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The Standard Model
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The Standard Model
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Overview

 Introduction to electroweak physics
» Key building block of the SM

» Lecture 1 * Lecture 3
» Overview of Quantum Mechanics * The Weak nuclear force
« Some important Langrangians * Lepton universality
* The Klein-Gordon equation » CKM Matrix
* Dirac equation * Flavour physics

* Lecture 2 * Lecture 4
* Feynman Diagrams « EW & Z Boson masses
* Quantum Electrodynamics * Electroweak unification
» (Cross-section calculations « Experimental verification
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Electroweak physics:

The Basics




» QOverview of basic mathematical tools required to construct electroweak theory:

* The Basics
* Maxwell’s equations
» Special relativity and QM
» Schrodinger - Born - KG Equation
« Dirac Equation and anti-matter
« Lagrangian formalism
* Noether’s theorem
» (Conservation Laws
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Maxwell’'s Equations

« Maxwell (1895) proposed electric and magnetic
fields are related by four equations... =, : ,
Electromagnetic unification V- E = £ - Gauss’ Law (electrical)

« Separates the object that feels the force, from V- B =0 - Gauss’ Law (magnetism)
the force itself

—

VxFE= —%—f - Faraday’s Law

« Oscillating fields produce EM waves V x B = puoJ + Mo%%? - Ampere’s Law
7 O°E 5 9’ B
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Special relativit

Introduction

« Maxwell realised his equations were dependent upon the observer’s frame of reference
» Also proposed a medium (luminiferous ether) that exists throughout the universe for the propagation of light
* Michelson-Morley experiment disproved this

 Einstein (special relativity):
» Postulate I: The laws of physics are identical in all inertial frames of reference (Lorentz invariance)

Postulate ll: The speed of light in vacuum is constant in all inertial reference frames
(no medium needed, resolves frame of reference issue)

Space and time can “mix”, leading to 4-dimensional spacetime (4-vectors)
Different reference frames lead to length contraction and time dilation
Mass and energy equivalence: F/ = mc2
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Special relativit

Electromagnetism

« Maxwell’s equations can be made relativistically invariant using potentials (V, A) instead of fields (and
extending to 4-vectors)

E(,t) = —VV(7,t) — 2AE0 i i

FHv = gAY — ¥ Al =

uw=0,1,2,3 - Covariant indices

—.

A = (V, A) - Relativistic 4-vector potentia

0, F1v = 0,0,FH = J¥

T =g _ P . ) )
J# = (p, J) - Relativistic current Covariant form of Maxwell's equations
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Special relativit

Gauge Invariance
» Conservation of EM current 00 9 2 &
Can b " ot? Ox? 0y? 022
Op . v an be rewritten as
W‘FVJ—O—)&/J =0

#DAV _8V(8'LLA,U) — JV

* The above equation can be satisfied by many different potentials, which will produce the same field strength
tensor, provided:

Ar - A = Ar 4 9H(, 1)

0,0, F" = 0

Gauge invariance, we can add an arbitrary
quantity to our potential resulting in the
same physics

(Satisfies Einstein’s second postulate)

» The Lorentz Gauge (chose a potential where 9, 4% = 0): O AY = JV

(We'll come back to Gauge invariance later....)
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Quantum Mechanics

Wave Particle Duality

« Concurrently:
| . . _ hc
» Planck quantised black-body radiation E=hv = BN

 Einstein produced the theory of the photoelectric effect (particles of light interacting with electrons)

« Suggests light is a particle? But light as a wave is a robust theory (interference patterns etc)

« Furthermore, electrons (thought to be particles) exhibited wave-like behaviour (double slit
experiment)
- De Broglie: “Matter has a wavelength” \ = %

« How to reconcile these two viewpoints?
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The Schrodinger Eguation

» Schrodinger (1926) proposed an approach which combined the wave-like and particle-like behaviour:

ih28 = — I 724(F, t) + V (7, £)(7, 1)

« Uses the classical Hamiltonian, with the mass-term from the kinetic energy of a particle, and the De Broglie
terms for momentum of a "matter-wave”

» Requires the introduction of (7, t)?

14/07/2018
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Wavefunctions and Probabillities

- Born (1926) interpreted (7, t), (the wavefunction) as related to the probability of finding an object
(particle/wave) in a given state:

P(r+dr,t) = [T (7 )| 2dr

* Moves away from classical (deterministic) physics, and into quantum (probabilistic) physics

» But, the Schrodinger equation isn’t relativistically invariant....
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The Klein Gordon Eguation

* We can get to a relativistically invariant form,
starting from special relativity:

E? — ’ﬁl2 = m :p,up'u
« Substitute in the QM (De Broglie) relations:
2 0
E — th
D — —ihV

* \Which enables us to rewrite the momentum
4-vector as:

pu — —thd,

14/07/2018

Subbing in to the first relation (and adding in the
wavefunction), leads to the Klein Gordon
equation:

(— 2% + V)b = m*)

0% — m?yY = 0 with §? = O
With solution:

() oc e~ P

This wavefunction has both positive and negative
energy states?
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The Dirac Equation

« Dirac (1928), can we remove the squared parts of the KG equation?
(8% —m*)p — (ir° & + AV —m)p =0
— ("0, —m)yY =0
» This can only be done if the gamma are matrices, as to get back to the original (KG) equation, they must
satisfy

(—iy? 2 + iV —m) - (iv° 2 — YV —m) =0
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The Dirac Matrices

 In order for the previous condition to be satisfied, the gamma matrices must satisfy:
(’70)2 =1, (’Yl)2 = (’YZ)Z(W?’)2 = —1 - unitarity

Yyl + 474t =0 (i # j) - anti-commutation
{17} =29

* |t can be shown that the simplest solution is a set of 4X4 matrices (this 4 isn’t to be confused with the 4D
spacetime), it means that the wavefunction has 4-components: b = (g, ¥1, P2, 13)

I 0 ; 0 o
0o __ — .
N B

« | = 2x2 |dentity matrix, o' = the Pauli matrices
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Solutions to the Dirac Equation

We’ve extended the the Schrodinger/KG equation from a single plane wave, wavefunction, to requiring a 4-
component solution

We can write the solutions as the plane wave solution, multiplied by a 4-component
spinor (which is momentum dependent)

i oc u(p)ePr
For ease of calculation, assume our particle is at rest (p = 0), the Dirac equation reduces to

(v 5 — m)y — (i (—iE) —m)p =0

mJd 0
Fu = [O —mI]u

Four eigenstates (u is a 4-component object), two with positive mass and two with negative mass”?
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Solutions to the Dirac Equation

e The spinor solutions are:

ulz ’UQ: ”u,3: ”u,4:

* Which, when subbed back into the (p = 0) Dirac equation, the individual components of the spinor are:

—mt

1 o< e™uy, by o e™tug, 13 o e uz, Py o< e "My

« Dirac’s interpretation:
Positive E solutions — Fermions travelling forwards in time
Negative E solutions — Fermions travelling backwards in time
alternatively, anti-fermions travelling forwards in time
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Solutions to the Dirac Equation

 The spinor solutions for a particle in motion (using v, (D)= U,(-P) and v, (p)= us(-p ) as these are the anti-
particle solutions that we still want to have positive momenta)

Ul =

1
0
p=/(E+m)

| (P +ipy) /(B +m)

, U2 =

0
1

(Pz = ipy)/(E +m)

—p:/(E +m)

« These solutions give us 4 states:
U, = electron with spin 1

14/07/2018

V1 =

U, = electron with spin |

(o — ipy)/(E +m)

—p/(E +m)
0
1

v = anti-electron with spin 1

V, = anti-electron with spin |

, U2 =

p=/(E +m)

(P +ipy)/(E +m)
1

0
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Helicity and Chiralit

« While we have introduced spin, it is also useful to introduce the gamma-5 matrix, and helicity

. 0 1
V5 = 1Y0Y17Y2Y3 = [1 0]7 (15)% =1

» The chirality operators (for left-handed and right-handed components) are defined as:

_ 1= _ 14
PL— 275’ PR— 275

and when they’re applied to a wavefunction, it will decompose the wavefunction into right- and left-handed
components

() = [Pp + Prl(z) = ¢r(z) + ¢r(z)

l

—

* The helicity operator ‘H =

Gl
Gives the projection of the particle’s spin onto the direction of linear momentum (combines both QM and
SR)
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Anti-Matter

« With the previously introduced formalism, the Dirac equation provides solutions to electrons moving at high
energies (magnetic properties/energy levels of Hydrogen)

« However the other solutions (anti-electron/positron) were not understood until a few years later, with Dirac

himself suggesting, that the solutions should suggest a new particle, with the same mass as the electron,
but opposite charge.
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Anti-Matter

» Positron discovery in 1932 (Anderson)

« Cosmic rays passing through a cloud chamber and a lead
plate (all immersed in a magnetic field)

« Positron curves in the opposite direction to electrons
(opposite charge), but with the same mass-to-charge ratio
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| agrangian Formalism

* The KG and Dirac equations are equations of motion, and as such they can be derived from an associated
Lagrangian (as in Classical Mechanics)

L(¢,0.0) — 8#5(8@) M

* The Lagrangian which leads to the KG equationis: Lxg = % L POH O — %m2¢2

* The corresponding Lagrangian which leads to the Dirac equation is:
EDz'ra,c — ww()(wu(w T m)¢

= P(id — m)y
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Symmetries

« Symmetries are one of the most important ideas in physics.

 If we can operate on some “thing” and it appears the same after the operation, then it possesses a certain
symmetry
« Continuous symmetries
* Discrete symmetries
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Continuous Symmetries

Noether’s Theorem

/ _ . « Assume we have a Lagrangian which is invariant under
(x) = ¢'(x) = T(a; 9(x)) some continuous transformation of the fields (a)

o(x) = ¢'(x) = ¢(x) + aA(¢(x)) for small «

First order expansion

Lagrangian is invariant, (a is non-zero)

LoL=L+aAL=L

ot =0 .
» Noether’s theorem, J,, is a conserved current.

. oL . .
Ju = 500,) A¢ For every continuous symmetry in nature,
there is a corresponding conservation law

14/07/2018 25



Discrete Symmetries

Charge, Parity, Time

« Some interesting discrete symmetries

» Charge conjugation (g =2 -9Q)
» Parity transformation (X 2 -X)

* Time reversal (t > -1

14/07/2018 26



| ecture 1: Recag

Moved from the formulation of electromagnetism through to special relativity and guantum mechanics
Attempts to combine QM and special relativity (KG equation, Dirac equation)

Predictions of the Dirac equation (anti-matter)

Introduced the Lagrangian formalism

Brief overview of symmetries
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Electroweak physics:

Q=D




* Introduce Quantum Electrodynamics, Feynman diagrams and cross sections
« Build the EM Lagrangian
» Experimental observables: Cross sections, luminosity calculations, Branching ratios
« How Feynman diagrams are related to the Lagrangian
» (Cross section calculations
« Mandelstam Variables

14/07/2018 29



Quantum Field Theor

Combining quantum mechanics and relativity led to the Dirac equation, and with much additional work this
eventually evolved into the full formulation of Quantum Field Theory (QFT)

QFT describes how particles interact with each other, but it does this via the introduction of fields (ala -
Maxwell), where the particles are merely the physical manifestation of the quantised fields

QFT underpins all of modern particle physics.

Next we will have a brief run-through of a QFT, in the context of Quantum Electrodynamics (QED)
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QED

» The electromagnetic force can be described as an interaction between fields, the fermion field and the
photon field (the photon which is the mediator of the EM interaction).

» The Lagrangian for QED can be built by requiring the Dirac Lagrangian be made gauge invariant
»CDirac — “ZW“@W — Tm;?ﬂ
P(x) = 'z = ey (x)

D,p(z) = Dy’ (z) = e Dy ()

 This requires that both the wavefunction, and the derivative of
the wavefunction transform in the same manner
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QED

EDirac — ZTM“Qﬂﬂ - mf&w
P(x) = 'z = ey (x)
Dyp(x) = Dy (z) = ") Dyap(x)

» And can be done by introducing the co-variant derivative D,, = 0, + teA,,

» And the photon field, which transforms as: A, — A}, = A, + 0,a(x)
(our gauge condition from earlier)

« By substituting these terms into the Dirac Lagrangian it can now
be shown that it is gauge invariant

14/07/2018
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QED

» As we've added in the gauge field term (as part of the covariant
derivative), we now need to add the kinetic energy term for the
gauge field to produce the full EM Lagrangian

—iFluyF'uV with F,uv — ie(aﬂAV o 8VA“)

£QED — _iF,uVF'uV T ZlEW“D;ﬂﬁ o m?ﬁ?ﬁ
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QED

« If we fully expand this out (covariant derivative term etc)
LQED — _iF,uVF'LW —+ Z@Z’Y'MD,M@D T m@zw
= =3 Fu PP iy (9, + ie Ay ) — my)

= =g Fu P+ iyt 0up + ey Aytp — map
o S LE P iy, — miy +

Interaction between the fermion
fileld and the photon field

14/07/2018
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QED

Massless Photons
« If our photon field would have a mass term, then it is introduced as in the KG Lagrangian (m2¢»?)

* We can replace the ¢ term with the photon field term
Lomass = %mQAMA”

« Now we impose Gauge invariance, and try to reproduce the above mass term (just considering trying to
make the mass term invariant)

Linass = gm” A, A"
= 5m®(Ay + 0uA(T, 1)) (A" + 04 A(T, 1))
= g (A A+ A AT, 1) + OuA (T 1) A* + 0, AT, HOMA(T, 1)

> JmP(Au A + (AP + 0, APA(E,) # Lunass
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An Aside: Cross-sections

Overview
» A cross-section is related to the probability that a certain process happens
« Contains the information about the dynamics of the process that we’re interested in

« Say we have a beam of electrons, and a beam of positrons colliding head on, the number of events | expect
depends upon the cross-section and the luminosity

Integrated (wrt time)

Total numberof — (e"’e_ —> ,u“",u_) Ldt luminosity

events —

events measured /

cross-section of e+e- collisions producting muon- anti-muon
units are barns (b): 1 barn = 1028m?
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An Aside: Luminosit

« The luminosity contains information about the beams of particles that are colliding

interaction region For a circular collider (LHC) the luminosity is related to:

N, —» /' e N, * thenumber of particles in each bunch (Ny, Ny)

the revolution frequency f,

The transverse area A covered by the beams (A = 4ro,0,)

The number of colliding bunches n,

As we measure cross-section in barns, Luminosity is usually measured

Nevents = 0<6+6_ — :u+:u_) - Ldt C
in inverse barns (b
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An Aside:; Decay Rate

* The decay rate is the probability per unit time that a particle will decay

« After atime t, if we have N particles then:
N(t) — N(t + At) = —NTAt

AN (t) = —NTdt

N(t) = —Ngexp 1t

N If there are multiple decay modes possible, then the total
rate is the sum of all possible decay modes

I‘Total — Enrn

o=

The Branching ratio (BR) is the fraction an individual
decay mode contributes to the total rate

N
4
3 BR, = —=
: e - FTotal
0 Tiy 2l 3110 ATy, 5Tipl
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Calculations

Theory vs Experiment

» The previously introduced concepts (cross-section, decay rate/mode) are experimentally observable, so we
should be able to predict them using our theory....

« We can, but we need two ingredients:
» Matrix element (this contains the dynamics of the interaction) - Feynman diagrams

* Phase space - contains the masses, momenta and energy of the particles in the interaction (forbids us from trying to produce
outgoing particles with more energy than we put in)
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Calculations

Decay Rates

» Suppose we have particle 1 at rest, and it decays to n identical particles
12>22+3+4..n

* The decay rate is given by:

I — 2;5;1 [IM]?(27)*6*(p1 — (p2 + p3 + --.pn)) X HQmS(p? — m?)ﬁ(pg)
2
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Calculations

Decay Rates

» Suppose we have particle 1 at rest, and it decays to n identical particles
12>22+3+4..n

outgoing particles are on shell
* The decay rate is given by:

Fzzqulf 2#)454@(p2+p3—|—.@xn2
2

Matrix element 4-momentum conservation

Requires E/c? > 0

Integrates over all kinematic
combinations
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Calculations

Scattering
» We can also perform something similar for scattering, (1 +2 > 3+ 4 + 5...n)

2 i d4p-
_ SHh 2 454 B 9 2 2 0 j
o W (AT [IM]*(2m)*0* (p1 + p2 — (P3 + ...pn)) X |3| 7'('(5(]9] mJ)H(pJ)(QW)Ll
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Calculations

Simplified decay rates, and simplified scattering
» To reduce this to a simpler decay scenario, lets just say we have 1 > 2 + 3

r — _Sipl M|

87Thm%

(p is the magnitude of the outgoing particle momenta), in this case M has units of E

» We can also perform something similar for scattering, (1 + 2 2 3 + 4)

do _ ( 1 )2 S|IM|? i

dQ 8w/ (E1+E2)?  |pil

(where py is the outgoing particle momenta and p; is the incoming particle momenta) in this case M is
dimensionless
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What is M

Feynman Diagrams
* M represents a probability amplitude between an initial state and a final state:

« Contains the information about the interaction
* |t is then integrated out, and summed over all possible polarizations etc.

» We calculate M (known as the matrix element) using Feynman
diagrams.

Time —>
* The diagram is a tool to perform calculations and allows us to
calculate the probability that a process occurs depending upon the
e e kinematics of the initial and final state

14/07/2018
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Feynman Diagrams

Examples
- - +
e e et et Y e
v b
e € e €
’)’ e
» Time
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Feynman Diagrams

Examples
- - +
e e et et Y e
v Y

e € e e

’)/ e
» Time
« Coulomb scattering « e'te” scattering  Pair production

» We can also exchange the electrons/positrons for muons/quarks...

14/07/2018 46



Feynman Diagrams

Rules
* There are rules, and things that we cannot do with these diagrams

> —

» These rules arise from the QED Lagrangian
* Feynman diagrams and rules are simple ways of visualizing what is allowed, for a given Lagrangian

14/07/2018
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Feynman Diagrams

Rules
» These interactions (vertices) are not allowed, as they do not appear in the QED Lagrangian

> —

— 3 Fu PP 4 gy 0,8) — myy @WA@

 |f we look at the interaction term, we are only allowed to have an interaction which contains an anti-
fermion+photon+fermion interaction

* The first two diagrams aren't allowed as the photon cannot interact with itself (no A A terms)
* The final diagram isn’t allowed as it doesn’t conserve the Fermion current
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Feynman Diagrams

Rules

* There is a set of Feynman rules for translating a Feynman diagram to a Matrix element
(You can almost think of the Feynman diagram as hiding all of the Maths of the Lagrangian)

_iF,u,uF'LW T Z'@Eﬂyua,uw - WW T ie@;AY'uA,uw

Incoming fermion ] = u"(p) i
P Photon propagator A - [D.2
1 '3 + i '
P , :
Incoming antifermion - e = ©(p) o i(p +m)
) )
Fermion propagator —— - - (5.2
n L m= - te '
Outgoing fermion . = = u"(p) . u L
I’ ‘\Q'rh'x — —iesy |>-l.;"
p
< . . . - L PR
Outgoing antifermion o—g— = v"(p)

External (incoming/outgoing) represent a real particle
Incoming photon S = M

P Internal (propagators) are virtual particles

jix

Outgoing photon e = ¢
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Mandelstam Variables

« The Mandelstam variables contain the Energy and momentum of particles in a Lorentz invariant manner
(p; and p, are initial state momenta, p’; p’, are final state momenta)

Time
1, 2’ A
s = (p1 +p2)? = (P} + ph)?
= (p1 —p1)* = (ph — p2)?
u= (p1 —ph)* = (P} — p2)”
1 2

14/07/2018 50



Matrix element calculation

« Using the Feynman rules, we can work out the matrix element for a process

» Consider there being three separate steps, the electron line, the muon line, and the photon propagator

v

— —te|Uete(P3) 7 Uele (P1)]

»
»
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Matrix element calculation

« Using the Feynman rules, we can work out the matrix element for a process

—ighV

- M x (_ie)Q[aele(pi’))’)’“uele(pl)] 1.2 [amu(pll)’yyumu(pQ)]

v

2

— % [aele (pS)’Y'uuele (pl )] [amu (p4)7,uumu (pQ)]

M= — g_g [ﬂele (pS)’V'uuele (pl )] [ﬂmu (p4)7uumu (p2)]

Uele /mu — destroys an electron/muon or creates a positron/anti-muon

Uele /mu — Creates an electron/muon or destroys a positron/anti-muon

v

g? — electromagnetic gauge coupling, related to the fine structure constant

a = g;/Am
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Matrix element calculation

« Using the Feynman rules, we can work out the matrix element for a process

ju M= — Z—S [ﬂele (pS)VMuele (pl )] [ﬂmu (p4)7uumu (pZ)]

o o< |[M|?

’M’2 — 2648 —|—u

v
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| eading order QED

Shortcuts
TABLE 6.1 ‘
Leading Order Contributions to Representative QED Processes
Feynman Diagrams |M|%/2e*
Forward Backward Forward Interference Backward
peak peak

Moller scattering I ) !
i
B sz+u“+23'+s'+t'
€ ¢ —»¢ ¢ I‘Z tu ug

(u < t symmetric)
(Crossing s « u)

Forward “Time-like” Forward Interference Time-like
Bhabha scattering L i
. s+ u- 2u’ u + 12
e etoee e I sl 52
§° + u2
e p e p ¢’

(Crossing | s © 1) o], 1
ee’—pp’ s?
Halzen & Martin p129
14/07/2018 >4




NLO QED

» The previous diagrams were all at Leading Order (or Tree-level)

» \We can introduce (closed) loops into the Feynman diagrams, which add higher order corrections to the
original process we are considering

Penguin Diagram

PR G-t

Box Diagram

|eading Order (LO)
(2 Vertices)

Next-to Leading Order (NLO)
(4 Vertices)

- The addition of each pair of vertices adds a factor of a = g*/4x
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Renormalisation

 In order to calculate the cross section then, we need to take into account all of these higher orders?

* No...

» The higher order diagrams with very high (virtual) 4-momentum transfer give divergent integrals when
calculating the cross-section

» The solution is to introduce a “cut-off” (called Renormalisation), which redefines the couplings, masses etc

* However, changing the coupling in this manner introduces a dependence upon the energy scale of the
interaction
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Running couplino

The dependence of the coupling is:

a(q?) = a(p”)

(L2 2
1— 2 In( %)

The p term is just a momentum scale to remove the dependence upon the cut-off scale

At low energies, a = 1/137 (fine structure constant for energy-levels of hydrogen)
At the Z-boson mass (g2 = mZ), a = 1/128

Can be thought of as a “screening” of the bare charge by the virtual photons (higher order diagrams)
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Anomalous Magnetic Moment

Electron
« Higher order corrections are important though

Correction to the gyromagnetic moment of the electron (the ratio between the magnetic moment and the
spin)

Dirac equation predicts g = 2

Higher order corrections from QED predict slightly different

As we expect these values to be close, we define a = the anomalous magnetic moment

__g—2
ad = "3

(if Dirac is correct, this is O)
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Anomalous Magnetic Moment

Electron
» Higher order QED corrections (such as the Schwinger correction)

predict:
a =0.0011596521869 (41)

* Experimental measurement:

Catch a single electron in a Penning trap, measure the difference
between the cyclotron frequency and the spin precession frequency
a = 0.00115965213(3)

» Most precise test of QED, proof that higher order corrections are required

14/07/2018
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Anomalous Magnetic Moment

Muon

e Let’s do the same for the Muon?

* The theoretical calculation is much more complex (the fact the muon is around ~200 times more massive
means the contribution from hadronic particles in loops is more relevant)

noop

Current prediction a = 0.0011659203(20)

14/07/2018
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Anomalous Magnetic Moment

Muon

* Experimental measurement
Produce a beam of muons and filter into a storage ring (under magnetic field)
Again measure the difference between the precession and cyclotron frequency
(this is more difficult with muons, as they decay, but the spin precession frequency is measured by the
positrons in the decay)

lI]lIlIIllIIIIIIIIIIIIIIIIIIIIIIII IIIIIIII ]lll[
DHMZ —A— v
180.2+4.9
HLMNT ——
182.8+5.0

» Current world’s best limit from Brookhaven a = 0.0011659106(06)
?zlslebx 3.5 -
(more than 3o discrepancy between theory and experiment)

BNL-E821 04 ave. -‘:,
208.916.3 :
New (g-2) exp. l&
208.9+1.6 |

lllIIIIIllIIIllllllIlIIllllIlIlllllllillllllllll

140 150 160 170 180 190 200 210 220 230
a,-11 659 000 (10")

« The Fermilab g-2 experiment is preparing to take data next year,
with lower predicted experimental uncertainties, to further investigate the discrepancy
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| ecture 2 - Recap

* Reviewed
« QED
» Experimental measurements (decay rate, branching ratio, cross sections)
» (Calculating the above properties using theory
* Feynman Diagrams
* Matrix elements
* Mandelstam Variables
» Tree-level diagrams
* Next to leading order and Renormalisation
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Electroweak physics:

The weak force & fermions




 Introduce the weak nuclear force, some flavour physics, neutrinos
* The nuclear decay problem, Fermi theory
+ Parity violation
* The weak force
* Lepton universality
* Quarks and the CKM matrix
» CP Violation
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Ordinary Matter

« All of our “ordinary” matter is made up of of the first generation (1t column) of particles

3rd generation

( 173.2 GeV &— charg \
<— colors
Protons - \‘_ color .
> =]
=3
g 2 1 \top 1/2 % spin 0;
[SH < g
1 o
Neutrons AN e o ]
e?s 1%} ]
: b g |1z
]
. (=d
P I + D bottom 4 gluon e
/2 1 E
( : ( ) g :
4 ‘ e
PiO | g
" T B s
o S hoton =
o 2 | W | electton .| Wmuon / pho 1 =1
A.t 5 §< \ ~— / %
OmS & 8 ( ) 91.2 GeV =
=8 g
o = 3
: Ve [\WWEITZ ‘°
o 1/2 1 1
\ b J
- /
NV
Fermions Bosons

increasing mass —
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Exotic Matter

« What about the 2" and 3 columns?

1st

generation

( [ 2.3 MeV 173.2 GeV ¢ charge \ 125.1 GeV
<— colors O
wn
o mass &
& U ‘R
(= . =] 5 H
2 w &l Any ideas”?
=2 2
=
! )
ol = (=
g ;‘ ("8 Mev (95 Mev ‘ 47 GeV ‘ 8
g @ 1
Z ]l gl
S
=
=]
\ down 12 strange 12 \bottom 12 5
J &
=]
( (511 kev (1057 Mev ‘ o
2
.
T & v T / 21 g
ol ~
D
® 8 electron muon photon . g
s & a
T3 < - g
[ 19
—
@ o (Mass not defined < 190 keV/ ) ( < 18.2 MeV 80.4 GeV/ 91.2 GeV. =
k=l = ol
=+ (=]
o = 3
7 194 194 | 1 J+ : 3 ¢
= 6 / '
e neutrino 7 neutrino f f
\ J
— —
~
Bosons

increasing mass
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Exotic Matter

B-mesons (bottom quarks)

]_st generation
(r
( (r 2.3 MeV &— charge \
<— colors

?I.: u mass 82 .
=2 = Kaons, Sigma Baryons
g W< N : (strange quarks)
B d g g

\ - g D-mesons (charm quarks)

(

(suogdar-1que 9+)
suoydo 9
A

o
9010} Iea[onu e

Muonium
S N g > g (there are no bound states
Bosons containing the top-quark)

increasing mass

» Why are these particles not “commonly” found in nature?
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Decays and conservation laws

» Generally a more massive particle will decay into lighter particles, unless there is some kind of conservation
law forbidding the decay from occurring

« All of the matter that we refer to as “ordinary” matter is stable (for a variety of reasons):

* The electron is stable - it is the lightest charged particle
* The protonis stable -2 itis the lightest baryon, and baryon number is conserved
* Neutrons are “somewhat” stable (when they’re in a low atomic number nucleus)

» More exotic particles can be produced, but they decay, eventually into the above particles
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Conservation laws

Charge Conserved Conserved Conserved

Colour Conserved Conserved Conserved

Baryon Number Conserved Conserved Conserved Related to
conservation of quark
current.

Lepton Number Conserved Conserved Conserved

Flavour Conserved Conserved Not Conserved (See Below)

In weak interactions, if no other decay is available/more favoured (strong or EM), then the flavour of a particle can
change:

A muon can decay to an electron

A strange quark can decay to a down quark

.... and so on
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Lifetimes and interactions

» The lifetime of a particle’s decay is related to the strength of the interaction which enables the decay

Strong Electromagnetic Weak
- A
- A N (__)._. ~ 7
Resonances
: A
1'% )
w " =
A: qo B Ii K?
p b Dy O (o u
l i | l
| i | — A
=15 -0 - 15 - 10 -4

n (hietime = 10" 3)
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0 5

Lifetime (9

Muon 2.2 x10°
T+ 2.8 x108
T 8.3 x10°17
n 881.5

Typical Lifetime (s)

Strong e
Electromagnetic ~ 1076
Weak 1013 - 900
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* In 1930, the neutron radioactive decay was the first process which the ideas behind the weak force arose

» The observed decay products suggested the decay proceeded as: n 2> e + p

14/07/2018

If this was the case, the energy spectrum of the electron from
the decay should be

E.=E,-E, (adiscrete energy spectrum)

However the observed energy spectrum did not confirm this
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* In 1930, the neutron radioactive decay was the first process which the ideas behind the weak force arose

» The observed decay products suggested the decay proceeded as: n 2> e + p

Either, we suggest that energy conservation is broken, or
This continuous spectrum suggests a 3 body decay

Pauli suggested that a 3@ particle was also produced in the
decay:

N>e+p+7e

Pauli’s hypothesis: the undetected neutrino has a very small
(possibly 0) mass and no electric charge

But, the massless, chargeless photon is still detectable, so why
isn’t the neutrino?
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Fermi Theo

* Fermi proposed a transition, one which the neutron transforms
into a proton, with the emission of an electron and a neutrino

Lepton current

v

* The transition must be due to a new type of interaction, much
weaker than the EM interaction (due to the lifetime of the decay)
and with a very short range

« The interaction term (Gg) isn’t really known, but we can proceed
by treating it as an Effective Field Theory (EFT)

We don’t really know what is happening at the vertex (unlike the
EM force where we know a photon is exchanged)
- Contact interaction

v

Nucleon current
We can proceed in a similar manner as for EM
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Recall: Matrix element calculation

« Using the Feynman rules, we can work out the matrix element for a process

ju M= — Z_S [ﬂele (pS)VMuele (pl )] [ﬂmu (p4)7uumu (pZ)]

v

v
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Fermi Theo

M = k2 [ﬂele(p3)7 uele(pl)][ﬂmu(p4)7uumu(p2)]

Lepton current \

: " — — £ [a(p)y u(n)][a(e)y,u(v)]

Still a vector current

G is characterising the strength of the interaction
Ge=1.17 x 10° GeV~?

This current is changing the electric charge of the
ingoing/outgoing particles - Weak charged current

v

[ . 2 [
Nucleon current The cross section diverges as E 2 increases (only an EFT)

Need to introduce a cut-off scale to avoid this
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Parity Violation

* Fermi’s proposal is ok, however the discovery of parity violation in weak decays requires it to be modified

» Parity conservation implies switching x = -x, should give the same physical outcome

Mirror plane
, . Original Mirror-reversed
« Wu’s experiment (Beta decay of Co60) arrangement arrangement

80Co in magnetic field, with spin aligned
with field will emit electrons (beta decay) N
in a g|Ven dlreCtIOI’] of beta ray emision

Predicted direction
of beta emission if
parity were conserved

Then with anti-aligned spin, the emission direction
depends on if parity is conserved or not

Cobalt-60
nuclei

The emission direction is different in each case

Observed direction
of beta emission in
mirror-reversed
arrangement

Direction of electron
flow through the
solenoid coils

» Parity is maximally violated in weak decays
- needs to be introduced in Fermi’s theory
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Range of the Weak force

« The weak force has finite range (10-1°m)

* When we look at the EM force (infinite range) the propagator in this case is massless, so this suggests that
whatever is propagating the weak force, has mass (which is what we referred to earlier as the cut-off scale
for the Fermi theory)

14/07/2018
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VA Theor

Weak interactions

« Using the parity violation measurement and the requirement of a massive propagator we can have another
attempt at the theory behind weak interactions

Introduced the weak coupling/charge (gy)

t P - \
A udu Ve /

o M = [Zea(u)y" 5(1 = 1 )u(d)] 32— [ Zeu(ve) vz (1 = 7°)ule)]
Massive mediator
W-
udd Right handed parity operator
n (contains Vector and axial component)
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VA Theor

Weak interactions

« |f this is the correct matrix element describing the full QFT, then the EFT we introduced before, is related to
it

t D - M = [Zeu(u)y 3 (1 = 7 )u(d)) gtz [L5(ve)vu 3 (1 — 7°)ule)
A udu Ve
o
Gr _
W_%X%X%X%XA@;_&
W- \
iad M = =& [a(p)y*u(n)][a(e)yuu(v)
n
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Weak interactions
« |f this is the correct matrix element describing the full QFT, then the EFT we introduced before, is related to

it
t P » Gr — 9 « 9 11y 1
A udu Ve V2 V2 V2 2 2 M3, —q?
e let My, >>q (g = 0)
Gr — 9 L 4-065
V2 o 8M3, g=5
W Ge = 105[GeV2], My, = 80GeV
udd 2 2
n AEM = = = 137 AW = 47 =~ 295

The couplings between the weak and EM force are comparable.
The weak force is “weak” because of the mass of the mediator, not because of the coupling
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Measurement of G

Muon Decay
* \We now have our method to construct the matrix element for the weak current.

« We can perform a more precise (both experimentally and theoretically) measurement of G using muon

decay
From the previous lecture

T n
" - d*p;
A Ve T = % f ]M]2(27T)454(p1 — (p2 + p3 + ...pn)) X HZT((S(]?? — m?)e(pg)ﬁ
A/e_ 2
T R Y / d’k d°q 43K’
W= ' = 2(27°) 2|m,, | 0 (Qe + kﬂe + k’/e +pﬂ) 2E 2E, 2E;€
_ 2 x
/i I'), o< Gy,

Lifetime has units [E'], G2 as there are two vertices
Dimensional analysis infers: mu5
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Measurement of G

Muon Decay
* \We now have our method to construct the matrix element for the weak current.

« We can perform a more precise (both experimentally and theoretically) measurement of G using muon

decay
Full calculation gives (€ are higher order corrections):

T
AN K U, Q2.m3
_ F "
foo Te= T
=r-"
%% muon mass and lifetime measurement leads to:

Ge = (1.16667 + 0.00001) x 10°
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L epton Universalit

* |s the coupling constant (g) universal?
First check: Is the value for g at an tau/tau neutrino vertex, the same as at a muon/muon neutrino vertex?

If we take the ratio of the decay rates of
these processes we can discern any

v,

differences in g "
The muon can only decay via anti-neutrino, et
electron and neutrino T _ 1
(n — ev,v) = -
The tau can decay via more channels (due to y
it's mass) o
- .
. e
W l‘z,z o
i v
— BR(7—ev,
[(1 — ev,v) = (TT evrv)
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L epton Universalit

* |s the coupling constant (g) universal?

First check: Is the value for g at an tau/tau neutrino vertex, the same as at a muon/muon neutrino vertex?

N

I'(p — ev,v) = -

BR(r—ev,v)
Ty

[(1 — ev,v) =

'p—ev,v) 1 T

v, T 2
. ' & e
4! W L! P ’f/

—
\M\. {’
' e

['(tr—er, V)

From theory, we get:

D'(p—ev,v) gggzm5

T(r—ev,v)  ¢g2g2md

14/07/2018

71, BR(t—ev,v)

just takes into account

%phase space differences

\

7 5 ¢
Pr ng Pr

e — 1.001 4
gr

- 0.003
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* Now, lets consider charged pion decay

We don’t know how the pion couples with our W-boson,

e Y T
\/ \\/ but we can describe it with a form factor 1 p
: : FF = fp
W tW-
* The lifetime (for either electron or muon) is given by:
_ |pv| 2
I'= 8mtm?2 (|M| )

M = (585,) fZmi (m7 — mi)
w

2
= s (gl ) i (m, —m})
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* Now, lets consider charged pion decay

We don’t know how the pion couples with our W-boson,

e Y TR
\/ \\/ but we can describe it with a form factor 1 p
: : FH = pr
W tW-
« We don’t know the form factor, but again we can take the ratio:
R Gw N4 2(002 9
I'= Wmi’r(élMW) mﬁ(mﬂ'_mﬁ)

m2(m2 —m?2)2 B
i) = wGi =gy = 1288 X 107
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m2(m2 —m2)2 B
i) = witn =g = 1283 X 107"

» The decay to muons is highly favoured (goes against the naive idea that there would be more phase space
in the case of the electron decay)

» This difference is due to spin conservation
The pion is spin O, so the lepton and anti-neutrino must emerge with opposite spin directions.
The neutrino is always right-handed (parity violation) so only the right-handed component of the lepton can
contribute to the decay

This is related to the helicity, hence the more massive muon has a larger phase space for the decay, hence
this decay is more favoured
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Weak interactions for Quarks
The Cabibbo Angle

» We've already introduced neutron decay, which is basically the decay d - uW-,
we can also have the decau s 2 uW-

* |t would be nice to have universality for quarks in addition to lepton, simply replace the lepton/anti-lepton
with a up-type and associated down-type quark.
From this we can get predicted decay rates in a similar manner as before

This however doesn’t work, as the calculated decay rates are
not the same as the predicted rates...

The coupling for d>uW and s->uW are found to need a
modification

We introduce the Cabibbo angle (0 = 12.7 degrees)

sin(@) = 0.220 - Cabibbo suppressed
cos(0,) = 0.976 > Cabibbo allowed

14/07/2018
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GIM Mechanism

Suppression of Kaon decays

« The absence of the K® 2 pu decay was solved by the proposal by the GIM
mechanism (Glashow, lliopoulous and Maiani).

sin@c W~
S M_ » Flavour changing neutral currents (FCNCs) are suppressed by the Cabibbo angle
0 (the diagram proceeds via a loop, and Cabibbo supression occurs)
K u Vu
a +
+ u « This required the introduction of a 4 quark — the Charm
cosO W
cosbc W
S -
0 " » Also suggests that quarks are placed in doublets (like leptons and neutrinos)
K ¢ Vy
q +
d sinf. W' H NN
C d|’|s
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The CKM Matrix

* The GIM mechanism is extended to 3 generations of quarks by the CKM matrix
(the d’, s’, b’ are the weak eigenstates of the down-type quarks, we get them from the mass eigenstates
using the CKM matrix)

- d /7 —V V V O 7 The values in the matrix cannot be predicted and must
ud us ub

all be measured experimentally
/
S Vcd Vcs Vcb

Va

We can also introduce CP violation:

1 — )\2/ 2 A A)\g(P —in) 2 generations can be explained by one real
Vexm = — )\ 1 —\?/2 AN? parameter (the Cabibbo angle)
AN (1 —p—in) —AN? 1 3 generations require 3 parameters and one
phase

14/07/2018 90



Unitarity Triangles

» Conservation of current requires that

VCKMVCJ,LKM = Vc];KMVCKM =1

» Which leads to (among other combinations):

VudVJb + VCchZ -+ thVfé =0

» Can be represented as a triangle:

(p-n)

Via
Via

(0,0) (1,0)
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Unitarity Triangles

» Conservation of current requires that

VCKMV(;KM:V(—;KMVCKM:]- 1.5||||||||||||||0 LN O B I B B

I | excluded area has CL > 0.95 s

« Which leads to (among other combinations): 1.0

Vudvqu -+ VCdV;;) + Vig t}k) =

0.5

« Can be represented as a triangle: =

0.0 [~
(p.n)
0.5 N
Vi i
Ve 1.0

e Y
2009 :
45 L1 Lo b v b v a by
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

(0,0) (1,0)

p
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L ecture 3 - Recap

* Reviewed
» Conservation laws
* Neutron decay
* Fermi theory
» Parity violation in Weak decays
+ Weak theory
* Lepton Universality
* Flavour physics (Cabibbo, CKM)
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Electroweak physics:

The weak force & fermions




« Unification of the EM and Weak force, discoveries, unanswered questions
» Discovery of the W/Z bosons
« Weak neutral currents
« Unification
« Weinberg angle
* Experimental measurements
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We have the EM force: and the weak force:
Exchange of a spin 1 "',.p,— &/ Exchange of a spin 1 v, €
particle | particle =1
\ A i /""‘ =
. | s,y
long range u:;’/\?e_'u short range “,V w
Parity conserving Parity violating
Ve e
v% 'I_I.u ,‘,}(uuﬂ I
LW

Is there some kind of symmetry, relating the propagators? If so it must be broken
But if there is, it means we can unify the forces
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» Glashow, Weinberg and Salam (1961) attempted this
unification, based upon the gauge symmetry, but in Gauge
theory (as we worked through earlier) the force mediators
must be massless

« But we’ve seen that the mediator of the weak force is not
massless (the strength of the weak interaction is such, due to
the mediator mass)

* How to reconcile this?
Glashow: “This is a stumbling we must overlook”
(aka: let’s ignore this for now and see what happens)

* S0, let’s try to construct this theory
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Electroweak Theor

 Fermions can be placed into doublets: xr = [V;;]

« We can define two operators: 7, = 3(r + im) = [

(here 7, and 1, are the 1t and 2"d Pauli matrices)

* We can write the exchange of a W+ or W- as:

Jp = Pryper = XeyH T XL

14/07/2018

0 1
0 0

| -

N |~

(11— imy) = [

Ji = eryuvr = XLy T XL

0 0
1 0

|
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Electroweak Theor

« Can we do anything with the third Pauli matrix?
=3 [(1) —01]

« Multiply this by the fermion doublet

1 - 1~
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Electroweak Theo

« What is this current?
— %PLV‘LVL - %éLVMGL

 ltisn’t the EM current
7. = —eryter —erYer

* We can also write the “orthogonal” current to our new current
—(vpy*vr + epyter)

We can group the components of the currents into a triplet, and two singlets

Triplet (spin 1) Singlet (spin 0)
]; = VL Yulr = XL'Y“7'+XL —(EL’)/“VL + éLfy“eL)
Jp = eryuVrL = XLV T XL

3 — v M3 i '
Jup = XLV T XL Singlet (from EM, also spin 0)
— erYrer



Electroweak Theor

Interactions corresponding to the triplet:

Ve —igj er er —19Ju Vel
Ver/er

W

L
it — oo oty P : 1_ 1_
Ju = XLTuT XL Ju = XLTuT XL _'};' = ;l/[_'jr'J,I/[, — Ef_‘-[_“,r’pfi'{,

And the singlet (we’ve basically grouped all of the singlet terms together)

!

Ay
W

Y = . = =
: B Ju = —2ERVu€R — ELVYuEL — VLWVL
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Electroweak Theor

Y _ _ _
B Jp = —28rYu€R — €LYueL — VL YuVL

W3

a3 1_ 1_ _
Ju = SYLYpVEL — Ef-fr.“.r',xf-'r.

-

We don’t have anything that corresponds to these couplings or propagators, but maybe we can do something to fix this.
We can define the photon (A), and a new vector boson (Z) as linear combinations of W3 and B (rotations of the states)

A, = B, cosOw + Wi’ sin Oy

Z, = —B, sinOw + Wj’ cos Oy
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Electroweak Theor

We can then write the vertex terms for the A and Z in terms of B and W3

A, = B, cosOw + WS sin Oy

/

. _ _ _ .. 1 — 1 — -
—1%- cos 0w (—2eryuer — €Lyuer — Vryuvr) — tgsinOw (575 YuVr — 5€ryuer) :
WS
But we want to reduce this to the photon vertex term: ©ge (é’m 6) 1 ' 1
J: - ;'_/I.F:f';r""f, - EEI.A.";JEL
Which implies: ¢ sinfyw = ¢’ cos Oy = g.
Y VE 1~y — =
B Jp = —2ERYu€R — €LYueL — VLYuVL
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Electroweak Theor

We can then write the vertex terms for the A and Z in terms of B and W3

Z,, = —B, sinty + Wj cos Oy

/
—i% sin Ow (—2erYuer — €LYuer — VL YuVr) — 19 cos Ow (5VLYuVL — 5€LYuer)

/

g7 = ge _ _9 _ _g
Z sin Oy cos Ow cos Ow sin Oy

We define the coupling for the Z:

: . 92 _ 1= 1 - - 2 1 - 1>
igz sin” Ow (ERYuer — 3€LVuerL — 5VLYuVL) — 19z cos” Ow (5VLYuVL — 5€LVuer)

—igZ(%DLVMVL — %éL%LGL + sin? HW(éR%beR + éLvﬂeL))
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We have just unified the EM and Weak fields, using a single parameter, the Weinberg angle (0,y)
sin?(@,,) = 0.22

The left handed fermions are in doublets and interact via weak Charged Current (W-Boson).
The right handed fermions are singlets and do not.

The Pauli matrices are the Generators of the SU(2) symmetry. EM is a gauge theory with the symmetry
group U(1)

Electroweak theory is SU(2) x U(1), and the currents are just Noether conserved currents from gauge
invariance
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» The Z has a left handed coupling (from both J3 and JEM) and a right handed coupling (from JEM)
gr, = I3 — Q2 sin? Ow IR = —Q2 sin” Ow
» This is usually expressed as a vector component and an axial component (V-A theory)

cvsz+nglg—2QSin29W CA:gL_gR:IS

» The predictions of the (Z) couplings for the fermions are:

Lepton 2cy 2cs || Quark 2cy 2c4
Ve, Vi, Vr 1 1 u,c,t 1-— % sin® By 1
e, U, T —1+4sin®fy | -1 d,s,b | =1+ g sin?fy | -1

 In performing this unification, we’ve made a large prediction, that there is a new, neutral boson. If we can
find this, we can provide evidence for the theory
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Weak neutral currents

* Evidence for the Z-boson was found in 1973 with the
Gargamelle experiment

» Protons (PS) incident on a target produce a beam
of neutrinos (via Kaon and Pion decay)

* Neutrinos then interact in the bubble chamber with the
electrons from nuclei, which leaves tracks

i e i — —— o —

Vu Vu

&— Collision
point

&— Incoming
neutrino

14/07/2018



Boson Masses

* The masses of the W and Z can be written as functions of 0,

Gr _ g° _ e2+/2 _ 37.4 _ Mw . 75

\/§ o 8M1%V — MW o \/8GF sin? Oy~ sinOw [GeV] MZ T cos Ow ” gin 20w [Gev]
This just comes from EWK theory by This comes from the Higgs mechanism
rewriting the vertex terms (won’t be discussed here)

» Measurements of the weak mixing angle suggested the boson masses must be around 80-90GeV
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Discovery of the W-Boson

In the early 1980’s most experiments were fixed target experiments, where the center of mass energy Is
given by:

Ecm — \/2mNEbeam

Instead, if both beams are accelerated (to the same E), the total energy available is:

Ecm — 2Ebeam

The SPS accelerator was modified = SppS, from fixed target experiments with E, ., = 900GeV (E,,, =
30GeV), to a colliding experiment with E, ., = 450GeV (E.,, = 900GeV)

This is enough to produce our W/Z-bosons.
Caveat, not all of the energy of the proton is used in the collision (as protons are composite particles)
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Discovery of the W-Boson

* To produce a W-boson, we use the interactions:

u+d—WT —=et ut +ve,v,
ut+d—W~ =e ,u= + Ve,

Proton Antiproton

* We chose the lepton decay mode of the W (either electron, or muon and the associated neutrino) as in
proton-(anti) proton collisions, the hadronic background is large, so requiring the presence of a lepton
reduces the background

 This leaves us with a “high” p; lepton, and a high p; neutrino in the final state.

« But the neutrino escapes detection...
How can we measure the mass if we miss one of the decay products?
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Discovery of the W-Boson

* To produce a W-boson, we use the interactions:

u+d—WT —=et ut +ve,v,
ut+d—W~ =e ,u= + Ve,

Proton Antiproton

* We chose the lepton decay mode of the W (either electron, or muon and the associated neutrino) as in
proton-(anti) proton collisions, the hadronic background is large, so requiring the presence of a lepton
reduces the background

 This leaves us with a “high” p; lepton, and a high p; neutrino in the final state.

« But the neutrino escapes detection...
How can we measure the mass if we miss one of the decay products?
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Discovery of the W-Boson

When colliding protons we don’t know the longitudinal
iInput momentum into the collision

But we can use the conservation of momentum/energy
in the transverse plane (to the beam), in order to reconstruct the
W-boson mass Proton Antiproton

The neutrino in the decay will result in a momentum imbalance in the transverse plane, referred to as E{™'ss

We use the transverse mass, my, to infer the \W-mass: \/2pe Emiss(1 — cos ¢)

(Where ¢ is the angle between the lepton and the E;{™ss vector)
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Discovery of the W-Boson

 The UA1 and UAZ2 experiments both took proton-anti-proton
collision data to discover the W-boson

mr = \/ 2pt ERsS (1 — cos @)

My = 80.9 + 1.5 GeV v
Proton Antiproton
15  { L) | | | | I ]
a)

10 - UA1 — Wasey -
- ——— X —apVV
> L3 Events
o
-~
~
v
— 5 . -
e [
3 I i e

// o
I”
0 l 1 1 1 |

3 4L 52 60 68
My (GeV/c?)
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Discovery of the W-Boson

 The UA1 and UAZ2 experiments both took proton-anti-proton
collision data to discover the W-boson

mr = \/ 2pt ERsS (1 — cos @)

My, = 82.1 = 1.7 GeV

V,
Proton ) Antiproton
4k T L) | | || 1 ]
a) 5
10
10— UA1 —W—oev — > ><"''|""|""|""|""|""
v X 8 -o- Data
> e S =P EVY {s=7TeV,4.1fb" WmW - 'y
> L3 Events @ [] Background
] = y2/dof = 57/59
- S
55 L
2 S
: %
“ g 379%0.012 Gey
1 o 1.02 ' f f
S T TN T iy T i
0 1 1 1 = 0.99E " H ik ARAC L 1 1
© 0.98F : . ‘ ~t L
36 bh 52 &0 g 60 70 80 90 100 110 120
My (GeV/c?) m; [GeV]
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Discovery of the Z-Boson

» The Z-boson was discovered later than the W (the BR for Z - leptons is lower for the Z than the W, hence
required a higher luminosity)

M, =93.0 = 1.7 GeV
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Discovery of the Z-Boson

» The Z-boson was discovered later than the W (the BR for Z - leptons is lower for the Z than the W, hence
required a higher luminosity)

Ql

~*
.
f g
-
- o
-
.
-

150 - | -

100

number of events / 2 GeV
(@) ]
o

L |
100 120

M(e'e) [GeV]

M, = 91.1876 + 0.0021 GeV

aoreote PDG
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Electroweak Fits

* The current measurement of the W-mass is M, = 80.379 + 0.012 GeV (error of ~MeV)
» \We can probe the SM relationships using loop processes and precision measurements

I
t h
——
N
s
W aane W AR LT /L“\mw 7z ! \
WAVAV VL VL LW
\< ANASRANANAAN
b i

;‘ LT T T T I T T T T I T T T T [T ! ! T T | T L T T T4 ;‘ 80.5 CT™ 1 1 [ 17 T [ 1 11 L T T T T T T T T ]

8 - 68% and 95% CL contours g " ‘::r_":;:;‘:é;\;" © q, C  68% and 95% CL contours sin?(e!, ) LEP+SLC * 1o .

-—-3 80.5 — [ fit w/o M,, and m measurements | c-076Gev B — O, 80.48 - (M direct M,, and sin’(6',) measurt:émen =

= L fit w/o M,,, m and M, measurements : | —o=076® 0.50,. GeV 7] Eg 80.46 [ M fitw/o M,,, sin(6! ) and Z\widths megsurements T

L "B direct M, and m, measurements ar ‘ ] C fitw/o M,,, sin’(e,,) and M, measurements -

80.45 [— b ) ] 80.44 i\ fit wio M,,, sin’(6,,), M, ard Z widths measurements -

n ne= ] 80.42 \/ 3

80.4 - — \ =

- M, world comb. + 16 ,—" ,/’ — :_ _:

80.35 — Mx =80.385 + 0.015 GeV 7 7 — 8038 ) .

C 7 i - o8 ] 80.36 [~ M, world comb. + 15 7

803 - — 80.34 E

- N N . . = -

L & Nt A - i - .7

- £ \,,g,.\"‘ 5@‘2?1” S %“’ i ] 80.32 - fitter|sv;

80.25 __\Q\\’Cla"’ @\*” Q‘\\’f"” QX\\X/j"r‘ | G fltteri: PR S T A TR SR SR N S 1 | I L1 | L
DR <A G N £ 1 R R R 0.2308 0231 0.2312 0.2314 0.2316 0.2318 0232 0.2322

140 150 160 170 180 190 sin¥(el.)

m, [GeV]

« |If there are any inconsistencies, this gives hits at beyond the standard model physics
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Number of Neutrino Generations

« With the discovery of the Z-boson, we also now have a method of discerning the number of neutrino
generations

» We can calculate the partial widths of the Z decays: i _ 2v
2 ALEPH [ 2\
FZ — Fee _I_ F,u,u _I_ FTT _I_ Fhadrons _I_ anv © 30 — DELPHI 'I.'I""/ - .:ll".‘
- OPAL ,.jﬁff--"'

« Measure the hadronic cross section, and fit the value 2 ¥ |

used for the total width, depending on neutrino # average measurements, \\

generations. [ by factor 10 hgrirf" AN

10 + & ‘,.:71353.;3..‘ §
Ohad = 127" T"had : W
ST A

7% 88 90 92 %
E_ [GeV]
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Electroweak Physics at the LHC




Overview

proton - (anti)proton cross sections » Huge program of precision SM measurements from ATLAS, CMS and

10" |
102 |

10° |

R S - LHCb
10 E O — T 3
10° ‘ Teva:tron LHC ‘ 10°
10° | =13 « Measuring EWK physics to a high precision is needed for two
10° ' | 4% % reasons
10° b 0 J1et E
i 1
10° | : 3 10° S%O
0L +—— w7, * Aspreviously discussed, probing the SM at higher and higher
€ w0l 1+ 1w 3 energies to investigate if the theory is still valid
' 1,9
© 10° . ' —5100 o
: S 110 &
— 0 3

10° [ E
10° E_MH=125 GeV{ H10°
10° | Eid
10_70:1WJ820]2 L .|| o l -110 I ] 107

14/07/2018 120




Overview

proton - (anti)proton cross sections

Huge program of precision SM measurements from ATLAS, CMS and

O T 3% LHCD

10° b 5., 410

10° ‘ Teva:tron LHC ‘ 10°

10° ' | _— 4%« Measuring EWK physics to a high precision is needed for two
10°F oy reasons

» As previously discussed, probing the SM at higher and higher

events / sec for ~ = 10® cm>s”

E 10 b 110 energies to investigate if the theory is still valid

© 10° gc;et(ETiet> 100 GeV) 3 10°
:: :: » Also, the EWK processes are also at a relatively high cross-section,
ok 1 (100’s are produced every second at the LHC), they’ve become the

background for searches for new physics

G, .
ﬁ MH=125GeV{ZWH 3 Need to understand them at a very high precision to
‘ claim discovery of any new physics
10_7 WJSZO]Z O | 10_7
0.1 1 10
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Overview

CMS Preliminary

@ 7 TeV CMS measurement (L<5.0 fb™)

@ 8 TeV CMS measurement (L<19.6 fb™)
@ 13 TeV CMS measurement (L <35.9 fb™)
— Theory prediction
L2 £ £ CMS 95%CL limits at 7, 8 and 13 TeV

roduction Cross Secti

Tew Ty | ew Tew T 1T T T T T T _T_ T _T T T T _Iygpl LI
Pew "ew 'vo Tew W EW 'EW
Wy Zy WWWZ ZZ oW qaz WW aaW qaZyqaWzqazz VWYY 20 Wiyttt Wttty tZq #Z ty Wttt ggH qqH VH WH ZH ttH tH HH
Th. Ao, in exp. Ac

* Huge program of preC|S|on SM measurements from ATLAS, CMS and LHCb
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W-boson production

* Very high statistics available for W production allows a detailed comparison
between the SM prediction and experimental measurement

» Can investigate a large kinematic range

« Distributions of p(W) vs a selection of MC

generators

* Allows us to tune our MC to the data

14/07/2018
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W+dJets production

* The W-jets process requires complex o o
. . . ‘ —_ 221713 TeV) ‘ —_ 2.21b" (13 TeV) ‘ ,
Calcula‘tlons |ﬂVO|V|ng NI_O’ resummatIOﬂ, -é 4@ —4— MG_aMC FxFx + PY8 (<2 NLO + PS) ﬁ C —4— MG_aMC FxFx + PY8 (<2jNLO + PS)
parton Shov\/ers etC g 10 = —— MG_aMC + PY8 (<4jLO + PS) 2 1045— ——— MG_aMC + PY8 (<4jLO + PS)
z F z g
§ 10° —— £ 10—
102; 102;—
: : . . . g —_— S ———
Differential distributions allow to further ol -
) ) E —— 10:5 e
probe the SM predictions : i - i
1= CMS 1= CMS
= antik, (R =0.4) Jets Cosa oz E antik, (R = 0.4) Jets gLs ses
W 107 ' p‘et>30GeV V| < 2.4 10 p’et>30GeV V| < 2.4
q ; W(].LV)+JeTS ; W(uv)+1ets
é 1.5?— g 1.52—
g Lé (A T T %% E 1 T ///////%
q’ 9 = ///7/// S - :
(§Dl 0-5;_|Z|Syst + stat. unc. (gen) LE'J‘ 0 5;_|Z|Syst.+stat. unc. (gen)
@ 1.5F @ 1.5F
W € 8 f 8
q :\N\,< 5 % - % 1
q, = 0.5— |:|Stat unc. (gen) 2 0.5— |:|Stat unc. (gen)
g -1 -2 =3 <-4 -5 -6 > 1 >2 >3 >4 >5  >6
q Njets Njets
g g Differential production up to = 7 jets is

well produced by MC
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Diboson Production

» Diboson production allows us to investigate the non-Abelian nature of SU(2)

« Non-Abelian: the force carriers can interact with each other q v ~ VI
NS

* Is also a very important background in Higgs searches if 4

(ZZ, WW)

« Multiple channels are investigated (only considering here ZZ - 4l)

> > T T T T T T T
_ 161 _
& 1o} ATLAS Vs=13TeV, 36.1 fo! 8 ATLAS /s=13TeV, 36.1 fb" op —>ZZ| 4 !
= = 14 S ATLAS
%) o i Fiducial
'E' 8F ZZ — (00 "E’ 12} ZZ — 100
[) e Data [} e Data 4e °
> —— Prediction (SHERPA) > —— Prediction (SHERPA)
L sl 777, Prediction stat. & syst. uncertainty | L 10 777, Prediction stat. & syst. uncertainty ]
qq— 22 qq— 227
. gy ZZ 8 /i . g9 22 | -
. ;B>p ? Zij(,ielectroweak pp — ZZjj, electroweak \S = 1 3 TeV, 361 fb
r Il Backgroun 1 6F Il Background
___ Prediction (POWHEG + PYTHIA, Prediction (POWHEG + PYTHIA, 292”
SHERPA) ~T7 SHERPA) [} Measurement
2t M i
: Tot. uncertainty
L_ . Stat. uncertaint
o — © 4n Y
"('U' 14} = ‘CB' .
3 , z S — NNLO + corrections
77
R | ~ i
5 | PPETRY, | s eI 1A | | R *
[0 2 ;
a oL . . . Vizzzaasia ] & ) . Combined + 26
200 300 400 500 600 700 800 1500 o 0 50 100 150 200 250 1500
m4€ [GeV] pT,Z1 [GeV] ] 1 1 | ] 1 1 ] 1 ] | 1 1 1 | 1 ] 1 | 1 ] 1

0.6 0.8 1 1.2 14 1.6 1.8
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Diboson Production

» Diboson production allows us to investigate the non-Abelian nature of SU(2)

, | , , i gy

« Non-Abelian: the force carriers can interact with each other q v ~ VI
NS

q [BLE

haw

* |s also a very important background in Higgs searches L

(77 \ANAN
24

E LHC Data 2016+2015 (\s=13 TeV)
22— * ATLAS 2z llll (m_66-116 GeV) 36.1 fb"

C LHC Data 2015 (1s=13 TeV) ATLAS

- < CMSZZ- Il (mII 60-120 GeV) 2.6 fb™ ri ng here ZZ 9 4|)

18— LHC Data 2012 (1s=8 TeV) +
~ 0 ATLAS ZZ- li(llivv) (m 66-116 GeV) 20.3 fb”
16~ o cMs zz— 1l (m_ 60-120 GeV) 19.6 b

14— LHC Data 2011 (1s=7 TeV)
— ® ATLAS ZZ- li(li/vv) (m 66-116 GeV) 4.6 fb™

12— e CMS zZ- Illl (m 60-120 GeV) 5.0 fb'"

10 — Tevatron Data (1s=1.96 TeV)
e CDF ZZ-> II(ll/vv) (on-shell) 9.7 fb™

20

o7 [Pb]

* We can also check that our predictions scale with the
E.me @s they should

8 f_ ® DO ZZ II(llv) (m, 60-120 GeV) 8.6 fb”

6 MATRIX CT14 NNLO
- asaua=s ZZ (pD

4 . (pPP)
- — 2z(pp)

2 :— .‘f“

0 L | F | | 1 | 1 | | | | | | | 1 I | | | | | | | | | | | | |
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Vector boson scatterinc

14/07/2018

 \ector boson scattering is essentially using the LHC beam
to provide a source of W/Z bosons (which then scatter)

« The cross section for this can be calculated using EWK
theory... and it’s divergent wrt E_

o(nb]

V'V = VV). no Higgs

K SM without a Higgs boson

v WeW= — 22
0.5 - VI s ]
N,

T
0 LY L1 S

127



Vector boson scatterinc

o|nb]
'] a(VV = V) with my, = 130 GeV
1N
“_ SM with a 120 GeV Higgs boson
[—— .\‘\"l.‘ "
0.1 e
\\-“-»-H_\:‘::i:—— e . i
. S
1 WAW= = WeW=
— WtWT s 22
WAz Wz
T W Wt
0,001 — EF 4+ 22
T T
0 100M) M)
\!": Il':t""]
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RILE}

 \ector boson scattering is essentially using the LHC beam
to provide a source of W/Z bosons (which then scatter)

« The cross section for this can be calculated using EWK
theory... and it’s divergent wrt E_

o(nb]

V'V = VV). no Higgs

SM without a Higgs boson

T I
0 LY 2(NN) S0
V7 [GeV]

 Clear suggestion that the Higgs should exist
(contributes extra diagrams to prevent the divergence)
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Anomalous Gauage Couplings

 |In the same manner that Fermi used an effective field theory (EFT) to model the neutron decay, we can do
something similar to probe new physics (via EW), A is the energy scale of the new physics

( . )
(‘n”] - coupling coefficients

1 (n
Lepr = E An E QETL)OI(H) O;™. operators of dimension
n i

mass*+n

* We can produce an effective Lagrangian that introduces anomalous gauge couplings which are forbidden in
the SM

- l"'

£ = —igwwvlgl (WILWH - WHW, V" + " WIw, v 4+ Z_wi weyv)
LT

SM:gY =ky=1:Av =0
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Anomalous Gauage Couplings

 |ots of processes to calculate to investigate this (EWK VBS):

q3
f1
f
I3

fa
q4

q3

> f
V1 ‘/4 _ Vl V3
", fa +
I3
1 Ve ) Ve Vi
_ Ja
qa q2
q3 a1 q3
N >
fi bil
_ Wi Vs 4 _
fa fa
H
I3 f3
) V2 Iy,
fa fa

q4

q2

q3
fi
f2
I3
fa
q4

« And also a large contribution from processes that aren’t EWK VBS diagrams

q1 q3 q1
fi
Va _
7 fa + Vi
V3 I3
fa
q2 q4 q2
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Anomalous Gauage Couplings
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Anomalous Gauage Couplings

No Significant excesses, hence limits on the terms in our EFT are calculated
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All very much consistent with O
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| ecture 4 - Recap

Unified EM and Weak into the Electroweak force

Prediction of the Z-boson, weak neutral current interactions

Discovery of the Z-boson and W-boson (including their masses)

Electroweak physics at the LHC
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Course - Recap

* By now you should know the basics of the construction of the
electroweak theory

+ How we moved from Maxwell’s equations, using special relativity and
quantum mechanics to the Dirac equation

» Moving from the Dirac equation, using QFTs to build the QED Lagrangian

» How to read a Feynman diagram to construct the matrix element (given
the Feynman Rules)

* The introduction of the weak force. The Fermi EFT method, and moving
from this to the full weak force description

* The unification of the EM and Weak force, into the electroweak theory

+ Some LHC physics, and why the EWK force is still very much relevant
today.

* Thank you for your attention!!
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CMS measurements 7 TeV CMS measurement (stat,stat+sys) -0
vs. NNLO (o) theory 8 TeV CMS measurement (stat,stat+sys) e
13 TeV CMS measurement (stat,stat+sys) e
014 1.06+0.01+0.12 50fb"
WY, (NLO th) ——o—— 1.16+0.03+0.13 50fb"
Zy, (NLO th,) o 0.98+0.01+0.05 5.0fb"
Zy, (NLO th,) —— 0.98+0.01+0.05 19.5fb"
WW+WZ 1.01+0.13+0.14 4.9fb"
WW - 1.07+0.04+0.09 4.9fb"
Ww e 1.00+0.02+0.08 19.4fb"
ww ——e——i 0.96+0.05+0.08 2.3fb"
wz o e 1.05+0.07+0.06 4.9fb"
wz i 1.02+0.04+0.07 19.6fb"
wz e 0.96+0.02+0.05 35.9fb"
Y4 0.97+0.13+0.07 4.9fb"
7z e 0.97+0.06+0.08 19.6fb"
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1 1 1
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All results at:
http://cern.ch/go/pN;j7
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Production Cross Section Ratio: o,/ o,
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