u — ey)=10"
5
= 102k B(u —i‘ege)=1o"“_
9
10'F
(s = d) (b—d) (b—s) (c—u)
Amg, ek Amg,sin28  Am,, A% D-D
B. Grinstein \
g N
b t S 10 107
k
th Vts
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1-3. Why BSM? Theoretical motivations

=  Fermion Sector

» (P violating phases in the QCD sector

- 8ckm ~ arg(det[y, i, yayq]) =~ 1.2+ 03
- 0 = 0 + arg(det[y,v,]) « Physical if quarks are massive

topological QCD 8-term:

energy of 8-vacuum due to instantons

c.f. 6-term of SU(2) —» Rotated away by U(1)p,, transformation

« Smallness of electric dipole moments

- Neutron EDM bound

_ v
T
- = 2] -10
’ N dnzIO’M%@_ e-cm = |8| <10
/ (mu+md)ms
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1-3. Why BSM? Theoretical motivations

=  Fermion Sector
« Strong CP problem: How to make QCD CP-conserving?
- Peccei-Quinn solution
Promote to 8 a field, axion, anomalous coupled to gluons

LG GG
322 f, H

Properties of the axion determined by the decay constant f,

« Axion potential from QCD instantons after the QCD phase transition

V(a) V=Aoen [1 —cos [%D

dynamical cancellation

_ @
H_fa
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1-3. Why BSM? Theoretical motivations

=  Fermion Sector

* Axion properties

mass axion-nucleon axion-photon
(model-dependent)

1012GeV 1012GeV 1012GeV
mg ~ 5x107° (—e) eV Jann ~ 10712 (—) ~ 10715 (—) GeV1
fa fa fa

- Axion searches:

Solar v

HB

Telescopes

Log Coupling [GeV~']

| l||||1|||||||||||||||||||
-12 -10 -8 -6 -4 -2 0 2 4 6

Log Mass [eV]

- Axion is cosmologically stable for large f, — Dark matter candidate
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Extension of the SM
BSM Models

KS JEONG @ PNU
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1-4. BSM

= Extension of the SM
« SM

- Not a complete description of nature

- Experimental results: only small deviations from the SM below TeV

« How to extend the SM?

Heavy Particles
above the weak scale

Sizable Coupling

................................................ > Light Particles
Feeble Coupling

KS JEONG @ PNU
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1-4. BSM

= Extension of the SM
« Heavy particles with sizable coupling to the SM

- Supersymmetry, extra dimensions, hidden strong forces, ...

- Constraints from collider searches for new particles, dark matter searches

gamma-rays, neutrinos, anti-matter

Below the cutoff scale: meutin
(d d 4 (d) \Q/ direct ‘
LsmerT = LsM + Z m@ O; e

d > 5 k colfider

DM

missing transverse energy

Experimental constraints
on flavor and CP violations

Constraints from
measured Higgs mass and couplings

d = 5: only one operator without counting flavors

d = 6: 64 independent operators
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1-4. BSM

= Extension of the SM
« Light particles feebly coupled to the SM

- Portal framework: Interaction between SM and Dark sectors

ASZHTH yLHN €F' . BH ? PV

- Solution to SM puzzles

- Cosmological importance

Dark Matter Structure
Production Formation
present
0.1 TeV 0.1 MeV 0.1eV energy density
o, 1.0 T T
g 10 0 o
8 log(T/GoV) radiation 9
° g
o
? —\t dark energy (68%)
5] ]
= ©
5}
e
(o]
= 1 S
2
B log(t/sec) dark matter (27%)
£ -30 -20 -10 0 10
0.0 I 1 I L L soIIiiis baryons (5%)
3min 380 kyr 13.8 Gyr
Inflation Big Bang Cosmic Microwave

Nucleosynthesis Background

KS JEONG @ PNU 38



Part Il and Il
BSM
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1-5. BSM Models

= Two BSM scenarios
* Axionic Extension
- Light scalar particles feebly coupled to the SM
- Light scalar from
* Supersymmetric Extension
- Heavy particles above the weak scale with sizable coupling to the SM

- to remove the UV sensitivity of scalar fields

Let's discuss how to resolve the puzzles of the SM within those scenarios!
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