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(and beyond )
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Par‘rlcles

e Greek philosopher, 400 BC
4 o Named the smallest piece of matter
“atomos,” meaning “not to be cut.”

. ® Democritus’ atoms were small, hard
. particles that were all made of the
same material but were different
shapes and sizes.

e Atoms were Infinite in number,
always moving and capable of
joining together.
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Particles

John Dalton (1803): Ernest Rutherford (1909):

J.J. Thomson (1897):

Most of the atom’s mass
is inside the nucleus.
Electrons circle the
nucleus. Most of the
atom is empty space.

Electrons are distributed
inside a positive mass
like raising in a plum

pudding.

Atoms are tiny, hard
spheres that cannot
be split up.
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Until Rutherford particles were thought of as
classical rigid objects, a point

or a spherical object that can be broken down



Particles

Bohr’s model + de-Broglie’s quantization condition
gave a quantum interpretation to the particle. A= —

Fun fact : Bohr never believed in the photon

Bohr model was still semi-classical, A full quantum treatment
required us to think of electron clouds, issues with Zeeman

Effect/ Stark effect ...

No new particles untill fundamental particles untill the 1930’s




Key particle discoveries

1900 1910 1920 1930 1940 1950
1895 1905 1915 1925 1935 1945 1955
1897 1919 1923 1932 1937 T
electron proton photon neutron muon .
positron antiproton
1962
muon neutrino w&;z”
1976 osons
tau
1960 1970 1980 1990 2000
1956 1965 197sl 1985 1995 2005
v A 4
Lo— -?
4 4" 4+ 4 . 2018
1969 1974 1979
T Quarks (uds) charm quark gluon top quark ? . 2012
electron neutrino tau neutrino ?
1977
Higgs boson

bottom quark



Particles

Schrodinger-Heisenberg-Dirac :

Werner Erwin
Heisenberg: Schrodinger:
‘matrix ‘wave
mechanics” mechanics”

. ‘ Paul Dirac: Newton’s Laws are

replaced by the
Schrodinger Equation

. formalisms are for the quantgm state:
equivalent H WY = {0, W)




Forces

Galileo: Objects accelerate

at the same rate down the slope

ARISTOTLE




Forces

Galileo: Objects accelerate

at the same rate down the slope

ARISTOTLE




Forces : Newton-Kepler-Copernicus

Kepler’s Laws

All planets move around the Sun in elliptical A planet sweeps out equal areas
orbits with the Sun at one of the foci in equal intervals of time
g A &

Planet

Perihelion

Minor axis

Focus 1
= o " : O ™~ Time takento _ Time taken to
Aphelion Major-axs Sun travel distance 1 travel distance 2I
Focus 2

Orbit

| o
Area 1 .s\a“c
0\
Third Law

The square of the orbital period of a planet is proportional
to the cube of the orbit’'s semi-major axis

!

Major axis (2a)

Orbital period (T)

No new forces untill Maxwell interpreted electromagnetism being carried by a force




Forces

Interaction

Weak

Strong

Gravitation

Electromagnetic

Current theory

Electroweak theory
(EWT)

Quantum
chromodynamics
(QCD)

General relativity
(GR)

Quantum electrodynamics
(QED)

Mediators

W and Z bosons

gluons

gravitons
(hypothetical)

photons

Relative
strength!*"!

10%°
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: : , Range (m)
Long-distance behavior (potential) 21]
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(Color confinement, see discussion 10~19
below)
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Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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Organizing particles and forces : QM to QFT

Particles and fields : Classically a particle is a rigid sphere of sorts

Wave Function: Collapsed
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A field pervades space and time QFT: A particle is a localized quantum excitation of a field



Organizing particles and forces : QM to QFT

Particles and fields : Classically a particle is a rigid sphere of sorts
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A field pervades space and time QFT: A particle is a localized quantum excitation of a field



Organizing Particles : Group them

@ ” A o At the very least,

A particle is an irreducible representation

of a poincare group

[P¥, P*]=0,
ME P = i P PY)
:‘\//:u. ‘\[/\/1] — /‘(,/lm A [1/,\ o ,//z,\ ANVP s ,/u,\ MNHP I/W) ‘\//,,\)

The Poincare’algebra [(P) contains

10 generators = 4-translations, 3-rotations and 3-boosts



Organizing Particles : Group them like Wignher

ANxars or MaTeEMATICS

Wigner got his Nobel in 1963, but not for his ™™™
1939 paper addressing issues on internal
space-time symmetries.

ON UNITARY REPRESENTATIONS OF THE INHOMOGENEOUS
LORENTZ GROUP*

Br E. WiGNER
(Received December 22, 1937)

1. ORIGIN AND CHARACTERIZATION OF THE PROBLEM

Wigner’s Little Groups: Subgroups of the Lorentz group whose
transformations keep the given momentum of a particle invariant.

A massive particle can be brought to its rest frame. The momentum is
invariant under rotations, but its spin can be rotated. Thus the little
group is like O(3).

A massless particle cannot be brought to the rest frame. Rotations around
the momentum leaves it invariant . The dynamical quantity associated with
this rotation is called the helicity.

Eugene Paul Wigner




Organizing Particles : Group them like Wignher

For a massive particle at rest, it is O(3). If the particle gains
Its momentum, it is a Lorentz-boosted O(3). Thus, if the
momentum is not zero, the Little group is a Lorentz-boosted
O(3) or O(3)-like little group.

If a particle is massless, the little
group consists of rotations

around the momentum. ll 0 0 0
Ay) = ) . 3 !
In addition, Wigner showed that ' [0 -v 1=k - I

this ugly matrix leaves the |
four-momentum of the massless
particle invariant.



Organizing Particles : Use Spin to group them

Spin operator SL(1,C) — Spin(0)

[ W(sy+0o) = €M ¥(s,), s=Tho/2 ] \ l \

SO(1) > boson (Higgs),

SL(2,C) — Spin(3)

R(e) ~ eiGOS/F\
RICHARD P. FEYNMAN \ l \

9 SO(2) > fermion,

Spin-Statistics theorem u ., .
), | SL(S,C)<Spir(1\

™S
1 - : : _
5 integer spins are fermions Y
R(ZT[) = -1 - . SO(3) > boson.
$(1,2) = -¥(2.1) — '

Integer spins are bosons (including s = O)
R(2rn) =1
¥(l1.2)=¥P(e,1)




Don’t feel the strong nuclear force

leptons

Organizing Particles : Hadrons and Leptons

All particles

Feel the strong nuclear force

Are made up of quarks(u, d, s, ¢, t, b)

hadrons

Don’t decay into protons

Consist of a quark +
an anti-quark

mesons

pions
kaons

Decay into protons

Consist of 3 quarks, or 3 antiquarks

baryons

proton (uud), and anti-proton
neutron (udd), and anti-neutron



Hadron “zoo”

mesons

baryons
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Organizing Particles : Family and Friends

Organizing particles and forces together

» O,
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1. Photons carry Electromagnetism and interact with charged particles

It is described at a classical level by Maxwell's Equation and by a
Spin-1 bosonic field invariant under a phase ( U(1) ) transformation.
2. Massive Gauge Bosons are responsible for the weak force, interacts with
Left-handed’ Particles of the Universe. Invariant under rotations of a 2-sphere (SU(2)).

3. Gluons are responsible for carrying the strong force and interact with quarks and
themselves.



The making of Standard Model : Unification of Electromagnetism and Weak Force

The Electroweak Theory : Unification of Weak and EM forces }Z‘?Zi.f“f_-i**;"gif';}if?f,jf'"‘_, =
7:'%'& /% o,

Weak Interactions : Curie/Becquerel to Fermi

- Becquerel 1896 : discovered uranium salts spontaneously emit radiation

- that could be captured on plates.

- Marie/Pierre Curie 18989-1910 : New Radioactive elements

- Fermi theory 1933 : Beta decay can be explained by four fermi contact interactions mediated by a
force without range

- 1054 : Yang and Lee suggested that weak interactions violate Charge and Parity

-1957 : Wu experimentally confirmed symmetry violation



The making of Standard Model : C and P violation in weak interactions

A realistic experiment: the Wu experiment (1956)

e (Observe radioactive decay of Cobalt-60
nuclei

- The process involved: ©9,,Co > %0 ¢Ni + e + v,

@ I

- ©0_.Co is spin-5 and °%,.Ni is spin-4, both e- and
Spin~Up Spn~Down -
Electron Positron Ve are Spln-‘/z

- If you start with fully polarized Co (S,=5) the
experiment is essentially the same (i.e. there is only
one spin solution for the decay)

15,+5> > |4,4+4> + | V2 ,+V2> + |V2,+12>

e We introduce a new quantity: Helicity = the projection g = 5-p
of the spin on the direction of flight of a particle IS , pl



The making of Standard Model : C and P violation in weak interactions

S-p H=+1 (“right-handed”)

1 gy D o R
> &>

s (@

e The surprising result: the counting rate is different
d) @ - Electrons are preferentially emitted in direction opposite of

H

Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia University, New York, New York

AND

E. AMsrer, R. W. Haywarp, D. D. Horpes, AND R. P. Hupson,
National Bureau of Standards, Washington, D. C.

!
i

(Received January 15, 1957)

T

it

50Co spin!
H=-1 ("left-handed” . :
( / - Careful analysis of results shows that experimental data is consistent

with emission of left-handed (H=-1) electrons only at any angle!!

e Physics conclusion:

- Angular distribution of electrons shows that only pairs of left- i) Pa rity is Violated in Weak processes
handed electrons / right-handed anti-neutrinos are emitted
regardless of the emission angle - Not just a little bit but 100%

- Since right-handed electrons are known to exist (for electrons H is
not Lorentz-invariant anyway), this means
no left-handed anti-neutrinos are produced in weak decay



The making of Standard Model : C and P violation in weak interactions

e Wu's experiment was shortly followed by another clever ¢ Ledermans result: All neutrinos are left-handed and

experiment by L. Lederman: Look at decay n* < ut* v, all anti-neutrinos are right-handed
- Pion has spin O, u,v, both have spin 2
e el T * C symmetry is broken by the weak interaction,
' - just like P
7 wt v(LH) OK
-0 ‘ ol e What about C+P = CP symmetry?
- CP symmetry is parity conjugation (x,y,z =2 -X,-Y,Z)
C followed by charge conjugation (X = Y)

I’ '3 v, (LH) 94 -

O O «O— u
: Intnnsuc
e —

CP appears to
be preserved
Iin weak
interaction!

~—<‘—’J—0—¢:>—*::
n
=

— @ ——c

L

(<
<l
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The Electroweak SU(2) X U(1) Theory

* Bolstered by the success of quantizing Electrodynamics (QED) in 1940Q's, the stock of early

QFT rose a lot, and then crashed in the 1950's since 4-fermi EW interactions led to infinities ir
perturbation theory, i.e can't be "re-normalized”

* Early theories of strong interactions (Yukawa theory) had another problem, perturbation
theory was useless. (The age of "Radial” and "Azimuthal” physicists described by Weinberg)

* Three good ideas emerged in the 1950's: a) Quark Model (Gell-Mann, Zweig)
b) Idea of local (gauge) symmetries (Yang-Mills)
c) Idea of Spontaneously broken symmetry
(Landau-Ginzburg-Nambu-Goldstone)
*Famously Weinberg didn't believe in quarks so he started with leptons and the problem of

masses of fermions and gauge bosons



The Electroweak SU(2) X U(1) Theory

| Electromagnetic
| Force :

Weak Force




QCD and SU(3)

The 1950’s and 60’s were golden times for QFT. A new particle was

found every second day, and fuelled by the cold war, many new

~, accelerators and experiments came along.

*Gell-Mann and Ne'eman (1961-62) described the octet of baryons

in an SU(3) group described by 3 X 3 Unitary matrices with
determinant 1. Baryons come in octets and decuplets,
mesons are octets and singlets.

* Gell-Mann and Zweig (1964) proposed the quark model , stating that

Baryons and Mesons are composed of fundamental particles called quarks.




QCD and gluons

Deep Inelastic Scattering Experiments 1974 3 jet process

Confirmed gluons as the force careers of strong interactions

PLUTO

e'e —qqg
3




Standard Model of Particle Physics in a nutshell

mass -
tharge —

spin =

=2.3 MeV/ic?
2/3 u
1/2
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=4 8 MeV/c?
/3 d
12
down

0.511 MeVic?

- @

12

electron
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» De

1/2

electron
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213 C

12
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=95 MeVic*

-1/3 S

1/2

strange
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-1
. M
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. Vi
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=4.18 GeV/c?
-1/3 b
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bottom

1.777 GeVic?
- &
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tau

<15.5 MeV/c?

tau
neutrino

' Quarks are charged under SU(3) color. Left Handed '
i quarks are also charged under SU(2)XU(1). Right
handed quarks are charged under U(1)

‘ fermions + 6 right handed
' quarks+ 3 right handed le

,: Left-handed leptons are charged under both |
| SU(2) and U(1). Right handed leptons are '
charged only under U(1).

SU(2)XU(1) breaks to U(1) electromagnetic via Higgs mechanism

| 8gluonscarry |
| SU(3force), |

| 3doublets of left handed |

otons |

gluon
0
0
.
photon
91.2 GeV/c?
0
Z boson
80.4 GeV/c?
1
- W
W boson

No masses for Electroweak gauge bosons and fermions in unbroken SM



Noether's theorem and Standard Model Charges

Noether's Theorem
L.Line Symmetry

Noether's Theorem says if a system
has a continuous symmetry. then
there must be corresponding
quantities whose values Emmy Noether
are conserved. a1
Electric Weak Weak
Interaction
Boson  charge isospin hypercharge
mediated
0 I3 Yy
B
W +1 +1 0
Weak 0
Z 0 0 0
. 0
Electromagnetic ¥ 0 0 0
Strong g 0 0 0
. 0 1
HIQgs H 0 -5 +1

T:¢ — A
¢ ¢+ A¢ Rvr) = IwvL)+Y/2 = 3-3 = 0
T
& L+— L
Rle;) = Iale;)+Y/2 = —% — % = 1.
. . oL
0uj* =0, ' = 5o <AG
(Op®)
Left-chiral fermions Right-chiral fermions
Weak Weak
Fermion Electric = Weak = Electric = Weak |
family charge | isospin 4 charge isospin P
0 I charge 0 T charge
3 3
Yy Yy
Ver Vip Vo 0 +% -1 No interaction, if they even exist 0
Leptons — 1
e, MU, T ~1 -3 -1 |eg Mp, TR -1 0 -
u, ¢, t +§ +% +% Ug, Cg, to +32; 0 ‘*‘%
Quarks 1 ; 1 1 2
ds,b =3 - 3 dg: SR DR 3 O -3




Standard Model of Particle Physics in a nutshell

The problem of massive fermions

* Check U(1): §/

* Transformation: ¢ — ¢’ =¢" ¢ b =) = e

* Inmassterm : myYy — my P = myPr

* No obvious problem with fermion masses here. So is it a problem of non-abelian
gauge symmetries?

* |Check SU(3): §/

Similarly no problem in SU(3) — no problem of non-Abelian gauge field theories.

* (It Iis the distinction between left- () and right-nanded ( er) fermions, with

different coupling structure: (1)

A
' N\

meee = me(er, +er)ler +er) = meeReL + meeren

lower component
smgle>‘_J K@] 2)doublet.




Standard Model of Particle Physics in a nutshell

« Symmetry is present in the system (i.e. in the Lagrangian density L ).

* BUT itis broken in the ground state (i.e. in the quantum vacuum).

* Three examples (from classical mechanics):

Needle on point: Block in water: Block on stick:
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Standard Model of Particle Physics in a nutshell

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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GAUGE BOSONS
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Standard Model of Particle Physics in a nutshell

Standard Model of Elementary Particles

three generations of matter

electron

neutrino

(fermions)

muon

neutrino |

interactions / force carriers
(bosons)
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GAUGE BOSONS

VECTOR BOSONS
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The Higgs field provides mass by interacting with SM particles

at a classical (tree) level.

An SM particle gets more or less mass depending on how
strongly it interacts with the field at this minimum.




The Remarkable Success of the Standard Model

Quantity Value standard model

My (GeV) 91.187 £ 0.007 input

'z (GeV) 2.491 4+ 0.007 2.490 £+ 0.001 = 0.005 4 [0.006]
R =T}.q/; | 20.87 £ 0.07 20.78 +0.01 + 0.01 £ [0.07]
Ug(nb) 41.33 £ 0.18 41.42 +0.01 + 0.01 =+ [0.06]
[ (MeV) 373+ 9 375.9+0.2+0.5+ [1.3]
Arp(p) 0.0152 4 0.0027 0.0141 4 0.0005 = 0.0010
Aol (T) 0.140 £ 0.018 0.137 = 0.002 = 0.005
A.(P;) 0.134 £+ 0.030 0.137 = 0.002 4= 0.005
Arp(b) 0.093 £ 0.012 0.096 = 0.002 = 0.003
Arp(c) 0.072 £ 0.027 0.068 = 0.001 = 0.003

ArLr 0.100 £ 0.044 0.137 == 0.002 = 0.005

[ (MeV) 83.43 £+ 0.29 83.66 = 0.02 +0.13

[hea (MeV) 1741.2 = 6.6 1739 £ 1+ 4+ [6]

iy (MeV) | 499.5 + 5.6 500.4 0.1 0.9

N, 3.004 £ 0.035 3

ga —0.4999 £ 0.0009 —0.5

gv —0.0351 £ 0.0025 —0.0344 £ 0.0006 = 0.0013
§12/V (AFB((])) 0.2329 = 0.0031 0.2328 4+ 0.0003 £ 0.0007+ 7
My (GCV) 79.91 = 0.39 80.18 =0.02 = 0.13

My /M 0.8813 £ 0.0041 0.8793 £ 0.0002 = 0.0014
Qw (C's) —71.04 + 1.58 + [0.88] —73.20 £ 0.07 & 0.02

g5 (ve—ve) | —0.503 +0.017 —0.505 + 0 4+ 0.001

gv- (ve—ve) | —0.025 +0.020 —0.036 4+ 0.001 4 0.001
sin? Oy 0.2242 + 0.0042 + [0.0047] | 0.2269 + 0.0003 =+ 0.0025

Higgs coupling parameter

Ratio to SM
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Standard Model Higgs Couplings




The “Unnatural” Higgs

Natural Natural Highly
Unnatural

Higgs 1s always hungry for more
because it is really social.
We have to send it to a gym

M. Strassler 2013

o,

s¢ Quantum corrections to the Higgs lead to “large fine-tunings” N

s% The bare mass parameter must be tuned to get a physical mass S — — H t ‘(\ )t H

s« Unless there is a “Natural” metabolism of the Higgs thatkeepsitlight |  \ = A/ [ [=======" e
s« A symmetry that protects it from using the gym, a la “New Physics”

A scalar partner to “work-out”



The “Unnatural” Higgs

Natural Natural Highly
Unnatural

Higgs 1s always hungry for more
because it is really social.
We have to send it to a gym

M. Strassler 2013

o,

s¢ Quantum corrections to the Higgs lead to “large fine-tunings” i oy i

s% The bare mass parameter must be tuned to get a physical mass e e W (\ )'t H
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s« A symmetry that protects it from using the gym, a la “New Physics”

A scalar partner to “work-out”




Naturalness

New Solutions/Ideas

See for example Nathaniel Craigs summary (2205.05708) for Snowmass 2023



Real Problems of the Standard Model
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Real Problems of the Standard Model
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A theory of quantum gravity



Real Problems of the Standard Model
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Is String Theory the Ultimate Answer

@ Two keystones of fundamental physics: sl
1. Einstein's theory of gravity  [1915] v
-
2. Quantum theory: [1920-1930]
—  Standard model of elementary particle physics  [1950-75] Uit Type &
Electromagnetic, weak and strong forces @
e Not known how to combine the two! = ‘ unified theory I )
SO(32) Eox Eq
Heterotic Heterotic

o . string theory string theory
@ The most promising ansatz: ‘Strmg theory. [since 1984] =

\_/

11-Dimensional

@ Both keystones are intimately connected
Supergravity

_ ‘ Holographic principle of quantum gravity. since 1997] particle theory




AdS5 AdS5

boundary boundary

N

massive particle light ray

Holographic principle: Strings in the bulk of space-time (Anti-de-Sitter space),
quantum particles (gluons) on the boundary

String theory in higher
dimensional space

Gauge field theory on 4d boundary

Two dual descriptions of one physical entity: | Gauge theory = String theory in AdS

Quantum particles ..
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The It from Qubit

Spacetime from Entanglement : van Raamsdonck 2011,2019

............
--------
= ~

-
______
-------------

"Emergence of classically connected spacetimes is
Intimately related to quantum entanglement of degrees N

of freedom in a hon-perturbative description on quantum gravity"

]
d) : : e)

Tasi lectures : 1609.00026
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