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Units in Particle Physics

e S.I. Units: kg, m, s are a natural choice for “everyday”
objects, but they are inconveniently large in particle

physics. \

e Atomic physicists introduced the electron volt — the
energy of an electron when accelerated through a
potential difference of 1 volt: | eV=1.6x10" joules.

 However, in particle physics we use Natural Units
— From Quantum Mechanics — the unit of action: A
- From Relativity — speed of light: ¢
— From Particle Physics — unit of energy: GeV
(proton rest-mass energy~938 MeV/c*=1.67x10%* g)

e Natural units are used throughout these lectures.
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Units in Particle Physics - 2

e Units become (with the dimensions)

— Energy: GeV Time: (GeV/h)!
- Momentum: GeV/c Length: (GeV/ic)'!
— Mass: GeV/c? Area: (GeV/hc)?

e Algebra can be simplified by setting 7i=c=1. Now all
quantities are given in powers of GeV.

 To convert back to S.I. Units, one need to keep missing
factors of 7 and c.

.. | .
« In Heaviside-Lorentz units we set i=c=¢,=u =1, and

Coulomb's law takes the form |
F=—2<
41T ]/'2

 Electric charge g has dimensions: (FL?)"*=(EL)"*=(hc)"?
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Historical Introduction

Air

People have long asked:
* What is the world made of?
* What holds 1t together?

* Why do so many things 1n this
world share the same character-
1stics? Empedocles 492-432 BC

People have come to realize that the matter of
the world 1s made from a few fundamental build-
ing blocks (simple and structureless objects-not
made of anything smaller) of nature.

"...in reality there are atoms and space.” (Democritus 400 BC).
|
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Historical Introduction - 2

The study (by Mendeleev, periodic Table of
1869) to categorize atoms into the Elemenls
groups that shared similar £
chemical properties (Periodic H
Table of the Elements).

Due to Moseley's work, the modern peri-
odic table is based on the atomic num-
bers of the elements rather than atomic
mass.

\
Moreover, the experiments helped scientists determ-

ine that atoms have a tiny but dense, positive nucleus
(N+) and a cloud of negative electrons (e-).
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Historical Introduction - 3

Elementary particleJ physics was born in 1897 with
J.J. Thomson's discovery of the electron (“corpus-
cules”™). \

* The cathode rays (beam of particles) emitted by a
hot filament could be deflected by a magnet, and
this suggested they carried electric charge, and the
direction of the curvature required that the charge
be negative. -

o The word 'electron’ AI’SZ‘ used

by G. Johnstone Stoney in

1891 to denote the unit of

charge in an electro-chem-

IStry experiment.
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Historical Introduction - 4

In 1909, Ernest Rutheqford set up an experiment to test the
validity of the prevailing theory. In doing so he established a
way that for the first time physicists could "look 1nto" tiny
particles they couldn't see with microscopes.

The 'redicted Result: The Result ) The Positive MNucleus Theory
] Explains Alpha Deflection
Expected

Path

-

[ ]
- —
. I I
—a— e
- -
E .
Expected o .

|
Iarks on screer Iarks on Screen Gold Foil Atoms, magnified

Some of the alpha particles were deflected at large angles to

the foil; some even hit the screen in front of the foil! Obvi-
ously some other explanation was needed.

4

e Rutherford concluded that there must be something inside
an atom for the alpha particles to bounce off of that 1s small,

. Cd};cnse, and positively charged: the nucleus.
.LaKir




Historical Introduction - 5

 Photon (1900-1924)

» M.Planck explains blackbody radiation (1900),
radiation 1s quantized.

v A.Einstein proposes a quantum of light which
behaves like a particle (1905), photoelectric
effect (E<hv-w), equivalence of mass and
energy, special relativity.

* A.H.Compton found that the light scattered from a
particle at rest 1s shifted in wavelength (1923),
according to A'=A+A (1-cosB), where A_is the

Compton wavelength of the target particle.

v The name photon i1s suggested by the chemuist
Gilbert Lewis (1926).
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Historical Introduction - 6

e Mesons (1934-1947)
> Yukawa theory for strong force, m~300m

> meson: middle-weight, baryons: heavy-weight, lepton:
light-weight.

- Powel et al (1947) discovers two middle-weight
particles, pion and muon.

> [.I.LRab1 (1946) comments "who ordered that?" for the
muon.

e Anti-particles (1930-1956)

« Dirac equation gives positive and negative energy
solutions (partiéle / antiparticle) - Feynman-
Stuckelberg formulation (1940).

e Anderson discovers positron (1932).

e Anti-proton and anti-neutron was discovered at

Berkeley (1955-56).
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Historical Introductlon 7

* Neutrinos (1930- 1962)
> W.Pauli (1930) suggest neutral
particle to explain continuous
electron spectrum 1n beta decay. 7 i e
I missing particle,

~In nuclear beta decay, a neutra
E.Fermi called 1t “neutrino” (1933) and introduction

Probability

of weak interaction theory.

> J.Chadwick discovers neutron (1931)
»H.Yukawa (1934) meson (pion) theory of nuclear

forces

e Strange Particles (1947-1960)
>Pions 1n cosmic rays, calculation of electromagnetic

processes, Introduction of Feynman diagrams, The
Berkeley synchro-cyclotron produces the first lab.

101S. |
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Historical Introduction - 8

Strange Particles (1947-1960)

> Discovery of K™ meson (1949) via its decay.

> Neutral pion 1s discovered in 1950.

> Discovery of particles called “delta” baryon (s=3/2).
> C.N.Yang and R.Mills develop a new class of
theories called "gauge theories" in 1954.
Unification/Classification Ideas (1957)

> J.Schwinger (1957) writes a paper proposing
unification of weak and electromagnetic interactions.

> The group SU(3) to classify and organize particles
(1961)

> Experiments verity two types of neutrinos, vV and vV
(1962).
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Historical Introduction - 9

Quark Model (1964)

*>M.Gell-Mann and d.Zweig (1964) suggest that mesons
and baryons are composed of quarks (flavors u,d,s)
>Omega particles discovered (1964, BNL) , as Gell-
Mann predicted within baryon decuplet.
>0.W.Greenberg, M.Y.Han and Y.Nambu introduce the
quark property of color charge (1965). All observed
hadrons are color neutral.

EW Theory (1967-70)

>S.Weinberg and A.Salam (1967) propose a theory that
unifies electromagnetic and weak interactions.
>J.Bjorken and R.Feynman (1969) analyze the SLC data
in terms of a model of constituent particles inside the

proton (provided evidence for quarks!)
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Historical Introduction - 10

EW Theory (1970-54)

>  S.Glashow, J.Iliopoulos, L.Maianmi (1970)
recognize the critical importance of a fourth type of
quark in the context of a standard model, Z° has no
flavor-changing weak interactions.

> H.Fritzsch and M.Gell-Mann suggested the
strong interaction theory QCD (1973)

> D.Politzer, D.Gross, F.Wilczek discover that the
color theory of the strong interaction has a special
property, now called "asymptotic freedom"

> In 1974, J.Iliopoulos presents the view of particle
physics called the Standard Model (SM).
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Historical Introduction - 11

 New Members (1974-78)
> S.Ting et al. at BNL and B.Richter et al. at SLAC
announce on the same day that they discovered the
same new particle. Since the discoveries are given
equal weight, the particle 1s commonly known as the
J/Ps1 (cc) meson.
> G.Goldhaber, F.Pierre find the DO meson (anti-up
and charm quarks) (76)
>The tau lepton (lepton of third generation) 1s
discovered by M.Perl et al. at SLAC (76).
> L.Lederman et al. at Fermilab discover yet another
quark (and its antiquark) (77), the "bottom" quark
— this leads to the search for sixth quark — "top".
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Historical Introduction - 12

Standard Model (1978-)

e C.Prescott, R.Taylor (1978) observe a violation of
parity conservation, as predicted by the SM.

e Strong evidence for a gluon (1979) radiated by the
initial quark or antiquark at the DESY.

e In 1983, the W* and Z' intermediate bosons
demanded by the electroweak theory are observed at
CERN SpS by C.Rubbia et al.

e SLAC and CERN experiments suggest (1989) three
generations of fundamental particles (inferring from
Z0-boson lifetime) with three very light neutrinos.

e In 1995, CDF and DO experiments at Fermilab
discover the top quark (175 GeV).
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... and the timeline summary
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Low Energy - High Energy

Small

E—

Classical Quantum
Mechanics Mechanics
Fast l EEEEEEE—

BErvenel Quantum
Feiel izl Field

Macnzrnics

Theory

* For things that are both fast and small (particles), we
require a theory that Incorporates relativity and
quantum principles: Quantum Field Theory (QFT).

« Most of our experimental information comes from
three main sources: 1) scattering events, 2) decays, 3)

bound states. |
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Our curiosity and tools for research

T MICROFOGCUS
X-RAY SCOURCE

_SAMPLE IN
+— CRUCIBLE

| FURNACE AND
— TRANSLATION
STAGE

v BADIATION
‘ SHIELD

__—-CCD CAMERA

atoms in DNA
0.000001 mm

 We need particle accelerators to look into

the deepest structure of matter!
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Probing the elementary building
blocks of nature

e W -
= .‘g Y,

mf*mﬂm—aﬁndingﬁmum

E

Higher Beam Energy »Shorter Wave Length » Better resolution

electron

Runerords A\ = he/E = 1.24 x 10 %Vm/E
Xperiment, E 2.8 % 1066V — )\ = 4.4 X_13 m
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The Particle Physics is the study of

* Matter (spin-1/2 partfcles): the fundamental constituents
of the universe - the elementary particles

* Force (spin-1 particles): the fundamental forces of nature
- the Iinteractions between the elementary particles

~90 years ago ~60 years ago ~40 years ago Present

;? electron ° Try to cat-
| egorize the

pro;[on Particles

neutron
up quark and Forces
down quark . .

| k@ in as simple
1 ofvhuman hair - | and funda-

100,000 thickness

eier R) mal M€ ner possible.
1 1
1 S 1

mental man-

Size in s
atoms 10,000 100,000 100,000,000




Particle Physics

Matter Force Carriers
|
| |
Quarks 9 leﬂt,frﬂﬂ Gluons W & Z bosons Photons  Gravitons
Quark-Lepton |
| complementar ity | '
Hadrons Strong Weak  Electromagnetism Gravity
: Ouantus Quantum Quantum
Masons Baryons Chromodynamics Electrodynamics Gravity
Muclei Electroweak Theory
Atoms Grand Ll'ﬁlf;wd Theary
Molecules Theory of Everything
Gomposite Farticles Forces
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ELEMENTARY PARTICLES

| COMTEXT | MASS | CHARGE SFPIM STREMGTH RAMGE OBSERYED?

EOSOMS [farcesz]

GRAYITOM grawity o 0 2 10=FE infinite no
FHOTOH electrommagnetizm 0 ] 1 10-2 infinite yes=
GLUGOH trong forca ] 0 1 1 1n-1% indiractiy
WERE GRUGE BOSOH=

Lt weak force g0,000 1 1 10-13 1g-1a yes

i weak forcs go,000 -1 1 10-13 1g-1a yes

= ueak farce Q1,000 0 1 10-13 1n-1a& yes
HIGGS BOSOM weak foree =114,000 ] 0 [ ] [*] rna

[
FERMIONE [matter)

LERPTONS, EaMLyY 1.
ELECTROH Fadioactive decay 0,51 -1 1,z nfa nfa yes
ELECTROH HEUTRIND ATOMmic sTruCtUre 07 0 142 nta nta yes

QUeRNES, EAML Y
UP atamic nuclei 5 243 1.2 nfa nfa indirectiy
IRl | atomic nuclei 9 -1/3 1.2 nta nfa indirectiy

LEFTONS, FRMLY 2t
LI 106 -1 192 nfa nfa yes
MUOM HEUTREIMO =0 0 142 nta nta yex

oUSRES, FAMIL Y 2

CHAFR M 1,400 =iz 14z nta nta indirectiy
ETRAMGE 170 -1/ 142 nta nta indirectiy
LERPTONSG, FaMILY X

TAU 1,754 -1 14z nta nta yes

TAU MEUTRIMO =25 0 142 nta nta yes

QUARKS, FARILY ar
TOF 174,000 2i3 1,2 nts nfa indirectiy
BOTTOM 4,400

O.Cakir
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Four Forces of Nature

Forces can be explained as the boson exchange between
fermions, and the typd of boson defines the force.

Gluons (8) %
- o
- e
Quarks
Graviton? 2 qzzrk - "
up u d dlenwn Mesons
Solar systems quark quark Baryons Muclei
e __galamea proton
. e
-"\-\.H-.- ,::..'_, . down
e - d;"-i quark
' up u;? di down
Gravity Force ' =5 am»{,_:,.;-.: & quark
neutron
e Strong force
Electromagnetic force Weak force
Hydrogen atom
L
Bosons (W.2)
Water molecule Prolona and Sk J
MNeutrons Electron neutrino  se
Oooygen atomm - alectron
wu
\K At _‘g;% : u  d MNeutron decay
el W S : oms i
: : B gl W force Beta decay
Photon & J'E;ﬁ::ﬂiﬁtw W .. Proton Neutrine interactions
i article i f th
=g neutron P Burning of the sun
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Dynamics of Particle Physics

Quantum Electrodynamics (QED), Weak Interactions
(WI), Quantum Chromodynamics (QCD)

Mlzrtiar F, quarks F, v, quarks quarks
involvec

Feynman diagrams: creation and annihilation of matter

O.Cakir



Symmetry/Conservation

The laws of physics are symmetrical with re-
spect to translation in time (they work the
same today as they did yesterday). Noether's
(1971) theorem relates this invariance to con-
servation of energy. The symmetries are asso-
ciated with conservation laws.

Symmetry ~ Consenvationlaw

UL _ o~ Energy

mJlfmon Ifl spzlce —  Morneritsr)

Rotation . Angular momentum

Gzuge iransforrziion «  Crargs

|
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Systematic Study of Symmetries

Symmetry operations Las the following properties:
- It S;and S, are in the set, then the product SS=S,.

» There is an element / such that /S=S /=S, for all S..

« For every element S, there is an inverse S, such
that SS7'=S"S=I.

- There is associativity such that S(S.S,)=(S,S)S,.

S: X-->-X S,: rotation 120°

02

? | | S : flips around a
JO)=Ax) i




Systematic Study of Symmetries - 2

 Translations in space and time form an Abelian group
(8:5:=S.S,), while rotations in 3D do not (SZ.SJ.;'&S}SZ.).

* If the elements depend on continuous parameters

(angle of rotation) — continuous groups

 If the elements are labelled by an index that takes

only integer values — discrete groups

* In elementary particle physics, the most common
groups are of the type U(n): a collection of
unitary (U'=U’) n x n matrices. Unitary matrices
with “determinant 17 called SU(n): special
unitary. For real unitary matrices (O’=0), the
group is O(n). SO(n) is the group of special
orthogonal »n x n matrices.
O.Cakir




Symmetries in Particle Physics

* One of the aim of the particle physics is to discover
the fundamental symmetries of our universe.

e Introduce the 1deas of the SU(2) and SU(3)

symmetry groups which play a major role in
particle physics.

- Suppose  physics 1s  invariant under the
transformation v — y' =Uy
(like the rotation of coordinate axes)

|
Conserving the probability normalization require

W)= W)= 0viiy) = 00ly)  ~ 070 =1
U has to be unitary

O.Cakir



Symmetries in Particle Physics - 2

* For physical prec&ictions to be unchanged by the
symmetry transformatlon also require all QM
matrix elements unchanged

(WlH ) = (WIH|Y) = (y|0TAD|y)
UU'HU=UH — »HAU=00 ~ [H,U]=

Consider the infinitesimal transformation (€

small) U = 1+ieG ~ Well, “do-
A AL , D . ha . A, i 9. Ing nOth-

UU" = (1+ieG)(1-ieG") = 1+ie(G-G")+0(¢")  ing” (1) is
N , N | also a

here unitarity requires G=G - symmetry

A 1+ieGl=0 »G isaconsewedquantity.l _ operation!
O.Cakir



Discrete Symmetries
Charge Conjugation (C)

e Classical electrodynamics 1s 1nvariant under C,
potentials and fields reverse sign under C, but there
1s a compensating charge factor so the force remain
the same.

C|lp>=|p>==%|p>, 1t changes the sign of all “internal
quantum numbers” such as charge, baryon number,
lepton number, strangeness, etc.— while leaving
mass, energy, momentum and spin untouched. It has
limited eigenstates (photon, rho, eta etc.).

o It 1s not a symmetry of the weak interactions (no ;L/)

« An extended transformation “G-parity”, G=CR,

—r r r rr yr r -y

o car Where R =e™®_ Ex: all pions are eigenstates of G.



Discrete Symmetries - 2
Parity (P)

e Lee and Yang (SA) propose a test for parity in weak
interactions. Beta decay in ®*Co-->*Ni+e+V_where most

electrons are emitted opposite to nuclear spin. It i1s a

symmetry of strong and electromagnetic interactions, but
it 1s violated in weak interactions.

Plp)="p

Vecior P(v)=-v

PSEUEOVECION HEN=
(G- axiall vector)

e necutrinos are left-handed; antineutrinos are right-handed.

O.Cakir ‘



Discrete Symmetries - 3
Time Reversal (T) and the TCP

e Like “running the movie backward”, say n+p
--> d+y process and its reverse order process
d+y-->n+p. No experiment has shown direct
evidence of T violation. The most sensitive
experimental tests are the upper limits on the
electric dipole moments of neutron (d <6x10-

cm ¢) and electron (d <1.6x107*"cm e¢).

e TCP theorem states that combined operation
(TCP) 1s an exact symmetry of any interaction.

O.Cakir



Gauge Groups in Particle Physics

u(1) su(2) SU(3)
| |
charge + T 4 b -@ -| r
® d .
| — | —
: ® d ® 9
anti- L
charge L T
complex three 2x2 eight 3x3
number Matrices matrices
(Pauli) (Gell-Mann)
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Hadrons

Hadrons are color singlet bound states of quarks.
« Mesons are q.9 states of quarks and antiquarks.

« Baryons are 9,94, states of quarks.
* Quarks are confined into hadrons.

Electric field lines are
spread out as the
charges are separated.

Color force lines
collimated into a
tube as the
quarks are sep-
arated, it will
break into two
when the force
applied as re-
quired.
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Mesons

If the orbital angular moml:ntum of the states 1s /, then the parity
P=(-1)"'. For gq mesons the charge conjugation parity C=(-1)""
and the G-parity (-1)""*. In an SU(4) classification we have

4 x 4=15 + 1. Spectrum: n*"'[ (J5),

I=0: pseudoscalars (0™) and vectors (17)
I=1:scalars(0™), axial vectors (1) and
(17), tensors (2). |

ex: 1'S (07)-->K-meson

O.Cakir



IFaryons
Baryons are fermions with baryon number B=1, and
they are 1n color singlet state.

qqq> ,—=|color> X|space, spin, flavor >

: .
It 1s useful to classify baryons
into bands having the same

quantum number of excitation.

%

gyl fud |

S XN/ T
i
sd _l_\su

T =5

5

O
LiZ t-l-;-l-‘_...

[1}
=]
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Symmetries in Particle Physics - 3

> Symmetries play a crucial role in our life! In the

QFT they play very special role:
» every force can be derived from the principle of
the internal symmetry — local gauge invariance

predicts gauge bosons

S

Original Sphere Global Transformation Local Transformation

| ('U_) e-iew (_/j_> e-ie(x)w
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Four Vectors

Four vector notation
F'u = {Eﬂ} = {E.pp,-'?‘_r-.f?:} (contravariant)

Pu = gm.;_;ﬂ — {E._ ;j} = {E, Dy =Py f?;} (covariant)

In particle physics we deal with the relativistic

particles — all calculations should be Lorentz in-
variant. These calculations can be performed via

four-vector production. |
Lorentz transformation

Py =E-p=m Invariant mass (E) (% —wh)[E)

T Phase \i”“:} ) k‘"-'"'j“ o } k*“:}

vpy=Et-J
coshyy, — sinhy; I
F;' - —sinh yy coshyy, P,

P

O.Cakir



Ex: Top Quprk Invariant Mass

Energy-momentum conservation gives ;

pP,=DP,tp,TD, ] z
m?Emzlv:<Eb+El+Evj2_<ﬁb+ﬁl+ﬁv>2 "

here we want to Ca|CLf|ate p, of

neutrino via W-boson mass con- » opening angle
straint D, Dy
COSK———""7=

| pill Py

pW:pl_l_pv; m?v:(El+Ev>2_<ﬁl+ﬁv>2
—> —>‘

m,,~2(E,E,—|p,|| F,|cos )

my, ~2(|B,|| B.|— Prr Por— D2 Do)

my~2(\ Prpt pi Dot D= g Dop— D12 Dy.)
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W-boson mass constraint

\
my~2(\ Pl PrA Pt P B Py D12 Dy )

/
X p.xlp; (X =4 p/, pi)]"
2P1T
2 — —
X=my+2p, p,;
where we choose the solution well reconstruct the
top mass

=((py+m,)""+|p, 1+ 8,|)° (pb+pz+pv)
m2=[(pit m)) P+ (pipt p2) P (P o) T

—pst+ D+ (Pl +Do )2 Dy B4 2( Py Port PorPys)]
—2(pir Pt PP,y

Pv:—

)1/2
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Interaction Lagrangians
— Vertex Factors

 QED interaction term e In a similar way,

Gl dpay iIncoming quark —
LQIJ!J.:;’r-ﬁrA_ geqUy VA g q
outgoing quark —

where three fields — gluon (g, ¢,2)

1ncom1ngfferm10n - interacts at one point
outgoing rermion - via OCD interaction

photon (¢ ¢ 4) term
1nteracts at one point,

and the vertex 1s o
defined. After removing  “ocpgug =~V
thitﬁe!ﬂs the ren;taln vertex factor is
part wil glveﬂve ex -ig A2y"

factor -ig qy* .
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STRONG

q 8s q

o
&

Only quarks

Never changes
flavour

O ~ 1

O.Cakir

Interactions

Interactions of gauge bosons with fermions are
described by the vertices. Type of gauge bosons
and nature of interagtions determine the proper-
ties of interactions.

EM

W © u
T

All charged
fermions

Never changes
flavour

a~1/137

WEAK CC

All fermions

WEAK NC

All fermions

Always changes Never changes
flavour flavour
aW/Z ~ ]/40



¥ =
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Interaction — Amplitude

. | y

- e
J¥(z) J(y) = jP_jlu
‘I — Y ‘ Fourier trans- qﬂ
formation
'.
\
EE 1 \

4

N — 3 .ww.ew-::l
137 / |
15.



Feynman Rules

* Free Lagrangian  Interaction terms
— propagator ‘ — vertex factors
—igeqy? (QED)
'i (spin — 0)
pz —m? ¢ 4
_;Q's}lmn.r,u (QCD)
M (spin—1/2) it
pe-m (1 =)V (EW/W)
24/2 >
—1 Pubv , =y
p? —m? [ = F] sma=) ;g”“r'“(ﬂ{r' —c®) (EW/Z)

O.Cakir



Feynman Diagrams

¥ Processes of high energy physics are complex, they
include radiation, loops, etc. However, the LO processes

~, Interactions between elementary particles (leptons, quarks
™ and gauge bosons). Feynman diagrams are graphical
' presentations of the physics processes.

green

green-
green antiblue
gluon

between quarks
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Electroweak Processes

Lagrangian for fermion fields after the symmetry breaking
_ i H
Zr =37, (i 9= mi — 2L o,

— L STt QAT W +T™ W) v
i

22
— e E @i ;Y P Ay
7

B 4
2 cos Ow

> Wi Y (gv — g4v) i Z

For a certain type of process the amplitude and the
differential cross section via diagrams

|
Amplitude = -+ d_*'?
>—v\r< I . X -
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Example: ete 2y /Z'2> U*U~ process

lik Calculation:
[lotaliamBRivcE g 61V o REDUCE, FORM, Mathematica
M, = —j—j U(pa) Y v(P3)19p [U(P2) 7" u(p1)] ete.

gz

4(q7 — m7 +imzl'z)

My = — ['_U-(P4)*r"“(fii'—ci?ﬁ)“(}?a)](Efw_"i‘zugzrf/'mzz)[i_’(i”z Y (e~ )u(ps)]
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Interaction Cross Section

The differential cross section 1s given by

(2m)"
d o= > > 2|Mﬁ|2d¢n<p1+p2;p3,p4,.--’pn+2)
4\/<p1'p2) —m,m,

1n the center of mass frame

J(pl.pz)z_m?mgzplcm\/;
and 1t 1s useful to define the Mandelstam variables

s=(p,+p,)=(ps+p,)
_ 2 2 S~ - Dy b3, 13 e the tWO-bOdy
=mtmyt 2B, E, =2 prpy Cross section

_ 2_ 2
t=(p1—p3)"=(p— ps) 1S given by
—m1+m3_2E1E3_p1.p3 do- 1 |j‘4|2

— 2 _ 2 o
u=(p,—ps)=(p.—p;) dt  64ms|pr |
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Tools for Calculations

et - 0Op x
Hodel : SH, unitary gauge

List of (anti)particles

G(E) gluon A(R) photon Z(Z) Z bhoson

H+(H-) H hoson ne (He) neutrino a(E) electron

1om { Him ) mu-neutrino m{H) N nl (M1} tau-neutrino

1{L) tau-lepton u(u) u-rfuark d{D) d-quark

() c-quark s(8) s-fuark t(T) t-quark

h(B) b-quark - ol %

Hodel: Standard Hodel/Unmitary Gauge/

List of particles {antiparticles)

GG )- gluon A(A )- photon Z(Z Y- Z-hoson
H+{H- )- H-boson hih )- Higgs e(E )- electron
ne(He )- e-neutrino m(H )- muocn mn{Mn J- m-neutrino
1{L. )- tau-lepton nl{Hl J- t-neutrino diD )- d-quark
u({d J)- u-guark s{8 J)- s-gquark c(C Y- c-guark

b(B J)- b-quark E{T )- t-gquark

CompHEP/CalcHEP[*] program packages are used for
calculation of decay and collision processes of element-
ary particles in the tree level approximation. They make
available passing from lagrangian to the final distribu-
tions with the high level of automatization. There are also
some other packages for different purposes.



Example: e e— W™W” process

et CompHEP version 4.5.1

Delete,On/off, Restore,Latex

CompHEP, calculates |amplitude
symbolic session, and gives

2 expressions via
the output for

Reduce/Mathematica/Reduce input codes. Numer-
ical session is used for cross section calculations,
decay width calculations, and event generations.
The distributions can be analyzed further by using
Root program. Event information can be in the LHE

format.

O.Cakir
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Kinematiqal Distributions

— [ ] = L= ] oD
TTTTTTTT

500
Sqrt(S)

50 200 250 300 350 400 450

The threshold en-
ergy scan can be
performed for some
energy range. After
a threshold energy

(~160 GeV) the
cross section In-
creases and

reaches maximum
at Vs~190 GeV. In-
creasing the energy
will not be more be-
neficial with the
cross section for
this process.



Pair Production at Colliders

At the colliders, one can study matter and
forces, also create the new and heavy matter,
via the forces, converting the energy of collid-
Ing particles into mass.

EEEEEEEEEEEEEEENED
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Missing Transverse Energy (MET)

e An important portion
of incoming hadron
energy goes into
beam pipe. For the
particles (neutrinos)
undetectable directly,
transverse momentum
component in the per-
pendicular (to the
beam direction) plane
can be calculated.

O.Cakir

“Hard” Scattering

outgoing parton

Ef™ =) prli)
|

Sum over transverse
momentum of all final
state detectable particles.



PartiFle Decays

The decay rate of a particle of b
mass M mto n bodies 1n 1ts rest fz i
P M .
frame 1s given by = P
dT = (27—()4 2d )
[==——"IM;[d®,(P;p\ p,..p,)

with

" d3pi
] (=2 pIL (2m)2E

M, 1s the Lorentz invariant amplitude specific to

the process for the initial to final state transition.

O.Cakir




Standard Model of Particle Physics

Standard Model includes quantum field theories,
Quantum ElectroDynamics (QED), Quantum
ChromoDynamics (QCD) and  Weak
interactions (WI). These are based on the
relativistic quantum mechanics.

In quantum mechanics, an s state of a physical
system 1S defined by ¢ wave function

(Schrodinger) or ket |s> (Dirac). Observables
<O>=[d"'x(*OY remain invariant under
global (independent from position) phase
transformation.

alplalnlalnlalinl
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The Standard Model (SM)

The gauge group of
standard model 1s

SU3).x SU(2),x Ucl),
where C denotes c?lor,
W for weak 1sospin, and

Y for hypercharge. The

corresponding  gauge
fields are Gﬂa(azl ),

W /(i=1,3) and B,

O.Cakir

An 1mportant feature of
weak interactions 1s the
violation of the “parity”.
This suggests that 1t 1s
natural to study with
two-component Spinors
(1x2 or 2x1). These
spinors also comprise
the basics of the four-
component Sp1nor
representation of the
Lorentz group.



SM %ummary

*Standard Model is based on the gauge ELEMENTARY
try: SU3).x SU(2 U@D)y.
symmetry ( )cX ( )W X ( )Y PARTICLES

However, this symmetry is broken Quarks
spontaneously to SU(3) xU(1)em.

*Matter: there are three leptons

and quarks families.

*Higgs field have an important rol:

. , e

* one Higgs doublet interacts the other fields
e gain a vacuum expectation value (~246 —‘é o b
GeV) Leptons

e Quarks and leptons, W/Z bosons and Higgs
itselt get their masses from this mechanism.

O.Cakir




Status of Precision Measurements

Measurement Fit |O™ea=_QMjgmeas [ i M, = 158 GeV
0 . .2 .3 '.'. T

Ao =

m,[GeV] 911875+00021 911874 had

I,[GeV]  24952+00023 24959 9] 11 —00275840.00035 i
ﬁﬁﬂd [nb] 41.540 + 0.037 41.479 * 4 - (.0274940.00012 I} ¢ .
R, 20767 £0.025 20742 4- "-.: e incl. low Q2 data _
A 0.01714 +0.00095 0.01645 - :

A(P,) 0.1465 £0.0032  0.1481 ~ |
R 0.21629 + 0.00066 0.21579 X 34 : -
R, 0.1721+0.0030  0.1723 < |
ADP 0.0992 +0.0016  0.1038

ASE 0.0707 +0.0035  0.0742 2 7
A, 0.923 +0.020 0.935 |
A, 0.670 +0.027 0.668 | |
A(SLD) 0.1513+0.0021  0.1481 1

sin®0°7(Q,) 0.2324+00012 02314 1 i
m, [GeV] 80.399+0023  80.379 0 Excluded N /" Preliminary
r,[Gevl 20850042 2.092 30 100 300

m, [GeV] 173311 173.4

EW fit - http://lepewwg.web.cern.ch/LEPEWWG/
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Quantum numbers of Particles

* Quantum numbers of

elementary particles according to
SU(3) X SU(2) X U(1)

L L/ LA
L c , ® , T 1.2-1
- ('9 )L.(“ )L.(T )L \12-1)
Egr €n s T (1.1,-2)
o ()0, | e
L s s pady T "
d L s ) b L B
Ur UR, CR , IR (3,1,+4/3)
Dpg dr . sg . br (3,1-2/3)

* Lagrangian: | R »
— gauge interaétions L = 1 F;WF
— Matter fermions i) D) + h.c.

— Yukawa interactions Uiy 0 + hec.

Do = V()

+ o -

— Higgs potential

O.Cakir



Field Theories

» Lagrangian in classical « I fjeld theory we study
El(e Chaglcsnils Z%LVTeany with a tield @(x,y,z,7) as the
Eq%z{ionaof moti(;n e function of space and time.

In the relativistic theory (4D

given by ‘ .
. ( 5 L) oL _ space.-tlme) Euler-Lagrange
dt \ Oq O equation
conjugate momentum 0 ( 0L ) oL _ o
corresponding to the Ozt \O(0¢/0xt) ] O
coordinates which is not — spin-0: Klein-
present explicitly in the Gordon equation;
Lagrangian 1s conserved. spin-1/2: Dirac
— Newton's laws equation; spin-1:

Proca equation.

O.Cakir



Global ve Local Phase Transformations

Free Dirac lagrangian LQQ@LMMGEM
—iga(z

L = iyH Oy — mnp v(z) =
Derlvatlon of Wave function

Global phase transformation B P E(2)] OO0 ia(Bhoe)o(e)]
(X)€Y X)

leads to an extra term igdo(z)

. .Dirac. lagrangian r.emainq The Lagrangian reads
invariant under this 5
transformation L — L 4 qy*v(0ua(z))

e Absolute phase of wave Total lagrangian should remain
function is not measurable invariant under this transforma-
(arbitrary) | tion, then we should add both

« The relative phases in the kinetic term and interaction
interference are not affected by term with the gauge boson to
phase transformation. the free Dirac Lagrangian.

This will automatically generate

e Symmetry->charge ; .
y 1y- & the gauge boson of the interaction.

0.C akg:onservatlon




U(1) Gauge Symmetry

Electromagnetic Lagrangian remains invariant under
local U(1) gauge transformation.

. T , = 1 F N ]
L = iyl o — my — EF”‘ Fu — qPyH Ay

where the vector field transfroms and the covariant de-
rivative becomes
Alu — Alu + apff(i’) ffffffffffffffffffffffffffff

The type of the interaction is obtained from the local
phase transformation. Quantum electrodynamics is a
gauge theory with U(1) phase symmetry.

O.Cakir



QED Lagrangian

W
'3 ?v
L g
':ﬂ"q i Z Vector
boson

kinetic
term
Mass

Interaction
term
Fermion

kinetic
term

O.Cakir



Yang-Mills Teori

Yang and Mills extended the local symmery to non-
abelian case. Transformation matrix S has determinant
1. Lagrangian is invariant under SU(2) global phase
transformation. There will be extra terms for local trans-
formation, in order to remove these terms we should
add extra fields and interaction terms.

v — Sy, S = e~ M=)

Covariant derivative can be read
scalar product transforms as
T 1” = S(t- _-1;)5;-1 + (i/g)(8,8)S

Lagrangian invariant under local SU(2) gauge trans-
formation

i

— . - 1 -
[ = iu'ir-”ﬁﬂ-‘—1-11.1,-'-‘-?;':—1;”””~ w— (qUAPTd) - Ay

O.Cakir



Broken Symmetry

e Some symme{ries are 2 :
not exact - they are ., 1

broken! very important |
feature! ‘ 5 /
 Spontaneous symmetry breaking predicts
masses for fermions and W, Z gauge bosons
* Predict one more massive particle: the Higgs
boson, responsible for mass generation - the

only missing and the most wanted Standard
Model particle!

O.Cakir



e Lagrangian for scalaq field,

L= (048)(0ud) + 262 - 026"
For @—>-@, Lagrangian remains
invariant. Potential have minimum
at == W/A. New variable in terms
of the deviation from minimum is
N=@x l/A. In this case the
Lagrangian

O.Cakir

Spontaneous Symmetry Breaking

Vig))

1 1 1 5,
L= (@) @)= £pdn = N 4 (%)

e The new Lagrangian is not symmetrical for N—>-n;
the symmery 1s spontaneously broken (SSB).



Higgs Mechanism

e Complex field
0 =01 +10

and the Lagrangian

1 R R T S S
L= (06)(3u0)" + -p°(69") — 70°(68")
We want 1t to be invariant under local gauge

transformation, make a transformation that the
system will be at minimum energy state

bue to choice @,'=@, and @,'=@ 1/
P f massless Goldstone boson field @' dis-
| i | 1
L {":"'l D2, A :] — L ("3'1 y @7, A ) appears and gives the mass to boson
Before SSB After SSB A". @, field (Higgs boson) has mass.

O.Cakir



Gauge Boson Masses

Gauge boson masses are aobtained from the term

|ID @|°. Covariant derivative
u

‘ scalar field

at . Y . | ( ) )
g= *(T)E 11’-|-h(.T)r

Dyo = |0, —?'.QEL-L-'; g Bp

and gauge fields mass eigenstates

' Wl T iw2, | 1 L .
W= _£ NG = Dy =Wicoshy - Bysindy A, =W sty + B, costhy
mass terms,
Eg 2w + V2-gB)?  my=qu/2, my=my/coshy

O.Cakir



Fermion masses

Fermion masses is obtained from the couplings of
left-handed fermion (f, ) and right-handed fermion

(fR) with scalar field (@)

- gdt{-h]
Ly = —yy(Tad'fy - Jpofe) = 7 (frfi+ Tofr)
_"LU+M'—-WH 7%‘

fermion masses are given 1n terms of Yukawa

coupling and the vacuum expectation value
(v=246 GeV)

,,777,,777,,777,,777,,7“

P ~ ortopquark, § 7
I f = U 2 f P q For an explanation of neut-
’ 1/2 m / = \rmo masses and mixings
t
- one needs to go beyond the

| Standart Model!

O.Cakir



Neutrinos

In the SM formulated in 1970's neutrinos are
assumed to be massless, then there 1s only one
helicity state (left-handed) for neutrinos. In 1960's
Pontecorvo, Maki, Nakagaya and Sakata (PMNS)
suggested that neutrinos can be produced and
annihilated i flavor eigenstates (V,V,V ), n the

processes, and they can propagate in space in the
mass eigenstates (V,V,, V3).

V, Uy U, Ug Vi
V|~ Uy Uy, Uyllv,
e Usp Uz Ussllv,

O.Cakir



Neutrino Mixing

. L. .
Considering the mixing of Vﬂ and V_In terms of
V, and V, (atmospheric neutrinos) with one mix-

|

ing angle &, the wave amplitudes

|
V,=V,c080+v,;s1n 0

v.=—v,sinf+v,cos6
where £ denotes neutrino energy, mass eigen-
states depend on time

v,(t)=v,(0)exp(—iE,t)
v,(t)=v,(0)exp(—iFE,t)

O.Cakir



Neutrino Mixing - 2

Study on an example of muon-type neutrinos in
the 1nitial state

v,(0)=v,(0)cos 0
v,5(0)=v,(0)sin0

time dependency v, (¢)=v,(t)cosO+v,(t)sin 0

Amplitude for muon-neutrinos

A,(t)=v,(t) v, (0)= cos 0 exp(—iE,t)+sin’0 exp (—iE, t)
and 1ntensity

1,()/1,(0)=1—sin"20sin’[(E,—E,)t/2]

O.Cakir



Neutrino Masses

[f neutrinos are Dirac particles:
* neutrino and anti-neutrino are distinct particles
e left-handed state and massless

If Majorana particles:
e Particle and anti-particle are the same v=V~.

In general, lepton masses can originate from both
Dirac and Majorana mass termes.

m, m, Herem and m,, Majorana masses for left-handed

m, m, and right-handed states, respectively. m_ denotes

Dirac mass.

O.Cakir



Neutrino Masses - 2

e We can diagonalize the mass matrix, in this case

O.Cakir

eigenvalues

mljzZ[(mR+mL)i\/(mR—mL)2—|—4 m> |12

here we assume that m, 1s much smaller; and m =M 1s

much greater than Dirac scale and it 1s around GUT
scale. Physical neutrino mass is given by

- This mechanism (see-saw), taking
m,~ W , my~M right—handed neutrino mass very large :
M gives left-handed Majorana neutrino

mass very small.




SM Parameters

» 3 gauge couplings (g, g, g,)
» 2 Higgs parameters (U, A)

‘» 6 quark masses
* 3 quark mixing angle + 1 phase

e 3 (+3) lepton masses |

O.Cakir




 Mass hierarchy

1.family  2.family 3.family
u :-. C t
ds s - b-
e--'-ﬁ M-I "[,"-il:
L |||n% Lol 3wl |u|u;-ll_J vl v vl ”“m:?
< < <
t t 1
1/1000 Proton 1000
mass

Electroweak symmetry breaking
may explain how they get their
masses, but it does not explain

O.Cakir

Flavor Problem

Heavy quarks forming hadrons are
b and c quarks. The hadrons
(mesons/baryons) from these can
be detected effectively.

Charged weak current leads to flavor
mixing.

d s b

u | -

c | 0
O

what the value of their masses are.



Heavy Flavor Physics

muz3 MeV
m ~5 MeV
m =100 MeV

m =1270 MeV
m ~4200 MeV
<

m =172000 MeV-

O.Cakir

e m <10° MeV
. mV2S1O'5 MeV
2 mV3S1O'4 MeV

(yd-ournynen)

« M =0.5 MeV
: muz100 MeV

. m =1800 MeV

uoyde| (Waw/wa3)

nel suo)dejiybiy| sourynau ybiq




CP Violation in SM

Complex coupling constants in the Lagrangian terms,
L=) a0+he.  (CP)O(CP)'=0]
|i

Except the charged current couplings, all couplings in
the mass basis of the SM (3 families and 1 Higgs
doublet) can be made real. An important property is

Vexm # Ve

In the SM, 1 phase in the mixing matrix is responsible
from the CP violation in weak interactions.

O.Cakir



CKM

@ Three Euler angles

L, r L 12 O I.'“ ] FllJ 1 o a
Liys Sz Cqa O | | LRa o 1 O | |, ik o Corm S |
o 0 1 | na 0 o;a | C - I
1 _ﬁ|""%;-""| T
@ one phase : U, o D ey % -
I 0 e  snin 3 — g
usf
®  PDG CKM Parametrization SRy v SRt
= of B Y0 g
_i :|"'.|.""-.|;
Verum = UaaUUaUsUqo <t /3
_ A _
@ large phases Vi Vip €™ S5z e | mEm
, , |2t '1"'-.1”"415””-“":'5" '||1|5

CP violation is small in the SM
(6,,=0.0001), flavor physics and CP violation re-

quires precision calculations/measurements.
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SM Parameters

Mixing matrix for the charged current W*" interac-
tions coupling with quarks u_and d,

1:U|f 1.3; 1.u-':ﬁ
Ved Vs Vi
Via Vis W

Vg = VRV,

|
L]

Standard choice of parameters

i Ao al ol i
12 12519 LT
1 , d L i
L I v ks A Lt B b < b S L &
\ By B =Ll By B =g =yl Mo
\ #19803—Tglaq 9y 12193 F1zf  Cylyg

Magnitude of the elements: |V |=0.97425, |V |=0.2252, |
V,|=0.00389,|V_|=0.230, |[V_|=1.023, |V_|= 0.0406, |V |= 0.0084, |
V. |=0.0387, |V, |= 0.88.

O.Cakir



€ ve BAU

e Baryon asymetry in the ¢ Mass parameter at

universe (BAU) can be electroweak scale
calculated from KM &P O(100 GeV),
case: calculated asymmetry

nn = ap p e O(07) is well below
(71 "y 1y "y e the observed value

 Jarlskog parameter O(1019).
(J~0O(10”) i1s a
parametrization of CP
violation 1n quark sector.

e Therefore we need
more sources for CP

violation.
J = cos(8,,)cos(0,,)cos”(@,,)sin (8, )sin(8,,)sin(8,,)sin (&)

2 2y 2 2y 2 2y
P,=(im—m_)(m,—m,){m_.—m,]

. 2 2y g 2 2y o 2 2
P,={m,—m_){m,—m_){m,—m,]

O.Cakir






Homework

1) Classify elementary particles - for each case - accord-
ing to their (a) colors, (b) electric charges, (c) isospins, (d)
hypercharges, (e) masses, (f) spins.

2) For the leptonic decay of W-boson (a) define the in-
variant mass of the leptonic system, (b) calculate the
transverse mass of the system in terms of their mo-
mentum components.

3) A 7® meson (rest mass 135 MeV/c) with momentum
270 GeV/c decays into two photons. If the mean lifetime
of 7P is 8.5x10"" sec, calculate to 10% accuracy how far
the pion will travel prior to decay. What will be the minim-
um value of opening angle of its two decay photons in the
laboratory.

O.Cakir
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