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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions {quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model *
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Spin & the intrirsic angular momentum of particles. $pin is given in units of K, which is the
quantum unit of angular momentum, where = V2% = 6.58x<1073° GeV s = 1.05x10-3 ) 5.

Electric charges are ?mm in units of the proten’s charge. In S1 units the electric charge of
the proton is 1.60x107"* coulombs

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeVic? (remember
£ = med), v}fr-eve 1 GeV = 10% &V = 1.60:107'9 joule. The mass of the proton is 0.938 GeVvic?
» 1671077 kg
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Matter and Antimatter
For every particle type there is a corresponding antiparticle type, denot-
od by 2 bar over the particle symbol (unless « or - charge is shown),
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., 2°, v, and n, = ¢, but not
K? = dS) are their own antiparticles

Figures

These diagrams are an artist’s conception of physical processes. They are
MOt exact and have no meaningful ale. Green shaded areas represent
the doud of gluons or the gluon field, and red lines the quark paths.
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Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-
cally-charged partiches interact by exchanging photons, in strong interactions color-charged par-
tickes interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
imeractions and hence no color charge

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (Dinding) results from multiple exchanges of gluons amang the
color-charged constituents. As color-charged particles (quarks and gluong) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is corverted into addi-
tional quark-antiguark pairs (see figure below). The quarks and antiquarks then combine o
hadrors; these are the particies seen t0 emerge. Two types of hadrors have been observed in
nature: mesons g7 and baryons oq

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclel is due to residual
SLrong interactions between their color-charged constituents. it is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. it can also be
viewed as the exchange of mesons between the hadroers

Color Charge

Hadrons

Mesons
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plicable

The Partidle Adventure

v Vit the award-winning web feature The Particle Adventure at
z0 httpe//ParticleAdventure.org
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What is the Standard Model

A fundamental theory that describes almost all
phenomena that humans have ever observed...

..yet so simple it fits into a T-shirt :)
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Where does
the Standard Model
theory can be applied?
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electron

<10"°cm
proton
(neutron)
quark
<10"°cm|

nucleus

— ~10-"2cm <
atom~10 "cm ~10"cm

@ In theory, everywhere

@ In practice, to describe the smallest IQﬁ'OWTr_i.‘componenfs
of matter: quarks, electrons, etc.

@ For larger objects, we rather use effective theories that
can be derived from the SM. But in some cases SM may
be useful for precision calculations
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How do we construct
the Standard Model?
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Framework

@ Quantum theory with manifest invariance
under Lorentz transformations,
a.k.a. relativistic quantum field theory

@ Particles described by fields with definite
transformation properties under Lorentz
transformations A fixed by particles spin

@ Interactions are described through a
Lorentz invariant Lagrangian. The
Lagrangian has to be Hermitian fo
preserve unitarity.



Standard Principles

In addition to Lorentz invariance

@ Invariance under local symmetry
SU(3)xSU(2)xU(1)

@ Renormalizability

@ Spontaneous symmetry breaking



Gauge Invariance

@ Invariance under local symmetry, that is a
different symmetry transformation at every
space-time point

@ In practice, it strongly constrains the
structure of particle interactions

@ For each symmetry generator there has to
be a vector field interacting with the particle
charged under local symmetry

@ This vector field cannot have mass terms in
the Lagrangian which leads to the
appearance of a long range force



Gauge Invariance

Cr— —Yaa qaw _ Ly oy _ —B BHV
“ 4 M TR 4

wjy = 9 W? — a,,w; + geijkwg;wf

Slide borrrowed from Y. Gao




Renormalizability

@ Only contact interactions allowed are those
with a small enough number of particles

® The exact criterion is the dimension of the
inferaction tferm, given the canonical
dimensions of fields

@ Renormalizability implies that theory is
predictive with infinite precision: all
observables can be expressed via a finite
numbers of parameters



Spontaneous symmeitry breaking

@ A symmetry of the Lagrangian is not a
symmetry of the particle spectrum and their
interactions

@ Vacuum state does not respect symmetry

@ (Anderson-)Brout-Englert-Higgs mechanism
to give masses to spin-1 particles and get rid
of unwanted massless particles



Spontaneous symmetry breaking

| have no vacuum
expecation value!

Pictures borrowed from Flip Tanedo
http://www.quantumdiaries.org
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Spontaneous symmeitry breaking

Pictures borrowed from Flip Tanedo
http://www.quantumdiaries.org
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Spontaneous symmetry breaking

Pictures borrowed from Flip Tanedo
http://www.quantumdiaries.org
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Spontaneous symmeitry breaking

Pictures borrowed from Flip Tanedo
http://www.quantumdiaries.org
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Spontaneous symmeitry breaking

\

Pictures borrowed from Flip Tanedo
http://www.quantumdiaries.org
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Spontaneous symmeiry breaking

@ In SM Higgs field breaks the
SU(3)xSU(2)xU(1) local symmetry down to
SU(3)xU(1) symmetry

@ W and Z boson acquire masses, while photon
and gluon remain massless

W,

_ 3
Z, =cosg, W, -sing, B,

— o 3
A, =sinf, W +cosd, B,

Slide borrrowed from Y. Gao









- M. Strassler 2011
The Particles of the Standard Model
Top Quark
~172 Gev [

h

Weak Nuclear Force -
Wewe 70 Higgs ??? |

~4.5 GeV
N
o =0
° ~0.1 GeV

Neutrinos:

< 0.000000001 GeV
Heaviest at least
0.00000000001 GeV

Electromagnetic Force
Photon

Borrowed from Matt Strassler blog:
http://profmattstrassler.com/
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Particle Physics Units
SI Units

2

; Fo - m?
=G TSRS S0 g e
seC seC

2
F=1340-10"6 27" —1340.107

kg -m?
sec”- deg sec’- deg

c=13.1005" = 3.108 %
s€C seC
CK&3 %R3
G = 6.685-107 - = 6.685-107" .
2 - sec kg - sec

Natural Units

Then mass, distance, time, energy
can be measured in the same units



Particle Physics Units

Silly basic unit choice in particle physics




Building Blocks

@ 6 spinor pairs spinors for each quark q = d,u,s,c,b,t
® 3 pairs of spinors for each charged lepton | = e Y, T
@ 3 spinors for each neutrino

@ 8 vectors for a gluon

@ 3 vectors for weak gauge bosons

@ 1 vector for the photon

@ 1 scalar for the Higgs boson



Quantum numbers of SM fermions

SUB)c | SUR2) | U(l)y
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Direct Consequences

@ Long range force known as electromagnetic
Interactions

@ Short range force known as weak
Interactions

@ Strong force leading fo emergence of
composite objects made of quarks

@ Baryon and lepton number conservation
@ Mixing of quarks but no mixing of leptons
@ Observable C, P, and CP violation

@ Existence of a fundamental scalar particle
called the Higgs boson (a new short range



Weak Force




Running of the Strong Coupling

in QCO and the Standard Model
the beta function is indeed
atgative!
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Confinement of strongly interacting particles




Confinement of strongly interacting particles

Hadrons

(affected by strong nuclear force)

| |

| I
Baryons Mesons

|

' I I I
nucleons Pions Kaons Others

(protons/neutrons)

others

(lambda, sigma, xi etc.)

Hadron Mass [GeV
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Baryon number conservation

The particles called baryons decay to less

U D massive baryons, but the number of them
D remains constant and the lightest one,

the proton does not measurably decay.

—

Delta-0
Conservation of baryon number is one

Baryons

of the “conservation laws" which
292 MeV

reflect inherent symmetries in nature,

and which do not appear to be
violated.
1.29 MeV

"up'quark +&7 €

"down" quark -= e

Borrowed from http://hyperphysics.phy-astr.gsu.edu
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Lepton number conservation

neutrinoless 3




Discrete spacetime symmetries

@ Parity changes sign of spatial
coordinates, and all vectors (not
pseudo-vectors). For spin 1 and 1/2
relates opposite helicities

@ Charge conjugation changes particle E
into anti-particle with the same helicity [ I &

e > e

® What really makes difference between
matter and anti-matter is the CP ;=7
symmetry

Grc;p/w“c5 Aorrowea/ £ron Marcela Bonra ‘5 leclures



Quark mixing

@ No symmetry reason for Yukawa couplings fo be
diagonal

@ After Higgs gets vacuum expectation values this leads
to non-diagonal mass matrix for quarks and leptons

@ Via unitary rotation we can choose the new basis of
quarks and leptons such that masses are diagonal, at
the price of flavor non-diagonal interactions of the
quarks with the W boson



CP violation and quark mixing

ECC = —% (ErL"}/ﬁWJVDL -+ I:)L’)/ﬁW;VT[}L) :

CKM ma’rr;ix
Vud Vus Vub

Vea Ves Ve
Via Vis Vi

érqp/w“CS borrowwed From Marcela Bora s lectires



