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Some useful references

C. Roda’s Hasco 2015 lectures: Day 1 and Day 2
P. Layfer's lecture withX =1,...,18

J. Kopp's Quantum Field Theory Lecture notes
ATLAS and CMS Standard Model Physics results.
Particle Data Group publication and web

Cz

12J


https://indico.cern.ch/event/388801/contributions/1822106/
https://indico.cern.ch/event/388801/contributions/1822108/
http://www2.ph.ed.ac.uk/~playfer/PPlect1.pdf
https://www.staff.uni-mainz.de/jkopp/qft2-2016-material/lecture-notes.pdf
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
http://pdg.lbl.gov/
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Introduction

The Standard Model

The Standard Model — The Standard Model of Particle Physics

Many lectures in this school are about Standard Model: QCD from
C. Doglioni, Top from E. Yazgan and Higgs from A. Knue

Focus on Electroweak Physics

@ SM is a very well assessed theory and, so far, very much in
agreement with experimental measurements. So why bother with
that?

e “Laboratory” where to watch Quantum Field Theory in action!

o All SM processes are the background for Beyond Standard Model
searches = better know your ennemy!

o Perform precision measurements to find discrepancies with precise
theory predictions = Indirect hints of Beyond Standard Model
Physics.
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The Standard Model: Quarks, Leptons and Interactions
© MATTER  FORCE
3 u_ G ﬂ -- l

Quarks ¥ _ GaugeBosons

| a . . | H'ggsgoson -

Leptons

l /_.../Maner' Generations
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Four Interactions

Electromagnetic

Range: “infinite”
Strength:10?

Charge: Electric Charge

Strength:10
Charge: Color

Introduction

Range:10
Strength: 1013
Charge: Weak

Strength: 102
Charge: Mass




Introduction

ElectroWeak Theory

Solution of Maxwell equations in
V-B=0 vaccum is an oscillating field.
Electromagnetic radiation
B LIGHT
VxE=—- .
ot e ¥, R
JE - . -
T X B = IL!L'.-] + Ho& o — — g
: -~ B | Fr o8 B §¢

Unification of electricity and magnetism

— Electric and magnetic forces are caused by the same fields

- Electromagnetism

by Maxwell mid-19th century

Introduction of fields (scalar, pseudoscalars, vectorial, axial)

- Allows separation of the object that produced the force, with the object
that feels it
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XX~ Century Revolutions
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@ Postulates: Speed of light in vacuum is a universal constant AND all

inertial reference frame systems are equivalent.
@ Space and time are “categories” that mix together.
e Four-dimensional space-time: (X, t) — (xo, x1, X2, X3) —> X

@ Changing reference frame: contraction of length, expansion of time
intervals

@ Mass and energy transform one in the other
@ speed of light in vacuum is a universal constant
= Classical physics has to be modified when objects travel close to
speed light.

E = mc?
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Electromagnetism

Maxwell equations do NOT seem to be relativistic invariant (Lorentz
invariant).
Use potentials A(X, t), A(x) instead of Electrical E(X,t) and Magnetic
B(X, t) field.

Covariant indices: ¢ =0,1,2,3
S Relativistic potential A* = (V, A)

2o =\ (2 JA(%, -

E(x,t) =-VV(X1t)— ¢(9t = Relativistic current J* = (p, J)

é(;g, t) —V X ,‘4’(;5’ t) Electromagnetic strength field tensor
F

0 -E —E, —E

E, 0 -B B ~ 1
HY — GEAV _ GR AR — x z y my — Z prpo
FrY = orAY —OFA E, B, 0 -B, ,F = 5€ Foo
E, -B, B 0
Covariant form of Maxwell equations:
- =)
O F" =0 0,F" = J". g -
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Gauge Transformations

Conservation of electromagnetic current:

@JFVJ:O = 9,J" =0;
ot
0,0, F* =0

In terms of potential A, 9,F* = J” becomes:
OA” — 0" (0,A") = J¥
Note that the same dynamic can be described by the different potentials.
Same field strength tensor F** but different potentials A provided that:
AR A = AP 1 Qu

This is called gauge invariance.
We can choose the Lorentz gauge J,A* = 0 such that:

OA” — 0 (0,A") = JV — DAY = J¥ [k

J
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Introduction

Quantum Mechanics

Quantum Mechanics Géttingen is one of the birthplaces of QM!
@ Microscopic world requires a different kind of model to describe
reality.
@ In particular wave < particle dualism:

o Light is made both of wave (interference, diffraction) and particle
(photoelectric effect. Photon quanta of energy E = hv)

o Matter is also wave with wave length A\ = /i/p = matter also shows
typical quantum mechanical behavior. (e.g. interference and
diffraction of electrons).

How to describe both particle and wave behavior of and electron?
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Schrodinger Equation

De Broglie proposed to describe electrons with momentum p with a wave
with wavelength (De Broglie wavelength 1923):

A= —
p

In 1926 Schrodinger proposed a mathematical approach to describe a
particle with momentum p and mass m evolving in a a potential V/(7,t).

2
LOU b

i —%v%(atwv(ﬁt)zb(ﬁt)

Schrédinger Equation
What is ¢ (7, t)?

120

INFN
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Wave Function

Max Born (Gottingen again!) proposed that the square of (7, t)
represents the probability to find a particle in a definite state:

r+dr
/ (7, t)|? = Prob.(find a particle € [r,r + dr], t)

= Probabilistic (quantum)
However note that Schrodinger equation is NOT relativistic invariant
How to deal with fast and microscopic particles?

120
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Klein-Gordon Equation

Reminder: Relativistic motion for particle of mass m and momentum p
(using natural units A= c=1)

E2 _ |ﬁ|2 —m= PMPM
Quantum Mechanics substitution:

E—nh% and p— ihV = p, — ihd,

gives the Klein-Gordon equation:

(88:2 + v2> Y=m*y (O0°—m)yY =0

Solutions:
P(x,) o e Pux" = g iE=FX)
Positive and Negative energy solution. What are “negative” energy

solutions?: A
E=+/pP+m e

15 /134
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Dirac equation: Consequences

In 1928 P.A.M. Dirac first successful attempt to put together special
relativity and quantum mechanics. Trying to get “the square root” of
Klein-Gordon Equation:

(P —m?)Y=0— (ivoaat—kiﬁ’ﬁ—m)wzo
= (% = m?)yp = (in""0 — m)y = 0
~* cannot be simple numbers (e.g. scalars). They have to satisfy:
<—i70§t +i7V — m> <i7088t — AV — m) =0

Therefore, they have to satisfy:

('70)2 =1 (71)2 = (’Y2)2 = (73)2 = —1 Unitarity
Y 4494 =0 i #j anticommutation
=y =g"

c i i ~ Il

120
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Dirac equation: Solutions

The simplest solution is with D = 4 (i.e. 1 = (g, 11, %2, 1¥3).(
the space-time dimension) = spinor has 4 components. And:

o_ (0 I P 0 o .
7_<H 0 ’7_ —oj 0 I_1a273

where I and O are 2 x 2 matrices

=(30) e=(30)

where the o; are the 2 x 2 Pauli spin matrices

Dis NOT

INFN
e
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Dirac Spinors

The wavefunctions can be written as:

s i
Iy, T

Pox u(p)e”

This is a plane wave multiplied by a four component spinor u(p)
Note that the spinor depends on four momentum p"

For a particle at rest p'= 0 the Dirac equation becomes:
0 4 . 0 :
s —m|¥= (i (—iE) —m)y =0

ml 1]
Fu= u
0 ml

There are four eivenstates two with F = m and two with F = —p§/134



Solutions of Dirac Equation

The spinors associated with the four eigenstates are:

1 0 0 0

0 , 1 . 0 0
ul == ”g = -u.“ = u_“L =

0 0 1 0

0 0 0 1

and the wavefunctions are:

— a ’ — o I 4 £ . : A
ll — e um‘ul _b.__,z —e uu!_”- T r,_-l—r.lm’u.i 'L-'.-‘_l _ l,?+rmf_”-l
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Introduction

Solutions of Dirac Equation: Rest

¢! describes an S=1/2 fermion of mass m with spin T

1% describes an S=1/2 fermion of mass m with spin |

)? describes an S=1/2 antifermion of mass m with spin -
! describes an S=1/2 antifermion of mass m with spin |
Fermions have exponents —imt, antifermions have +imt

Negative energy solutions EF = —m are either:

Fermions travelling backwards in time

Anlifermions travelling forwards in Lime



Solutions of Dirac Equation: Motion

Fermions:
1
1]
p:/(E+ m)
(pe +ipy)/(E 4+ m)
Antifermions:
p./(E+m)
o | (pe+ipy)/(E+m)
1
0

0
1
(P — ipy) /(E +m)
p=/(E +m)

(pe —ipy)/(E +m)
p:/(E +m)
0
1
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Introduction

Wavefunctions: Electron and Positron

Electron with energy F and momentum p
P = u'(p)e” P*

i = ”.2{])}(" iper l
Positron with energy F and momentum 7
P = vl (p)e?* = ut(—p)e i-P)7 1

= v*(p)e’?* = ud(—p)e 7P)" |

Note the reversal of the sign of p in both parts of the antifermion

wavefunction and the change from u to v spinors
22 /134



Helicity

@ Useful to introduce chirality operators:

. 0o |/
V5 = 170717273 = ( /0 ) (75)2 =1

1- 1+
PL="7 Pr==" = Pl =Pur) PPr=PrPL=0

P(x) = [PL+ Prlp(x) = ¢u(x) + ¢r(x)

Qi

;f Helicity
|||l

H:

These are also called fermion helicities.

@ Straightforward to identify two components of spin = quantum
mechanical and relativistic description of an electron (with correct
1

spin assignment) S = 3.
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Introduction

Dirac equation: Consequences

The Dirac equation is able to give the correct description of an electron
moving at high energy (including the magnetic properties e.g. spin)
however ... this equation allowed a second solution for a particle with
mass equal to the electron mass but with opposite charge.

This second solution produced three years of confusion...

In 1931 Dirac gives the key input for the interpretation of this second
solution: “if this second particle existed it would be a particle of a new
type, unknown to the experimental physics, having the same mass of the
electron and opposite charge”
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Helicity

Operator P, projects out Left Handed (LH) Helicity H=-1

Operator P, projects out Right Handed (RH) Helicity H=+1

particle
H=+1 — = u, —_—— > e
a P
Iﬂ‘ == v, —— s he
} antiparticle
v —_————— Ve

Massless fermions with p=E are purely  Left Handed
Massless antifermion with p=E are purely Right Handed
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Anti-Electron Discovery

One year after Dirac’s positron hypothesis, Anderson, a student working
for his PhD with Millikan discovered a particle with same mass but
opposite charge than the electron

Look at the control room!
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Introduction

Cloud Chamber

Positron direction

Inside the electromagnet

Discovery of the Dirac positron

Cz
2
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Lagrangian

As in analytical mechanics, Dirac and Klein-Gordon equations are
equation of motions

= they are the Euler-Lagrange of “some” Lagrangian L(¢,0,¢)
Euler-Lagrange equations:

5L 6L

b) =
"o(0u0) 00
The L that gives the Dirac equation is:

£=0(ip— mys
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Richard Feynman quotes
Prof. Hermann Wey!:

“a thing is symmetrical if one
can subject it to a certain
operation,
and it appears exactly the
same after the operation.”

Symmetries are one of the mostimportant driving ideas in physics.
Two categories of symmetries:

+ Continuous symmetries

+ Discrete symmetries

Cs
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Introduction

Continuous Symmetries

Imagine a £ that is invariant under continuous
transformations of the fields (parameter «):

¢(x) = ¢ (x) = T (e 6(x))
d(x) = ¢'(x) = d(x) + aA(¢(x)) For small

If Lagrangian is conserved (actually it is [ £d*x that has
to be conserved):

Gottingen again!

LoL=L+aAL=CL

o =
. oL
Ju = 500 A¢
(9.9)
i o ) =)
Noether's theorem. j, is also called conserved current. For every continuous -

symmetry in nature, there is a corresponding conservation law {(and viceversa!)



Examples

What is the conservation law:
@ associated to the gauge symmetry of the electromagnetic field?
@ associated to the translation invariance?

@ associated with rotational invariance?

31/134



Discrete Symmetries: Parity, Charge Conjugation and
Time Reversal

Charge Inversion
—-—— Particle-antiparticle 3
mirror C M
1
2

Inversion
Spatial

mirror E {
< -

-
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Introduction

Dirac Fields and Transformations

How do the different Dirac field bilinears transform under parity?

P Py P Py Yoty

P+l Lo (=LF (=1 (—1)E(—1)

T 41 Lo(=Le (-1 (—1)#(—1)"

C o+l o+ -1 +1 -1
Scalar Vector Tensor

Pseudo-Scalar Axial Vector
How do he following quanities transform under discrete symmetries?

Temperature
Helicity
Momentum
Spin

Any idea of an example of a tensor field?
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Quantum Electrodynamics Experimentz
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Towards a Quantum Field Theory model of
Electromagnetism

@ The successful use of quantum mechanics and relativity started with
the Dirac equation found his completion in the quantum field theory
(QFT) describing particle interactions.

@ The key ingredient in this theory is the concept of field, introduced
by Maxwell, and modified to respect the new concepts introduced by
quantum mechanics and relativity.

o After quantization, the fields are not anymore continuous but they
are decompsed in quantum of energy that are what we indicated
with “particles” and that are indeed the manifestation of the
quantistic fields.

Cs
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Cross section, decay rates,...

Decay rate [ is the probability per
unit time that a given type of
particle will disintegrate.

N(t) — N(t + At) = —NT'At
dN = T Ndt
N(t) = N(0)e "t

If more than one decay mode the
total decay rate is given by the sum
of all possible decay rates.

[t = Z I
i=1

Branching ratios are obtained from:
BR; =T;/Tior. The mean lifetime is:

1
T =
rtot

When extremely short life time (e.g.
cannot directly measure the decay

time) I is called Decay Width. T; UF/J
are Partial Widths

36 /134



Quantum Electrodynam

Cross sections

Cross sections are connected to the probability that a certain process
happens.

Example: we have two beams with opposite directions of electrons and
positrons we want to know how many ut ™ events we will measure.
This will depend both on the ete™ — ™~ dynamics and on the
number of collisions we produce.

dN
dt
N =o(ete” = ptp™) x [Ldt

=o(ete” - ptp~)x L

@ Inclusive cross section e.g. o(ete™ — putu™)

: : : do do do
o Differential cross section 5 (e.g. 52 and

dp dcos@ and

d
leje, )

37/134



Quantum Electrodynamics

Luminosity

interaction region
np Ny N, np N N,
—CN- - £ =
N N —2p -1
e o -
area A
@ Np particles in bunch 1,2 >

@ m* is by far a too large unit.

® frey revolution frequency @ Units for cross sections in

@ A transverse dimension of beam particle physics are barns:
(equivalent 4moy0y)

—28 2 —24 2
@ n, number of colliding bunches Ibarn = 107" m” = 10""cm




Quantum Electrodynam

Theory vs Experiment

In order to calculate decay rates and the cross-sections we need two
ingredients:
@ Matrix element that contains the dynamic of the interaction =
Feynman diagrams
@ Phase space: contains masses, momenta, energy and it reflects the
possible kinematic allowed space for the interaction. For example if
the process is not allowed because the energy of the final state
would be higher than the energy of the initial state it is this part of
the calculation that is 0.

Cross sections and decay widths with Golden Rule

39/134



Decay Rate

Suppose the particle 1 is at rest and decays in n particles the decay rate
I is:

1=24+34+44...+n
The decay rate is given by:

e LU RCORA L —pn)lelzms —m>e<p,>(‘; =z

Simplest case 1 — 2 3:

S
Bl M|? Sis a factor for identical particles
8 Q2
™my
|p| is the particle of the outgoing of the momenta. In particle 1 rest
frame p> = —p3.Remember that in natural units:
h=c=1
B
(L =[T]=[E]" =M (o

=[M] = [E]



Scattering

Suppose that two particles colliding 1 and 2 produce particles
3+ 4+ ...+ n. Cross section is given by:

S
U =
4y/(p1p2)? — (mim2)?
n d4p
/‘M|2(2W)454(P1 + P2 = p3... = pn) X H27T5(pj2 ~ mO)) (27T)J4

j=3
Simplest case 1 +2 — 3+ 4:

do _ (1> SIMP ||

dQ  \8r/) (Ei+E)?|pj

|pi| in the rest frame of (1,2) pj(7) is the incoming (outgoing) particle
momentum.
In this case M is dimensionless.

Cs
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Quantum Electrodynam

How to calculate M?

@ M represents the probability amplitude between an initial state and
a final state.

@ =- contains the interaction.

@ it is then integrated out and summed over all the polarizations
(unless you are able to produce polarized beams or you can measure
the polarization of decay products)

Each diagram represents a function of the kinematic variables of the
initial and final state particles that is used to calculate the probability
with which a certain process occurs
Simplest interaction is electron with an electromagnetic field
In terms of particles:
= these are Feynman Diagrams
¥ Feynman diagrams are NOT just
e drawings!
They are symbolic calculations

42 /134



Quantum Electrodynamics

Feynman Diagrams

Coulomb scattering (classical) e*e* — ee*
Maller scattering

We can rotate the diagram too
To obtain a diffeerent process t-channel

~ Arrows wrt to time arrow
/ indicate charge
(i.e. particle or antiparticle)

—*"  positive
-~ negative

Time evolution




Quantum Electrodynamics Experimental ok
itude Matrix
rmalization

Electron-Positron

Description of electron-positron scattering

e — Electron-positron
e'e colliders

Some examples of
electron positron
colliders in the past?
Present? Future?

~™
-~

s-channel

/)
Time evolution K
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Quantum Electrodynamics

Exercise

Do you recognize these processes?
(only electrons and photons involved here)




Quantum Electrodynamics

Exercise

Electron-positron annihilation Coulomb
scattering
ee -7 Pair production ey — ety
Y- ee
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Quantum Electrodynamics

Adding muons, quarks,....

By substituting electrons with muons we can describe different processes

cl

u

Muon-Antimuon Quark-Antiquark annihilation
production

Is not allowed!
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Quantum Electrodynamics

A Funny Game?

Are not allowed

Why?




Quantum Electrodynamics Experimentz

Calculating M

Let us start with the vertex:
The vertex e — v — e is related to
the strength of the interaction and

on the electric charge. —gy/ 2
For electrons:— v/4ra = g, 47l

For quark u-type %\/47r04

F lect :
Reminder: ae, = 1/137 or electrons

IMJ? x 167%0?
Each additional vertex “adds” up gv/a to M (and thus g?a to any
obervable)

N
INFN
[~
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Quantum Electrodynamics

Feynman Rules for QED

Incoming fermion . u’{p)
]
o
o Phaton prapagator P i 5
1 7 P+ fe
Incoming antifermion - o{p)
Formion propagator g _Hptm) 52
» P = m2 e
Outgoing fermion — i*(p)
»
Vertex = —iey 5.2
o
Outgoing antifermion  e—a—o v {p)
Tmpose +momentum conservation at ench vertes
Integrate over momenta not determined by 10,
Incoming photon i = g
» . Figure out the overall sign of the diagram
Outgoing photon [V = g
o

Extemal lines represent “real” particles: E?=p?*+m?

Internal lines are called “propagators” and mediate electromagnetic
interaction.

There are “virtual” particles: E2-p?=qg? different from m? !

In particular for photon propagators — 1/g?

Matrix element amplitude is inversely proportional to the
“momentum/energy” transfered by the propagator




Quantum Electrodynamics perimenta

Mandelstam Variables

1+2 - 1'+2
Time
Incoming particles 1 of evolution
have momenta p1, p2
Outgoing particles have
momenta pl’p2’

1 2
s = (p+p)? = () +05)%
t = (m _PUE — (p;z_pz}z', Mandelstam

variables

u = (p—py)? = () —p2)>



v iey

M = [Blpa)r < ue(p1)] [ (P ) 2 (o)

= — & [e(ps)y" ue(p)[Bu(Pa) " 1 (p2)]
|/\;l|2 :%Zspins |./\/l|2 2e 452 +u

(2si+1)(25:+1

= (p—ps)’=(p2—pa)’ =1t

u(e/p) destroys an electron/muon or creates a positron/ ™.
(e, 1) creates an electron/muon or destroys a positron/u*
Factor e? from the two vertices

% from fermionic propagator

® 6 6 o ¢

JW = div*u; is the electromagnetic current



Quantum Electrodynami

Leading Order QED

TABLE 6.1
(‘ Leading Order Contributions to Representative QED Processes \
s Em Diagrams

1%/ 2e*
Forward Backward Forward  Interference Backward
peak peak

Maller scattering

5+t 25? 2 2
e =ee i s =

|
(Crossing s +» u)

{u + ¢ symmetric)

Forward * Time-like™

Bhabha scattering >_~J“<
e et=eet

epT=ep

Forward Interference  Time-like

(Crossing ‘ s 1)

P
Il
N\

Alzer & NMartin P.129
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Quantum Electrodynamics Experimental ok

Loops and Higher Order

hd

Box diagrams

Higher Order corrections to e*e* - e'e*

Penguin diagrams

If we increase the number of possible vertices (higher order) the numbers of diagrams between )
initial and final state increases. UFN
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Quantum Electrodynamics Experimental
Amplit
Renorr

Higher Orders

“Dressed” fermions
Vertex corrections
“Bubble” propagators

A real (or virtual)

fermion emits A virtual photon

connects fermions A real (or virtual)

and reabsorbs

; across a previous photon creates

a virtual photon. P _ ' _
vertex. fermion/antifermion
pairs.

Each pair of vertices + virtual particle adds a factor o« = 1/137

Sum of higher order QED corrections converges!




Quantum Electrodynamics Experimentz

Renormalization

UV Divergence
Higher order diagrams with large virtual 4-momentum k — o)

transfer give divergent integrals
This is a problem with Feynman diagrams calculation

M x /d4 et m (g—¥) —m? /k%ki—j:/kdk

—m2(q— k)2 -

The solution is the tehcnique called renormalization that redefines

coupling, masses using a cut-off (M) (Mass regularization)
Renormalization: redefinition of masses, charges, spinors,...:

e—>er= (1—3—In('/7\12>+(9( ))2

Generally in QED it is safe to ignore terms O(a?),
Renormalized current: J¥ — J¥ = e (uy"u)

N
INFN
[~

56 /134



Quantum Electrodynam

« running

A consequence of renormalisation is that the value of the coupling
constant ae,n becomes a function of g2 (the scale of energy of the
interaction):

a(p?)

1-— % In (2—22)

where p is a reference 4-momentum transfer which is used to remove the
dependence on the cutoff parameter A.

At low energies v = 1/137,

At GeV a = 128,

Can be thought of as a correction to the “bare” electric charge to
account for “screening” by higher order diagrams with virtual photons
and fermion/antifermion pairs.

o) =
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Experimentz

Quantum Electrodynamics

Vacuum polarization

In QED electron and positron virtual clouds effectively screen the electric

charge:
@ Probe close = Large effective charge
@ Probe far = small effective charge

Couiomb
charge

Electron charge

emmre i a 11137 -

Distance from the
High-energy baree  charge Low-energy
obe 58 /134
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Quantum Electrodynamics Experiment
Amplitu

Renorma

Anomalous Magnetic Moment

The first application of renormalization in QED was the anomalous
coupling of the electron

Magnetic moment can be broken in:

0 _
p=(1+a) % where a=":

¥
W

Dirac
a.=—+0Cy
15" order

59 /134



Quantum Electrodynamics Experiment
Amplitu
Renorma

Strategy for measuring g

spins Larmor frequency of a magnetic momentin a
s magnetic field

e
W = QG%B

Cyclotron frequency: €
Yy q Y (e = T
™ momentum p. 1

Electron

For g=2 Larmor frequency equals Cyclotron frequency
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Quantum Electrodynamics

Theoretical Predictions

Instead of measuring the anomalous magnetic moment for the electron,
concentrate on the measurement of anomalous magnetic moment for the
muon

| Why it is interesting?

" had |

electroweak &
hadronic corrections

New physics
enters via loops

Corrections

proport |\ura| to: ”_sz‘
ANP = | 753
Az

Use Muons !

61/134



Quantum Electrodynamics

Measuring Muon g — 2

From a beam of pion itis possible to create a 95% polarized muon beam

L
— g —> Only forward

':; = 0= B anieee Life of a muon:
g oo g [ (oo o field) The g-2 Experiment
o
— —p L
4 = U=
Select
for-mrd muons :‘::&wn
. an'ge+ After each cicle

m}‘:f: splzaxilsgu
. Z. D . B & * ¢ i’.r‘_tg’m—‘amyentum

Protons Pmns Muans from
from AGS [3.16Gev] pion decay

measure select forward

a Muon decay
2 -~ o oy E p-decays via electron energy via If == eV
g — 7 e § [E>LB GeV]
= T Y i
g v &> W (& | Polarization determines
rumber of high energy &
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Quantum Electrodynamics Experimental obsei
Amplitude
Renormalization

Measuring Muon g — 2

4 Rillion Positrons with E >2 GeV

i 145-100 us

itrons /149 ns

100-200 s

200-300 ps
00400 s
‘. 400-500 ps
S00-600 ps
HO0-700 ps

TO0-800 ps

BO0-850 ps

(1] 10 20 30 40 50 ) 0 50 90 100

l'ime pis




Quantum Electrodynamics

Results Muon g — 2

L ) B B B L

DEHZ (e"e™-based)
=275+ 56 ——

DEHZ (t-based)
-80:63 T

HMNT (e'e™-based)
-276+51 ——

J (e'e -based)
-287+68 ——

TY (e*e™-based)
274+ 59 e

BNL-E821 (average)

0:63 [F——]
P I AP PN PN BT SR i Lo d 1
-700 -600 -500 -400  -300 -200 -100 0 100
o x 107"
a“—a_u
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Quantum Electrodynamics

Experimental observabl
Amplitude Matrix Calculation

Moving to FNAL: Summer 2013
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Matter Generations

MATTER . FORCE

l /_.../Maner' Generations
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Decays and Conservation Laws

@ The photon is stable: there is nothing lighter to decay...
@ The electron is stable, is the lighter charged particle

@ The proton is stable,it is the lightest baryon and baryon number is
conserved (more on this later)

@ The positron and antiproton are also stable for the same reasons as
above (unless they come in contact)

@ Also the neutron in the “protected” environment of the nucleus can
become stable

@ Our world (the matter) is populated by electrons, protons, neutrons
and neutrinos (lepton number)

@ More exotic particles can be created but they decay transforming to
more stable particles

Cs
IS
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Interactions and conservation laws

Mass
(MeVic)

100,000

10,000

Weak EM Strong 100
Quarks + + + 10
Charged leptons + + —
1 >
Neutral leptons + —_ —_

Weak force is effective only when the other interactions cannot occur for
conservation laws
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Weak Interactions

Lifetimes and Interactions

Lifetime is one of the main characteristics of a particle.
We would like to understand the interaction involved in the particle decay

from its lifetime

Strong Electromagnesic Weak
- A — A -
|"Resonances '
1/ A
w o =
.\H‘ o s | K
ol |z | oy || = .
| ' I
(i
| ll Wh
|_ — | I —— i L —
25 ] 5 -10 -5 5
n (hietmme = ("3
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Weak Interactions

Neutron decay

In the 30" neutron decay was causing serious problems.
Ifn - e+ pthan it would have been a 2-body decay with E_ peaked

at one value
At the contrary a continously decaying distribution was observed

2 Expected ) ) _
§lCeoed | S W. Pauli (Goettingen again!)
3 N i proposed that a 3" particle went
H for 2-body undetected: the neutrino
i decay n-—p+ev
E
=
En
it Endpaint of
spectrum

Pauli's hypothesis: undetected neutrino has a very small mass, no electric
charge (whichis not enough: the photon can be perfectly identified!) win



Weak Interaction: First Attempt

E. Fermi made a successful theory of
“weak interactions”

n—p+e +v

- Lepton current
(electron/neutrino)

Nucleon current
P (neutron/proton) n

What is the interaction term of such interaction?
Today we call that an Effective Field Theory

-
INFN
[~
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Weak Interactions

Fermi Theory: First Attempt

First attempt to describe weak interaction as a Field Theory

Matrix element form for em scattering
n p N
/\\:

M, - -2’727l;(r’_;))’“u(n)llﬁ(m)}';.u(pz)J

Fermi's contact
interaction for the weak

G .\,«/ interaction
M = g LYY 1Yy, V)]

Notes:
Electromagnetic current — Weak current (still a vector)
Fermi constant G, characterize the strength of the interaction
- G=1.17 10** GeV?
The weak curent changes the electric charge AQ=+1
- Weak Charged Cumrent
Weak current involves composite particle (but Fermi didn't knew that!)
Matrix element for vn — pe and for neutron decay n— p+e+v are equal
The cross section of the process diverges as E 2 (Effective Field Theory)
Need to incorporate cut off scale

Cs
2



Weak Interactions

Parity Violation

In 1956 Lee-Yang proposed to perform some experiment to test Parity
conservation of weak interaction.

In 1957 Madame Wu (Beta decay of Co®®) experiment and Garwin
Lederman Weinrich (pion decay) shown that parity is maximally violated by
weak interactions

e-(E K
B fte!d ?)
I
Co®Nuclei qu
spin aligned
Beta decay to e- (E )
Ni*60

Madame Wu's experiment

Need to incorporate in Fermi’s theory Parity violation



Weak Interactions

Second Attempt

Ve

Vectorial Axial

Cut-off scale

V-Atheory of weak interactions
What is M,,? It is the mass of the boson that carries the weak interaction
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Strength of Weak Force

Finding the relation between g and Gg:

- 1 5 1 - “w 1 5
M= <5§Ud7ﬂ2(1 - )Uu> m <\%Uvﬂ 5(1 - )Ue>
Mok = j’;[a(p)wu(n)ua(emu(v)l

1 1 2

3% o

V2 V2 V2 202 My —q? <y, 8MY,

with My ~ 80GeV, Gr =1.12.107°GeV 2 = g = 0.65
g’ 1

O Weak = E: ﬁ

Not order of magnitudes from agy = %!
Weak currents are weak because of the mass of the propagator, NOT
BECAUSE of the small coupling! Pl

J
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Muon Decay

Reminder:
’ For a decay p — e + Ve + 1

T _
) 1 IMP
I = 22 2lm, O (Ge Kt b )
v. The 3L 03 3 .
most probable ﬂg d°k
configuration is when 2E, 2Eq 2Ep
the neutrinos recoil GF_ 1 5
against the electron M = (ﬁu‘mug(l -7 )u”)
taking ;?e /: m,/2 M Glzrmi
=" =% = - G’%mz -
o "u = o503 * CFM
With dimensional arguments:
M, = Gﬁml’l 4
INFN
C e

[E] = (IE]*)*[E)"

n—>5§
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Universality

Universality means that for all matter generations (leptons and quarks)
the weak coupling are the same.
First check with lepton 7 decay.

B 3 g” - Vu ’:\\\ & ///71
/e [e \
&
/ \/

Measuring the two lifetimes
and the branching ratio (and
taking into account small
phase space difference 5—?)
we get:

&
8T

= 1.001 £ 0.003

M7~ — e Devy) =

M(p~ — e evy)

1

Tr

F(r — e 7err)

M(p™ — e Very)

_%ﬁmh*eeﬁwﬁ
_glgim,

P

M7= — e Devy)

2525
8e&r Mz

pr

exp

_gu upu V_A

5
g‘r mz pr
N
INFN
(g~
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Pion Decay

Understanding the interplay of Parity violation and momentum
conservation. Consider charged pion decay:

For the moment we don’t know how W
boson couples with m meson. Describe it

‘W- tW-
W W with a Form Factor F* = f,.p*
e e

lpu| 2

87 m2 (l | ) We don't know ff but we can calculate the

" 4 ratio of BR:
o _ [ 8w 2 92/ 2 2
(M) = (g3, ) oot ) [(n = eve) _ mi(n — mi)?

£2 ew 4 Y , M — pvy,) mi(mfr - m,ﬁ)2
.~ () my(mz — my) "

7Tm7‘_ 4MW INFN
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Pion Decay

Two competing factors:
@ larger phase space for electron decay

e Conservation of angular momentum Spin(7™) says that ¢ and 7,
have opposite spin directions. ¥ is alway RH (positive helicity) thus
also £ should have positive helicity which is possibile only for very
limited phase spaceof the electron (larger for muon)

Cs
IS
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Weak Interactions

Universality of Weak interaction: Hadrons

Ve
It is very appealing to have

universality of weak
interactions for quark sector -
too. d w -
It works almost fine to
replace p—~d quark and v, —

[
with u
But naive approach doesn’t u
work (i.e. decay rates are
not the ones predicted) for s i
quarks
Comparing with experimental
results _
(e.g. A~ pev)
0,=12.7 deg
sin(6.)=0.220 (Cabibbo
suppressed)
—iga i —igu_, . cos(6.)=0.976 (Cabibbo
=y (1 —y)coséc —=¥"(1—y7)sinfc
2.2 22 allowed) UF/’? ”

Coupling modification proposed by Cabibbo
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GIM Mechanism

Again issues in the strange sector. ~ _
Neutral K (meson composed by s and d) do not decay in p*p- pairs.
DS=1 butinvolving neutral particles -~ Flavour Changing Neutral Currents

(FCNC) W " d W M
— ——r NN
v u j v
—_—— b
w H s W u
To reconciliate Cabibbo angles and absence of d W I
FCNC N
Glashow, lliopoulos and Maiani postulated the
existance of a 4th quark: charm that couples to cy v
W boson in a Cabibbo favoured way
Contribution of diagram without charm $ W

wi + dd cos® 0 + sssin® 0 + (sd + szz’) sin 0 cos 0
-(sd+sd)sin@cosé

Cz
1%
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FCNC Today

Experimental searches for FCNC are still a very imponant tool to
have hints of Physics Beyond Standard Model processes

+ Standard madel prediction

(B> p'ur)=(3.2+0.2)x10”

Buras et al., PLB 694, 402 (2011) =
* New Physics models b p
— Virtual SM particles in loops could be B, W H
replaced by heavy NP particles and [
thus significantly enhance the
branching ratio
+  Search for New Physics
— Due to its small and precisely b w3
calculated branching ratio B, — u+u-

I*

is a very sensitive mode for NP at teufd Ty
very high masses s(d) I -
— Search is complementary to direct ws7°

searches at the energy frontier
In general, heavy particles
- large contribution




Weak Interactions

Bs — up and By —

CMS and LHCb (LHG run 1)
e e

L F L R
E o —— Data
F —— Signal and background
At LHC: 2wk - “;g_.aﬂ .:n ackgroun
5 E B
Bs-ppandBd - 2 L T ot cnd
171} % @ - Semi-leptonic background
3 = = Peaking background
Branching ratios g kY
have been Ba
measured (wrt Bd 5
3
— Jhy Ks decays) R
0 E - 1
£000 5800
e, [MeV/cT]
ik .
ATLAS

Vs=7Tev,a9m™ |
fE=8Tev, 20 b?

8° — gt ) (2077
o
a
P

CMS and LHCb: Nature 522 (2015) 68
and arxiv:1411.4413
ATLAS: arXiv:1604.04263

E.

ATLAS ! sl
-0z 8 o
I

BED = w107



Weak Interactions

Third Generation

GIM Mechanism — Quarks T E R ._ FO RC E

organized in isospin doublets

Quarks Aflr dlscovery of b qua.rk in 1977 — Thlld generation

a . . | H'ggs =

Leptons : 15 THIS AL THAT ExisTS

Cs
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Weak Interactions

CKM Matrix

If three generations

Cabibbo angle (2x2 Matrix) is replaced by the Cabibbo-Kobayashi-Maskawa
(3x3 Matrix)

d Two generations: Three
Jooe (UCH(1-#5) #, Vi | 8| | L 1eAl parameter | [ generations:
b 3real
AY
parameter
1 phase
Vi Vs Vo
Var =| Vs Vo Vo .
Unique way to have CP
Vo, V., V, Violation in SM
Cabibbo angl f ) .
W2 2| A
2 22 )
\Y = —A =472 A1 oA
KM . - O
AL (I-p-in) -Ad 1 )
\ o e
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Unitarity triangle

6 Unitarity constrains — 6 triangles R N
VeidVexn = VeruVeru = 1

The mostfamous v/ Vi, + V[, VG, + V,, Vi = 0
unitarity triangle
D
Vud Vb Ved Veb VidVeb ! VedVeb

07 T T T 3

g : Amy & As £ 3

06 =7 am, " : e

g 3

05 3 =

H a0l wisen 2 |

] e, |
04 9
= H

{ESEE FTAT FRTSa ARAT

[
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Experimental Checks
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Experimental Checks
ElectroWeak Unification

Electromagnetic and Weak Interactions

In the late 60s

Electromagnetic . Weal\i ‘ _
'}[ &7 interaction interaction ".Vu e
o exchange of exchange of R
T | spin-1 v spin-1 W+ |~ pp— ©
iy ¥ g pin-=y But / w
J ' long range short range A
large

parity conserving parity violating

Ve e
—igwW

) = v 7 ~
e Uey Ue Up .Y el

W

So: Can there be a symmetry relating y and W=?

If so it must be broken




Experimental Che

k Unification

Discovery of Weak Neural Currents

econdaries. The projecied bubble chamber
¢, from the name of the giant

mother of Gargantua in novels by Frangois Rabelais
(16" century). After an agreement in 1965 between the
CEA-Saclay for building the chambe, and CERN 1o
operate it in a neutrino beam, the Gargamelle collabo-
ration was formed in 196
Aachen, Brussels, CERN, Paris, Milana, Orsay and Lon-

seven laboratories.

ed and built under the
leadership of A
d at CERN
d André Rousset. But in the repart
wrtten by the collaboration to establish 2 shopping list

of reactions to study, the neutral currents had only the

10% priority!

Charged Curent (CC)
VK = P+X




Experimental C

ak Unification

ElectroW

Adding NC to Weak Interaction

Let us define a doublet vy = ( Vel )
structure that contains the : erL

fermions
01 00
Define two operators ==l o) ™—=\1 0

=1 =vrv. T v
Ju = VLVu€L = XL%T XL
Weak Current 0
dp T EOLVWVL = 1y, XL

t=7ltir?

Can we do something with 7, ? 1 ( é Ul )
2 -
L1 0 v
3 L
XLYuT XL = (VL. €L}~ ( )( )
YES! L AL S Lo er

AThird curent! 1 1
517;_",-1(:/,; — G(TL"”J(:‘.L
91 /134

1 matrices can be expressed as
Pauli matrices

T.‘i _




Experimental Checks
ElectroWeak Unification

Adding NC to Weak Interaction

Note that electromagnetic current j}:’.m

= —ELVuEL — ERVUER
cannot be J#,

And we have also the “orthogonal” current to J*,

— (Pryuve + ELyuer)

We have:
Atriplet (Spinl) Asinglet (Spin 0)
Ji = e = XLt XL

—(Pryuvr + €17u€r)
Ju = ELVL = XL T XL

Ji=xmmxe
And another singlet (Spin 0) (for je.m)

- (r_‘ﬁ'ﬁf‘;x ff}?)

92 /134



Experimental Checks

>Weak Unification

Diagrams

eL —Ty Vel —igjs
Vel/€L Vel/€EL

W P WS
. _ p 1 1
Ju = XLTuT XL _,r,f = Effr Yukr — gfr.‘-,,! L
Y — — _
] 1 = — . Il'L " - " . _— L
i 2epyuer — €LYueL — PLYuVL

W, and B cannot be identified as photon and Z boson.
Need some additional work.....




Experimental Checks
ElectroWeak Unification

Weinberg Angle

Let us define Aand Z as linear combination of W, and B

A, = B,cosby + W sinby
: 73 in 8, is called Weinberg angle
Z, = —B,sinfw + H'Jf cos By Sin By,

Avertex is:

—i‘i} cos By (—2Egyuen — ELTueL — PLyvL)
- . 1 oo .
—igsinfw (57L7urL = 58LYueL) To make it a “photon” we need:
- No coupling to photon
Equal coupling between L and R

gsin®,=g'cos8,=g,

=

-2

ige(Evy.€)
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Experimental Checks

ElectroWeak Unification

Z vertex
!

- )
i3 sin Ow (—=2eryuer — €L Vuer — VL)
. 1_ 1_
— -r.y(:{)sﬁl.y(iuymw‘ — Q(fL'}’ﬂ(ﬂL)

« if we define

Ge g g

" sinfw cosfy  cosfy  sinfw

Z vertex
P 1 1
. .9 _ _ _
igz sin” Oy (—€pyuer — SELeL — Ejz_r_'jr-yr;;_)
- 1 1
: 2
— gz cos” Ow (VL VL — SELTREL)

2 2

o1 1 e
—"'!?Z(EVLA.-’;JVL — 5:?5')-“@ + sin? tw (ErVuer + ELYueL))




Experimental Checks
ElectroWeak Unification

Electroweak Unification

We have “unified” Electromagnetic and Weak interaction.

Itisn't just a “recast” of fields — Electromagnetic and Weak ineractions are

related by a “single” parameter
Ow sinz Oy =0.22

Left doublets interact via weak CC

Right component are singlets and DO NOT interact via weak CC

Pauli matrices are the generators of SU(2) symmetry
Electromagnetism is a gauge theory (symmetry group is U(1))

Electroweak theory is based on gauge theory SU(2) x U(1)
And the currents are just the Noether conserved current from the
invariance under local gauge transformations

Quarks can be added

uy, cr, tr,
Remember the CKM Matrix dy )\ st ) b,
And color factors for quarks : ’ i

. 9z ooy pp f I S
Couplings 5 w(f )" ey — ey ulf)
| Lepton 2oy 2ca H Quark 2cv | 2c4
Ve, Vyy Uy 1 1 u, et 1-3% sin® By 1
€y Ly T —1 + 4sin® fu -1 d, s,b -1+ ?isi.n"’ﬂw -1
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Experimental Checks

Summary

Charged Current (CC):
g 7 L 5
JE = 2_0v"(1 — )y
CC,e sv/2 7H( v e
8 _
Jec quarks = V2 iy (1 =) Vekm, i)

Neutral Current (NC):

My = Mw
Ne = £ _Fy (CV - Cn®)f “ 7 cosfy
2 cos Oy TQ
— oei M2, sin 0y = ——
e=gsinfy V2Gg
fermion Cy Ca
2 3 05 [ 2 05
[ —I+2sin”0y 004 | -1 -05
u,c,t quarks % — %sin GW 0.19 % 0.5 4
d;s,b quarks | —3 142 5 sin 20w -0.35 —% -0.5 g
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Experimental Checks

ElectroWeak Unification

Discovery of W and Z Bosons

Just a beautiful theory?

Discovery of W and Z bosons

Afer the construction of the SppS at CERN it was possible to collide protons
with antiprotons at vs=630 GeV

Previous generation of colliding hadrons was ISR (pp at Vs=62 GeV)

W boson production mechanism at hadron colliders: Drell-Yan processes

w+d W' e +v, u +v,

i+d ->W —e +v,, u +v,
Event topology:

Proton : Antiproton

*, Electron

B

o(pp(Vs=630 GeV) - jet-jet)~100 nb
o(pp(v¥s=630 GeV)~W)~-6 nb

Hopeless to identify hadronic decays of W
- Look for W boson production in lepon
decays (e,p) lepton t are more difficult

Neutrinog

Cs
12J
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Experimental Checks
ElectroWeak Unification

Characteristics of W bosons decays

Taking into account color factors and possible decay modes of W boson we have:

MW —eve) =T(W = puv,) =T(W = 10;) = (W — lvy)
MW — ud) = T(W — ¢8) = 3F(W — fuy)
g )2 My _ 1GeM},

MW — lu) = (ﬁ ~ 225MeV/

m_QSﬂ'\/i

@ One large momentum lepton (High-P7t) (electron or muon)
@ One neutrino — undetected — unbalance of momentum in transverse plane
= Missing transverse energy (or momentum) £t

How much is “High-P1"?. In W rest frame (6 is the polar angle wrt to the beam)

§ [, 4 dcosf 2 1
P, = °sin20 cosh = /1 'DAT( CZS =-
-4 s dp%, Scosf

do do o dcosf do y 1
dp2, dcost = dp%, dcosf = cosf o F/’?
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Experimental Checks
ElectroW

W boson kinematics

Singularity for § = w/2 — jacobian peak. Jacobian peak is spoiled by W
boson transverse boost, measurement

Invariant mass of W boson cannot be reconstructed (neutrino in final
state).

A related quantity is transverse mass ("Invariant mass in the transverse
plane”):

MY = \/2pZsz’(1 — cos ¢)

Less sensitive to momentum of W boson

dN/dp.(e)

T

30 35 40 45 50

pi(e) (GeV)
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Experimental Checks

>Weak Unification

SppS, Tevatron,LHC

215000
| = \
| n I W s v
o g [ L
£10000 - \LL ¥idof = 541 62

£ |
i i
E
Es

, f \ |Tevatron 1.96 TeV

s ‘y; —— 770 = 50
Elsetron £, Mav) P, (GeV)
Electron momentum = (7
S o Arias
[Spps (530and630Gev)| 5 o e
b 20| ,!"'. .g : ;g"s.,.. @ Syst. Une.
o f = [LHC13 Tev
Main background “QCD Multijet’ o o o
Dijet events with one jet faking a lepton |
g e — —
& 11 . A
il
= 40 60 80 100 120 140
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Experimental Checks
ElectroWeak Unification

Standard Model

At tree level W boson mass, top quark mass

and Higgs boson mass are free parameters '
of the SM theo Ian
v W nnand \wvw W
e
With 1-loop dependencies show up b
pine T
m}y, = ﬂ# N
sin® fy (1 — Ar) £ 'N"W'\ /V‘MM z
3Gy ,  Quadratic :
(Arhor >~ anZ oy ™ dependence on M, -
(AP i = 3GEmy 1 mi 5 Logarithmic h
T ) Higgs = Sv/2a2 1 mZ b dependence on P

I \
Higas AAALLAAAARANANN

Measuring M,,, M, and M, ___one can test the
consistency of SM O

- Inconsistencies would be an indirect probe of  ~ronanrasAnAnA
New Physics (BSM particles in loops)

- Reach is much larger than direct searches (for

example as resonance produced pp — X — 7¥Y)
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Experimental Checks

ElectroWeak Unification

oweak Fits

= T T A A T R X
E [ 68% and 95% CL contours hiagie byt -
= 80.5 — Il fitwio M, and m measurements - =076 GV o —
E; C fit wio M, m and M, measurements 5 =078 D050, Gev 7]
n direct M,, and m, measurements . ]
80.45 [— / —
80.4 |- —
2 P e

My workd comb. = 1o
80.35 [— m,, - 80.385 - 0.015 Gev Ry

i bl

170 180 190

Three independent measurements m, [GeV]

To give useful limit W boson mass should be measured much more precisely
than Mtop

M,, should be known ~6 MeV (!) to match current cuncertainties on M,, and

M,

top
M, is the leading uncertainty




ElectroWeak Unification

Measuring W Boson Mass

Experimental Checks

Method for measuring W boson mass is to fit all three kinmatical distributions:

Py, Py, and Mo,

N
Mass of the W Bason

Maasuramant M, [Mev] =

[

| . =

. w

@

A

1

&

s e es 70 7e w0 ss e e oo | No LHC mpasurement o

) r:nsv:rsrl\u‘ssn}‘[_—e.'] so far 060 | @oige BCE‘»\')D |
Key is to reduce the uncertainties. M, M=)

Challenges from theory:
* PDF

From CDF Run2 Paper

+ QCD Initial State Radiation/boson P,

Source Uncertainty (MeV)

* QED Final State Radiation affects
lepton P,

* Experimentally “in-situ” calibration for
lepton momentum and recoil resolution

Lepton energy scale and reshition
Recoll energy scale and resolution
Lepton removal

Backgronnds

pr(W) model

Parton distributions

QED radistion

Possible to constrain theory by

W-boson statistics

simultaneaous measurements for differenfiou

/s and for different rapidity (LHCb)




Experimental Checks
ElectroWeak Unification

W Boson Mass: Experimental Challenges

Difficulties for precision measurement of W boson mass:
Experimental uncertainties — lepton momentum scale, modeling of recoil
Theoretical uncertainties —~ PDF functions, P, boson modeling

s 000 127 ToV (4.7 1 CMS Prefiminary Js=7 Tev (47 b ")
£ cMs ' o
ol ' — 0
=~ 0.0006 | 2
o H i
£ § p.0004fF . E 2" r— I
o 00002F—— ik T ENS — -
3 o ! AR E ‘
E ooonaf—$ . g —
0.0004f . ! E En S
-0.0006f i g g
-0.0008F S E aaciniete E . —
! ) ) ) ) s
0,001 ‘ - 155 00 %0 0 50 10 18
10 10° M - M;7% (MeV)

p; [GeV]

Z boson can also be used to
create a W-like by removing the
energy deposits of one of the
leptons (creating thus a fake
Missing Transverse Energy)

Z boson represents the primary
calibration reference (Z — ee, Z
- ). Use also Jiw and Y for
lower momentum




Experimental Checks

ElectroWeak Unification

As for W boson, Z boson can be identified at hadron colliders only in

dilepton decays

2

Measurements at
hadron colliders
cannot compete with
LEP measurements
(with some
exceptions)

Cross-section (pb)

=
=

T
T

s
e
o

N

b mEms LEP T

SACh ]
SLC

I L

zZ
A e'e —hadrons E
1

Lll-_'l-.’ 1

|
200 40 60 B0
A

LEP was able to collide electrons with

positrons at various centre of mass
energies:
Vs=M, up to ~205 GeV

100 120 140 160 180 200 220
Centre-of-mass encrgy (GeV)




Experimental Checks

Z Boson width

Z boson can decay in all known fermions except top quarks
Partial widths ['(Z — ff) can be obtained by taking:

2
g\ Mw g
r(w == — M M
( — fl/g) (\/i) Y. — COS&W and w — Mz

2 2
and multiplving [C\’; + C}

NZ—wvo)= g [C fz]
cos2 Oy 48
NZ—ete)=TN(Z—=pup )=T(Z—=117) =84MeV
M(Z = velle) =T(Z = vup) =T(Z = v 07)
M(Z — dd) =T(Z — s5) = [(Z — bb) = 118MeV
M(Z — ub) =T (Z — ct) = 92MeV

Cs
12
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ElectroWeak Unification

Number of neutrinos

Experimental Checks

FZ = Fq:p + Tgrgr + FTT + r\Im.c.]. + Fm\'-

il 2
= 2
Zu| ALEPH R
DELPHI _
L3 ™\
OPAL
20 !
+ average measurements, /
error bars increased \
hy factor 10 \
| //{F. A
0 L 1 1 L 1 1
86 88 90 92 94
E., [GeV]

o0 127l eI'haa
had — m%r%
Measuring I", , gives
the number of
neutrinos or any
additional “invisible”
particle coupled with Z
I, =N, xT(Z-wv)

N,=2.9840 +0.0082

Does this close any
possibility to for additional
neutrino generations?
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Veak Unification

Measured electroweak observables and fits

[ My 1GevI®? 1257204 | | Lhe
My [GeV] 80385 + 0.015
Ty [GeV] 2085+ 0042 || TEVALrON
Mz [GeV]
Iz [GeV] 24952 £ 0.00
41540+ 0037 | LEP
R, 20.767 £ 0.025
Apn 0.0171 £ 0.0010
A 0.1499 £ 0.0018 ISLC
sin¥  (Qrr) 0.2324 % 0.0012
A
3+ 0.020 |SLC
0.0707 £ 0.0035
0.0002+ 00016 | LEP
0.1721 £ 0.0030
0.21629 + 0.00066 I

T, [GeV ]
T, [GeV ]
e [GieV]

Aafih(a3) 49

| Tevatron

M,

Iz

Toas

R,

Al

A(LEP)
A(SLD)
sinel?(@_)
e

=

[
A

3 with M, measurement
£ wio M, measurement

T ™17
H G [

o

[
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Experimental Checks

Forward-Backward Asymmetries

Let us revisit process like ete™ — ptpu™.
For QED (exchange of v boson):

do o?
— =—(1 29

gq = astTees?)

= symmetrical in 6.

In addition to -y there is the exchange of a
Z boson (both vector and axial couplings).

Cs
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Experimental Checks
ElectroWeak Unification

Forward-Backward Lepton Aymmetries

do T s(s — M2)
=1 20) + F, 0)—— L
dcos  s? [(1+ cos™0) + Fz(cos )(57M§)2+M§F22+
2
s
+ Fy(cost) ——— o
2ot hazye v gz
o Qer e 2 e f
Fz(cos) = [2g¥81/(1 + cos*0) + 4g5 g, cos b]

4sin? Oy cos? Oy

Fz(cos ) = [(8%” +£57)(gl” + g4°)(1 + cos? 0) + BgFgfelsgh cos ]

16sin* Oy cos?* 0,

Asymmetrical term o cosf appears.

@ On resonance /s = Mz:
o 7*Zinterference term vanishes
e v term contributes ~ 1%
e Z contribution dominates =)

o Off resonance: s = (Mz —3GeV)? v*Z counts 0.2% L



ElectroWeak Unification

Experimental Checks

Forward Backward asymmetry at LEP

L3 e'e —e'e (P

# peak-2
k 9 peak :
0 peak+2 b

do/dcos® [nb]

4 o
shﬁq;ga sﬂfﬁ'g;un
o

L L L |
-1 0.5 0 0.5 1

cos B

do(ee — ee)/dcose
measured at LEP at different vs

do,/dcos(€) [nbl

DELPHI 93 = 95
[ ¥
[t e'e —u'u(r) /*'
4 fan
\ e
08 - #*

"y
%
AN
[ %
0.6 - \\» & ;
=3

+
.++
Ptz ot
+4
"*&-4.__,4_4-4*
L I T
cos(®,.,

do(ee — pp)/dcos® measured
at LEP at different vs

Why the two cross sections are different?
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Experimental Checks
ElectroWeak Unification

Forward Backward asymmetry at LHC

Similar treatment for pp — pp - ? h

Additional complications: [/ ek 4X

Initial states are quarks with pdf ”cs} i/ A
z

In pp collisions cannot identify
polar angle — use Collins Soper
reference frame p p

Measure Forward Backward asymmetries

A Neos g 20 = Neoseg,<0 Function of sin?@,,
Arg =
Neostr. >0 + Neoser, <0
w10 (1410, sin’ Gy ) (1 —4/Qp| sin® &)
FBE= 5 —— - e
3014 (1—4Qf|sin” 6w)> 1+ (1 —4|Qp|sin” 6y )2
INF/P?
C e



Experimental Checks

ElectroWeak Unification

. CMS Preliminary L=197fv" at {5 =8 TeV
£ i28epjcis [ T
< ‘{- 057 .
psk. ® Dam 1.25<|Y|< 1.5 3 ATLAS ]
F POWHEG f o4 seJ‘Lauznam'
B= |- -4
o5 Er E=aTaV
(X - f g oz
. 508 . 1
0 -~ " ;
- o + Data 2012 —
Ot . P ‘ Background
+
o T etu combined o2 Ay =14TeV =
ya E A =14 TeV E
N = . 04— Ap=14TeV -
245k ] : e Afg=14TeV ]
£ 1= +_.M—4—._*_. - e t =
= i
o __[1 o 0.5__‘_‘_I_.r'\_l_-
0.5 E ~ O —
e -
50 100 200 300 1000 2000 B = =
rr [&] 0.2 0004 T K]
M('T) [GeV] M, [TeV]

At low masses — Consistency of the Standard Model
Parity Violating properties
Test of Vector and Axial couplings of EW

AtM, - Measure sin?@,, .. — Consistency of SM

At Large invariant masses — Sensitivity to physics
BSM and additional gauge bosons
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Experimental Checks

k Unification

Measurements of sin? Oy o

Afor
sin” 45" (wit LEP+SLC)
[ [~ ATLAS 0.2308 £ 0.0012 -0.6
o CMS [6] 0.2287 £ 0.0032 09
DO [5] 0.23146 = 0.00047 0.1
ﬂl‘_ CDF [4] 0.2315 £ 0.0010 -0.03
[~ LEP.AD (3] 0.23221 £ 0.00029 -
T LERAR D) 0.23099 = 0.00053 -
SLC. Arg (3] 0.23098 + 0.00026 -
LEP+SLC [3] 0.23153 + 0.00016 -
PDG global fit [46] [ 0.23146 = 0.00012 -04
3 1
L]
ez d Il L d
00007 D 0T 0F A a0 00 060 1000
i [6eV]
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Multiboson Production

SM Measurements at LHC

Exploit the huge cross section at LHC and statistics to test all the corners of
Standard Model

Model 1otal Pr Cross Seclion Measurements suws ez
-& 0" e ATLAS  Preliminary Theory g
L = Run12 y5a7 8, 13Te HG B i T =
L 3 EE oo asoasnt ]
B LHCpp Vi =BTe
1w 10 - +
<
10 b
1w -
o
w0 - N 1
SR Yoo
w .
o
&
1 F | I B i
o
- )
e E
oW Z [ ZZ t HW 2z
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Multiboson Production

Diboson Measurements

Multiboson production are processes where the peculiar feature of the
SU(2)xU(1) non abelian symmetry can be tested
- Triple and Quartic vertices not allowed in QED for photon

Production dominated by qq

Inclusive diboson production annihilation

4"}7 /\rj\/j\.f\; 4&7 I

i v vz
pa'a'as

q/ iz

q vz q ¥
AV V.V il

rehannel u-channel TGC Vertex

* Diboson measurements are an important test of the Standard Model
and perturbative QCD at TeV scale

« Confirm irreducible background for Higgs analysis (WW, ZZ, Zy)

« Diboson processes are the backgrounds for New Physics

« Measurement of anomalous triple and quartic gauge boson couplings
(aTGC and aQGC) is an indirect search for New Physics

Cz
2
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Multiboson Pre

uction

WW Measurements

W+W - Ivlv dilepton channel _

Final state (2 high P, leptons +;2(T) is very similar to tt decays in dileptonic
channel — veto on additional jet activity

Measurements on “fiducial” cross section, full phase space cross section
and differential cross section — set anomalous Triple Gauge Couplings
(aTGC)

Background dominated by tthar events (~20%)

Prediction undershoots data in ATLAS — Shape is OK but overall
normalization is off by 2e — Systematic shift on jet veto efficienty (from
NLO to NNLO)

Events / 10 GeV

S
7001 ATLAS

_ "
600 15=8TeV, 203 fiy
&' pv channel

500

400
t[ +
300F

EEERE
+ Dain
[ Top Cuers [ Wejes
I Oreivvan [ omer atoson
ot une — alol, D ayal une

]
] ww

ATLAS
s =8 Tev, 203 '

T
Tatal cross section pp—s W

—

—

it

oty
avey

Wy

200 t[ —_— Combinad
j 3] SM prediction msrw 200 poe
100) e
S
50 200 250 300 45 50 85 60 85 00 95 ,NF/,?
m, [GeV] G [pb) e
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Multiboson Pre

Diboson Cross Section Measurements kg 2016 If“l‘:d; R
r

() [AR,, > 0.4 - :
SaflS R 04 | arLas preiminary s
= [jee = 0] - Run1,2 y5=7,813Tev| *°
™Iy = (iy) -n ,'G
mye = 0] i
¥ pp— WV dvag) 48
S pp-s W} e
™ (WW s} [mju=0] e
T (WW s} [me0] a8
o pp s WZ) o
a6

S*WEZ - i)
a*Hpp—2Z) w3
a8
— o (o T T A e
o2 - 41) 02
®
- o"(ZZ = {ivr) a8
—o™(ZZ* — &) =3
i n " . .
04 06 08 10 12 14 16 18 20

ratio to best theory
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Multiboson Production

Effective Field Theory Framework

Effective Lagrangians can be used to probe for new physics at energy scale
Ain a model independent way.
Assume A lies above energy range of experiments

(n

o coupling coefficients

1 ) (e
Lepr = E An E Ll‘E” ] O,E”} O;""- operators of dimension
n i

mass*+n

'_s ATLAS j . . ! ! E
% 0 a=6TeV, 20307 ;
Neutral aTGCs (ZZV) forbidden in SM “ 3
Additional couplings for QGC’s and 10 =
neutral couplings from dim.8 operators. © ]

100 200 300 400 500 600 700 800 900 1000
p_ (leading lepton) [GeV]

i

. . . AV
£ = —igwwvlg! (WLWHE - Wisw, v 4V wiw, v 4 2wt wiryee|
MYy

SM : g}r =Ky =1 Ay =0




Multiboson Production

anomalous Triple Gauge Couplings

T ——— — T — T ——
WZ 8 TeV limits
| i,
| ——— ATLAS WZ vs =8 TeV
Agz 2030 A=m
1 ' - -~ ATLASWZ ys =8TeV
IC 203107, A=2TeV
| ATLAS WZ ys =7 TeV
— 487, A= —
ATLAS WZ ys =7 TeV
| - — 4817, A=2TeV
——— CMSWW \s=8TeV
A | 1Wdh' A=
z A - -~ CMSWV \s=T7TeV
e 507 A==
ATLAS WW Vs = 8 ToV
23R, A==
[ ATLAS WV Vs = 7 TeV/
. -— 507, A==
| Im e . ——— DO combination Vs = 1.96 TeV
AK, | 86", A=2TeV
Z - - - LEP combination
— 0T A= o
| - PR B PRI I —
-0.5 0 0.5 1 1.5

aTGC Limits at 95% CL




Multiboson Production

Vector Boson Scattering Processes

Identify more exclusive processes involving Triple Boson vertices

Vector Boson Fusion (VBF) production of Z boson
Pure ewk processes diagrams
4 q

q
—
i
1+

Doy
<

) q P

Signal Z-Brehmstrahlung-like Mutiperipheral

VBF diagram cannot be

calculated indipendently from

Z-brehm or multiperipheral

without breaking gauge )
invariance *

Main background Z+2 jet is
reduced by topological
selections

Cz
2
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Multiboson Production

Vector Boson Fusion Processes

Two VBF jets are different wrt jets from Z+et:
+ Large M; and | Anjj|
« Low central hadronic activity

s =7TeV CMS Simulation cMs pul.mlnary. V5= TeV, .|. 197 15" 0% Euems
g Q2T e e e e |
5 I I . EWH zn Jaco zi .Tnp VW ®data o
>0.18 —— DY g i 2w 3
g Mgy 1 W F — 3
S0.18 ) i . i r~
. 1 |
. .. VBFH, m_=120 GeV| “F -t i |
014 LJ b
E]
[AF. 3
o1 1
008 10 =
L}
0.08 ] ) 1 u
30 100 200 1000 2000
0.04 _ Dijet invariant mass [GeV]
e
o0z |8 =
o . |
1 3 4 5 6 7 8 an § |: Opata  -EWK 3
L 2

3o 40 oo 200 366 1000 2000

124 /134



Multiboson Production

Vector Boson Fusion Processes

Ceniral jet count Certral jot court

Data Theory
ATLAS Zj] p,>5545GeV|y|<4 4. 547 4.6 (stat)*=®_,, (syst) + 1.5 (lumi) 461+10
m; >250 GeV, jet veto; [Pawheg+Py]
podoee) 15
CMS Zjj p:>25 GeV, n|<5; 174 15 (stat) + 40 (syst) 208 £18
m, > 120 GeV; [LO MG+Py]
CMS Wj p,>50,50 GeV,|n|<4.7; 420 40 (stat) + 90 (syst) 500 £ 30
m;>1TeV [LO MG+Py]
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Multiboson Production

Vector Boson Fusion Processes

Vector Boson Scattering is a key process to experimental probe the EWSB

Total cross sections for VV — VV as a function of M,

onb] a[nb]
1
£ SM without a Higgs boson

[T

T T T T
o 1000 2000 300 1000 wen) 2000

Unitarity violated for vs - ~1 TeV/ Restored with Higgs boson

B
INF
Ce
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Multiboson Production

Vector Boson Fusion Processes

In Vector Boson Scattering (VBS) processes LHC proton beam serves as
source of V bosons

a » 7

V L ) i y 8 g

v vl 7

J—— —— —— f

¥ q
Final state Process VVjj-EW VVjj-QCD
E5vf'%Y jj (same sign, arbitrary flavor) W=W= 195fb 1880 ¢

£2vf'*v jj (opposite sign) WEW* 913 fb 3030 fb
eevvj ZZ 241fb 162 fb
EE0V jj Wz 302 687 fb
L, 3 i A ZZ L5fb 106 fb

Extremely small cross section. Even smaller than ttH production cross section




Multiboson Production

Vector Boson Fusion Processes

Signal Processes (EW) % N E"'C * :E(: .

VWV diagrams
¢ (same C(EW). but can be
W

=l non-VES EW gauge invarkantiy
55 fed and

diagrams k-_\u-g-,-«z.':?md
WV scattering diagrams {not gauge Invariantty
tincluding triple and guarfic saparable)
gauge vertices, Higgs channels
Background Processes (QCD)
+ + ¥ +
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Multiboson Production

Boson Fusion Processes

Selection: 3rd lepton veto P >7 GeV
2 Same Sign leptons with [M,-M,|>10 GeV, Eq,>40 GeV
P,>25 GeV M,> 500 GeV (inclusive)
B-jetveto m> 20 GeV M,> 500 GeV + |Anjj|> 2.4 (VBS
enhanced)
> T T T
] i = Data 2012 E a T T
8 1 S PrOIEY  i Sut Onconainy | 5 0C ATLAS Froiminay . Do oo
K e WOWC| Electroweak & 203107, 15=8TeV EZH Syst. Uncertainty 1
e VBS SR, ee-ausup B W2y 27 HeWZ a5 WOW' Electroweak
£ Bl Cther non-prompt 3 &omy =500 GeV WOW'S Stron 1
& -y = 20 - Promet ]
OS prompt leptons b z Conversions
WAWTj Strong - o i B Other non-prompt
sk —— E|
T — E H |
50 100 150 200 250 300 350 400 450 50C : - —‘—7 L
£ [GoV] 0 2 3 5 6 8 i |
vu
Data Theory Obs. Expd
CMS  incl W pr > 20 GeV, |n|<5 4.0 34, o (stal) 11, (sysl) 58112 200 310
m;> 300 GeV,jany| > 2.5 [VBFNLO]
ATLAS incl. Wl pr > 30 GeV, [n|<4.5 21405 (sla) +0.3 (syst) 1524011 45 340
m,> 50D GeV/ [Pawhes+Pyd] ;)
ATLAS EWK W as above + |4y, > 2.4 1.3£0.4 (s1a1) £ 0.2 (2ys) 0.95 + 0.06 3 280

[P +Pyd]



Multiboson Production

Vector Boson Fusion Processes

Vector Boson Scattering is one of the processes that can prove aQGC.
The others are:

« Exclusive yy — WW production
« Triple gauge boson production

P r
4 \“.\T-:- - W

. Wt 1
w-
P o
ﬂl-'l
cms 19.7 I (8 TeV)
n [

; ' g 120p g . ‘
Protons in the final state do not - T VW (A 5710, A=, =500 G
dissociate 10— 11— WW [2)#a%-210%, a/A%-0, no form lactor)

. E SM yy = WW B WK WWaogq
Very clean final state — [ pr— Wit o
iti O W Elastic vy — Inclsiva dibason 7
No additional tracks (but remember o s e *
E 1

pileup) E
— Possible to tag forward proton with 4,7 = S* =t remes |
small t using dedicated forward E W“
detectors (TOTEM for CMS and AFP

for ATLAS)
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Multiboson Production

Vector Boson Fusion Processes

Triple Boson production
Processes measured so far: Wyy, Zyy

v d w-
= I
CMS:PRD 30 zuM; 32008
r
v W
9 b Z
19.4 b (B TeV) =13 Jr.m.ws.m' 15w BTeV
= - s e et
] + Data 5 3
@ . Viry Signal 3 I
e =n ¥ e
8 £ Ofher Multiboson = ek
s ot fakes g,
z e Total uncarainty g10° I i
Muon Channel = =
uon Channe 10
1
10"
107
3 3 ]
20 40 60 80 100 120 140 = 2 . |
B, [GeV] L —t 1
CMS-SMP.13-008 Fen. 2015 100 200 aon

400
Photon E, {Gev)
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Multib: n Produc

Vector Boson Fusion Processes

Cbservation of Zyy production!
A

|

Data Theory \Sig.
ATLAS Zyy Zselection (p, > 25 GeV) + 2y: 5.07 *072_ . (stat) *041_ o, (syst) £ 0.1 (lumi) 3707021, 63 o,
(Z=31) pr > 15 GeV, |n|<2.37, isolated [NLO MCFM] | \
ARy > 0.4; [ARy.y| > 0.4 |
CMS  Zyy  Zselection (p, > 10,15 GeV) + 2y:  12.7 1.4 (stat) = 1.8 (syst) = 0.3 (lumi) 1295+147 | 500 |
(Z311) pr > 15, 20 GeV, |n|<2.5; [aMC@NLO+Py8) | !
ARYI| > 0.4 |ARy.y| > 0.4
ATLAS Zyy  E,;™= > 110 GeV+ 2y 2,510 (stat) + 1.1 (syst) £ 0.1 (lumi) 0.7370%8 5y
(Z2w) WV, Inj<2.37, isolated [NLO MCFM]
ATLAS Wyy W selection (py > 20 GeV) + 2y 6.1°71_ o (stat) £ 1.2 (syst) £ 0.2 (lumi) 290+0.16
(W->lv) V, |n|<2.37, isolated [NLO MCFM]
; |ARy.y| > 0.4
CMS Wyy W selection (p,! > 25 GeV) +2y: 6.0 £ 1.8 (stath £ 2.3 (syst) £ 0.2 (lumi) 476053 240
(W-lv) P > 25 GeV, |n|<2.5; [aMC@NLO+Py8]

ARy I| > 0.4; |ARy.y| > 0.4




Multiboson Production

Vector Boson Fusion Processes

Possible BSM physics can be expressed by higher-dimensional
effective operators supplementing the SM Lagrangian

» Dimension-8 theories are

the lowest order leading imits on dimensian-8 mixed ransverse and longitudinal paramelers
to aQGCs e o —
- e are m Ir
» The theories lead to o = fﬁ = Vy,.,.“n“i.-n:a..
operators contributing to i o
the different couplings, o = T
with coefficients that are jra— il
constrained with this data v :‘i‘l“m i i
= Ar— wir ”;1;,5.‘?:@
: 5\:" u 01, 3. 18401]
3 "L ATLAS Proiminary ’v--m. B PR— ; Wy 2, 4Aeee
ST Eout w0 -"" — 2y [~5. 80401, 5.9e+01]
- - Wy [~& 30401, 44u 01]
§ e = wr 3
& /it — Wy
10 — = WW
" — Wy
1 e T
-1000 0 1000

aQ(‘f‘ Limits @Qﬁ% (‘ L [Ta\)"]

o 1GeV]
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Multiboson Production

What you should know

@ Revised the basic of the EWK theory — basic principle and how it
was built

@ Revised few fundamental measurements

@ Understand what are the EWK measurements relevant for LHC

Thank you for your attention !

120
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