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Dimensional Analysis

Physicists’ view on nature

* Physical quantities are independent of the units

* Dimension of physical quantity : mass, length, time, ...

dx | |length]
Derived quantity : V = —— —> [veloczty] — : ,
' dt Etlme]
|mass||[length]

F =ma — |Force] = .
[time]?



Dimensional Analysis

Physicists’ view on nature

* Physical quantities are independent of the units

. Thermal physics : Bl = kgT & ky = 1 — [energy] = [temperature]

. Special relativity : X~ — (ct)* = 0& c = 1 — [length] = [time]

. Quantum mechanics : F, = ha) & h — 1 —> [energy] —

[time] |
1 1

->

|lenergy| = [momentum] = |mass| = [temperature]| =

[time] B [length]



Dimensional Analysis

Physicists’ view on nature

* Physical quantities are independent of the units

1 1

_ [energy] = [momentum] = [mass] = [temperature] = rtime] = [length)

m2
. Gravity:F = GN 2 > [GN] —

[mass]?

. GN =1 - all quantities as numbers (natural unit)

. [length] = L, [time] = T, [mass] = M



Dimensional Analysis

Physicists’ view on nature

* Physical quantities are independent of the units
| |

energy| = |momentum)| = |mass| = [temperature| = =
. lenergyl =| | = [mass] = [temp ] ime] . Uength

m2
. Gravity:F — GN? —> [GN] —

[mass|?

. GN =] — al quantities as numbers (natural unit)



[l =LT! ~3%x10%m/s

c[A] = ML?T=' ~ 1.1 x 107%%*kgm?/s

Gyl = MLT > X M™2L? = M L°T™? ~ 6.7 x 10~ kg™ 'm?/s?
. kgl = ML*T K ~ 1.4 x 107 kgm?s K"

G

[hGN] — LST_3 = LZ[C]3 — LPI = al = 1.6 X 10_357}1 : Planck length

* C
hG

Ip| = SN =5 X 10_445' : Planck time

* C
hc _q

Mp; = —=2.2x%10 kg : Planck mass

. GN

2

MpC
) TPI = Zl = 1.4 X 1032 K=12X 1019 (GeV : Planck temperature
B




A few exercises

natural size

[
Age of the universe : Ip| ~ 5 %X 10_445‘ vs Iy ~ 4.2 X 10175‘ > v~ 1061
' Ipi

m
. Higgs mass : Nlp| ~ 1.2 X 1019 GeV s My ~ 125 GeV — H 10—17
Mp

« Cosmic microwave b.g. temperature : Tcmb ~ 21K vs TPI ~ 1.4 % 1032K
1

b — _
» —2 ~ 10772 —>n},~23~10 )6

Ip
— 1()—196/(1()_33 cm)3 ~ 1000 cm_3 (more precisely, it is 310 cm_3)




Simplication

&

Unification



Spherical Cow Approximation

Simplification

ASUME A

SPHERICAL Som

CONW

IN A VACUUM




Effective Field Theory



Multipole expansion of electric potential

Legendre Polynomials
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Why do we see visible light?

e Surface temperature of the sun ~ 6,000 K and
the sun emits visible lights dominantly

e Life evolving in the solar system would get benefits
by detecting the dominant EM fields the sun emits

 How to verity it? Stars with different surface
temperatures and the planetary systems with
different light detection would do it
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Color Temperature




ible light?
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Radiation Type

Wavelength (m)

About the Size of

Short wavelength
High energy
High frequency

Over the Rainbow

THE ELECTROMAGNETIC SPECTRUM

Penetrate Earth’s Atmosphere
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UV Catastrophe:unnatural

'-. The "Ultraviolet
. Catastrophe"

S5000K
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L ight Quanta by Planck

E =hun(T)~ kT (hv < kT)
et — 1 E, ~ hve ™ it (hv > kT)

v

Quantum
Mechanics

n,(1') =




Cambrian Explosion
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Nuclear scale

Matter MAGDALENA KOWALSKA / CERN / ISOLDE TEAM
Crystal
Atom
B oA Atomic
( 2 nucleus

Macroscopic

IR Nucleon
Q Quark
-14 0’" l
107 m ' :
10-1> m
Nuclear physics: < 10°% m

studies the properties of nuclei and
the interactions inside and between them




Standard Model



The Standard Model

Magnetism

QED Electro
Magnetism

Long range

Electroweak Maxwell Electrici

Model S
Weak Theory Weak Force
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Standard Model of Elementary Particles

three generations of matter
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(fermions)

=1.28 GeV/c? =173.1 GeV/c?

interactions [ force carriers
(bosons)

J

% % 0
|19 |- ©
up charm top gluon
=4.7 MeV/c? =96 MeV/c2 =4.18 GeVl/c? 0
—1 14 —1 0
‘'@ 'O (O || @
down strange bottom photon

=0.511 MeV/c?
-1

@

=105.66 MeV/c?
=i

S

=1.7768 GeV/c?
=1

- @

—

=91.19 GeV/c?

0
1

LEPTONS

telectron )L muon L tau Z boson
—
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.360 GeV/c?
0 0 0 +1
- @O |I® |
electron muon tau
t heutrino jt heutrino L heutrino W boson

neutrinos

S —

Left-handed

Right-handed

124.97 GeV/c?

» H

wmes ] FE€rmions in chiral rep.
are massless

N

2

(@)

Do

8@ ® h
oF ®
25 ®
oL

[®



Parity violation of
weak Interaction cswucioss
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Parity violation of
weak Interaction  cswuisss)
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_ Parity violation of
\vveak interaction cswuiose
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No right-handed neutrino!
(no flip for the massless neutrino)
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Weak
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Grand Unified Theory



The Standard Model in SU(5)
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The Standard Model in SO(10)
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Higgs Mechanism



HIgQgS mechanism

D, = |

igA, D, gD p — g*(h)*A, A

Higgs
potential

Our
vacuum

?
Metastable




HIgQgS mechanism

V(¢) = %Mngz + i)&gb‘* A = yf‘Pqu‘i‘R +c.c.

2

4 ¢

When y? <0 the potential has a minimum-at: |¢| = — = ,| ——

J2 7))

D,¢=[0,+igA |¢

confined absorbed

gluons W, Z
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HIgQgS mechanism

't is unnatural to have m; < A®
It implies new effective theory at TeV scale

supersymmetry, composite Higgs, technicolor, etc.



Why gravity is so weak compared to the others!?

m? q°

FGravity — GN_ FCoulomb =k

72 72

For the electron,

2
FGraVity o GNme N 10—48

Fcoulomb kqg

Why is Higgs so light?



Large Hadron Collider



HIgQS discovery machine
| arge Hadron Collider

27km, 100m deep, 14 TeV
~1983, first collision at 2010
Higgs discovery at 2012



| arge Hadron Collider

I I 1 | | 1 1 |
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Key:
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Electromagnetic
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2
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Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

D Bamaey, CERN, Febriwwy 2004




Higgs mass range

SM (valid up to Mp) _

preferred
Supersymmetry

MSSM NN

g preferred
g
Composite Higgs I
i
_— Gy
50 100 125 GeV 150 200

From the talk of Alex Pomarol



New Physics




Supersymmetry

Symmetry between fermions and bosons

Couplings are unified at the GUT scale

WIMP Is predicted to be a dark matter

1/t

Particles _:f 60) . 1/a, . 60 . M,
e [SM N MSSM
SO g S0

Q 40 t /02 o 40 1 ’-u:

30 J 30

: e
20 /7 20
10 / 10
1/a, |
0 0
0 5 10 15 0 5 10 15
LY " 2 ) O
Supersymmetric “shadow” particles 10 og Q l log Q

and there were many other theories...




gluino mass in GeV
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Distant stars
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Parallax angle
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Supersymmetry
Composite Higgs
Technicolor

Extra dimensions

M

icl <:S
Standard Model particles @
2 2!

00 ® _o @
| & o v Planck scale
4 s} ° gravitational states (strings?) ® T
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New ldeas




Coleman-Weinberg Higgs

alternative benchmark for Ginzburg-Landau potential
Chway Dermisek Jung HDK, PRL (2014)

V() =m?¢ ¢+ M¢To)?

m? = (

Spontaneous symmetry breaking can occur
by radiative corrections.

02

If the quartic changes _ |
sign at low energy, ol _ |

o

A
nontrivial minimum - _
is developed i
Strong 1st order ' |

electroweak phase
transition is possible

Espinosa and Quiros, PRD (2007)
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Cosmological Constant



Cosmological Constant

CURVATURE IN DIFFERENT DIRECTIONS

/ ENERGY-MOMENTUM FLUX
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Dark Energy: accelerated
expansmn of the universe

Nobel prize in physics 2011
Acceleraling  pgorimytter Schmidt Riess
o Low
© densit
° 5 Empty d
N .2
@ S _
Critical density
High density
B
T | | Time
5 10 A (billion years)
Globular cluster
\formatlon )
N
/ Present
Ho time



| andscape/Multiverse
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At the end of the |9th century

There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement.



At the end of the |9th century

It seems probable that most of the grand underlying principles have now
been firmly established and that further advances are to be sought chiefly in
the rigorous application of these principles to all the phenomena which
come under our notice.... An eminent physicist has remarked that the future
truths of physical science are to be looked for in the sixth place of decimals.

Albert Michelson, 1894

The more important fundamental laws and facts of physical science have all
been discovered, and these are so firmly established that the possibility of
their ever being supplanted in consequence of new discoveries is
exceedingly remote.... Instances might be cited, but these will suffice to
justify the statement that "our future discoveries must be looked for in the
sixth place of decimals”.

Albert Michelson, 1903



The most notorious problems
N fundamental physics




HIQQS Mass

irrelevant operators!

2 4
V=mg|H|"+AH|" + -
relevant operator! marginal operator!

u>m [m%]]=2 A] =0

po~m

n<m cosmological constant

relevant operators
are important

S i Jd4x\/jg TR — ACC

relevant operator!

Al =4



Conclusion

Naturalness has been a long time proven concept
and guided physics revolution in the history

't predicted new physics at the weak scale
stabilizing the Higgs mass and miserably failed

The cosmological constant is Incomprehensible

Is it doomed or dawn to new revolution?



