Particle Physics

Dr Victoria Martin, Spring Semester 2013
Lecture 1: The Mysteries of Particle Physics,
or “Why should | take this course?”
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Ay Contents:

‘ e Review of the Standard Model
= What we know
= What we don’t know

e Highlights from 2012 particle
physics

= What we know now that we
didn’t know this time last year




Course Organisation

Teaching weeks: 14 January - 15 February; 25 February - 5 April
ILW: 18 - 22 February (no lectures)

Particle Physics course:
e 18 Lectures: Tuesday, Friday 12:10-13:00 (JCMB 5215)
e No PP lectures: 10 Feb, 6 April

e Two themes: Particles & interactions of the Standard Model, Current topics in
particle physics

e Tutorials: Monday 3-5 in 5326

e |I'll try to recommend reading for the course from Introduction to Elementary
Particle Physics by David Griffiths. (7 copies in Darwin Library)

e Printed notes and problem sheets handed out periodically and available on the web.
e Lecture slides (and eventually solution sheets) will only be available on the web.



e Dr Victoria Martin, @ATLAS

EXPERIMENT

JCMB 5419 http://atlus.ch

e | work on the ATLAS
experiment at the X
Large Hadron Collider
at CERN.

e | currently lead the
University of Edinburgh
ATLAS team of ~20 PhD
students, postdoctoral
researchers and Run: 204763

Event: 49333326
Date: 2012-06-09

academics Time: 16:08:25 CEST

e | also have an interest in future colliders e.g. a high energy e+e—
collider

e Personal interest: looking for the decay of the Higgs boson into
quarks, e.g. H—bb



References & Websites

* Course website: http://wwwg.ph.ed.ac.uk/~vjm/Lectures/SH_IM_Particle Physics 2013.html

Introductory textbooks
« D.Griffiths - Introduction to Elementary Particles (Wiley 2008)
« C. Tully - Elementary Particle Physics in a Nutshell (Princeton 2011)
« B.R.Martin & G.Shaw - Particle Physics (Wiley 1997)
* D.H.Perkins - Introduction to High Energy Physics (CUP 2000)

More advanced textbooks
* F.Halzen & A.D.Martin - Quarks & Leptons (Wiley 1984)
« A.Seiden - Particle Physics: A Comprehensive Introduction (Addison-Wesley 2005)
* [.J.R.Aitchison & A.J.G.Hey - Gauge Theories in Particle Physics (Hilger 1989)

Useful websites
< CERN/LHC http://public.web.cern.ch/public
< Particle Data Group (PDG) http://pdg.lbl.gov



http://public.web.cern.ch/public
http://public.web.cern.ch/public
http://pdg.lbl.gov
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Particles & Interactions of the Standard Model

ntroduction: The Mysteries of the Standard Model

. Forces, feynman diagrams, scattering.

Dirac equation & spinors.

Electromagnetic interactions: Quantum Electrodynamics (QED).
. Weak Interactions, Weak decays & Neutrino scattering.

. Deep inelastic scattering, the parton model & parton density
functions.

Strong interactions: Quantum Chromodynamics (QCD) and Gluons.
8. Quark model of hadrons. Isospin and Strangeness. Heavy quarks.
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Current Topics in Particle Physics

Content to be finalised, but probably including...

. Hadron production at Colliders, Fragmentation and jets.
. Weak decays of hadrons. CKM matrix.

. Symmetries. Parity. Charge conjugation. Time reversal. CP and CPT.
. Mixing and CP violation in K and B meson decays.

. Neutrino oscillations. MNS matrix. Neutrino masses.

. Electroweak Theory. W and Z boson masses.

. Spontaneous symmetry breaking and the Higgs boson.

. Beyond the Standard Model. Supersymmetry. Grand unification.

18. Recent physics results at the LHC.
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Standard Model Matter Particles

e Matter particles are observed to be s=Y fermions.

e Two distinct types: quarks and leptons.

e Grouped into three, successively heavier, generations.

e Four key quantum numbers: charge (Q), isospin (Iz), baryon number (B), lepton humber (L)

Q I Three Generations B L
YA of Matter (Fermions) B
aryon Lepton
Charge  Isospin I II I Number Number
mass- | 2.4 MeV 1.27 GeV 171.2 GeV
+2/3e +1/2  charge-% u s % +1/3 0
spin-| ¥4 2 2
name- up charm top
4.8 MeV 104 MeV 4.2 GeV
-1/3e  -1/2 |5 -V 3 +1/3 0
% |va 2 2
C% down strange bottom
<2.2 eV <0.17 MeV <15.5 MeV
0 +1/ 2 0 0 0 0 +1
v Ve ||l Vi |lw V1
electron muon tau
neutrino neutrino || neutrino
0.511 MeV | |105.7 MeV | |1.777 GeV
-le -1/2 a B e -1 -1 0 +1
g | V2 u 2 T
' | electron muon tau




Mysteries of the Fermion Masses

e Masses are well measured (apart from the very low mass v;) but the
hierarchy not understood:

Masses
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e Logarithmic scale covers 15 orders of magnitude!

e Charged leptons (fi=e,u,t), up-type quarks (u; = u,c,t) and down-type quarks
(d~=d,s,b) quarks have similar masses but the patterns are not identical

e Absolute scale of neutrino (v;) masses is unknown apart from upper bound
on m(v.) < 2eV

e Only two independent v; mass differences are known:
Ami2? = (7.5+£0.2) x 10 eV?, Amz3? = (2.321912_4 93) x 103 eV?



Standard Model Forces

e Four interactions observed in nature: electromagnetic, strong, weak and gravity.
e The Standard Model describes interactions due to electromagnetic, strong, weak.

e Interactions between the fermions are transmitted by “force carrying” gauge
bosons with S=I1.

e Each force couples to a property of the fermions.
e The structure of the interactions of each force are described mathematically by

a symmetry group (more on this later)

Interaction Coupling Couples Gauge Charge Mass
Strength To Bosons e GeV/c?
Strong as ~ 1 colour-charge | Gluons (g) 0 0
Electromagnetic a=1/137 electric charge | Photon (v) 0 0
B . weak W= +1 80.385 + 0.015
Weak G =1x10 hyercharge { A 0 01.1876 + 0.0021
Gravity 0.53 x 10738 mass Graviton 0 0




Interactions of the Leptons

Electromagnetic
i (i . .
No strong interactions!
¥ (photon)
7 {j
Weak (charged) Weak (neutral)
{i Vi {i {i
W= A
Vj {; V;j Vj

e Leptons interact due to all the electromagnetic and weak forces.

e All charged leptons (fi= e, u, T) have the same couplings (lepton universality)

e Only W-boson interactions can cause the leptons to change flavour (from charged to neutral)
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Interactions of the Quarks

Electromagnetic
U; U;

¥ (photon)
dj d;

Weak (charged)

Ui d;
W:l:

d; uj

e Quarks interact due to all the forces.
e All flavours have the same strong force coupling

Strong
U; Ui
g (gluon)
d; d;

Weak (neutral)

U; Ui
A
dj dj

e Only W-boson interactions can cause the quarks to change flavour (from up-type to

down-type).
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Mysteries of the Fermions

e Are the fermions really point-like objects (r. <1072'm)?

e Why are there exactly twelve (or 24) elementary fermions?

e Why are there three “generations” with different “flavours”?

e Why do quarks have strong interactions with three “colour charges”?

e Why do weak interactions change quark flavour, but not lepton flavour?
e Why do neutrinos have flavour oscillations?

e Why more matter than anti-matter (baryon asymmetry)?
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Mysteries of the Bosons

e Electromagnetic and weak interactions are unified at the
Electroweak scale (246 GeV)

= |s there a “grand unified” scale where the strong
interaction is also included?

e What is the mechanism that breaks electroweak
symmetry, and how does it explain the large masses of
the W and Z bosons?

125 GeV
HO

e Are there extra Higgs bosons? Higgs

e What are the couplings of Higgs boson(s)?

e How do we include gravity?

Bosons (Forces)
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Quark Mixing

e Quark flavours are observed to change in W-boson interactions

e Described in the Standard Model with the Cabibbo-Kobayashi-
Maskawa quark mixing matrix

d’ Vud Vus Vub d

s | = Vea Ves Ve S

b’ Via Vis Vi b
(1Vial |Vis| [Vi|]  [0.97428 + 0.00015 0.2253 4 0.0007  0.00347+2:09016 7
Vgl |Vis| V|| = | 0.22524£0.0007  0.97345+099015  (9.0410+0.9911
Vil [Visl |Vis|] | 0.00862%( 000s0 0.0403%00067  0.999152+0-000030

e The parameters of this matrix are experimentally measured, but why

this structure!?

reference: Wikipedia http://
en.wikipedia..org/wiki/Cabibbo-
Kobayashi-Maskawa,_matrix
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Neutrino Mixing

e Neutrinos are also observed to change flavour e.g. muon neutrinos
produced in the atmosphere from cosmic rays v,—v:

e Implies neutrinos have mass. The mass eighenstates of the neutrinos
are a mixture of v., v, and v.. Two possible solutions for current

measurements: A A
IH:."; e /3 /9 anbas IN:‘_;
I m—— - ]
Ve Vl
Vy — VMNS Vo
Vr V3 1115 w—— — S /)
m; s— 1/ Vg S— 1 111
0.822 0.547 —0.150 = 0.0381i] 0.822 0.547 —~0.150 4+ 0.04291
Ung = 0.356 +-0.01981 0.704 4+ 0.01311 0.614 U = | =0.354 +0.02241  0.701 4 0.0149; 0.618
0442 + 0.02481 —0.452 4+ 0.01661 0.774 | 0.444 4+ 0.02781 —0.456 + 0.01861 0.770

e Mixing fractions are experimentally measured. Why this pattern!?

e Neutrinos masses don’t really fit into the Standard Model, they imply

other particles/interactions we haven’t observed yet.

reference: Wikipedia http://en.wikipedia.org/wiki/
Pontecorvo-Maki-Nakagawa-Sakata matrix
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The Dark Side

* Only 4.6% of the current universe is normal matter
(baryons + electrons = atoms)

« To account for rotation curves of galaxies,
gravitational lensing and large scale structure
need:

23.3% “Dark Matter”
Must be weakly interactive massive particles (not

yet discovered) candidates are provided by a
“supersymmetric” extension to the Standard Model

« To account for acceleration of expansion of the
universe need:

72.1% “Dark Energy”
May be described by a cosmological constant A

Could particle physics describe either dark matter
or dark energy?

Atoms

4.6% Dark

Energy

72%
Dark

Matter
23%

TODAY

Dark
Matter
63%

Neutrinos
10 %

Photons
15%

Atoms

12%
13.7 BILLION YEARS AGO
(Universe 380,000 years old)
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Beyond the Standard Model

Many models proposed to explain some mysteries in the Standard Model, e.q.

Supersymmetry (SUSY): every SM particle has a supersymmetry partner:
= §=0 squarks and sleptons

= §=% neutralinos, charginos, higgsinos
= automatically introduces extra Higgs bosons

We are searching for these new particles directly at the LHC. Neutralinos may be
candidates for dark matter.

Grand unified theories merge strong & electroweak interaction at 10! to 1016 GeV

= Proton decay? Lifetime >102° to 1033 years (depending on model)
Search for evidence of proton decay

Additional Heavy neutrino(s) at GUT scale can explain neutrino oscillations and
light neutrino masses.

Extra dimension where only gravity interacts
= Mini black holes, new resonances
Searches at the LHC.
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Particle Physics in 2012

The two big results of the year were:
Discovery of a new boson, very probably the Higgs boson!
A first measurement of Bs—utu~

A measurement of neutrino mixing angle sin 613
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Observation of Bs—u*u-

[E—,
N
T

LHCb A
1.0 fb"'(7TeV) +1.1 fb"(8TeV) _]
BDT>0.7

[
\®)
T ] 11

e By LHCb experiment at CERN

o
-
| |

e Measured Branching Ratio is
BR(Bs—u*u™) = (3.2 £ 12) x 10~°

Candidates / (50 MeV/c?)

S NN AN ©
I I o A\ VA L

e Compatible with the prediction of
the Standard Model

e Better measurements could limit
the contributions from non-
Standard Model processes

reference: http://arxiv.org/abs/1211.2674
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Electron Neutrino Disappearance

®
e |14

e Day Bay experiment in South China AD3 Ling A-II NPP

e Sensitive to electron anti-neutrinos ( ve) EH3 2 .
from six nuclear reactors (D, L) detected AD@6 AD4 Ling Ao NPP
Oy six detectors (AD). %Ans

e Look at difference between detection rates
between near (EH1, EH2) and far (EH3)

AD1 AD2

detectors. .
200 m ® D2
Psurvival ~ 1 — Siﬂ2 2913 81n2(1267Am§1L/E) T Daya Bay NPP

—4— Far Hall

—}— Near Halls (weighted)

25MeV

2000F

o Ams3i? =2.23 £ %12) 53 meV? measured from
the atmospheric reactions

e E is the energy of vein MeV

e | is the distance of between detectors in
metres.

e Measurement is sinZ0:3= 0.0089 + 0.0011

Entries / 0
o
S
S

1000}

500f

S
LI

p—
[\®)
LI L

[S—
LI R B B

Far / Near (weighted)

S
o0

reference: http://arxiv.org/abs/1210.6337 [ E—

10
Prompt Energy (MeV)
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Discovery of the Higgs Boson

§5°:" ATLAS Preliminary
‘_g: - e Data
. S40— Background 22"’
e ATLAS and CMS experiments at CERN w4°- =Ba°k223 s o
. || Signal (m =125 GeV)
E 7/ Syst.unc.
e “Bumps” observed in invariant mass ~ HoZz o4l
. 20 [ \s=7TeV:|Ldt=4.6fb"
at m = 125 GeV 1n: |\s=8Tev:JLdt= 13.0 fb”

yy 10
eeee (={euy) :
e Consistent with H—yy and

200 400 600
m, [GeV?

> :-_ & v | R . ¥l v v _-1

. 8 e - Selected diphoton sample =

H—ZZ7Z—4¢t production &, EwE - L O
-3 5000 _:‘_T“ --------- Bkg (4th order polynomial) —_.::

5 2000 ATLAS Preliminary 3

° ° ° ° ° SOOOE:— ...‘. -_i

e Statistical significance of the excess e e =
is now 7 o from ATLAS alone! 000E- 1528 TV, [Lat = 13.01° =
iT 3005»— ' : ; ' =

.2 200~ i\ -

3 ‘00;_ . + . va o o0 3

S - SAAKE v

100?7-+ . . + . ? ? + + o _;:

References: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ '”?o:o s P s i s _:60

ATLAS-CONF-2012-170/, ATLAS-CONF-2012-169/, ATLAS-CONF-2012-168/ : m,, [GeV]
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%ATLAS
LEXPERIMENT

Run Number: 191426, Event Number: 586054500

Date: 2011-10-22 15:30:29 UTC

H—Z77Z—4e candidate event

(?ATLAS

EXPERIMENT
Mip://utles.ch
b Jewel
Cvern LG40

e 2010518

|
H—yy candidate event




December 2012

e Fabiola Gianotti is named Time magzine
Person of the Year 2012, runner up

e Higgs boson is particle of year 2012.

e Professor Higgs awarded Membership of
the Order of the Companions of Honour
by Queen Elizabeth Il

e Alan Walker is awarded an MBE for
services to science engagement and

science education in Scotland. GIANOTT

http://www.ph.ed.ac.uk/news/new-years-honours-2013-08-01-13
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Summary & Reading List

e Summary: the Standard Model is our current model for particle

physics. But it doesn’t explain all observations.

e Experiments are underway to try to
make precise measurements and
search for new phenomena.

e Key point from today: learn/review
the Standard Model particles and
forces.

Highly suggested reading:
e Today’s lecture: Griffiths 1.1 -1.5
e Friday’s Lecture: Griffiths chapter 2

mass-+
charge-
spin-

name-

Quarks

Leptons

Three Generations
of Matter (Fermions)

I

I

III

» U
up

1.27 GeV

171.2 GeV

%A
2
top

458 MeV

Y
2

down

4.2 GeV

v L

2
bottom

<2.2 eV

0

1 Ve
electron
neutrino

<0.17 MeV

32\,]1

muon
neutrino

<15.5 MeV

0
2 V'C

tau
neutrino

0.511 MeV

w ©

electron

105.7 MeV

-1
2 u

muon

Bosons (Forces)
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From Tuesday: Summary

e Summary: the Standard Model is our current model for particle

physics. But it doesn’t explain all observations.

sharge-

spin-

Highly suggested reading: e

e Tuesday’s lecture: Griffiths 1.1 -1.5

e Today’s Lecture: Griffiths chapters 2 §
& 6

Three Generations
of Matter (Fermions)
I II III
2.4 MeV 1.27 GeV 171.2 GeV
M EcRt
Ul U |n
up charm top
4.8 MeV 104 MeV 4.2 GeV
*d s #b
Y2 2 a2 NI
down strange bottom
<2.2 eV <0.17 MeV <15.5 MeV
0 0 0
s Ve 2] Vl,l, 2 V‘t
electron muon tau
neutrino neutrino || neutrino
0.511 MeV | |105.7 MeV | |1.777 GeV
-1 -1 -1
e LU nT
electron muon tau

Bosons (Forces)
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Particle Physics

Dr Victoria Martin, Spring
Lecture 2: Feynman

%

Semester 2012
Diagrams

*2012 highlights

Decays and Scatterings
~eynman Diagrams

Fermi’s Golden Rule



Particle Physics in 2012

Three big results of the year were:
Discovery of a new boson, very probably the Higgs boson!
A first measurement of Bs—utu~

A measurement of neutrino mixing angle sin 613



Observation of Bs—u*u-

[E—,
N
T

LHCb A
1.0 fb"'(7TeV) +1.1 fb"(8TeV) _]
BDT>0.7

[
\®)
T ] 11

e By LHCb experiment at CERN

o
-
| |

e Measured Branching Ratio is
BR(Bs—u*u™) = (3.2 £ 12) x 10~°

Candidates / (50 MeV/c?)

S NN AN ©
I I o A\ VA L

e Compatible with the prediction of
the Standard Model

e Better measurements could limit
the contributions from non-
Standard Model processes

reference: http://arxiv.org/abs/1211.2674



Electron Neutrino Disappearance

®
e |14

e Day Bay experiment in South China AD3 Ling A-II NPP

e Sensitive to electron anti-neutrinos ( ve) EH3 2 .
from six nuclear reactors (D, L) detected AD@6 AD4 Ling Ao NPP
Oy six detectors (AD). %Ans

e Look at difference between detection rates
between near (EH1, EH2) and far (EH3)

AD1 AD2

detectors. .
200 m ® D2
Psurvival ~ 1 — Siﬂ2 2913 81n2(1267Am§1L/E) T Daya Bay NPP

—4— Far Hall

—}— Near Halls (weighted)

25MeV

2000F

o Ams3i? =2.23 £ %12) 53 meV? measured from
the atmospheric reactions

e E is the energy of vein MeV

e | is the distance of between detectors in
metres.

e Measurement is sinZ0:3= 0.0089 + 0.0011

Entries / 0
o
S
S

1000}

500f

S
LI

p—
[\®)
LI L

[S—
LI R B B

Far / Near (weighted)

S
o0

reference: http://arxiv.org/abs/1210.6337 [ E—
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Discovery of the Higgs Boson

§5°:" ATLAS Preliminary
‘_g: - e Data
. S40— Background 22"’
e ATLAS and CMS experiments at CERN w4°- =Ba°k223 s o
. || Signal (m =125 GeV)
E 7/ Syst.unc.
e “Bumps” observed in invariant mass ~ HoZz o4l
. 20 [ \s=7TeV:|Ldt=4.6fb"
at m = 125 GeV 1n: |\s=8Tev:JLdt= 13.0 fb”

yy 10
eeee (={euy) :
e Consistent with H—yy and

200 400 600
m, [GeV?
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H—ZZ7Z—4¢t production &, EwE - L O
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5 2000 ATLAS Preliminary 3

° ° ° ° ° SOOOE:— ...‘. -_i

e Statistical significance of the excess e e =
is now 7 o from ATLAS alone! 000E- 1528 TV, [Lat = 13.01° =
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%ATLAS
LEXPERIMENT

Run Number: 191426, Event Number: 586054500

Date: 2011-10-22 15:30:29 UTC

H—Z77Z—4e candidate event
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December 2012

e Fabiola Gianotti is named Time magzine
Person of the Year 2012, runner up

e Higgs boson is particle of year 2012.

e Professor Higgs awarded Membership of
the Order of the Companions of Honour
by Queen Elizabeth Il

e Alan Walker is awarded an MBE for
services to science engagement and

science education in Scotland. GIANOTT

http://www.ph.ed.ac.uk/news/new-years-honours-2013-08-01-13
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Prof H1ggs visits ATLAS
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Scattering Theory

e Consider the interactions between elementary particles.

e Review from Quantum Physics, Lecture 12, 13: Quantum Scattering
Theory & the Born Approximation

e Born Series: we can think of a scattering in terms of series of terms

) . ) ) 2 ; .
No Scattering + Single Scattering ~ U +  Double Scattering ~ U 4+ Multiple Scattering

e 1 boson exchange is more probable than 2 boson exchange which is
more probable than 3 boson exchange...

e The total probability is the sum of all possible numbers of boson

exchange
Miot = M1+ Mo ++Msjs ...

e Feynman diagrams make use of the Born series to calculate the
individual matrix elements M;
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Drawing Feynman Diagrams




Drawing Feynman Diagrams
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Drawing Feynman Diagrams

Initial state
particles on
the left

€

€

“virtual” bosons
are exchanged
in the middle
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Notation Review

e A u sub- or super- script represents a four vector, e.g. x*, p*, pu
e u runs from 0 to 3

p* = (p°,p', 0", p°) = (E, ps, py, p-)

e This lecture also introduce other quantities with u index, 4=0,1,2,3

e The scalar product of two four vectors

a”bu = a8 — a'b! — a%b? — 33

e The three dimension differential operator

. (0 9 0
V= \ oz oy 02

e Four dimension differential operator

o _ (10 0 9 0
B\ eot’ 0x’ Oy’ 0z




Scattering Theory

e Consider the interactions between elementary particles.

e Review from Quantum Physics, Lecture 12, 13: Quantum Scattering
Theory & the Born Approximation

e Born Series: we can think of a scattering in terms of series of terms

) . ) ) 2 ; .
No Scattering + Single Scattering ~ U +  Double Scattering ~ U 4+ Multiple Scattering

e 1 boson exchange is more probable than 2 boson exchange which is
more probable than 3 boson exchange...

e The total probability for a scattering is the sum of all possible humbers
of boson exchange:

Mtot:M1+M2—|—M3...

e Feynman diagrams make use of the Born series to calculate the
individual terms in the matrix elements series M,
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The Feynman Rules

» Each part of the feynman diagram has a function associated with it.
Multiply all parts together to get a term in the Born expansion

» Initial and final state particles have wavefunctions:

< Spin-0 bosons are plane waves
< Spin-%2 fermions have Dirac spinors
< Spin-1 bosons have polarization vectors &

» Vertices have dimensionless coupling constants:
¢ Electromagnetism has Va =e
+ Strong interaction has Va,=g,

<~ Weak interactions have g, and g, (or ¢, and c))

» Virtual particles have propagators, g# is momentum transferred by boson

< Virtual photon propagator is 1/g4°
< Virtual W/Z boson propagator is 1/(q*-M,?); 1/(q> —-M /*)

¢ Virtual fermion propagator is (y*q, + m)/(q* — m?)

y* (Gamma matrices) and spinors ... next lecture



Plane Waves

e Plane wave can be used to describe spinless, chargeless particles:

) = e W7 p-x=p'z, =hk- T — wt)

e Define the probability current for the particle
Ju =17 Opth = 0,7
e Note this is a four-dimensional quantity:
="
e For a scattered particle changing momentum p;,— p:

Wave for initial state Wave for final state
V; = e WPiT @pf — ¢ ‘Pre

Juli = f) =[] Outbi — i Outfy]
= (pi+py)e PP



Matrix Element for Spinless Scattering

Hypothetical interaction in which two D3
spinless charged particles exchange

one virtual photon

Di

4=P1—P3=Ps— D>

D4
Vertex

Couplings

\

o
M = — (p1+p3)(p2 + ps) 6" (1 + P2 — P3 — pa)

q
AN
Photon Plane Waves
Propagator

Four momentum
conservation

a (s — u)
L

(in terms of Mandelstam variables) M =



Mandelstam Variab'le‘s'

Introduce the Lorentz invariant scattering variables: s, r and u

Pi D3 Pi e P3
e’ e’
s-channel
t-channel Y ,
) t=P;=p3)
‘ ’ e € Py
D, 1y Dy
s =(prtpy)’
u-channel
For highly relativistic elastic scattering Dy u=(p, —p,)*
P~ E, m<<EFE: e
s =4 p*? e D3
t =—2p* (1—cos 0"
u =—2 p*? (1+cos 0% i
with p*=p;=p; is the CM momentum of the )
particles, and 6 is the CM scattering angle € P4

D>



Measuring Interactions

e To test the Standard Model (or any other model) of particle physics,
relate Feynman diagrams with measurable quantities.

¢ Two main measurable processes in particle physics:
% particle decay e.g. 4A—cd
= measure decay width, I' (4 — ¢ d)

* scattering e.g.ab—cd
= measure cross section, o (a b — c d)

e Related to M (calculated from Feynman diagrams) through Fermi’s Golden
Rule:

27T 2T
FN— 2 ~ —— E
[ MI7p o~ —|M["p

e p is the phase space - a purely kinematic quantity

(cem tiitnrial cheet and /ar Griffithe Annendiv R)



Measuring Decays

e Measure the lifetime of a particle in its own rest frame.

e Define the decay rate, I': the probability per unit time the particle will

decay:
Y dN = —I'Ndt N(t) - N(O)@_Ft

e Mean lifetime is ¢ =1 /I'" (natural units).
e For rinsecondscanuser=h/T

e Most particles decay more than one different route: add up all decay
rates to obtain the total decay rate: i
et = ) T
i=1

1
Ftot

e The lifetime is the reciprocal of 't 7

e The different final states of the particle are known as the decay modes.
e The branching ratio for the ith decay mode is: T"; /T";;

10



Example: Decays of the K% meson

e Collated by the particle data group: http://pdglive.lbl.gov

K% I(J7) = 3007)
Mean life 7 = (0.8953 % 0.0005) x 10710 s

Scale factor/ p

Kg DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic modes
7070 (30.69-0.05) % 209
atmT (69.20-£0.05) % 206
T 70 (35 538 )x1077 133
Modes with photons or £ pairs
ata Ty [fm] ( 1.7940.05) x 10~3 206
Ttn et e ( 4.7940.15) x 107> 206
70 [m] (49 +1.8 )x10~8 231
vy ( 2.63+£0.17) x 10~° S=3.0 249
Semileptonic modes
rteTu, [n] ( 7.04+0.08) x 10~4 229

e Which decay modes happen and which not provide information on
symmetries and quantum numbers


http://pdglive.lbl.gov/
http://pdglive.lbl.gov/

Key Points

e Interactions in particle physics are caused by the exchange of bosons
(photon, gluon, W, Z).

e Use perturbation theory to describe the interactions in terms of
numbers of bosons.

1 boson exchange is most probable

2 boson exchange is next most probable

3 € {3 € € € €

4

e Use Feynman diagrams to illustrate these terms in the perturbation
series

e Use Feynman rules to calculate a value for each Feynman diagram,
the matrix element, M

e The matrix element is used to calculate cross sections and decay
widths to compare to experimental results.

12
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Schrodinger Equation

e Classical energy-momentum relationship:

p2

E = -V
2m
e Substitute QM operators:
p=—ihy B—inl

ot

fw Ve | 7
815 ( h - V)zp—Hw

Schrodinger equation!

e 1st order in ¢/0t; 2nd order in ¢/0x. Space and time not
treated equally.



Klein-Gordon Equation

e Relativistic energy-momentum relationship is:

E? = 5262 + m2c

e Substitute the operators:

p=—ihy E = ih—

e To give the Klein-Gordon equation:

st = (5) v

e The Klein-Gordon equation describes spin-0 bosons. Solutions are plane
waves (see lecture 3):

b=e T p.ox=phlr, =hk-T—wt)

e KG equation is 2nd order in ¢/0t and 0/0x



Negative Energy & the Dirac Equation

e The relativistic energy-momentum equation is quadratic, negative energy
solutions are possible:

E2:ﬁ2—|—m2 = E:::\/ﬁ2—|—m2

e Dirac searched for 1st order relationship between energy and momentum,
using coefficients a! a? @ and g

. 0
B = (@ 5t fmp =i

e Need to find solutions for & and g



Dirac Equation

e Solution is more elegant defining ¥y = g, y! = Bdl, y* = pa?, v? = po’
e The Dirac equation can be written (with ¢=h =1) as:

0 .
i<¢kﬁl*ﬁvﬁﬂﬂ=mw

in covariant notation: 7/ 0,1 = mu

e Multiplying the Dirac equation by its complex conjugate must give KG:
it i ) (0L i S —m) =

e This leads to a set of conditions on the four coefficients #:
(W) =1 ()=-1 (*)=-1 ()=-1
(v} =" ++79" =0

y* are unitary and anticommute



The Gamma Matrices - 1

e To satisfy unitarity and anti-commutation the »* must be at least 4 x 4
matrices.

e More than one representation. The usual one is:

1 0 0 O 0 0 0 1
o o1 0 o [ o 0o 1 0

=10 0 -1 o0 T=1 0 =1 0 o0
0 0 0 —1 1 0 0 0

0 0 0 —i 0 0 1 0

2 OO’LO 3 OOO—].

=1 0 i 0 o =1 =1 0 0 o
i 0 0 0 0 1 0 0

e ¥ are not tensors or four vectors! They do remain constant under Lorentz
transformations



The Gamma Matrices - 2

e Gamma Matrices are also often written in a 2x2 form:

" I 0 _l. 0 o
o A= .
0 -1 —oc* 0

0 1 0 — ¥ 9
1 0 t 0 0 -1



Dirac Equation and Solution

e I[N matrix notation:

T m 0 152 o oy / wl \
0 i9—m L -9 —i 2 2
, or — ™ oz T by 9z 1?3 _
_6)@% , Zaxa Dy o — 80 ¢4
. | o .
tor oy 152 0 T m \ w /

e In co-variant notation:
(Z./Yﬂau - m)w =0

e Solutions y to the Dirac Equation have a:
e phase term: e %
e Dirac spinor term, a function of the four-momentum: u(p#)

) = u(p”)e_ip'x with u solution to (V“pu —m)u =0

vl

o O O O

N—

_




Solutions to the Dirac Equation

e Dirac equation: (21y"0, —m) Y =0

00 10 5,0 30
(Woa—Z”Yla—m—WQa—y—WS@—m)iﬂ:O

e Solve for a particle at rest, p# = (m, 0), to illustrate main features of the solutions
w _ u(p,u)e—'Lp.a: _ u(p,u,)e—zmt

e Dirac equation becomes: (VOE — m) u(p“’) =0

E—m 0 0 0 ut (pH)
0 E—m 0 0 uw?(pt) | 0
0 0 —FE —m 0 uw(p*) |
0 0 0 —FE —m u* (pH)

1 2 Wi —
e Four energy eigenstates: o u' and u® with E = +m

o u3 and utwith E=—m



Negative Energy Solutions

e We can’t escape negative energy solutions. How should we interpret
them?

e Modern Feynman-Stiickelberg Interpretation:

A negative energy solution is a negative energy particle which propagates
backwards in time or equivalently a positive energy anti-particle which
propagates forwards in time.

p €~ (E<0) e" (E>0)
()] Y
5 e++ = + ¢ >'vvyvv = >\/V\A/
E>0 E<0 y
€ (E>0) e (E>0)

o—i(—E)(—t) _, —iBt

e This is why in Feynman diagrams the backwards pointing lines represent
anti-particles.

10



Discovery of Positron

I
© Copyright California Institute of Technology . A1l rights reserve
Commercial use or modification of thisz material is prohibited.

e ¢t enters at bottom, slows down in the lead plate -
know direction

e Curvature in B-field shows that it is a positive particle
e Can’t be a proton as would have stopped in the lead

11



Solutions

e Making the equation first order in all derivatives introduces new degrees of
freedom!

e The four solutions represent the four possible states of a fermion.
e The u are 1 x 4 matrices - spinors or Dirac spinors (not four-vectors)!

e Using the electron as an example:

e u! represents an electron (E = m) with spin-up
e u? represents an electron (E = m) with spin-down
e 1’ represents a positron (E =—m) with spin-down
e u* represents a positron (E =—m) with spin-up

e u’(p) and u*(p) are often written as v!(p*)=u*(—p*) and v*(p*)=u’(—p*)

[0 ul(ph) ul(ph)
w _ ¢2 _ u2 (p,u) e—ip-a: _ u2 (p,u) e—ip-a:
IR u® (p*) v?(—p*)
\ v* ut(ph) ) vl (—pH)

12



Spinors moving and at rest

e For a particle at rest spinors take the trivial form:

| i o) [0) [ 0)
. 0 ) 1 0 0
0 1

0 0
\ 0 \ 0 \ 0/ \ 1)

e For the moving particles (derivation see Griffiths Pp. 231-234):

Fermions:
[ 1 ) ( 0 )
1 0 . 1
pz/(E +m) (pz — ipy)/(E + m)
\ (pz+1ipy)/(E+m) \  -p/(E+m) )
Antifermions:
([ p/(E+m) ) ( (0o —ip,)/(E+m) )
92 = (pm .y ipy)/(E + m) . _pz/(E + m)
1 0

\ 0 / \ 1 J

Where we have changed notation for antiparticles from u’(p) —v?(-p) and u*(p) — v!(-p)



Helicity

e 5pin is usually defined w.r.t the z-axis = not Lorentz invariant.
e Define helicity, &, the component of the spin along direction of flight.

—

S-p 25§
Slipl 1P

e For a §=% fermion, the project of spin along any axis can only be +%.

h =

e For a S=% fermion, eigenvalues of & are 1.
e We call h=+1, “right-handed”, h=—1 “left handed”.

% )
h=+1 = —1

“right-handed” “left-handed”

e Massless fermions with (p=FE) are purely left-handed (only «?)
e Massless antifermions are purely right-handed (only v/)

e For massive particles helicity is still not Lorentz invariant: we can boost to
frame such that particle direction of flight reverses

14



Chirality and Handedness

e Chirality is a Lorentz invariant quantify: identical to helicity for massless
particles.

e =% fermions have two chiral states: left-handed and right-handed.

e Defined using chiral projection operators P; and Prk:
e LH projection operator P. = (I —y°)/2 projects out left-handed chiral state
e RH projection operator Pr = (I + y°)/2 projects out right-handed chiral state

-

where y5 = iy%ly2y3 is 4x4 matrix:  ~°

O =) O O
_— O O O

O O = O

N—

o O O =

15



Chiral Projection Operators and >
)

VS = iyOyly2y’ /

_— O O O
o O O =
o O = O
\

~

ot
S = OO

e Properties:
= Unitary (y°)*=1
= Anti commutes with all other y matrices: {y>,y} =v>y'+ vy’ =0 .

e Left and right handed component of a fermion state are wi. =Pry, wr = Pry

o PL+Pr=1=ywy=PLy+ Pry
e Astate can always be written as the sum of LH and RH components

o P/’=pP; Pr?=Pr PLPr =0
e No overlap between the LH and RH components

16



Summary and Reading List

e The Dirac Equation describes spin-%2 particles.

(1y"0,, —m)p =0

e Solutions include four component spinors, u and v.

(Y'puy —m)u=0  (v"pu+m)v =0

v =u(p)e”P* ¢ =uv(p)e "
o With v, u=0,1,2,3 the 4 x 4 Gamma matrices

e The four solutions describe the different states of the electron e.gq. left-handed
electrons, right-handed electrons, right-handed positrons, left-handed positrons

e We use chiral projection operators to define left-handed and right-handed
states

e Any particle can be written in terms of left handed and right handed
components: y = (I — )y + (I + )y = yrLtyr

e Next Lecture: The Electromagnetic Force. Griffiths 7.5 & 7.6

17
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Announcements

e Lectures as usual this week.

e Next week:
e lecture on Tuesday only.
e No lecture on Friday 8th February.
e Tutorial next week mainly for catch up.

e Tutorial sheet solutions and notes are in preparation.
e Notes from last year are online.

= | inked from course web page.
= | ast year’s notes cover the same material, but are a bit verbose...



Student Surveys

. A National
) Student

Survey

Do you want your opinions on
your student experience to be heard?
Take part in the | el

www.thestudentsurvey.com

Your Input is Needed

We will use the findings to
shape and improve your
student experience




LHC in the Parliment

http://www.scottish.parliament.uk/visitandlearn/58283.aspx

~ o ROR Coliderat CERNinGp,
4 ) e R
i

Saturday 2 February 2013 - Friday 8 February 2013

Main Hall, Free Exhibition

A travelling exhibition showcasing the Large Hadron Collider (LHC), the world’s larg
Hall of the Scottish Parliament. o
—
Visitors can walk through a life size model of part of the LHC tunnel and learn more
help create a sense of what it's like to be a particle physicist working on the largest sc

Visitors will also have the opportunity to meet some of the UK's top LHC researe
be available to answer questions and help to inspire the next generation of sc

Associated Events
Explore Your Universe - Saturday 2 February

Come along and get involved with the fantastic new family show brought to you by Dynamic Earth as part of the Explore Your Universe project in
partnership with the Science and Technologies Facilities Council (STFC) and the Association of Science and Discovery Centres (ASDC). Find out
what our world is made of, discover what can be found inside an atom and experiment with making your own electricity! You will also have the
chance to see a cloud chamber in action and even make your very own particle to take home with you. Admission is free and will run within normal
opening hours.

CERN Lecture - Thursday 7 February

Dr Aidan Robson from the University of Glasgow will be giving a free lecture on CERN, the Large Hadron Collider and his part working on the
world's largest scientific experiment. The lecture will begin at 7.00pm. If you wish to take a look at the 'LHC on Tour' exhibition beforehand, please
arrive approximately 30 minutes prior to the start.



Notation

e Today we can’t avoid using the metric tensor gy,.

+1 0 0 0
(0—100\

o 0 -1 0
\ 0o 0 o0 -1
o If take the scalar product of two four-vectors, we actually implicitly

use the metric tensor:
a-b=a,b" = g,a"b" =+1x (a’’) — 1 x (a'b') — 1 x (a®b?) — 1 x (a’b?)

Juv =

e The factors of +1 and —1 are due to the metric tensor.

e The important parts today: if we have two four-momentum vectors
with different indices g,.» makes the scalar product: e.g.
a’'b’ gy =a’b,=ab



The Adjoint Spinor

e Need to define a fermion current, j, for use in Feynman diagrams.

1
o= w2 | ot= @) = @ vl
V4

o @DT@D is not invariant under Lorentz transformations (Spinors are not vectors!)

e Define an adjoint spinor, b =1pTA0 = pta0 = (0, d, —k, —)

° sz is invariant under Lorentz transformation

01 )
0 = (1,05, 03, —00) | D2 | = Ui+ Ui — Vi — Vv
oy




Fermion Currents

e 16 Lorentz invariant quantities can be defined from spinors.

e Each describes a different kind of fermion currents (fermion lines of
Feynman diagrams)

scalar: TE ¢

pseudo-scalar: 1;’}/51?
vector: IEW“ZD
axial-vector: 77;7# 75¢

tensor: 77;% (7’“71/ _ ”YV”Y“)w

e Look forward: we will see “vector minus axial vector” currents are
important in the Standard Model

vector - axial-vector: %(zﬂy“w — &7571“1#) — &7“ % (1 _ 75)¢



The Photon

e The photon is described by Maxwell’s Equations:

— — — —

V- -E=p V-B=0

- OB - -
VXE——E VXB———j
e Maxwell’s equations can be re-written as (see Griffiths section 7.4)
,LL o — . — . — —
82A”—4—7Tj A —(V,zi)WlthB—VXA
j* = (cp,J)

e A* is the electromagnetic four-potential and j* is the electromagnetic four-current

e The solutions are 4# = &# (s) e P* where &*(s) is the polarisation vector (s is helicity)

e Three possible spin orientations along photon direction of travel s =+1,0,—1

- s =+1 corresponds to a right-handed helicity transverse polarisation states
- s =—1 corresponds to a left-handed helicity J (lft and right circular polarisation)
- s =0 is the longitudinal polarisation state

(does not exist for a real photon; does exists for W and Z and virtual photons)
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Next Week

e Lecture on Tuesday only.
e No lecture on Friday 8th February.

e Tutorial next week for catch up: plus a few group activities.



LHC in the Parliament: from tomorrow

http://www.scottish.parliament.uk/visitandlearn/58283.aspx

B

P omcdl‘od(‘f at CERN NG ~
o \ﬁ\%e“mx "eva. e

Saturday 2 February 2013 - Friday 8 February 2013

Main Hall, Free Exhibition {

A travelling exhibition showcasing the Large Hadron Collider (LHC), the world’s larg
Hall of the Scottish Parliament.

Visitors can walk through a life size model of part of the LHC tunnel and learn more
help create a sense of what it's like to be a particle physicist working on the largest sc

‘;IYL- ’r- IS
DI i
‘ I e —

——

Visitors will also have the opportunity to meet some of the UK's top LHC researche
be available to answer questions and help to inspire the next generation of scientists

Associated Events
Explore Your Universe - Saturday 2 February

Come along and get involved with the fantastic new family show brought to you by Dynamic Earth as part of the Explore Your Universe project in
partnership with the Science and Technologies Facilities Council (STFC) and the Association of Science and Discovery Centres (ASDC). Find out
what our world is made of, discover what can be found inside an atom and experiment with making your own electricity! You will also have the
chance to see a cloud chamber in action and even make your very own particle to take home with you. Admission is free and will run within normal
opening hours.

CERN Lecture - Thursday 7 February

Dr Aidan Robson from the University of Glasgow will be giving a free lecture on CERN, the Large Hadron Collider and his part working on the
world's largest scientific experiment. The lecture will begin at 7.00pm. If you wish to take a look at the 'LHC on Tour' exhibition beforehand, please
arrive approximately 30 minutes prior to the start.


http://%20http://www.scottish.parliament.uk/visitandlearn/58283.aspx
http://%20http://www.scottish.parliament.uk/visitandlearn/58283.aspx

Review: Feynman Rules for QED

@ External Lines

( incoming particle u(p) >—o
spin 172 < outgoing particle u(p) —>—
incoming antiparticle v(p) <0
_ outgoing antiparticle V(p) —=
_ " incoming photon et (p) NN
=<
spin 1 _ outgoing photon el (p)* NN\
@ Internal Lines (propagators)
. g,uv U | %4
spin 1 photon q2 NNNS
spin 1/2  fermion (}’“qu +m)

q—m

#® Vertex Factors
spin 1/2 fermion (charge -|e|)

e Matrix element M is product of all factors

e Integrate over all allowed internal momenta and spins, consistent with
momentum conservation



Rewview: Electron-Muon Scattermg

e Just one lowest order diagram

e In lecture 3, we considered a similar _ _
diagram (but with spinless particles)

gt
2 ‘M U
M =e 5 J13J24
Vertex q

Couplings ~

ss~* gILLV
2 _ — U - -
M=c¢e¢ q2 (ugvﬂul)(WLV Uz) H H
. Electron Muon
Photon propagator, current current

Squaring: take complex conjugate, use g#* term to set v to u

4
€ _ _ * [ — — K
q—4(u37“U1) (ugy"ur)”™ (uay uz) (way"uz)

M[® =



Spin & Scattering

e Spinors describe fermions with a given helicity (A=+1 (R) or A=—1 (L)).

= The value of /M depends on the initial and final state helicities

e In reality:
= Measure the same process many times (often millions or billions).
= The initial helicity (spins) of the fermions are known, either:
e unpolarised (50% h=+1;50% h=—1)
e polarised (known fractions of A=+1)
= Often measure the final state in all outgoing helicity configurations

e To calculate unpolarised cross sections (i.e. when initial state is
unpolarised):

= average over initial state helicities and sum over final state
helicities


http://en.wiktionary.org/wiki/helicities#English
http://en.wiktionary.org/wiki/helicities#English
http://en.wiktionary.org/wiki/helicities#English
http://en.wiktionary.org/wiki/helicities#English

High Energy e-u scattering

e 16 possible helicity configurations:
cLpr, — ey e — €LpRr  E€LHL — €ERML  ELHUL — ERHR
CLUr — €L €eLURr — €LURr €ELHUR — ERML ELHUR — ERUR
CRUL — €LML €ERML — €LUR ERUL — ERHMIL ERHML — ERUR

CRUR — €L €ERMR — €LUR ERHUR — ERML ERHUR — ERUR
e At high energy helicity is conserved.

e For e u~—e u scattering only four configurations contribute:
M(erpur—erur) , M(erpur—erpr) , M(erur—erur) , M(erur—erur)
= Average over initial states: (25+1) initial states for spin, §
= Sum over final states

‘MP . e’ 1
q4 (231 —+ 1)(252 —+ 1)

> (asy*uq) (agy”ur)* (wayug) (a7 uz)’
S3,54
4

e 1 * 1 — U — 1% *
= (@51 Ty 2 (T u) (@) ) ( 55, 1] 2 (" ) (@ 2) )

Sg S4

K
N

L. L,

'Q|('D
S



Trace Theorems

e The spinor-gamma matrices products in the sum can be evaluated using trace
theorems. (See details in Griffiths 7.7, equation 7.128)

1

T _ — M — UV *
. 8T %;(uw uy) (i7" 1)
= 2 [t + pif — (s 1 — mP)g”]
matrix matrix matrix
e No spinors left! Just matrices, likewise:
T o 9 [V Y v, 1 . o 2 18%
v = 2|pipy +pivh — (pa-p2 —mi)gh" ]
e If the electron and muon are energetic, E>>m, can ignore m. and m, terms
4 4
5 € 3e
M7 = q—4LeLu s (P3 - pa)(p1 - p2) + (P3 - p2)(P1 - Pa)]

e Substitute in Mandelstam \2/ariablgs: )
1+4 6% /2
M2 =26t ST _gedn T cos (67 /2)
t sin”(6* /2)




Cross section for e u~—e u~ scattering

e Cross section = |2MJ? p, substituting for p (see problem sheet 1):

do ( 1 )2 S|IM|? [P}
( —

dS ST E1 + E2)2 p;k
o With:
= centre of mass energy, (E/+E2)*=s
= Ip*i=lp*
= S$=1 as no identical particles in final state
= q=e’/4
ameEn do a? [ s®+u?
dQY  27s t2
e The different spin configurations give scattering distributions:
1 *
M(LL — LL) = M(RR — RR) = 2o = ¢? T cosd
t 1 — cos 6*
S 2
LR — LR) = M(RL — RL) = ¢e*~ = ¢°
M( - ) =M - ) et 61—(308(9*

e 0*is the scattering angle between the incoming and outgoing electron



e e"—u ut Scattering

e Related to eu—eu scattering by exchanging r & s

t2 € 2
’M’2:264( SQU)
do o’
dQ)  4drs

= e*(1 + cos? 0)

— (1 4 cos* 0)

In the high energy limit, there are 4 contributions:
RL—RL (!Mgr), RL=LR (Mg1), LR=RL (!Mrr), LR—=LR (M_rL)

We have averaged over initial states and summed over final

states to get unpolarised cross section:

IVIRL

/" ¢
+

-
e = , 4/-:

4 e’
f(////

|
-1 cosb +1

e*(1 —cos0)?

]ViLR

e?(1 —cos0)?

IVILL

e?(1+cosH)?

10



e et—u u* Total Cross Section

e Total cross section, integrate over solid angle:

do

= — dS)

/ ds2

o2
= —— [ (14 cos®0)dcosfdg

47

o [@]” s+ ! cos® 6
= — CcO -~

s~ " 3
o
- 3s

e Comparison prediction to
measurement. Pretty good
for a 1st order calculation!

10

cos 0=-+1

cosf=—1

v (nb)

0.1

0.01
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Fig. 6.6 The total cross section fore ¢’ — p ™ p" medsured
at PETRA versus the center-of-mass energy.
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Higher Order QED

e We have been drawing and calculating 1st order Feynman diagrams with
one boson exchanged

e There are more diagrams with higher numbers of vertices.
e We should sum them all to obtain the total value for ‘M

Miot = M1+ Mg+ Ms ...

= ... but for every two vertices you have a suppression factor of a=1/137

e The most precise QED calculations go up to O(a’) diagrams

12



Higher Order QED

e.g. Two photon “box” diagrams also contribute to QED scattering

pl\ p1+k /3 \ /p3

TS
v pzk\ / R N

t channel s channel

Two extra vertices = contribution is suppress by a factor of a =1/137

P Py

e The four momentum must be conserved at each vertex.

 However, four momentum k flowing round the loop can be anything!

e In calculating M integrate over all possible allowed momentum
configurations: | f(k) d‘k ~ In(k) leads to a divergent integral!

e This is solved by renormalisation in which the infinities are “miraculously
swept up into redefinitions of mass and charge” (aitchison & Hey P.51)

13



Renormalisation

e Impose a “cutoff” mass M, do not allow the loop four momentum to be larger
than M. Use M? >> ¢, the momentum transferred between initial and final state.

= This can be interpreted as a limit on the shortest range of the interaction
= Or interpreted as possible substructure in pointlike fermions
= Physical amplitudes should not depend on choice of M

e Find that In(M?) terms appear in the M

e Absorb In(M?) into redefining fermion masses and vertex couplings
= Masses m(g?) and couplings a(g?) are now functions of ¢°

e ¢.9. Renormalisation of electric charge (considering
only effects from one type of fermion):

e? M?
Er — € 1 127]'2 In (q2>

e Can be interpreted as a “screening” correction due to
the production of electron/positron pairs in a region
round the primary vertex

e ¢r is the effective charge we actually measure!

14



Running Coupling Constant

e Renormalise a, and correct for all possible fermion types in

the loop: 9
a(q?) = a(0) (1 | a(o)zf In(—= 1 ))

3 M?
e zris the sum of charges over all possible fermions in the loop
= At ¢°~1 MeV only electron, zr=1
= At ¢° ~ 100 GeV, f=e,u,7,u,d,s,c,b zr=60/3 “f = Z Qf

¢ Instead of using M? dependence, replace with a LS5 o

5 @ C TOPAZ ppleepp: & g A i

reference value p?: 5150 £ Fits to leptonie data from: ;

9 9 —1 e _ #DORIS, 4LPEP, OPETRA, ¢ TRISTAN _

a(q?) = a(u?) |1 oy )zf ln(q—) N E

3T (2 E SO ]

135 .

e Usual choices for u are 1 MeV or mz~ 91 GeV. 130 | Q) i
= a(u’=1 MeV?) = 1/137 125 OPALT

= a(u’=(91 GeV)?) =1/128 218

. ey 115 .

e We choose a value of 4 where make a initial ok :
measurement of «, but once we do the evolution 105 Fee et ettt et
of the values of a are determined by the above egn. 0 25 50 75 100 125 150 175 200

Q/ GeV
15



QED Summary

e For full QED calculations use spinors to define fermion current in Feynman
diagrams.

e Fermion current are 7" where ¢ is the adjoint spinor: =T~V
e Spin-1 bosons are described by polarisation vectors, & (s)

e To calculate the cross section for an unpolarised process need to average over initial
helicities and sum over all possible final states.

e Fermion masses, charges and the coupling constant a evolve as a function of
momentum transfer.

incoming particle u(p) —>
spin 112 outgoing particle u(p) —>
incoming antiparticle v(p) —e—0
_ outgoing antiparticle v(p) o—z—
. g,UV y7; 1%
spin 1 photon 2 NN

@ Vertex Factors
spin1/2  fermion (charge -le]) ey

16



Particle Physics

Dr Victoria Martin, Spring Semester 2012
Lecture /: Renormallsatmn and Weak Force

T
9
§

T
i

B
a

* Renormalisation in QED
* Weak Charged Current

* J—A structure of W-boson
interactions

* Muon decay

* Beta decay

* Weak Neutral Current
* Neutrino scattering



Reminders

e No lecture on Friday.

e Next tutorial: Monday 11th February.

e New tutorial sheet will be posted to webpage. Paper copies
available at tutorial

e Next lecture: Tuesday 12th February!



Higher Order QED

Two photon “box” diagrams also contribute to QED scattering

pl\ p1+k /3 \ /p3

I o] o

v P, k \\\‘*\\ //“’/’ q- \\"“\\

P, o
t channel s channel

Two extra vertices = contribution is suppress by a factor of a =1/137

e The four momentum must be conserved at each vertex.

 However, four momentum k flowing round the loop can be anything!

e In calculating M integrate over all possible allowed momentum
configurations: | f(k) d‘k ~ In(k) leads to a divergent integral!

e This is solved by renormalisation in which the infinities are “miraculously
swept up into redefinitions of mass and charge” (aitchison & Hey P.51)



Renormalisation

e Impose a “cutoff” mass M, do not allow the loop four momentum to be larger
than M. Use M? >> ¢, the momentum transferred between initial and final state.

= This can be interpreted as a limit on the shortest range of the interaction
= Or interpreted as possible substructure in pointlike fermions
= Physical amplitudes should not depend on choice of M

e Find that In(M?) terms appear in the M

e Absorb In(M?) into redefining fermion masses and vertex couplings
= Masses m(g?) and couplings a(g?) are now functions of ¢°

e ¢.9. Renormalisation of electric charge (considering
only effects from one type of fermion):

e? M?
Er — € 1 127]'2 In (q2>

e Can be interpreted as a “screening” correction due to
the production of electron/positron pairs in a region
round the primary vertex

e ¢r is the effective charge we actually measure!



Running Coupling Constant

e Renormalise a, and correct for all possible fermion types in

the loop:
a(q?) = a(0) (1 | -

3(0) zf In( ;4(12 ))

T

e zris the sum of charges over all possible fermions in the loop

= At ¢°~1 MeV only electron, zr=1
= At ¢ ~ 100 GeV, f=e,u,7,u,d,s,c,b 7= 38/9 “f =

e Instead of using M? dependence, replace with a

reference value u?:

o(¢?) = a(i22) (1 o)

37

Zf ha(q—Z)>1

1

e Usual choices for u are 1 MeV or mz~ 91 GeV.

= a(u’=1 MeV?) =1/137
= a(u’=(91 GeV)?) =1/128
e We choose a value of 4 where ma

ke a initial

measurement of a, but once we do the evolution

of the values of a are determinec

by the above eqn.

(Q)

o

> Q7
f

145

140

135
130
125
120
115
110

105072550 775 100 125 150 175 200

L L N
n TOPAZ ppleepp: & g A
150 |

Fits to leptonic data from:
#DORIS, &PEP, OPETRA, ¢ TRISTAN

Q/ GeV
5




QED Summary

e For full QED calculations use spinors to define fermion current in Feynman
diagrams.

e Fermion current are ZZVM%D where@ is the adjoint spinor: @Z = @DHO
e Spin-1 bosons are described by polarisation vectors, & (s)

e To calculate the cross section for an unpolarised process need to average over initial
helicities and sum over all possible final states.

e Fermion masses, charges and the coupling constant a evolve as a function of
momentum transfer.

incoming particle u(p) —>
spin 112 outgoing particle u(p) —>
incoming antiparticle v(p) —e—0
_ outgoing antiparticle v(p) o—z—
. g,UV y7; 1%
spin 1 photon 2 NN

@ Vertex Factors
spin1/2  fermion (charge -le]) ey



The Weak Force

e Exchange of massive W and Z bosons.

e my = 80.385 £ 0.015 GeV
e mz=91.1876 = 0.0021 GeV

e Responsible for:
e Beta decay
e Fusion
e Neutrino interactions



http://en.wikipedia.org/wiki/Electronvolt#Mass
http://en.wikipedia.org/wiki/Electronvolt#Mass

Review: Baryon and Lepton Number; Chirality

e Lepton number is the humber of leptons minus the number of
anti-leptons:

= Electron number: L.=N(e")— N(e*) + N(v.) — N(v.)

Ly =N@@") = N@") + N(vu) — N(vu)

= Tau-lepton number: L =N(77) — N(z") + N(v:) — N(»,)

= Muon number:

e Baryon number is a measure of the net number of quarks:
B = Y¥(N(g) = N(q))

mass-—
charge-
spin—

name-

Quarks

Leptons

Three Generations
of Matter (Fermions)

I

IT

I

2.4 MeV

»U
up

1.27 GeV

»C

charm

171.2 GeV
%A
2

top

4.8 MeV

K7
Y2

down

104 MeV

K7

2
strange

4.2 GeV

Y3
2

bottom

<2.2 eV

0

s Ve
electron
neutrino

<0.17 MeV

32 Vl.l

muon
neutrino

<15.5 MeV

0
2 VT

tau
neutrino

0.511 MeV
. ©
12

electron

105.7 MeV

-1
2 u

muon

1.777 GeV
1

n T

tau

LH projection operator Pr = (1 — y°)/2 projects out left-handed chiral state

e RH projection operator Pr = (I + y°)/2 projects out right-handed chiral state
e Massive fermions have both left-handed and right-handed chiral components

e Massless fermions would have only left-handed components

e Massless anti-fermions would have only right-handed components

e To date, only left-handed neutrinos and right-handed anti-neutrinos have been

observed

Bosons (Forces)



W and Z boson interactions

e Any fermion (quark, lepton) may emit or absorb a
Z-boson.

= That fermion will remain the same flavour. ¢

= Very similar to QED, but neutrinos can interact
with a Z boson too.

e Any fermion (quark, lepton) may emit or absorb a

W
W-boson.
= To conserve electric charge that fermion )
must change flavour! I g
= To conserve lepton number e«>v., g<—=vu, Tv;
\}

= To conserve baryon number (d, s, b) < (u, c, t)

down-type quark < up-type quark



Feynman Rules for Charged Current

é/ >\Am e | eft-handed interactions are also

interaction
propagator vertex
Y7, 14
NNNS
Juv “(1
W-boson 2 —m2 s gw (L -
Juv
photon, y 02 ey

e Key differences w.r.t QED.

= g’ — my” as denominator of propagator

known as V—A4 theory

= »* gives a vector current (V)

= »wy> gives an axial vector current (A4)
e Photon interactions are purely vector

= The % (1—y>) term: this is observed experimentally.

e The overall factor of 1/V8 is conventional

e Recall Pr=(1-y°)/2 is the Left Handed projection operator

= W¥-boson interactions only act on left-handed chiral components of fermions

e For low energy interactions with ¢ << my: effective propagator is guymn?

10



“Inverse Muon Decay”

e Start with a calculation of the process v.e- — u v, Ve 2

e Not an easy process to measure experimentally,
but easy to calculate!

_ 9w TR AR /)11 - Ye
M == alve )y (1 —7)ule )qu% u(v)y” (1 —7)u(p)
9 2
M| = (Sij‘;w) a(ve)y (1 =~")u(e )] [a(ur* (1 —7")u(,)]”

e Usually we would average over initial spin and sum over final spin states:
e However the neutrinos are only left handed
e The equation can be solveg as (see Griffiths section 9.1):
2
2 Iw
MP =2 (L) () - (03) 0 () (0
1%

e In the CM frame, where E is energy of initial electron or neutrino, and m.
neglected as m. << E.

g? ° m? ’
2 4 W v

= 8F" | = 1

M| (m%) ( 2E2)

11



“Inverse Muon Decay” Cross Section

e Cross section = |2M|? p, substituting for p (see problem sheet 1):

do (1)2 S|M|? pf
dQ 87T (El -+ EQ) p i
e Substitute:

= centre of mass energy, (E;+E2)*=4E? € Ve

Vu H

= For elastic scattering particle |p*A=|p*il

= S=1 as no identical particles in final state

2 2
do E- (912/[/) My

df) 3272 m%v 2F72

= Fermi coupling constant Gr= \2gy?/8mn?

el

= Unlike electromagnetic interaction, no angular dependence
= |Integral over 4z solid angle

2

m2

o ——E2 2 M
/ de) G2, ( 2E2)

12



Muon Decay .

e Muon decay: u= — e v. v, (Griffiths 9.2): -

MP? = ( giv ) ()7 (1 = 2yl Pae)y (1 = 1)l

2
SmW

— 9 (i) (p*(e) - p*(vu)) (P (1) - p*(ve))

my,

e The phase space, p, for a1 = 3 decay is, (Griffiths equation 6.21):

2
dl’ 1 22 4F,
— \[ggv m? Eg 1
dFE. 473 SMW H Smi

e Integrate over allowed values of E.:

r:/ dE, = Fg“/ E§<1 e)dEe: Eon
0 Am 0

dFE. Smfb 19273

e Only muon decay mode for muons BR(u~ — ¢ v, v,) = 100%, only one decay
mode contributes to lifetime

19273 19273 k7

1
L G2m5  G2mb A
F "% F ' '

T

13



Muon Decay Measurements

2000x10”

o TWIST experiment at TRIMF in Canada measures u
*— etv, v, decay spectrum.

e Excellent agreement between data and
prediction!

e Measurements of muon lifetime and mass used to
define a value for GFr (values from PDG 2010)

T = (2.19703+0.00002)x10 s
m = 105.658367 = 0.000004 MeV

e Applying small corrections for finite electron
mass and second order effects

Gr=1.166364(5) X 10— GeV™2

e Implies gw = 0.653, aw=gw?/4m =1/29.5

* aw >>agm, the weak force not intrinsically weak,
just appears so due to mass of W-boson

J.R. Musser et al.

1500:—

Yield (Events)
)
(=]
T

~(a) 0.70 <Icos 6l < 0.84

— All events
==« |In fiducial

nnnnnnnnnnnnnnnnnnnn

= (b)
> 1.0051
3 F I J%# %}% St
®
go.ggs— +<h% M &% %&Wb
0.99
= | 07§Icgsel<084
= — . X J o
i '0. .. ol A ‘.
s OF . {n.o o ""‘."’
s e
(d) L 0.5 <lIcos 0l < 0.7
- 1.005— ‘
z i %
s F # T s & o0, 8
- 4
2 0.995- %lg %ﬁ%@&mﬁﬁ
0.99
2 2_('ej """"""" 0.5<lcos 6l <07
E oo o® N
s O S, 2o0LaddO
5 of 0% %0 ¢ #°
0 10 20 30 40 50

Momentum (MeV/c)

, Physical Review lLetters 94, 101805 (2005)
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http://link.aps.org/abstract/PRL/v94/e101805
http://link.aps.org/abstract/PRL/v94/e101805

Summary

Renormalisation

e QED: Photons and fermions can appear in loops. Effectively modifying coupling
(effective charge) and masses of fermions.

e This leads to running coupling a as a function of energy of scattering g¢.
e This happens in QED, Weak and QCD
Weak Charged Current

e Carried by the massive W-boson: acts on all quarks and leptons. —; g” ? 3

e A W-boson interaction changes the flavour of the fermion. 1 w

e Acts only on the left-handed components of the fermions: V—A structure.

a(ve) " (1 —7°)ule™)
e At low energy, responsible for muon & tau decay, beta decay...
Weak Neutral Current

e Carried by the massive Z-boson: acts on all quarks and leptons. .2 g_“';nQ

Z

e No flavour changes observed.

_ 5
u(e)y*(cy — cav°)ule)
e At low energies, responsible for neutrino scattering

15
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W and Z boson interactions

e Any fermion (quark, lepton) may emit or absorb a
Z-boson.

= That fermion will remain the same flavour. ¢

= Very similar to QED, but neutrinos can interact
with a Z boson too.

e Any fermion (quark, lepton) may emit or absorb a

W
W-boson.
= To conserve electric charge that fermion )
must change flavour! I g
= To conserve lepton number e<>v., g<—=vu, Tv;
\}

= To conserve baryon number (d, s, b) < (u, c, t)

down-type quark < up-type quark



Feynman Rules for Charged Current

é/ >\Am e | eft-handed interactions are also

interaction
propagator vertex
Y7, 14
NNNS
Juv
W-boson 2 —m2, 2\/—gW (1 —
Juv
photon, y 02 ey

e Key differences w.r.t QED.

= g’ — my” as denominator of propagator

known as V—A4 theory

= y* gives a vector current (V)

= »wy> gives an axial vector current (4)
e Photon interactions are purely vector

= The % (1—y°) term: this is observed experimentally.

e The overall factor of 1/V8 is conventional

e Recall Pr=(1—-y°)/2 is the Left Handed projection operator

= W¥-boson interactions only act on left-handed chiral components of fermions

e For low energy interactions with ¢ << my: effective propagator is gu./mn?



“Inverse Muon Decay”

e Start with a calculation of the process v.e- — u - v. Ve 2

e Not an easy process to measure experimentally,
but easy to calculate!

M = 5 alve)r (1 =) 2l (L7 u() "
MP? = () [a(re)y (1= +")ule )] @y (1 =+ )u(w,)]”
8miy,

e Usually we would average over initial spin and sum over final spin states:
e However the neutrinos are only left handed
e The equation can be solveg as (see Griffiths section 9.1):
2
2 Iw
M =2 (L) () - (03) 0 () (0)
1%

e In the CM frame, where E is energy of initial electron or neutrino, and m.
neglected as m. << E:

g? ° m? ’
2 4 W %

= 8F" | = 1

M| (m%) ( 2E2)




“Inverse Muon Decay” Cross Section

e Cross section = |2/M|? p, substituting for p (see problem sheet 1):

do (1)2 S|M |2 pf
dQ 87T (El -+ EQ) p ;
e Substitute:

= centre of mass energy, (E;+E2)*=4E? € Ve

Vu H

= For elastic scattering particle |p*A=|p*il

= S$=1 as no identical particles in final state

2 2
do E- (912/[/) My

df) 3272 m%v 2F72

= Fermi coupling constant Gr= \2gy?/8mn?

el

= Unlike electromagnetic interaction, no angular dependence
= |ntegral over 4z solid angle

2

m2

o __E2 2 M
/ ) G2, ( 2E2)




Muon Decay .

e Muon decay: u= — e v. v, (Griffiths 9.2): -

MP? = ( Jiv ) ()7 (1 = 2Pyl (1 = 1)

2
SmW

— 9 (i) (p*(e) - p*(vu)) (P (1) - p*(ve))

my,

e The phase space, p, for a1 = 3 decay is, (Griffiths equation 6.21):

2
dl’ 1 22 4F,
— \f‘QQW m? Eg 1
dFE. 473 SMW H Smi

e Integrate over allowed values of E.:

r:/ dE, = Fg“/ E§<1 e)dEe: Eon
0 Am 0

dFE. Smfb 19273

e Only muon decay mode for muons BR(u~ — e v. v,) = 100%, only one decay mode
contributes to lifetime

19273 19273 k7

1
L G2m5  G2mb A
F "% F '

T



Muon Decay Measurements

o TWIST experiment at TRIMF in Canada measures u
*— etv, v, decay spectrum.

e Excellent agreement between data and
prediction!

e Measurements of muon lifetime and mass used to
define a value for GFr (values from PDG 2010)

T = (2.19703+0.00002)x 106 s
m = 105.658367 = 0.000004 MeV

e Applying small corrections for finite electron
mass and second order effects

Gr=1.166364(5) x 10— GeV™2

e Implies gw = 0.653, aw=gw?/4w =1/29.5

* aw >>agm, the weak force not intrinsically weak,
just appears so due to mass of W-boson

J.R. Musser et al.

2
200010
~(a) 0.70 <Icos 6l < 0.84
. 1500
‘2 - - All events
0 == |n fiducial
@ 1000
ke
@
> 500/
O 0.7 <Icos bl < o' 84
5 10051
© #%#é &
g 0.995[ + 4) @% %5%)‘?
0.99F
o (c) 07<Icosel<084
= 2C ®e p° o.’:.: o
u-clu 0 . .. ..'. Soo ?%‘f
8 oF o 4 "'
Q
(d) L 0.5 <Icos 0l < 0.7
5 1:005
© - ¢ b & 5
Q C @
o o % Q
© 0.995 %lg %ﬁ%g&mﬁﬁ
0.99F
® © 0.5<lcos 0l <0.7
= 2 ® ®
i oo 0% aqo
e OF ° -, 000‘.050’:.':‘
§ 2r 0% “0F o &f% s
0 10 20 30 40 50

Momentum (MeV/c)

, Physical Review lLetters 94, 101805 (2005)
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http://link.aps.org/abstract/PRL/v94/e101805

Beta Decay

e W boson is responsible for beta decay.

D
)

Quark level

d
eu—dev.ord—ue v.with coupling gw Vua, Y,
Vua = 0.974

W= e
e not directly observable because no free
quarks

M = D )y (17w e T (L= ()

Hadron level

en—pe v is allowed (free neutron lifetime 1, = 886s)

e p — n et v, is forbidden m, <m, (free proton stable)

e Hadronic interactions (form factors) play a role in decay rate/lifetime
Nuclear level

e f+decay e.g. 22Na — 2Ne* e v,

e f—decay e.g. 9Co — 'Ni* ¢ v,

e which type occurs depends on the energy available (Q)



Neutral Current Interactions

e Exchange of massive Z-bosons, interaction
mz=91.1897(21) GeV propagator|  vertex
e Couples to all quarks and all leptons A A E/ >\M
(including neutrinos) "
U
e No allowed flavour changes! W-boson 2 ; 2 zfgW (1 —
- Hy 1 wit 5
e Coupling to Z-boson depends on the Z-boson Clzg— my B v — ey
i - v of %
flavour of the fermion ( f): ¢y, ¢4 photon, 7 LQ e
e Both vector (¢/y ) and axial vector q

contributions (¢f4 yy°).

Lepton| fy 4 | Quark | dfy 4

Ve, Vo Vz| V5 1 u,c,t | 0.19 4

e,u, t | -0.03 - ld,s,b| -034 | —1

e gz coupling is related to gw: gz=gw mzimw

e Neutral weak current for electron: w(e)y"(c5, — 57 )u(e)



Weak Neutral Current

o At low energy, the main effect of =WV } £
Z-boson exchange is neutrino s s
scattering. (All other Z-boson R . /3
phenomena can also due to y ‘ _. ) ‘b‘ Rl | .‘“

exchange.)

e Z-boson exchange first observed in
the Gargamelle bubble chamber in
1973.

e Interaction of muon neutrinos
produce a final state muon.

T
i

T
i

<
=
<|

=

vu N — v, + hadrons i

61055
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Symmetries in Particle Physics

e The EM, Weak and Strong forces all display a property known as
Gauge Symmetry.

e In QM, a symmetry is present if physical observables (e.g. cross
section, decay widths) are invariant under the following change in

the wavefunction: A
= = Uy

e e.g. in electromagnetism, the physical observable fields E and B are
independent of the value of the EM potential, A,:

AMHA;L:AM_QILX AM:(V,A))WithB):€XfY

e The conditions on U are that U is unitary, and commutes with the
Hamiltonian:

U'U =1 U,H] =0

ee.g. for EM, 7 = ¢/ where ¢ is an arbitrary phase: 1) — 10" = emw

11



Symmetries in QED

e Instead of a global phase transformation ¢¢ imagine a local phase
transformation, where the phase ¢ ~ g y is a function of x*: y(x*).

e g is a constant (will be electric charge)
Wb — ) = (Ajw _ eiqx(w“)¢
e Substitute into Dirac Equation (wuaﬂ _ m)w =0
(iv" D, — m)y’ 0
(i1, — m)eiqx(w)¢ 0
mu(eiqx(x)w + g0, Y — m)eiqx(w)w — 0

e An interaction term —¢“0,yw term appears in the Dirac Equation.

e To cancel this, modify the Dirac Equation for interacting fermions:

(2v"0,, +1iqA, —m)Y =0
e With 4# transforming as:
o AM s A; — Au — duX to cancel interaction term

12



Gauge Symmetry in QED
e Demanding that QED is invariant by a local phase shift:

b — 1 = [Ajw _ e’iqx(fb‘“)w

e Tells us that fermions interact with the photon field as:

Y A
e This local phase shift is know as a local U(1) gauge symmetry.

e Next lecture we will see a similar effect in QCD.

13
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Symmetries in Particle Physics

e The EM, Weak and Strong forces all display a property known as
Gauge Symmetry.

e In QM, a symmetry is present if physical observables (e.g. cross
section, decay widths) are invariant under the following change in

the wavefunction: A
= = Uy

e e.g. in electromagnetism, the physical observable fields E and B are
independent of the value of the EM potential, A,:

AMHA;L:AM_QILX AM:(V,A))WithB):€XfY

e The conditions on U are that U is unitary, and commutes with the
Hamiltonian:

U'U =1 U,H] =0

ee.g. for EM, 7 = ¢/ where ¢ is an arbitrary phase: 1) — 10" = emw



Symmetries in QED

e Instead of a global phase transformation ¢¢ imagine a local phase
transformation, where the phase ¢ ~ g y is a function of x*: y(x*).

e ¢ is a constant (will be electric charge)
Y] = Ut = Ky

e Substitute into Dirac Equation (Z’Y“@M — )¢ = (
(i7" Oy — m)y’

(i7" 0y — m)e' Xy =

wu(eiqx(w)aﬁbw iq0, X V) — me'X(@)q)y =

(i1, — m)equ(cv)w — MO xY = 0
e An interaction term —¢“0,yw term appears in the Dirac Equation.

o O O

e To cancel this, modify the Dirac Equation for interacting fermions:

(2v"0,, +1iqA, —m)Y =0
e With 4# transforming as:
o AM s A; — Au — duX to cancel interaction term



Gauge Symmetry in QED & QCD
e Demanding that QED is invariant by a local phase shift:
b — ) = [A]w _ eiqx(w““)w
e Tells us that fermions interact with the photon field as:

qy" A

e This invariance of QED under the local phase shift status is know as a
local U(1) gauge symmetry.

e Today we will see the consequences of a symmetry in QCD, but with a
different symmetry, known as SU(3).

= QCD exhibits a local SU(3) gauge symmetry.



Colour Charge

e Each quark carries a colour charge: ® Gluons responsible for exchanging

red, blue or green. momentum and colour between
e The coupling strength is the same quarks.
for all three colours colours. s
e To describe a quark, use a spinor \‘%8
plus a colour column vector:
1 0
=18 s | | e Each gluon contains colour and anti-
0 0 , colour.
e Mathematically, this is described by e Naively expect nine gluons:
an SU(3) symmetry. QCD inter- rrrb rg br bb bg gr gb gg
actions are invariant under 5U(3) e However gluons are described by
rotations in colour space: the generators of the SU(3) group,

giving eight linear colour-anti-
colour combinations of these




Eight Gluons

e The Gell-Mann matrices describe the allowed colour configurations of
gluons. (The Gell-Mann matrices are the generators of the SU(3) symmetry.)




Feynman Rules for QCD

® External Lines [~ incoming quark u(p) —>—
. J outgoing quark u(p) —>
spin 1/2 incoming anti-quark V(p) —<—
_ outgoing anti-quark V(p) r—<—
_ " incoming gluon el (p) RQQQ,
-
BRI outgoing gluon el (p)* 22 QQ_
@ Internal Lines (propagators)
| 1%
spin 1 gluon gz“" Sab m
q a b
a,b=1,2,...,8 are gluon colour indices
& Vertex Factors T
spin 1/2 quark gszl“y“ ! J
2 .
Qg = s i, j =1,2,3 are quark colours,
4 A% a=1,2,.8 are the Gell-Mann SU(3) matrices

The 2%; terms account for the quark colour



Gluon-Gluon Interactions

e Gluons also carry colour charge and can therefore self-interact.
e Two allowed possibilities:

p A

e Gluon interactions are believed to give rise to colour confinement
o Try to separate an electron-positron pair 1/, () = 2a _ @

dmegr r

e Try to separate an quark anti-quark pair Vocn(r) ~ Ar

e A gluon flux tube of interacting gluons is formed. Energy ~1 GeV/fm.

e Gluon-gluon interactions are responsible for holding quarks in mesons
and baryons.



qq—qq scattering
e To write down the matrix element, follow the fermion arrows backwards.
For the quark line j—i: A; term at vertex q l ]

g

For the antiquark line k—1I: Jn term at vertex

U
M = [u]%)\ﬂfy } gq 5 { k?)\bﬂ Ul}

2 A <TG
% S ] [yl Tk

e The matrix element looks very similar to electromagnetic scattering except
e—gs, and the addition of the terms A?@ /4

M:

e In the lowest order approximation, the dynamics of the gg—gqq scattering is the
same as electromagnetic e*e”—e*e™ scattering.

84
e Describe in terms of Coloumb-like potential g7 = f S
r
e The colour factor / = A%}, = 1 >, A% Y, is a sum over elements in the A

matrices.



e Need to calculate the colour factor

Colour Factor for ¢ g—q g

1 1 '
f=320iNe = 1220 AJi M q— /_q
e For the calculation we choose colours for g and ¢. As
the theory is invariant under rotations in colour space
any choice of colours will give the same answer. q P q

e Three colour options:

1. i=
2. i=1
3. i=

1k=1—2j=11=1 eg.rr—rr J1= iza AT1 AT

k=2 = j=11=2 e.g.rb—rb [o= iZa A1 A2
k=1 > j=212 eg.rr—bb f3=1>_ A3\,

e Calculate option 2. The only matrices with non-zero element in the red-

red (11) and blue-blue (22) elements are 4’ and 4%.
fo = § S MiAge = § XA + M = S + () ()] = 4
e Similarly,
f1 = iZa ATAT = 2 ATAT + ATAT ] = i[(l)(l) )(\}g)] — %

1
f3 =1

LN LS

Za >‘C2Ll 61L2 —



Colour Factor for Mesons

e Mesons are colourless gq states in a “colour singlet”: rr+gg +bb

9@(—93

e Calculate colour factor for gg— gq scattering in a meson.

e Two possibilities for colour combinations:
Quarks stay the same colour e.g. rr— rr fi=%

Quarks change colour e.g. rr - b b and rr— g g each contributes f5=%

e Sum over all possible final states for rr — gqq gives f, =%+ %+ % =4/3
e Average over all possible initial states, rr, g g , b b:

f=%(rr—qq + 22 —>qq +bb—qq )= (4/3+4/3+4/3)=4/3

e The colour factor for the gq interactions within a meson is 4/3
e The potential within a meson (to lowest order) is: 4ag

9 3 r

11



QCD Potential

e At large distances: gluon-gluon
interactions

Vocp(r) ~ Ar
e At short distances: ¢gg—qq scattering

} 4 o S
> N —
8 qq
g 3T
e Overall potential is: A
a, = 0.3 O{S
k = 1GeV fm-' - |
Vocop(r) = T AT
' U “T Y-decay Y(E;;‘i} —
-2f | | -*=__a, |bb
L 1 — llim Hadronic 109 Y(10355)
0 - L [ 40r ey (10235) (10255) (10270)
Lot U(3770) sz T T
n“l:»‘e | e oML —~~ DD ' Y(10025) X» States
. . t;ﬂ: “(Ei’ﬂfg:ﬁ\:: ~ o x(3556) toof T (oa75) (98s5) 1)
This model provides a good A A o 819 =
description of the bound states i AT
of heavy quarks: 7 vawrt” 9.5, 1(9460)
e charmonium (c c) 20} (281
. — S S P P P, S P P P
e bottomonium (b b)) e o e
Jre Je

12
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QCD Summary

e QCD: Quantum Chromodymanics is the quantum description of the strong force.
e Quarks are colour charged: red, green or blue
e Anti-quarks are colour charged: anti-red, anti-green, anti-blue

e Gluons are the propagators of the QCD and carry colour and anti-colour,
described by 8 Gell-Mann matrices, 4.

@ Internal Lines (prbpagators)

" 1%
spin 1 gluon g;“’ §ab w.
q- a b
a,b=1,2,..,8 are gluon colour indices
& Vertex Factors . H,a :
spin 1/2 quark 'gsélj‘.’l-y“ l J

I, j =1,2,3 are quark colours,
A% a=1,2,.8 are the Gell-Mann SU(3) matrices

e /M includes a colour factor, f, calculable from the 4 matrices.

e The QCD coupling constant is as = gs?/4n



From lecture 6: Running Coupling Constant in QED

e Renormalise a, and correct for all possible fermion types in

the loop:
a(q?) = a(0) (1 | -

3(0) zf In( Rjg ))

T

e zris the sum of charges over all possible fermions in the loop

= At ¢°~1 MeV only electron, zr=1

= At g2 ~ 100 GeV, f=e,u,7,u,d,s,c,b zr= 60/3

e Instead of using M? dependence, replace with a

reference value u?:

o(¢?) = a(i22) (1 o)

37

Zf ln(q—2)>1

1

e Usual choices for 4 are 1 MeV or mz~ 91 GeV.

= a(u’=1 MeV?) =1/137
= a(u’=(91 GeV)?) =1/128
e We choose a value of 4 where ma

ke a initial

measurement of a, but once we do the evolution

of the values of a are determinec

by the above eqn.

f_ZQf

L L N
TOPAZ ppleepp: & g A
[ Fits to leptonic data from:

«DORIS, +FPEF, OPETRA,

4 TRISTAN

0 25 50 75 100 125 150 175 200

Q/ GeV
3



Running Coupling in QCD

e The observed (renormalised) value of the coupling constant as depends on

diagrams such as:
Vs

Si > > > > > > >
22 : I I I Iooo
E . E 2 > i ;\ .
> \ \

NG

Fermion Loop Boson Loops

Similar to QED No equivalent in QED, as no
photon-photon interactions
e The measured value of as at a energy scale ¢? can be written as:

2
ags\
as((f) = (1) .
1+ BO&S(MQ) In (%)
e B can be calculated tobe 3 _ 1IN, — 2Ny
127

e with nc=3 number of colours, n=6 number of quark flavours

e Measuring as at a known energy scale u4? determine uniquely the value
of as for all other energies, ¢~



Running of as

@S(QQ) o 055(:“2)

April 2012

v T decays (N3LO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
e 7 pole fit (N3LO)

pp —> jets (NLO)

= —— 0,(Q)
1 4+ Bag(p?)In (P)

This calculation won the Nobel
Prize for Physics 2004 for Gross, 03
Politzer and Wilczek

02+t
e a5 decrease with increasing ¢?

The more energetic the interaction ;|
(high ¢?), the weaker as. = QCD a5(My)=0.1184 % 0.0007

as (q>=mz?) =~ 0.12 ! Y QrGevy '

The less energetic the interaction Measured va.lues of as as a
function of ¢
(low ¢?), the stronger as.

(from pdg.1bl.gov)
as (=1 GeV?) ~ O(1)




Asymptotic Freedom and Confinement

e At high energy, ¢>>>1 GeV, as is small, e.q. as (¢>=mz*) ~ 0.12.

Quarks and gluons behave like free objects at high energy or short
distances.

This is known as asymptotic freedom.
e.g.At high ¢ consider the scattering from the individual quarks.

Use perturbation theory to calculate processes. However due to
moderately large as need to calculate the more than just the simplest
diagrams.

Leading order (as®), Next-to-leading order (as?), Next-to-next-to-
leading order (as®)

e At low energy, ¢° ~1 GeV, as is large, e.q. as (=1 GeV) ~ 1.
Quarks and gluons are locked (confined) inside mesons and baryons.
Cannot use perturbation theory to obtain sensible results.

Many approaches to calculating QCD non-perturbatively, e.g. lattice
QCD, MC techniques.



Jets

e Consider a quark and anti-quark produced in electron positron annihilation

(i) Initially Quarks separate at _

high velocity —eo—

q q
(i) Colour flux tube forms —o——o—
between quarks I
—Q@Q—0 &—0

(i) Energy stored in the flux tube o8 6—0  e—0e—o—
ff. ° — °
sufficient to produce gq pairs ® @ @ =

(iv) Process continues until quarks “—@® ®@ 0® @ —
pair up into jets of colourless -

hadrons _ |
et q
1 e LK
e>’\/\/\/\<q / %

e This process is called hadronisation. It is not (yet) calculable.

e The main consequence is that at collider experiments quarks and
gluons observed as jets of particles




LHC Event with Two Jets
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LHC Event with Multi Jets

\%ATLAS

4 EXPERIMENT

Run Number: 158548, Event Number: 2486978
Date: 2010-07-04 06:46:45 CEST

Multijet Event In

[ TeV CoII|S|ons

BEE b

U1 B i I i T O [

: I%E.

——il B Sim |

Mfiieecy

N |
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Colliders

e Collider experiments collide beams of particles e.g. e*e, pp, e p, pp

e Key parameters:

e centre of mass energy: /s = \/(pa + pp)?

e Integrated luminosity f#dt = # x time to run experiment

10



ete"—hadrons

i -
e g

e Electromagnetic production of quark pair: qq

e g and q hadronise into two jets
e In CM frame jets are produced back-to-back.
e Angular distribution (1+cos?0), same as ete —u‘u-

e Emission of a hard gluon in final state gives three jets (rate measures ay)
e Observation of three jet events is direct evidence for gluons

11



Lepton Colliders

PETRA: Positron-Elektron- LEP: Large Electron Positron Collider
Tandem-Ring-Anlage

e At CERN

e The world’s highest energy e*e™ collider, 27 km
circumference.

e LHC was built in LEP tunnel

e Ran from 1989 to 2000

e Centre of mass energy, Vs=89 to 206 GeV

e Four experimental collision points: Aleph, Delphi, L3, Opal

e Highlight: beautiful confirmation of the electroweak
model

e At DESY, Hamburg

e ran 1978 to 1986

e ¢'e” collider, 2.3 km
e \s =14 to 46 GeV.

e Two experimental collision points:
TASSO and JADE.

e Highlight: discovery of the gluon!

12



Jet Events at Lepton Colliders

N ALEP

DALE

Run=16768  Evt=5%06

)
4/,7{/ )
i,

V.

/

T
e ,/,o,’/’/,r/
)

475? ’/ /; ,/fﬂfV

2%

" Three jet event from Petra
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Rate for ete—hadrons

M(eTe” — ptp™) =

2 €€q

e
— _|_ — _|_ — —_
2 o )Y ule™)|[v(p™ ) u(p™)] ¢
e Ignoring differences in the phase space, ratio,
R between hadron production and muon
production: 5 CM energy | Available R
Te~ — had e i
R — 0(6 c — Na I'Ol’lS) _ N4 (GeV) |quark pairs
— — — = N.—
U(€+€ — putp ) e 1<vVs<3 u, d,s 2
e N=3 is the number of quark colours
e ¢,=+%, Y is the charge of the quark 4<Vs<9 | wds,c 1073
e The number of available quark flavours Vs>10 |u,d,s, ¢, b 11/3
depends on the available s=¢?

e Vs >2 my for a quark flavour q to be produced.

M(eTe™ —qq) =

(e )y ule)][v(@)y"a(q)

14



Measurement of R

e Compendium of measurements from many lepton colliders.

Jip | (289)

~
L L L L

ml | | IR
2
1 10 10

V's [GeV]
e Consistent with N¢=3, this is one of the key pieces of evidence for three
quark colours.

e At quark thresholds, Vs ~ 2mq “resonances” occur as bound states of qq
more easily produced.

e Steps at ~4 and ~10 GeV due to charm and bottom quark threshold
e At Vs ~ 100 GeV, Z-boson exchange takes over.



Hadron Colliders

e SppS: Super Proton anti-Proton
Synchrotron at CERN

e 1981 - 1984, 6.9 km, Vs =400 GeV
e Two experiments: UA1 and UA2

e Tunnel now used for pre-acceleration for
LHC

)

Nobel Prize for Physics 1984
Carlo Rubbia and Simon van der Meer, from CERN
“For their decisive contributions to large
projects, which led to the discovery of the field
particles W and Z, communicators of the weak
interaction.”

e TeVatron at Fermilab, near Chicago
e Proton anti-proton collider, 6.3 km

e Run 1: 1987 - 1995 s=1.80 TeV

e Run 2: 2000 - 2011 Vs = 1.96 TeV

e Two experiments: CDF and D@

e Highlight: discovery of the top quark!

16



The Large Hadron Collider

o At CERN
e Proton-proton collider, \s =7 to 14 TeV
e 2009 - 202X

e Relies on network of accelerators

e Four collision points: ATLAS, CMS, LHCD,
ALICE

e CMS & ATLAS: general purpose detectors:
observation of highest energy collisions

e LHCD: specialist experiment looking at
b-hadrons

e ALICE: specialist experiment looking at
Pb ion collisions

CERN Accelerators

(not to scale)

0.999999c by here

0.87c by here

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cern Neutrinos to Gran Sasso

0.3c by here

Kadolf LEY, ¥'S Devisce, CEXN, 02 0% 96

Revised wadd sdagied by Astonells Del Rowo, ETT Oie,
16 collabeorsson with B Destorges. 3L Div,, asd

0, Manglenki, PS Div. CERN, 21,0501

Start the protons out here
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QCD production at Hadron Colliders

Jet

Underlying

"
b
:" |‘|
e
b

Fragmentation

Jet

Jet

e Much more complicated due initial state hadrons not being fundamental particles
e Every object is colour charged: all object can interact with each other.
e QCD is very strong

e Not able to use perturbation theory to describe the interactions with low four
momentum transfer gq.

18



Summary

e In QCD, the coupling strength as decreases at high momentum
transfer (¢?) increases at low momentum transfer.

0.3 |

e Perturbation theory is only useful at high momentum transfer,, |

e Non-perturbative techniques required at low momentum |
transfer. 0.1 |

i | |
O 1 1 1 | . | 1 1 (| L Ll 2
1 10 10
LL

e At colliders, hard scatter produces quark, anti-quarks and gluons.

e Fragmentation (hadronisation) describes how partons produced in hard scatter
become final state hadrons. Need non-perturbative techniques.

e Final state hadrons observed in experiments as jets. Measure jet pr, n, ¢
e Key measurement at lepton collider, evidence for Nc=3 colours of quarks.

o(ete™ — hadrons) e

R —

olete —ptp=) ‘e

19



Hadron Collider Dictionary

e The hard scatter is an initial scattering at high ¢? between partons (gluons, quarks,
antiquarks).

e The underlying event is the interactions of what is left of the protons after parton
scattering.

e Initial and final state radiation (ISR and FSR) are high energy gluon emissions from
the scattering partons.

e Fragmentation is the process of producing final state particles from the parton
produced in the hard scatter.

e A hadronic jet is a collimated cone of particles associated with a final state parton,
produced through fragmentation.

e Transverse quantities are measured transverse to the beam direction.

e An event with high transverse momentum (pr) jets or isolated leptons, is a
signature for the production of high mass particles (W,Z,H,t).

e An event with missing transverse energy (Er) is a sighature for neutrinos, or other
missing neutral particles.

e A minimum bias event has no missing energy, and no high mass final states particles
(W,Z,H,b,t). At the LHC these are treated as background.

20



Measuring Jets

e Ajet has a four-momentum [ — Z E, p= Zﬁz
1 1
= Where the constituents (i) are hadrons detected as charged tracks and neutral
energy deposits.

e Transverse momentum of jet:
JET
pr - = \/ pz + Py
e Position in the detector in two coordinates:

= Pseudorapidity of jet (1) JET
7]

— — In (tan g)

2 2
with polar angle, 8 cos ) = \/p;+py
= Azimuthal angle of jet (¢) HET _ tan-—1 (g_y)

X

e To assign individual constituents to the jet, simplest algorithm is to define a cone
around a central value: p'ET, ¢pJET,

R2 — (m . UJET)2 4 (qb@ . ¢JET)2
e All objects with R less than a given value (typically 0.4 or 0.7) are assigned to the jet

e Many sophisticated jet clustering algorithms exist which take into account QCD
effects.

21



Jet Fragmentation

Jet

Underlying
_ a4 Event

e Fragmentation or hadronisation is the process
of producing final state particles from the
parton produced in the hard scatter.

_

Fragmentation

e Gluon momentum transfer, ¢, varies

Jet

both perturbative and non-perturbative
methods are needed to describe/model
fragmentation

Jet

e Initial parton radiates gluon, which can form quark anti-quark pairs, modeled using
perturbative QCD

e Hadrons are formed using non-perturbative models of colour confinement. Several
stochastic models exist, with many parameters:

e PYTHIA, HERWIG, SHERPA

e The jet fragmentation algorithms are tuned to match data

22



ATLAS Multijet Event
ATLAS

EXPERIMENT

Run Number: 158548, Event Number: 2486978
Date: 2010-07-04 06:46:45 CEST”

Multijet Event in
7 TeV Collisions

nh

e # and ¢ act as map of activity in the detector
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o(ete” — hadrons)
R — —
olete™ — putu~)
*Hadron Colliders
*Electron-proton scattering
*Deep Inelastic scattering

* (Dolly) Partons in the proton




Announcements

¢ I’m going to a conference next
week.

e Steve Playfer will give lectures in
my place.

e Topics are hadrons, hadron
decays and the CKM matrix.

e Tutors will be at the tutorial 3-5pm
on Monday, but no new tutorial
sheet.

ATLAS in the ltalian Alps for the
Rencontres de Moriond 2013

From March 2nd to March 16th 2013 the mythic
“Rencontres de Moriond” is taking place in the Italian
Alps at the La Tuile ski resort. For the 48th edition of
this famous event, more than 420 physicists, theo-
rists and experimentalists, young and more experi-
enced, coming from the four corners of the planet get
together in this pleasant environment to share their
most recent results and ideas on particle physucs
Twenty-two ATLAS physicists

were invited to divuige the

latest findings of the ATLAS

Experiment. More... W aR"




Review from Tuesday: Rate for ete—hadrons

e
M(eTe™ = putu) = M(eTe” —qq) =
9 CCq N — N\
(& -
—(+ — N~ (4~ (e )y ule™)][v(@)y"u(q)]
2 o )Y ule™)|[v(p™ ) u(p™)] ¢
e Ignoring differences in the phase space, ratio,
R between hadron production and muon
production: 5 CM energy | Available R
R — 0(6+6_ — hadrons) N €q (GeV) |quark pairs
U(€+€_ — :LL+U_) “e? 1<vVs<3 u, d,s 2
e N=3 is the number of quark colours
e ¢,=+%, —Y is the charge of the quark 4<Vs<9 | wd,sc 1073
e The number of available quark flavours Vs>10 |u,d,s, ¢, b 11/3

depends on the available s=¢2

e Vs >2 my for a quark flavour q to be produced.




Measurements of R

e Compendium of measurements from many lepton colliders.

Jip | (289)

~
L L L L

ml | | IR
2
1 10 10

V's [GeV]
e Consistent with N¢=3, this is one of the key pieces of evidence for three
quark colours.

e At quark thresholds, Vs ~ 2mq “resonances” occur as bound states of qq
more easily produced (see next lecture).

e Steps at ~4 and ~10 GeV due to charm and bottom quark threshold
e At Vs ~ 100 GeV, Z-boson exchange takes over.



Electron Proton Scattering Experiments

* SLAC-MIT experiment (’67)
* Electron beam on liquid hydrogen target

Won the 1990 Noble prize for: Jerome I.
Friedman, Henry Kendall, Richard E. Taylor
“for their pioneering investigations concerning
deep inelastic scattering of electrons on
protons and bound neutrons, which have been
of essential importance for the development =
of the quark model in particle physics” - 14 _—

, 1]
The investigations gave the surprising result that the electrical charge within the
proton is concentrated to smaller components of negligible size.

TIDUre., e

« DESY (Deutsches Elektronen-Synchroton) Laboratory, js/-1ipisifie-
R T Rl

< 5o ?"" e
| ,-. AT S e ey - 3
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 HERA was the world’s only electron - proton collider,
ran 1992 - 2007

e E(e7) =30 GeV, E(p) = 820 GeV
* 6.3 km in circumference
* Three experiments:
— Two general purpose experiments: ZEUS, H1
= Probe proton at very high 0% and very low x


http://en.wikipedia.org/wiki/Jerome_Isaac_Friedman
http://en.wikipedia.org/wiki/Jerome_Isaac_Friedman
http://en.wikipedia.org/wiki/Jerome_Isaac_Friedman
http://en.wikipedia.org/wiki/Jerome_Isaac_Friedman
http://en.wikipedia.org/wiki/Henry_Way_Kendall
http://en.wikipedia.org/wiki/Henry_Way_Kendall
http://en.wikipedia.org/wiki/Richard_E._Taylor
http://en.wikipedia.org/wiki/Richard_E._Taylor
http://en.wikipedia.org/wiki/Deep_inelastic_scattering
http://en.wikipedia.org/wiki/Deep_inelastic_scattering
http://en.wikipedia.org/wiki/Quark_model
http://en.wikipedia.org/wiki/Quark_model

Probing the Structure of the Proton

e In e p — e p scattering the nature of the interaction of the virtual
photon with the proton depends strongly on wavelength, 4 =ch/E

: e
e At very low electron energies />>r,: the | l
scattering is equivalent to that from a “point-

like” spin-less object e-
e At low electron energies 4 ~ r, the scattering is
equivalent to that from a extended charged

object e-

e At high electron energies 4 <r,: the wavelength
is sufficiently short to resolve sub-structure.
Scattering from constituent quarks

e At very high electron energies 4 <<r,: the
proton appears to be a sea of quarks and
gluons.




Form Factors

e Extended object - like the proton - have a matter density p(),
normalised to unit volume:

d'p (7) =1

e Fourier Transform of p(r) is the form factor, F(q):

() = / 7 expli g7} p(F) = F(0) = 1

e Cross section are modified by the form factor:

do
i F 2
df) point—like ‘ (q_> ‘

Nda

extended dS)

e For ep—ep scattering we need two form factors:
e F; to describe the distribution of the electric charge
e I; to describing the recoil of the proton



Elastic Electron Proton Scattering

Scattering of high energy electrons by electromagnetic interactions
probes the charge distribution of the proton

e (p1) e” (p3)
eyt

q

p(p2) p(ps)

In elastic scattering the proton remains a proton, but the proton
current is modified by K# because the proton is not a pointlike particle

62

(p1 —p3)2

M(e"p —ep) = (agy ur) (Gakpuz)

1K
KF = 7“F1(q2) | L FQ(QZ)UWQV
2mp



Low-Energy Scattering *

* for reference only

e Elastic scattering of electron on stationary proton e

P = |p1] = [p2] pi

e Described by Mott Scattering:
2

do o
dQY  4|p*|232sin® 6/2
e sin4(0/2) term due to photon propagator, 1/¢>

(1 — B%sin® 0/2)

e At very low energies we have Rutherford scattering: Coulomb scattering on
the electric charge of proton (Ex=p*/2m.)

do o
dQ  16E2% sin* /2

e At relativistic energies, p—1, influence of spin-%2 nature of proton, need to also
account for finite size of proton charge distribution through form factor F(g°):

do o
dQ  4E2?sin? /2

0 -
cos? | F(q2)



Higher Energy Elastic Scattering®

* for reference only

e At higher energies need to account for the recoil of the proton ...

d()‘ 042 E3 2 q2 2 >
oY cos® 6/2 sin“ 6 /2
dQ ~ 4E?sin*6/2 E ( TR
—— v
from Magnetic interaction due

proton : . .
: to spin-spin interaction
recoil

e ... and finite size effects:

do o’ Es K2 q? 6 q> 9 v
I — F2 L F2 27 I I .27
dQ 4E%sm4gE1{< LT am? 2)COS > zmg( L RFR)"sin 2}

e Fi1(¢*) and F:(q?) are the form factors, which need to be measured.

e Measurement of elastic scattering demonstrate the proton is extended
object with rms radius of ~0.8 fm



Deep Inelastic Scattering (DIS)

e In deep inelastic scattering the proton disintegrates

e The final state hadronic system contains at least one baryon, implying invariant
mass of the final state system, Mx>Mp

e~ beam, p; scattered e, p3

parton
scattering

virtual
v (or W)

hadronic jet, p4

proton target, p; ——>

e For deep inelastic scattering introduce new kinematic variables: x, Q% v
Q’ 2 2 2
= Q =-q¢ =(p1—p3)">0 v=
2p2 - q M,
2 2 2 2 2
My =py = (q¢+p2)° = -0 +2p2 - g+ My

= Q*=2py-q+M]—Mx = Q° <2p;-q

e inelastic:) < = < 1 e elastic: * = 1

11



DIS: Cross Section

e Assume that the photon is elastically scattering off the individual constituents of
the proton.

e Proton constituents are called partons.
e x is the fraction of the proton’s energy carried by the individual partons
e Cross section for DIS is:

d?o o’ 1 , 0 2 9)
= —F5(x, cos® — + — F (x Sin
dE3d)  4F? sin4g (V 2, &%) 2 M 1, Q) 2
EM structure Magnetic structure
function function

e The structure functions are sums over the charged partons in the proton:

20k (1) = Fa(x) = ) welq(x)

e Partons the proton are:
valance quarks = uud
sea quarks in quark anti-quark pairs, e.g. iu, dd, ss, cc, ...
gluons, ¢

12



Experimental Measurements of F; and F:

¢ 1.5 < Q¥(GeVic)* <4

zxj b 5< QY(GeV/c)? < 11

2 b 12 < Q¥(GeVic) < 16
1.5

} % spin

T4 %‘;ﬁ ﬁ*ﬁ*{ %‘f‘\' i

0.5t

N R T S ——

A. 2xF: = F» is predicted if the constituents are spin-'1/z particles’
B. At low Q?, F:is predicted to be independent of Q?

02 /GeV?

@

€02 (2261) 22 "19S "|ONN "AdY “uuy

‘llepuUa) M'H + UBWpau4'L P

i/"_&%‘.’%gfm =] ZEUSNLO QCD fit

o - -3
4 ;:aoonza H1 PDF 2000 fit
7 x—0.0004
7/ x=0.0005
{/ , ¥=0.000632 s H1 %4-00

& HI1 (prel.) 99/00

= ZEUS 9%6/97

& BCDMS

1 _Lu_lig;l;,llxl 1 A= sapenll 1 L1 1 oased Illll,ll
Al 4

10

0’ /GeV?

C. At very low x, F; is not independent of @2, as gluons start to

take a larger share of the proton momentum.

13



Summary

e The measurement of
o(ete” — hadrons) e

R = = N,-2Z
oete” — ptu~) e?

2
q

is experimental proof of N=3, three colours of quarks.

Electron-proton scattering investigates proton substructure

e At lower energies: elastic scatteringe p — e p
= proton remains intact, scattering can be described by proton form factor.

e At higher energies: Deep inelastic scatteringe p — ¢ X
= Scattering from individual quarks within the proton.

= Each parton carries the momentum fraction x, described by proton
structure functions, q(x)

= Only ~50% proton momentum carried by up and down quarks, remainder
carried by gluons, sea quarks.

14
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*Mesons and baryons

*Strong isospin and strong
hypercharge

*SU(3) flavour symmetry
*xHeavy quark states




Review from Friday

® Using high energy deep inelastic scattering, e p — ¢ X, we find out
the proton consists of partons:

¢ three valence quarks: two up quarks, one down quark
¢ gluons that are continuously exchanged between the quarks
® sea quarks: quark-antiquark pairs produced by gluons

® In today’s lecture consider the valence quark model of mesons and
baryons



Mesons and Baryons

Mesons are quark-antiquark bound states 1 3 — _
with a symmetric colour wavefunction Xe = \/g [1'1' + bb + gg]

Baryons are three quark bound states with an

antisymmetric colour wavefunction 1
Xe = % [rgb — rbg + gbr — grb + brg — bgr]

e All these hadrons are colour neutral
® They do not interact with each other by single gluon exchange

® They couple to each other by hadron exchange, typically through the pion (the
lightest meson)

® Yukawa (1935) - the finite range of strong interactions between hadrons is due to
the pion mass of ~140 MeV

d d

Nucleon-nucleon scattering: n\ / b u u
a strong interaction as seen at ‘
the hadron and quark level R+ L

u u
d d

u u

~F
]




Constituent Quark Masses

® Because of QCD renormalisation, there is an ambiguity in how to
define the quark masses. The most commonly used definition is known
as the “MS scheme”:

my= 2.4 MeV, mqg=4.8 MeV, ms =104 MeV, m. =1.27 GeV, mp =4.20 GeV

® The light quark masses are too small to account for the hadron masses
m(*) =140 MeV is a u-dbar bound state!

®* The majority of the mass of hadrons comes from QCD interactions

® The valence quark model introduces constituent quark masses
my=mgq ~ 300 MeV, ms~ 500 MeV, m¢ ~ 1.5 GeV, mp ~ 4.7 GeV

® These are an effective model for the observed hadron masses and
magnetic moments (but still don’t work for the pion!)



Flavour Symmetries: Isospin

® Strong interactions are (approximately) invariant under flavour symmetry rotations.
Known for hadrons long before quark model was invented (n-n, n-p, p-p the same).

® Assign quantum numbers to characterise these symmetries.
= Strong Isospin (1, I3): a flavour symmetry between u and d quarks

I=1/2 doublet with I3(u)=+1/2 and I3(d)=-1/2
( by analogy to $=1/2 with spin states T and | )

® Strong interactions are invariant under isospin rotations u < dor p < n

® For heavy quarks introduce quantum numbers for each flavour:
= Strangeness (), Charm (C), Beauty (B), Truth (7)

S(s) = -1, S(sbar) = +1, B(b) = -1, B(bbar) = +1
C(c) = +1, C(cbar) = -1, T(t) = +1 , T(tbar) = -1

® Strong interactions are (almost) flavour independent, and conserve quark flavour



SU(3) Flavour Symmetry

® An SU(3) flavour symmetry is exhibited between u, d and s quarks

® The symmetry is broken by the s quark mass ms~ 100 MeV >> my, mq

e (Classify hadrons in SU(3) multiplets using convenient quantum numbers:
e Strong Hypercharge Y=8+ B (where B =% [N(q)—N(q)] is baryon number)
® Strong Isospin I3 (note that electric charge Q = Iz + Y/2)

!
=

¢, Antiquarks

. 12

These are the basic building blocks for constructing mesons (q q) and baryons (qqq)



The J=0 Pseudoscalar Mesons

® Total angular momentum, J=0: orbital angular momentum, L=0; one spin-up and
one spin-down T | quark

® The allowed flavour combinations are given by the Gell Mann A matrices,
same matrices that describe the allowed colour combinations of gluons.
M(K?, K°) = 498 MeV
S Y* K'(ds) Y K* (u$) M(K*K") = 494 MeV
: M(n*, ) = 140 MeV

M(n")=135 MeV

M(17)=550 MeV
“noﬂnlﬂnsl

I3 M(”’)=960 MeV

n=1~N2[dd-uu]
N,=1"V6[dd+uu—-2ss]

K- (T ) KO (s d) n,=1\3[dd+uu+ss]

SU3)-Oktett der einfachsten Mesonen Observed n n, mesons are
’

-1 —1/2 0 +1/2 +1 i3 mixtures of 1, and ng



The J=1 Vector Mesons

® Total angular momentum, J=I: L=0, both quarks with same spin T 1

M(K**,K*") = 892 MeV

Y A
S M(K*9, K*?) = 896 MeV
K* K*t
0+1 M(p*,p7) =776 MeV
M(p?)=767 MeV
o W M(®)=783 MeV
o0
-1 0 P~ A pt M(¢)=1019 MeV
/70
0o=1V2[dd+uu] p=ss
-2 -1 L
K 0 p'=1N2[dd-uu]

-1 -1/2 0 +12 +1



The J=1/2 Baryon Octet

® =0, Quark spin compositionis 11!

S Y Y
0 +1
-1 0
SU3)-Oktett der einfachsten Baryonen
—1 —1/2 0 +1/2 +1

A" = [uds] isospin singlet state I=0
Y0 = [uds] isospin triplet state I=1

M(n) = 940 MeV

M(p) = 938 MeV

M(A) = 1116 MeV

M(Z) = 1193 MeV

M(E) = 1318 MeV



The J=3/2 Baryon Decuplet

® Total angular momentum J=3/2: all spins aligned T11, L=0

* ¥, ddd Y uuu

0+ M(A) = 1232 MeV
-1 0 M(Z*)=1383 MeV
-2 -1 M(E+)=1532 MeV
3 - M()=1672 MeV

-3/2 -1 —1/2 0 +1/2 +1 +3/2 1



A" and Baryon Wavefunctions

® The overall wavefunction of a system of identical fermions must be
antisymmetric under exchange of any two fermions

w (A™) =wmww= xe xrxs XL

"»The A*" wavefunction is symmetric in flavour yrand spin ys (J=3/2)
"»There is no orbital angular momentum L=0, spatially symmetric yz
"»Hence it must have an antisymmetric colour wavefunction y.

® Why are there no J=1/2 uuu, ddd, sss baryons?

Baryon Colour Flavour  Spin Spatial  Total

AT A S S S A
p A AorS AorS S A
¢ Full proton wave function is:

1
’lﬂ(p) = —18[ulquT —I—uTuldT — 2uTqul —I—uldTuT + quluT — QquTul + dluTuT + dTuluT — 2dTuTul]



Heavy Quark Mesons and Baryons

® Heavy mesons and baryons are obtained by replacing one (or more)
of the light u,d,s quarks by a heavy ¢ or b quark

® There are no bound state hadrons containing t quarks
Lowest lying charm meson states with M(D) ~ 1.9 GeV:
D*(cd), D" (c¢d), D°(cu), D° (cu), Ds*(cs),Ds (cs)
Lowest lying bottom meson states with M(B) ~ 5.3 GeV
B°(bd), B’ (bd), B (bu), B (bu),Bs’(bs),Bs (bs)

® Heavy baryons Ac (cud) , Ap (bud) ...

e Charmonium ¥( ¢ ¢ ) and Bottomonium Y(bb )



Baryons with Up, Down, Strange and Bottom Quarks and Highest Spin (J = 3,)

Qg-,u, Three Bottom Quarks
not yet discovered

Two Bottom Quarks
not yet discovered

Tevatron Z
Discovered
One Bottom Quark
not all discovered
nearly all
LHCb i
: No Bottom Quark
A... y . all discovered



Cross section {(mb)

7
ol
s GaV

Resonances

® Most hadrons decay due to the strong force, and have very short lifetime
T~107% s

® Fvidence for the existence of these states

2
are resonances in cross-sections L I / 4
. . . . . . 0 = Olllax T7\2 9
® Shape is Breit-Wigner distribution (E— M)*+T1%/4
with width I" from Fermi’s Golden rule, T'~ |M|? p
3 scatterin
i P | M(A™) =1230 MeV
"R T(A*) = 120 MeV
. A++"!~: J,-‘&\.ﬁ\“. U 2 P totat P e
"" \‘" .\,‘ i Rt S S SO e e g G ?ég_%‘ ‘ w u§ P
| ,.; i Ty ; @ —
: R BAN ° &
s ¥ g b WEE/)M B §- 3 T
. . TI‘" P elastic pit = A" > pW?
b P GeVIC |
107 ) 1 . 0 10°
P 1.2 2 i 4q 5 6 7 & 910 ¢



Discovery of the Heavy Quarks

® Collider experiments discovered the charm (1974),
bottom (1977) and top quarks (1995)

® ¢t¢"—cce and ete —bb give narrow charmonium
and bottomonium resonances near threshold

(electromagnetic interaction) D -
® At higher energies produced in pairs 7_’_QTeV &
at hadron colliders through gluons *1 | t

(strong interaction)

Can identify heavy quark jets by tagging
decays of ¢ and b quarks with lifetimes
Tc ~0.4ps, Tv~1.5ps

¢ Single heavy quark production needs a W boson
(weak interaction)
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Heavy Quark bound states

ttomonium bb  M(Y(1S)) = 9460MeV

Charmonium cc
M(J/¥) = 3096MeV

%o(1P)
x2

hadrons

"Brookhaven/ SLAC
1974

14+ 14- g+

ASS e 06T Quasi-bound states
Bound states
e ATLAS in
s gy SIS ‘ 33P, (x, (10269))
T S === 3%, (x, 110288 2011
- N 33P,(x, (10233)
L 2P 0
————— ZTTTT 3%,
o 33D,
B 235,(1'(10023)) —
2 1s° wiz2s)
s b e 23P,(x,(9912)) (2S) Y
2'p B s e g ' ——4“" re
it 23P, (x,(9893)) | ' i
| e 5 hadrons % (1P
23P,(x,(9859)) | / ! NN
] : hadron hadx"ons
- ‘ 00 S
. / .u% S
_BaBar in LT Z
. . n(1S) 4 <
2008 Fermilab in =5 . it
s hadrons hadrons y« radistive
v 135, (1(9469)) 1977 O s i 0+
115,
1S states 3§ states P states 3P states 1D states 3D states

® Analogous to hydrogen spectroscopy with quark-quark potential

Viq(r) = —4/3 as/r + kr (see lecture 9)




tt — Wb Wb candidate event
ATLAS

EXPERIMEN

® Lines are project paths
of charged particles
through the detector.

® Not all particles
originate from collision
point.

® Particle produced and
travelled short distance
before decaying,
indicates production of
a b-quark!




Summary

® Quarks are confined in colourless bound states, collectively known as hadrons:
mesons: quark and anti-quark. Bosons (J=0, 1) with symmetric colour wavefunction.

baryons: three quarks. Fermions (J=1/2, 3/2) with antisymmetric colour
wavefunction.

® The strong force between colourless hadrons is propagated by mesons.

® The lightest mesons & baryons are characterised by strong isospin (Z, I3), strangeness (S)
and strong hypercharge Y

strong isospin I =" for u and d quarks with Is=+% and Is=—-%
S$ = -1 for strange quarks (and similarly for heavy flavours C,B,T)
strong hypercharge Y =S + B (Baryon Number)

charge Q=1 + Y2

e Hadrons display SU(3) flavour symmetry between u d and s quarks. The symmetry
predicts the allowed meson and baryon states.

® Strong decays of most hadrons cause resonances due to very short lifetimes.
® Heavy b and c quarks also form bound states with each other and with the light quarks.
® The t quark does not form bound states, but has been observed at hadron colliders.
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Decays of Hadrons

® The proton is the only completely stable hadron ] Force Typical z (s)

® The free neutron has a weak decay (7~15 mins) QCD 1020-102

® Decay length of a particle is the distance it travels QED 10720-10716
before decaying L=fyct Weak 10713 -103

* 7%, K*, K1’ mesons are long-lived (z~10 ns) and have weak decays
Live long enough to travel outside radii of collider detectors (L~10 m)

® K" mesons and A° hyperons are less long-lived (z~100 ps) and have weak decays with
decay lengths of L~cm which are inside collider detectors

* 1'—vyy, n—vyy are electromagnetic decays, reconstructed from pairs of photons

®pn, w, ¢, K*, A, X*, E* are resonances with strong decays.
Reconstructed as broad structures with widths I'~100 MeV.



Decay Conservation Laws

® Relevant quantum numbers are:
® strong isospin (7, I3)
® parity (P)

® quark flavour: described using strangeness (S=N(s)—N(s)),
charm (C=N(c)—N(c)), beauty (B=N(b)-N(b))

® Baryon number and lepton numbers are always conserved!

baryon  Strong Igggo?r? Flavour, Parity. P
number Isospin, I IE») " S,C B Y
Strong Y Y Y Y Y
EM Y N Y Y Y

Weak Y N N N N



Decays of Charmonium

® The JAy meson is a ¢ ¢ state. It must decay to particles without charm quarks as M(J/
) <2 M(D).

® Two options: decay via three gluons or one photon.

e Strong rate is suppressed by as®(gguon). This is comparable to «? for EM decay
= Both strong and electromagnetic final states have large branching ratios.

® The J/y meson lives for a relatively long time, giving rise to narrow resonance in e.g.
e¢*e”— hadrons.

e Similar phenomena occur in decays of s s and bb mesons.



Charged Pion Decay

® See problem sheet 1 & pt
® 1" consists of ud, lightest charged meson
® Decays via weak force to change quark flavour u->d Vi /-

T(7") =26 ns w
= CKM matrix element factor Vua.
= Hadronic decay constant fr~ mto account for finite size

of pion
_ - 1 _ 5
M = |o(d)gw Vaafay" (1 —~°)u(u)] p— [a(v) gwy (1 —”)v(p™)]
W
2 = =
< Vaa o W [o(@)r# (1 = ")uw)] (a7 (1= 7))
%
M2 f— 4G2 ‘/11 2 £2 2 . M
M| FVaal>f2 mi; [y - po] 1 preferred to e
7% G2, vV .
I' = ’ ‘>|./\/[’ o ‘ud| f~— (77? _7777)1)

ST 8/‘



Charged Kaon Decays

e Charged kaon is s u with mx= 498 MeV

® lightest mesons containing strange quarks = must
decay by weak force

7(K*) =12 ns

® | eptonic decays
* BR(K'—p*vy) =63%
* Kaon decay constant, fx==160 MeV
®* JVus =0.22 (Cabibbo angle)

® Semileptonic decays
® BR(K'—nn*vy) = 3.8%
® BR(K*—nl¢*ve) =5.1%

—u
—d

T
T
Tt

* Hadronic Decays K
® BR(K'—>n't") =21%
®* BR(K'—»n'n"n") =5.6%

w c

cla Qlc



Cabibbo-Kobayashi-Maskawa Matrix

® Mass eigenstates and weak eigenstates of quarks are not identical.
Decay properties measure mass eigenstates with a definite lifetime and decay width

The weak force acts on the weak eigenstates.
® Weak eigenstates are admixture of mass eigenstates, conventionally described using CKM
matrix to mix the down-type quarks:

d/ Vvud ‘/us ‘/1_1 b d mass
weak s = Via Vi Vi S .
eigenstates ) - € cs ck : eigenstates
: b’ Via Vs Vib

® e.g. weak eigenstate of the strange quark is a mixture between down, strange and bottom
mass eigenstates s = Vigd + Vs + Vonb

® The CKM matrix is unitary, VckmVekm = 1; standard parameterisation in terms of three

mixing angles (61, 82, 83) and one complex phase () is:
cos t, sin @, cos 63

( — sin @4 cos 03 cos 6, cos #5 cos B3 — sin @5 sin 3™

sin #; sin 04
cos 61 cos B3 sin O3 + sin @ cos #ze™
sin#, sinfs; — cosf, sin B cosf; — cos B, sin Hze*°

— cos 6 sin O sin O3 + cos 0, cos f5e™°



Nobel Prize in Physics 2008

e Awarded to Makoto Kobayashi, High Energy Accelerator Research
Organization (KEK), Tsukuba, Japan and Toshihide Maskawa, Yukawa
Institute for Theoretical Physics (YITP), Kyoto University, and Kyoto Sangyo
University, Japan

® “for the discovery of the origin of the broken symmetry which predicts the
existence of at least three families of quarks in nature”



Experimental Measurements of CKM Matrix

®* Many measurements made by the BaBar and Belle experiments.
* Both study e*e— Y ) — B? B to measure the decays of b and ¢ quarks, e.g. Verb and Vub

Belle at KEK, - st ——m .
Japan 1999-2010 g 1| X7y ,

BaBar 2007

Ew)IV_ Ix10
g @

8

I 1.1 12 13 14 5

1
B — D*t v decays =
(as function of D* recoil)
measures | Ves| = 0.0374 = 0.0017

BaBar at SLAC
California,
1999 - 2008

AB(q) ! 2 GaV®

T ISGW2

LCSR
FNAL

—— HPQCD

*  DATA

B Fitso DATA

&

5

"

s

Pl n
Untalded o° (GeV?)

Exclusive B— zfv
(as a function of ¢?)
|V,,] = 0.0034(5)



The Wolfenstein Parameterisation

® An expansion of the CKM matrix in powers of A = Vs = 0.22

1 —\2/2 A AXN3(p — in)
"’"‘Y("I\'.\l — A 1 — /\‘2/2 4‘4/\2 -+ C)(/\l)

AN3(1 — p —in) —AN? 1

® Parameterisation reflects almost diagonal nature of CKM matrix:
"»The diagonal elements Vug, Ves, Vb are close to 1
"»Elements Vus, Vea ~ A are equal and measure A
"»Elements Ve, Vis ~A* are equal and measure A
“»Elements Vb, Via ~A3 are very small

® Note that the parameter p and the complex phase 5 only appear in the very
small elements V, and V.4, and are thus hard to measure.



Flavour Changing Neutral Currents

® At 1st order, there are no allowed transitions between quarks of the same charge,
e.g. s—d, c—u, b—s, b—d

® Weak neutral current (the Z boson) does not change the flavour of fermions.

® At 2nd order so-called “Penguin Diagrams” can cause transitions such as b«<s
®ecg. b—sss, B> ¢ K"




Neutral Meson Mlxmg

® Second order weak interactions mix long- K PN K
lived neutral mesons with their O J O
antiparticles: e

—_ — — — Ss uct dS
K'(sd),D’(cu), B (b d), Bs (b s) AN N |
f w*é é W
K K D' & D" B"  B® B, > B, 3 n > §

)
.......

elgenstates
Ks =1/\2 (K* + K°) with s = 0.09 ns
Ki.=1~2 (K*— K°) with T =51 ns

Mass difference Amg = mi, — ms = 3.52(1) x107'> MeV = 0.53 x 10710 7!

This is the oscillation frequency of the mixing
More about this next week, when we talk about CP

violation




CKM Fit

2ol ‘W aca 2f<0
|maed. 2’ CL > 0.52)

o

“Watrhonbeo b b bl

o

® Many measurements, including results from BaBar, Belle, Tevatron and
LHCb experiments. Semileptonic b->u decays, penguin diagrams, neutral
meson mixing and CP violation are used to find best values for n and p
parameters in Wolfenstein parameterisation.



Summary: Decays of Hadrons

® Strong decays are characterised by very short lifetimes, r ~ 1072 - 10723 s appearing as
resonances with a large width I' ~ MeV.

Final states are hadronic. All quantum numbers are conserved.

® Electromagnetic decays are characterised by r~10720-10"16 s,
Decays containing photons are electromagnetic.
All quantum numbers conserved except total isospin, 1.

® Weak decays characterised by long lifetimes, 7~ 10713 -103s.
Only decays that allow change of quark flavour (including s, c, b decays).
Responsible for most light meson and baryon decays.
Particles can live long enough to reach the detector.
Final states may be leptonic, semi-leptonic or hadronic.
Strong Isospin, I, I3, Parity, P, Flavour quantum numbers not conserved.

® CKM matrix relates the quark mass eigenstates to the weak eigenstates

Non-diagonal: mixes quark flavours. Off-diagonal elements get smaller.
Allows higher order penguin diagrams, and neutral meson mixing.
Contains four free parameters, including a complex phase (leads to CP violation).
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Moriond Conference

e | was webcast: http://webcast.in2p3.fr/videos-
searches for the beh boson into fermions at atlas



http://webcast.in2p3.fr/videos-searches_for_the_beh_boson_into_fermions_at_atlas
http://webcast.in2p3.fr/videos-searches_for_the_beh_boson_into_fermions_at_atlas
http://webcast.in2p3.fr/videos-searches_for_the_beh_boson_into_fermions_at_atlas
http://webcast.in2p3.fr/videos-searches_for_the_beh_boson_into_fermions_at_atlas

Guest Seminars

e From Edinburgh University researchers on their work.
e Next Monday (18th March) in tutorial:
e Guest seminar from Dr Greig Cowan on B-physics at LHCb

e Following Monday (25th March) in tutorial
e Guest seminar from Dr Wahid Bhimji on Higgs physicst at ATLAS



Cabibbo-Kobayashi-Maskawa Matrix

e Mass eigenstates and weak eigenstates of quarks are not identical.

e Weak eigenstates are admixture of mass eigenstates, conventionally described using
CKM matrix a mixture of the down-type quarks:

d’ Vaa Vus Vb d mass
weak / _ V V. vV
. S = cd  Ves  Veb > eigenstates
elgenstates /

b Via Vis  Vip b
e The CKM matrix is unitary, Vckm™Vekm = 1
e Wolfenstein parameterisation

1 —)\?/2 A AX3(p — in)
Vekm —A 1 —\%/2 AN° +O(\Y)

AN (1 —p—in) —AN? 1
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e Results from BaBar, Belle and LHCb experiments used to find best
values for n and p parameters in Wolfenstein parameterisation.



Introduction: Symmetries in Particle Physics

e Symmetries play a central role in particle physics.
e Symmetries describe operations which leave a physical system unchanged.

e Noether’s theorem: every symmetry corresponds to a conservation law.
e Conservation laws can be experimentally verified

e We use the group theory to describe the symmetries of the three forces:
e SU(3) symmetry of QCD = conservation of colour charge
e SU(2) symmetry of weak force = conservation of weak isospin
e U(1) symmetry of QED = conservation of electric charge
e Translations in time and space; rotations in space = conservation of angular and four-

momentum

e Some symmetries are observed to only hold under certain conditions, e.g.
conservation of quark flavour for strong and electromagnetic interactions

e Breaking of symmetries can be either “dynamical” or “spontaneous” (e.g. Higgs
mechanism).



Parity (P)

e Parity, P, is a spatial inversion through the origin: Py () = ¢ (—r)
(not a mirror reflection in a plane!)

e If you act P twice on a state you get the original state back = P?>=1.

e Eigenvalues of P are either +1 (even) or —1 (odd)
e €.8. w(x)=sin kx is odd w(x) = cos kx is even

e e.¢g. Hydrogen atom states described by Legendre polynomials:
Y™ = Pr"(cos 0) e™9

e Parity of state described by Y™ is (—1)- (depends on orbital angular
momentum L)

¢ S (L=0) and D (L=2) states are even, P (L=1) states are odd



Intrinsic Parity

e Intrinsic parity is property of the elementary particles, we define:

e Fermions to be eigenstates with P=+1 (even) A (m)
e Antifermions to be eignestates w. P=—1 (odd) & e

left handed right handed

I O
e Parity operator (P) can be represented by Y = ( 0 —1 )

e Check this by looking at Dirac spinors (on problem sheet)

e Photons have odd parity, P=-1
e Parity operation changes the direction of Electric fields.
e Check this from transformation of electromagnetic fields (4#)

e In general:
e Scalar (y w) and axial-vector (y y5 v# w) quantities have P=+1 (even)
e Pseudoscalar (y y5w) and vector (y y* w) quantities have P =-1 (odd)



Charge Conjugation (C)
e A change from particle to antiparticle: Cf =f ; Cf=f
e (?=1 = eigenvalues of C are either +1 (even) or -1 (odd)

e (C can be represented by iy?)
e Fermions and antifermions are not eigenstates of C!

positive charge negative charge

e Photons have C =-1. C changes sign of the electric charges, and therefore of the
electromagnetic field. Similarly gluons have C =-1.

e C and P observed to be conserved in electromagnetic and strong interactions.
e Mesons (qq) have C=(-1)t*S and P=(—1)L*

e Lightest mesons pseudoscalars (T 1) with JP¢ =0 Second-lightest states are vectors
(TT or L1) with JP¢=1—

¢ g 0

] m _
o, B Ja”
U € H+

e e.98. J/w (cc) meson has JP¢=1—. EM and strong decays via odd number of photons or
gluons to conserve C and P

e




Time Reversal (T)

e A reversal of the arrow of time: Ty (t)=w(—1t)

0O

e 72=1 so eigenvalues of T are either +1 (even) or —1 (odd)

e T corresponds to interchanging the initial and final states in a
Feynman diagram.

e T reverses the sign of time-dependent variables including momentum
and angular momentum (spin)

e It is evident that the Universe is not T symmetric!
e Big Bang, Hubble expansion, increase in Entropy ...

10



Discrete Symmetries of Physical Quantities

Quantity Notation P
Position 7 -
Momentum (Vector) D —
Spin (Axial Vector) c=rxp | +1
Helicity o-p —
Electric Field E —
Magnetic Field B

Magnetic Dipole Moment G- B

Electric Dipole Moment G- E —
Transverse Polarization g - (p1 X p3 +1

11



Parity Violation in Weak Decays

e First observed by Chien-Shiung Wu in 1957 through g- e |
decay of polarised ¢°Co nuclei: ®Co—%Ni + e~ + v, 3 '

BETA RAYS T

e Recall: under parity changes momentum sign but
not spin p— —p S— S

e Electrons were observed to be emitted to opposite to COBALT
nuclear spin direction

e Particular direction is space is preferred!

BETA RAYS / ;
(ELECTRONS)

. . . . > J J ¥ \
e P is found to be violated maximally in weak decays v ¥ 4 TiRrorwoRlD

\/
THIS WORLD

e Pis a good symmetry in strong and QED.

e Recall the vertex term for the weak force is g, y*(1—y5) /N8
e Fermion currents are proportional to wy(e) (y*—y*y5) w(v.) “vector - axial vector”
e Under parity, P (v (Y*—y™S) w) = y (y*+y5) v (mixture of eigenstates)

e Compare to QED and QCD vertices: P(yy*y) = yy* y
(pure eigenstates - no P violation)

12


http://en.wikiquote.org/wiki/Special:Search/Chien-Shiung_Wu
http://en.wikiquote.org/wiki/Special:Search/Chien-Shiung_Wu

Parity Violation in Pion Decays

e Consider charged pion decay at rest, 7= — u~ + v,

<4 ) —
®—u

v‘u ¢

e Charged pion has § =0 = muon and neutrino produced with equal & opposite spin

The muon and neutrino will have identical helicities.
Experiments observe muon helicity is always right-handed

Conclusion: Only right-handed anti-neutrinos exist! (or only right-handed
anti-neutrinos interact)

e Similarly for z+ — u* + v, anti-muon helicity is always left-handed
only left-handed neutrinos exist!

e This observation also explains why zn~— u~ +v, is preferred over 7= — e~ + v,

The weak interaction only acts on LH chiral states, pion must decay to RH

helicity electron or muon. my

. .. . X
The change from LH chiral to RH helicity for lepton (£) mass: M. + My

13



Neutrino States

ALLOWED FORBIDDEN
Parity (P)
= ¢
VL > — - VR
Left-handed Rlght-handed
neutrino CP neutrino
Charge Charge
Conjugation (C) Conjugation (C)

— - ¢ —

VL > > -~ VR
Left-handed Parity (P) Right-handed
antineutrino antineutrino

ALLOWED

FORBIDDEN

14



CPT Theorem

e CPT is the combination of C, Pand T.
Turns a forward-going particle with LH helicity into

backward-going antiparticle with RH helicity.
e CPT Theorem states:

“All interactions described by a local Lorentz invariant
gauge theory must be invariant under the combined

Operation CPT 7 left handed right handed

Oy

positive charge negative charge

¢

= CPT violation would imply non-locality and/or loss of
Lorentz invariance

theories?

O O

= |mpossible to describe interactions in terms of
Feynman diagrams?

= |mpossible to write down relativistic quantum field ;
CPT

= CPT conservation implies that CP violation is
equivalent to T violation

e The Universe needs CP violation for the matter-antimatter asymmetry
and it needs T violation for the arrow of time

15



Tests of CPT Invariance

e CPT invariance implies particles and antiparticles must have equal masses:

MK — M(K)

1 —— < 10718 GeV
5 [ M(KY) + M(K")]
Don’t learn
e Particle and antiparticles must have equal lifetimes: all thjse limits, just
or your
—0 .
T KO ~T(K appreciation
(K -TE") i

LM (KO) + M(K)

e Particle and antiparticles must have equal and opposite charges and
magnetic moments N B

gle™) —gle™)

Q(p) +Q(p) <10 *e Sg(et) +gle)]

e Hydrogen and anti-hydrogen atoms have identical spectra

<2x 1071t

16



Summary

e Symmetries play a key role in describing interactions in particle physics.

e QED and QCD obey Gauge symmetries in the Lagrangian corresponding to
symmetry groups. These lead to conservation of electric and colour
charge.

e Three important discreet symmetries: Charge Conjugation (C), Parity (P)
and Time reversal (7).

e C: changes the sign of the charge

e P: spatial inversion, reserves helicity. Fermions have P=+1,
antifermions P=—1

e T: changes the initial and final states
e Gluons and photons have C =1, P=1

e C and P are conserved in QED and QCD, maximally violated in weak
e Only LH neutrinos and RH anti-neutrinos are found in nature.

e CPT is thought to be absolutely conserved.

17
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¢ All measurements, including results from BaBar and Belle
experiments, penguin diagrams, neutral kaon mixing used to find

e Best values for n and p parameters in Wolfenstein parameterisation.
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*Mixing and decays of kaons
*CKM Matrix revisited
*The unitarity triangle



Reminder: Guest Seminars

e From Edinburgh University researchers on their work.
e Monday (18th March) in tutorial:
e Guest seminar from Dr Greig Cowan on B-physics at LHCb

e Following Monday (25th March) in tutorial
e Guest seminar from Dr Wahid Bhimji on Higgs physics at ATLAS



Parity Violation in Pion Decays

e Consider charged pion decay at rest, 7= — u~ + v,
— <4 . ) _

e Charged pion has =0 Vi > UL

= muon and neutrino produced with equal & Helicity: +1 (RH) Helicity: +1 (RH)
opposite spin

The muon and neutrino will have identical helicities chirality: RH chirality: LH

A o-p
| P
Experiments observe muon helicity is always right-

handed
Conclusion: Only right-handed anti-neutrinos exist!

e Similarly for #* — u* + v, anti-muon helicity is always left-handed
only left-handed neutrinos exist!
e This observation also explains why zn~ — u~ +v, is preferred over 7= — e~ + v,

Weak force decay produces particles with left handed chirality and antiparticles
with right handed chirality

The amount of LH chiral in a RH helicity state is related to p of the lepton. In
terms of lepton (£) mass: my

X
M + My




Neutrino States
ALLOWED

Parity( )
e ¢

VL . VR
Left- handed Right-handed

neutrino neutrino
Charge Charge
Conjugation (C Conjugation (C)

— am _

VL < vR
Left-handed Parlty( ) Right-handed
antineutrino antineutrino

FORBIDDEN ALLOWED

Parity changes the direction of momentum, but not spin:
Left handed helicity — right handed helicity

Charge conjugation changes the sign of all charges:
particle — anti-particle

The existence of the v, and wr suggests that CPis a good symmetry in the weak interaction

4



From Last Lecture: Summary

e Parity P and Charge Conjugation C are maximally violated in weak
interactions due to vector - axial vector structure of interaction
vertex.

e Conserved in strong and electromagnetic interactions.

e The combined symmetry CP describes the difference between matter
and anti-matter

e The existence of only LH neutrinos and RH anti-neutrinos suggest
CP is good symmetry in the weak force.

e CPT symmetry must be conserved... it’s one of the foundations of QM
and field theory!



Neutral Meson Mixing

e Second order weak interactions can mix long-lived neutral mesons with their
antiparticles:

K°(sd),D(cu),B’(bd),Bs(bs) K°—K°’D"- D’ B’ B’ By« B

e e.g. take the neutral kaons K? & K° as an example:

_ _ 10 KO
PIKY = K% PIK) =K K
CPIK%) =-K) CP[K)=-[K)  ver i\
e The CP eigenstates are: wé gw- "
Ki) = - (K% - K"))  cP=+1 N
1) = NG — -~
1 —0
K =—(KO+K) CP=-1
K2) NG K") + 1K)



Neutral Kaon Decay

e Decay eigenstates are (approximately) K; (CP=+1) and Kz (CP=-1)
e not the same as the flavour eigenstates K° and K

e Two common decay modes of kaons 2z and 3«
e 1'% and n*nr~ have CP = +1
o t'a'n’ and ntx =’ have CP =-1

e If CPis a good symmetry in kaon decay (which it nearly is) we expect:
o Ki —» n'ql , ntn~ CP = +1 conserved
e K2 — n'a'n’ and atan’ CP =-1 conserved

e Ki—nr has large phase space = quick decay, travels ~cm before decay
e named “K-short” or Ks with ts = 0.09 ns
e Decay K—nanm has small phase space = slow decay, travels ~ 10 m before decay
e “K-long” or Kj, with T, =51 ns



Neutral Kaons continued

e Because the kaons can mix, a kaon state can be described as a
superposition of K?and K°:

- (80

e The hamiltonian will describe both the mixing the decay in terms of two
hermitian matrices:

R0
ot

= A1) = (VT — L T)u(t)

2" (AWLK)>l< My 2 (AFK)* 'k

e Mass difference Amxk = ms— my=3.52(1) x10712 MeV =0.53x 107 1% s71 is a
measure of the oscillation frequency



Neutral Kaon Properties

1(JP) = 4(07)

Mean life 7 = (0.8954 + 0.0004) x 10710 s

ing CPT

Mean life 7 = (0.89564 + 0.00033) x 10710 s

CPT
cr = 2.6844 cm

Kg DECAY MODES

Assuming CPT

Fraction (I';/T)

(S=11)

Scale factor/

Not assuming

Assum-

p

Confidence level (MeV/c)

Hadronic modes
(30.69+0.05) %

(69.2040.05) %

209
206

K} 1(JP) = L(07)

mKL - mKS
= (0.5293 4 0.0009) x 1019 A s~1 (S =1.3)
= (3.484 4 0.006) x 10712 MeV  Assuming CPT
= (0.5289 =+ 0.0010) x 101 s~ 1 Not assuming CPT
Mean life 7 = (5.116 £+ 0.021) x 1078 s (S = 1.1)
cr = 15.34 m

Scale factor/

K‘,’_ DECAY MODES Fraction (I';/T)

Assuming CPT

p
Confidence level (MeV/c)

Semileptonic modes

rteTu, [] (40.55 +£0.11 )% S=1.7
Called K(e)3.

mEuFu, i [n] (27.04 £0.07 )% S=1.1
Called Ku3'

(7 patom)v (1.05 +£0.11 ) x 10~/

Ortefuy [ (520 £0.11 ) x 1075

rteFfrete [n] (1.26 £0.04 ) x 10>

216

188
207
229

Hadronic modes, including Charge conjugationx Parity Violating (CPV) modes

370 (19.52 £0.12 ) % S=1.6
atr— 0 (12.54 +0.05 ) %

ata— CPV [p] ( 1.967+0.010) x 10~3 S=1.5
7970 CPV ( 8.64 +£0.06 ) x 104 S=1.8

http://pdg.lbl.gov/2012/tables/rppl012-tab-mesons-strange.pdf

139
133
206
209


http://pdg.lbl.gov/2012/tables/rpp2012-tab-mesons-strange.pdf
http://pdg.lbl.gov/2012/tables/rpp2012-tab-mesons-strange.pdf

Neutral Kaons with CP Violation

e The CP eigenstates are Ki an1d K,
—0
Ki) = —= (K - K))  CP=+1
\f
Ky) = (\KO + K >) CP = -1
e The decay Ks and K, are no u1te identical to the CP eigenstates;

in terms of a (small) parameter &: .
N is an overall

Ke) = % (14 )K" — (1~ [K")) normatisation factor

Ki) =+ (1K) + (1 - 9[K"))

e Both Ks and Ky, contain slightly more K° (matter) than K° (antimatter). The
decay states contain both CP=+1 and CP=-1: CP is violated in weak force
decay 1

Ks) = + (K1) —€[K2))

Ki) = % (1K) + €l 1)

e ¢ is measured to be |g|~2 x 1073, the amount of indirect CP violation

10



CP and T Violationin Ky -z fv

e CP violation is also observed in the semileptonic decay
KiLr—ozmlv B

¢ stands for e or u :’V:f<vﬂ
K° can only decay as K'—z~ ¢ v KO s u
K° can only decay as K'—z* £~ v d d

o Ki=1/N[(1+g) K'+ (1—¢) K° |

-

e Measure asymmetry in Ky, decay rates: ’/W_/’<7u
u
d

5 _ 'Ky -7 (Tv) —T'(Ky, —» 774 0) ]0
- INKp, =7 4ty) 4T (K — 7t D)

| »

5 _ (1+¢€)? — (1 —¢)?
T et (1_ef

e Measured to be 6 =3.27(12) x 1073
e CP violation due to the mixing of the CP eigenstates

= 2Re (€)

11



CP Violation in K—nm

e Ki.~K;+¢Ki mainly CP=-1 plus a little CP=+1
e K is observed decay into both #ar (CP=-1) and n (CP=+1)

e Measured rate of KL — = is slightly larger than can be accommodated by ¢

e Asmall amount (g’) of the K in K1 decays directly to nn.
e Known as direct CP violation, measured to be |g’/g|] =1.65(26) x 1073

A Measurement of the CP
Violation Parameter Re(€’/¢€)

¢ |t took 40 year’s of effort to measure these effects! Victoria Tane Martin
* (including VJM’s PhD thesis — )

e The observed amount of CP violation in these
experiments is very small ~1073

Department of Physics & Astronomy
The University of Edinburgh

e CP is nearly a good symmetry in the weak interaction

12



Types of CP Violation

For reference, three types of CP violation are classified:

1.Direct CP violation in decay amplitudes
e Can occur in both charged and neutral particle decays
e €.g8. &', the CP=—1 state decays directly to CP=+1 final state

2.CP violation in neutral meson mixing

e e.g. rate for K’->K"° not equal to rate for K’—-K® , measured in
semileptonic decay by o

3.Indirect CP violation due to interference between mixing and decay
e €.g. £ measures decay mixing between CP=—1 and CP=+1 states

13



Summary

e The CP symmetry describes the difference between matter and anti-matter
- almost a good symmetry in the weak interactions.

e Small amounts of CP violation observed in K° B? D? B,® through decays and
mixing.

e Three types of CP violation:
1.Direct CP violation in decay amplitudes
2.CP violation in neutral meson mixing
3.Indirect CP violation due to interference of mixing and decay.

e CP violation is accommodated in the Standard Model through a complex
phase in the CKM matrix.

e The unitarity triangle of the CKM matrix is used to understand observation
of the CP violation, and see if measurements are consistent.

14
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Kaon Mixing Revisited

W q
4 VN > >——>—
K® - Y Ad % KO . éw+ éw - b
S—e\/\v{/\{\,—ed S—<—< < < d
/
q

e Indirect CP violation in mixing occurs because the rate between K° — K°
transitions is smaller than the rate between K — K transition.

INK°’— K?) # I'(K° — K°

e Slightly more matter (K) is created than anti-matter (K°)

e Therefore both decay eigenstates contain slightly more (€ more) matter
than anti-matter:

Ks) = — ((L+ K" — (1 - 9[K"))

Ki) = ((L+ QK + (1 - 9K



CKM elements for kaon mixing

e Calculating M for this process, we have to consider all possible
contributions due to different internal quarks.

To work out which CKM matrix element, follow the quark line backwards:
if t—s: use Vi
if s—t: then we need Vi which doesn’t exist, therefore use V*

e For this argument , just consider one contribution:

V(.'d V,:c S VCS,\/\N\‘ Ijl 3
4 S o - d
K° | oY t  _ K K _ cY At K©
S <« | d d —<— WV WN—<—5
V:; Vfd Vcd VIS
./\/l 0.¢ %dmﬂ;%dvg’; ./\/l/ 0.¢ VCS tZlVGS cTi 0.¢ ./\/l*

rK°-K*)-rK®*— K% =M - M*=2 Im(M)

e The amount of CP violation is related to the imaginary parts of
the CKM matrix elements



Cabibbo-Kobayashi-Maskawa Matrix

e The CKM matrix is the source of CP violation in the Standard Model

e Weak eigenstates are admixture of mass eigenstates, conventionally described
using CKM matrix a mixture of the down-type quarks:

weak d’ Vua - Vs Vup d mass
eigenstates s’ = Vea  Ves Ve S eigenstates
b’ Via Vis Vi b

e The CKM matrix is unitary, Vckm™Vexkm =1 implies nine “unitarity relations”

u*d cti tT:l VUd Vus Vub 1 0 O
Vie Vi Vg Vea Vs Voo | = 0 1 0
u*b CTD tT) Vjcd Vts V:cb 0O 0 1

e The most frequently discussed is (1st row x 3rd column):

ViVaud + Vi Veda + VigVia = 0



The Wolfenstein Parameterisation

e An expansion of the CKM matrix in powers of A= Vys = 0.22

1—A\%/2 AAN 3(p —in)
VekM = A 1—\2/2 AN? + O\
AN(1—p—in) —AN 1
e Parameterisation reflects almost diagonal nature of CKM matrix:
The diagonal elements Vug, Ves, Vo are close to 1
Elements Vs, Vea ~ A are equal
Elements Ve, Vis ~A* are equal
Elements Vi, Via ~A* are very small

e Diagonal structure means down quark mass eigenstate is almost equal to
down quark weak eigenstate

e similarly for strange and bottom mass eigenstates

e Note that the complex phase » only appears in the very small elements, and
is thus hard to measure.



The Unitarity Triangle

* * * *
VauaVip + ViaViy, + Vea Ve, = ViaVip

e Forms a triangle in the complex plane:
VudVl:kb

A

e Dividing through by VeaVe":

’]"I __________

e This unitarity triangle is often use to present measurements of CP violation

in B-meson decay. VoV Vi Vi
e Lengths and angles of the triangle are: VeV VeaVii
V:Ud‘/j;) ) ( ‘/Cd ;1;) ( Vud ;b)
a=arg | — = arg | — = arg | —
(crvy) e (i) = (e

e Triangle has a finite area only if relative complex phase between CKM elements



“CKM Fit”
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e Experimental measurements used to determine lengths and sides of
unitarity triangle.

e Determines best values for n and p parameters in Wolfenstein
parameterisation.

e Current measurements indicate it is a closed triangle - consistent
with only small CP violation.



Electroweak Unification

e Electroweak Theory was proposed in 1967 by Glashow, Salam & Weinberg.
Unifies the electromagnetic and weak forces (Noble prize 1979)

e In 1970 ‘t Hooft and Veltman showed how to renormalise electroweak theory.
(Noble prize 1999)

e At high energies (E =z mz) the electromagnetic force and the weak force are
unified as a single electroweak force.

e At low energies (E = mz) the manifestations of the electroweak force are separate
weak and electromagnetic forces.

e We will see today:
1. The coupling constants for weak and electromagnetism are unified:
e = gy sin Oy
= Where sinfy is the weak mixing angle
2. Electroweak Unification predicts the existence of massive W* W~ and Z° bosons.
= Relies on Higgs mechanism to “give mass” to the W and Z bosons.



Review from Lecture 7,8:
Charged & Neutral Weak Current

e Neutral Current is the exchange of massive Z-bosons.
= Couples to all quarks and all leptons (including neutrinos)

- |
No allowed flavour changes! ¢y and ¢/4are constants

= Neutral weak current for fermion, f: for fermion flavour, f.
97 _ 5 Lept f | of k| o S
S U (e = ehyPyu(f) R O | O LR L O c

Ve, Vo V| V5 % | we,t | 0.19 5

e, u, 7 |-003| =% | ds,b | -034 | -1

e Charged Current is the exchange of massive W-bosons.
= Couples to all quarks and leptons and changes fermion flavour:
= Allowed flavour changes are: e—v., u<v,, tv;, d’u, s’<c, b’—t
= Acts only on the left- haqded components of the fermions: V-4 structure.

w5 e (L= ule”)



Weak Isospin and Hypercharge

e QED couples to electric charge; QCD couples to colour charge...
e Electroweak force couples to two “charges”.
e Weak Isospin: total and third component 7, 75. Depends on chirality
e Weak Hypercharge, Y In terms of electric charge Q: Y=2 (0 — T»)
e All right-handed fermions have 7=0, T3=0
e All left-handed fermions have T=%, T:=t%
e All left-handed antifermions have T=0, T5=0
e All right-handed antifermions have T=%, T;(f)=—Ts(f)

Lepton T T: | Y Quark T T3 Y
Vel, Vul, ViL | Y2 +Y -1 uL, CL, tL Y +5 4
e, M1, TL Y —1 -1 dp, s, br Y ) V4,
VR 0 0 0 UR, CR, trR 0 0 4/3
€R, UR, TR 0 0 -2 dr, SR, bR 0 0 —%4
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Weak Isospin and Hypercharge

e QED couples to electric charge; QCD couples to colour charge...

e Electroweak force couples to two “charges”.
e Weak Isospin: total and third component 7, 75. Depends on chirality
e Weak Hypercharge, Y In terms of electric charge Q: Y=2 (0 — T5)
e All right-handed fermions have T=0, T5=0
e All left-handed fermions have T=%, Ts=+Y
e All left-handed antifermions have 7=0, T5=0
e All right-handed antifermions have T=%, T;(f)=—Ts(f)

Lepton | T I; | Y Quark T T3 Y
Vel, Vul, VoL | Y2 +1 -1 uL, Cr, tL V%) +1 4
e, Ui, TL Y —1 -1 d, sL, b V2, — V4,
VR 0 0 0 UR, CR, trR 0 0 4/3
€R, UR, TR 0 0 -2 dr, SR, br 0 0 —24




Weak Isospin Doublets

Lepton | T T: | Y Quark T T3 Y
VeL, VuL, Vil 7 +15 -1 uL, cL, tL V) +14 4

eL, M1, TL 1 -1 -1 di, sL, bL 4 — 1 4
UR, CR, tR 0 0 4/3
R, HR, TR 0 0 -2 dr, SR, br 0 0 —24

e Neutrinos and left-handed charged leptons from a “weak isospin doublet”:

U, v V. T3 = +1/2
L e
e” ) T T ) Ty =—1/2

e Doublet consists of “charged current flavour change pair”.
= They have the same total weak isospin T=%.
= They are differentiated by the third component T3=+%.
e Left-handed up-type quarks and left-handed down-type quarks also form
isospin doublets

(5), (), (), R




Weak Isospin Currents

e Weak Isospin and Weak Hypercharge couple to a different set of bosons.

e Weak isospin doublets y1 couple to a set of three W-bosons: Wi, W2, W3,
with SU(2) symmetry described by the 3 Pauli matrices:

/(0 1 (0 —i (1 0
=11 o0 2= 0 B=lo0 41

e The W-bosons current is: . .
71.23: Pauli Matrix

yL: weak isospin doublet column vector spinors

W =1lgwT] Xt Y* 7: x.  Xu:weak isospin doublet row vectors spinors
T : weak isospin charge of the doublet

gw: weak coupling constant

e e.g for the W boson and the electron doublet:

(G = [gwT] (ve e )1, A ( (1) (1) ) ( - >L

€

e Strength of the fermion interaction with W-bosons is: gw T



Weak Hypercharge Current

e Particles with weak hypercharge couple to one B-boson: B? with U(1)

symmetry.

e Use electron as an example:
1 1

Ju = (Gow Ye)ey'e = Sgw (Yerery'ew + Yerery'er)

2

Y. : weak hypercharge of electron

Y. . weak hypercharge of left-handed electron
Y.r : weak hypercharge of right-handed electron
e: Electron spinor

er: Left-
er: Right-
eL: Left-
er: Right-

Nanad
Nand
Nanad

Nand

eC
eC
eC

eC

@ D D

lectron s
ectron s
lectron s
ectron s

DINOr (u)
Dinor (u)

DINOr (u)

Dinor (u)

g’w: coupling constant

e Strength of the fermion interaction with bosons is: g’w ¥/2



Physical Bosons

e The physical W+, W-, Z%, y bosons are linear superpositions of the Wi, W2, w3
and BY bosons.

e Use cosOy and sinOu to ensure the states are properly normalised

1 1
Wt = ﬁ(wl —iW?) W = ﬁ(wl + {W*)

7% = W3 cos Oy — B sin Oy v = W3 sin Oy + B cos O

e The coupling of the W*, W~bosons are

Z5(awT) = 559w

e No (1—y°) term: it integrated into the definition of the y1 doublet.



The Photon

v = W3 sin Oy + B cos Oy,
e The electron current associated with the y is:

(33K sin Oy + (57 )* cos Oy

. o 1 0 _
= |gw T sin Ow | XL " ( 0 —1 > XL + | 390y Ye cos Oy | evte

— — [Lgw sinf] mier, + 3y cos O] (~epyer — 2emyen)

- :%QW sin By + %g’W coS HW} eryPer, — gy, cos 0w ] eryter

oy ) ‘jr-’

—e

e Consistent with the photon coupling if ¢ = gy, cos Oy = gy sin Oy



sin’fw and Z-boson couplings

e The mixing angle between gy and g’w is not a prediction of the model, it
must be measured experimentally. |

sin? Oy = — W~ 0.23

g + g

e The Z-boson the orthogonal mixture to the y:

7% = W? cos by — B sin Oy
e predicts the couplings of the Z° boson in terms of 75 and Y=2 (0 — T5)
e e.g. for electron:

(2 = I (T3 — Qsin® Oy ) (epy*er) — (Qsin® Ow ) (ery er))|
cos Oy
g — (& (&
92 o - ) e
o if:




Summary of Electroweak Unification

e We have recovered the behaviour of the W= Z and y

We introduced an SU(2) symmetry (3 bosons) coupling to weak isospin
with a coupling constant gw

We introduced a U(1) symmetry (1 boson) coupling to weak hypercharge
with a coupling constant g’w

Together predicts four bosons we identify with W*, W=, Z and y
Electroweak Theory is often called SU(2) ® U(1) model

e All of the properties of electroweak interactions described by:
e the intrinsic charges of the fermions
e the SU(2) ® U(1) symmetry
e gy and g’w: free parameters that need to be measured

e Along with QCD, Electroweak Theory is the Standard Model.



The Higgs Mechanism: Introduction

e The Higgs Mechanism was proposed in 1964 separately by Higgs and Brout
& Englert.

e It introduces an extra field, ¢, which interacts with the electroweak
currents. The potential of the field is:

V(g) =—p’¢" o+ Ao'¢)>  with 4 > 0,A> 0

e The Higgs mechanism allows the W and Z bosons to have a mass.
(Otherwise forbidden by the external symmetries.)

e Provides an explanation for fermion masses (e, 4, 7, u, d, s, c, t, b).

e P.W. Higgs pointed out that a further consequence would be the existence
of a spin-0 boson: the Higgs boson, H.

10



Spontaneous Symmetry Breaking

e Start with a system that has an intrinsic symmetry
Choosing a particular ground state configuration the symmetry is broken

If the choice is arbitrary, i.e. no external agent is responsible for the choice,
then the symmetry is “spontaneously” broken

e Everyday example: A circle of people are sitting at a dining table with napkins
between them. The first person who picks up a napkin, either with their left or
right hand spontaneously breaks the L/R symmetry. All the others must do the
same if everyone is to end up with a napkin.

e Physics example: In a domain inside a ferromagnet all the spins align in a
particular direction. If the choice of direction is random, the underlying theory
has a rotational symmetry which is spontaneously broken. The presence of an
external magnetic explicitly breaks the symmetry and defines a preferred
direction.

11



Higgs Potential
(9)

V(g) = —1°¢'¢ + Mo'¢)°

e ¢ is complex function.

e V(¢) is symmetric: the maximum symmetry occurs at ¢=0.

e Acircle of values minimise the potential at ¢=¢o=—v/v2 with \¢0\ - o

V2
e Any coordinate around the circle minimise the potential: arg(¢g) = [0,2m)

e The choice of which complex value of ¢¢ is chosen spontaneously breaks the
symmetry.

e The value of v, related to the value of |¢| at the minimum of the potential
known as the vacuum expectation value. Measured to be v =246 GeV

12



Standard Model Higgs Field

e In the Standard Model, the Higgs field is a complex isospin doublet:

[T _ L[ o1+ . dz=+1
() (G o g

¢t . +ve charged fielc
e Higgs field has four degrees of freedom. 0°: neutral fielc

¢o : minimum of fielc

e In the Higgs mechanism (when the symmetry is spontaneously broken)
three of these degrees of freedom are used to give mass to W+, w-, 2"

e This fixes three of the degrees of freedom: two charged and one neutral.

e The minimum of the potential ¢o for ground state can then be written in
terms of the remaining free parameter:

e

e Where v is related to the value of ¢ which minimises V: v =

S
>

13



Introducing the Higgs Boson

e Consider a fluctuation of the Higgs field about its minimum:
1 0
¢(x) = ¢o + h(z) = ﬁ < v+ h(z) )

e Substitute ¢(x) = %(v + h(x)) into V(¢) and expand to second order
in h(x):

V(p) = —p? (” +\/h§(x))2 + A (” +\/’%(5’3)>4 = ... = V(o) + 2°B* + O(h(2)*)
=V

¢ In quantum field theory a term quadratic in the field describes a
particle’s mass.

e This fluctuation around the minimum of the potential describes a
spin-0 particle with a mass 1, = V2)\v

e The Higgs boson!

14



Higgs Couplings

e The Higgs mechanism
predicts that the
Higgs boson interacts
with the Wand Z
bosons and massive
fermions, in
proportion to their
mass.

e The dotted line is the
prediction.

e The points are the
measured values
from the CMS
collaboration at the
LHC.
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Weak Isospin and Hypercharge

e QED couples to electric charge; QCD couples to colour charge...

e Electroweak force couples to two “charges”.
e Weak Isospin: total and third component 7, 75. Depends on chirality
e Weak Hypercharge, Y In terms of electric charge Q: Y=2 (0 — T5)
e All right-handed fermions have T=0, T5=0
e All left-handed fermions have T=%, Ts=+Y
e All left-handed antifermions have 7=0, T5=0
e All right-handed antifermions have T=%, T;(f)=—Ts(f)

Lepton | T I; | Y Quark T T3 Y
Vel, Vul, VoL | Y2 +1 -1 uL, Cr, tL V%) +1 4
e, Ui, TL Y —1 -1 d, sL, b V2, — V4,
VR 0 0 0 UR, CR, trR 0 0 4/3
€R, UR, TR 0 0 -2 dr, SR, br 0 0 —24




Summary of Electroweak Unification

e Weak Isospin: total and third component 7, 75. Depends on chirality
e Weak Hypercharge, Y In terms of electric charge Q: Y=2 (0 — T»)

We introduced an SU(2) symmetry which has three boson W, W2, W? coupling
to weak isospin with a coupling constant gw

We introduced a U(1) symmetry which has one boson B’ coupling to weak
hypercharge with a coupling constant g’w

Bosons mix to give the physical W*, W-, Z and y bosons

1 1
Wt = ﬁ(wl —iW? W = ﬁ(wl + iW?)

7% = W3 cos Oy — B sin Oy ~v = W3 sin Oy + B cos Oy
Consistent with electromagnetism if ¢ — Q/W cos Oy = gw sin Oy

g/2
Sin2 QW — 5 W 5
All of the properties of electroweak interactions described by: Jw T 9w

e the intrinsic charges (isospin and hypercharge) of the fermions
e the SU(2) ® U(1) symmetry

e gw and g’w: free parameters that need to be measured



The Higgs Mechanism: Introduction

e The Higgs Mechanism was proposed in 1964 separately by Higgs and Brout
& Englert.

e It introduces an extra field, ¢, which interacts with the electroweak
currents. The potential of the field is:

V(g) =—p’¢" o+ Ao'¢)>  with 4 > 0,A> 0

e The Higgs mechanism allows the W and Z bosons to have a mass.
(Otherwise forbidden by the external symmetries.)

e Provides an explanation for fermion masses (e, 4, 7, u, d, s, c, t, b).

e P.W. Higgs pointed out that a further consequence would be the existence
of a spin-0 boson: the Higgs boson, H.



Spontaneous Symmetry Breaking

e Start with a system that has an intrinsic symmetry
Choosing a particular ground state configuration the symmetry is broken

If the choice is arbitrary, i.e. no external agent is responsible for the choice,
then the symmetry is “spontaneously” broken

e Everyday example: A circle of people are sitting at a dining table with napkins
between them. The first person who picks up a napkin, either with their left or
right hand spontaneously breaks the L/R symmetry. All the others must do the
same if everyone is to end up with a napkin.

e Physics example: In a domain inside a ferromagnet all the spins align in a
particular direction. If the choice of direction is random, the underlying theory
has a rotational symmetry which is spontaneously broken. The presence of an
external magnetic explicitly breaks the symmetry and defines a preferred
direction.



Higgs Potential
(9)

V(g) = —1°¢'¢ + Mo'¢)°

e ¢ is complex function.

e V(¢) is symmetric: the maximum symmetry occurs at ¢=0.

e Acircle of values minimise the potential at ¢=¢o=—v/v2 with \¢0\ - o

V2
e Any coordinate around the circle minimise the potential: arg(¢g) = [0,2m)

e The choice of which complex value of ¢¢ is chosen spontaneously breaks the
symmetry.

e The value of v, related to the value of |¢| at the minimum of the potential
known as the vacuum expectation value. Measured to be v =246 GeV



Standard Model Higgs Field

e In the Standard Model, the Higgs field is a complex isospin doublet:

[T _ L[ o1+ . dz=+1
() (G o g

¢t . +ve charged fiel
e Higgs field has four degrees of freedom. 0 neutral fiel

¢o : minimum of fiel

e In the Higgs mechanism (when the symmetry is spontaneously broken)
three of these degrees of freedom are used to give mass to W+, w-, 2"

e This fixes three of the degrees of freedom: two charged and one neutral.

e The minimum of the potential ¢o for ground state can then be written in
terms of the remaining free parameter:

e

e Where v is related to the value of ¢ which minimises V: v =

S
>




Introducing the Higgs Boson

e Consider a fluctuation of the Higgs field about its minimum:
1 0
¢(x) = ¢o + h(z) = ﬁ < v+ h(z) )

e Substitute ¢(x) = %(v + h(x)) into V(¢) and expand to second order
in h(x):

V(p) = —p? (” +\/h§(x))2 + A (” +\/’%(5’3)>4 = ... = V(o) + 2°B* + O(h(2)*)
=V

¢ In quantum field theory a term quadratic in the field describes a
particle’s mass.

e This fluctuation around the minimum of the potential describes a
spin-0 particle with a mass 1, = V2)\v

e The Higgs boson!



W and Z boson
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observed in beta decay

e Z-boson interactions were first
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e 7Y bosons studied at Large®Blectron
Positron (LEP) Collider at CERN.

e Approximately ~1M events at \s~mz:
ete—Z0—ff

e Measured mass and total width:
e mz=91.1876 + 0.0021 GeV

o Tz=2.4952(23) GeV

e W bosons studied at LEP and
Tevatron collider at Fermilab

e Measured mass and total width:
o my = 80.385 £ 0.015 GeV
o I'n=2.085+0.042 GeV

10


http://pdglive.lbl.gov/popupblockdata.brl?nodein=S043W&inscript=Y&exp=Y&fsizein=1
http://pdglive.lbl.gov/popupblockdata.brl?nodein=S043W&inscript=Y&exp=Y&fsizein=1

Higgs Coupling to Bosons

e Non-rigorous arguments for the W and Z boson masses.

e Consider the interactions between the minimum of Higgs field and W and B
bosons:

o N W3 Wl — iWw? 0
(QWW % 4+ g B ) < . ) = (9W < Wl 4 2 _W3 ‘H]{A/BO 2
t2: three = vgw (W —iW?) +v(—gwW? + gy BY)
Pauli Wl — w2
matrices = V2ugw ( 7 ) — U\/QW + gi2 (W?cos Oy — B”sinfy)
= V2ugw W — v\/ggv + g2 Z° Extra factor of V2 for
Vet \ ’ W-bosons as there’s
=2\/2 mw —2m two of them: W, W~
m — v gW 1 /
T my = v VI + g

e Measured masses are my = 80.385 £ 0.015 GeV and mz =91.1876 + 0.0021 GeV.

o Implies: o5y, = IV = TW o ~1/128 at E~my
Vi +aw Mz
e Using ¢ = g1, cos By = gy sinby = V4 gives v=246 GeV

128

11
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Electroweak & Higgs Mechanism

e Three parameters are needed to describe all electroweak and Higgs
physics phenomena.

e e.8. Coupling constants: gw, g’w and the vacuum expectation value v

e The Higgs mechanism gives mass to the W and Z bosons through their
couplings with the Higgs field

v gw 1 5 ’o Y, (9 - . 9
9 mZ:§U 9w + 9w € = gy COSUw = gw S1N Uw

Mmw —

e Other useful combinations:

m 2
cos Oy = Ll = GF:\/igW: !

Vi t 9w Mz 8 myy V202




Higgs Couplings to Fermions

e The Higgs field also couples to all of the fermions, f. Induces a term
coupling incoming and outgoing fermions spinors to v =246 GeV.

gr(f)v=gr(fufr + frfL)v

e gr1S @ unknown coupling constant, and can be different for each fermion.

f

e Fermion wavefunctions are coupled to v, a quantity with mass dimension.

e We interpret (grv) as the mass of the fermion.

e The Higgs mechanism explains the masses of all the quarks and charged
leptons! (Maybe neutrinos too!?)



Higgs Boson Decay

e In the Standard Model the g
Higgs boson decays s
preferentially to the heaviest +10° :
thing it can. ‘ié

e (Factor of 2 if the final state o
particles are identical e.g. ZZ) :

| lllllll
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o for mup= 125 GeV/c? e ieeY]
>BR(H—bD) = 57.7% y E
> BR(H-WW-)= 22.3%
>BR(H->1Tt) = 6.3%
‘»BR(H—c¢) = 29%

I IIIIIIII

Higgs BR + Total Uncert
3
I

/ % |

| llllllll

LHC HIGGS XS WG 2011

| lIlIlIII

»BR(H—ZZ) = 2.6% ool )
-»BR(H—yy) = 0.23% 2 %
> BRMH—Zy) = 0.15% A . - .
e BRH—-p ) = 0.022% 10° 900 q20 140 60 180 . 2

My, [GeV]



Hadron Colliders

e SppS: Super Proton anti-Proton
Synchrotron at CERN

e 1981 - 1984, 6.9 km, Vs =400 GeV
e Two experiments: UA1 and UA2

e Tunnel now used for pre-acceleration for
LHC

)

Nobel Prize for Physics 1984
Carlo Rubbia and Simon van der Meer, from CERN
“For their decisive contributions to large
projects, which led to the discovery of the field
particles W and Z, communicators of the weak
interaction.”

e TeVatron at Fermilab, near Chicago
e Proton anti-proton collider, 6.3 km

e Run 1: 1987 - 1995 s=1.80 TeV

e Run 2: 2000 - 2011 Vs = 1.96 TeV

e Two experiments: CDF and D@

e Highlight: discovery of the top quark!



The Large Hadron Collider (LHC)

o At CERN
e Proton-proton collider, \s =7 to 14 TeV
e 2009 - 202X

e Relies on network of accelerators

e Four collision points: ATLAS, CMS, LHCD,
ALICE

e CMS & ATLAS: general purpose detectors:
observation of highest energy collisions

e LHCD: specialist experiment looking at
b-hadrons

e ALICE: specialist experiment looking at
Pb ion collisions

CERN Accelerators

(not to scale)

0.999999c by here

0.87c by here

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cern Neutrinos to Gran Sasso

0.3c by here

Kadolf LEY, ¥'S Devisce, CEXN, 02 0% 96
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The Large Hadron Collider: Facts

e 27km circumference
¢ 50 to 175 m underground

¢ 9300 magnets used to
keep the beam in orbit

e 1232 dipole magnets

e Ultra-high vacuum of
1071 Torr, equivalent to
1,000 km above earth

e Each dipole magnet:
14.3 m long, runs at 1.9
K, provides 8.3 Tesla, cost
500 kCHF

e four 400 MHz power
supplies accelerate the
beams from 450 GeV to
collision energy

e Design energy: 7 TeV per
beam

e Currently running at 4 TeV
per beam




QCD production at Hadron Colliders

Jet

Underlying

"
b
:" |‘|
e
b

Fragmentation

Jet

Jet

e Much more complicated due initial state hadrons not being fundamental particles
e Every object is colour charged: all object can interact with each other.
e QCD is very strong

e Not able to use perturbation theory to describe the interactions with low four
momentum transfer gq.



Hadron Collider Dictionary

e The hard scatter is an initial scattering at high ¢° between partons (gluons,
quarks, antiquarks).

e The underlying event is the interactions of what is left of the protons after
parton scattering.

e Initial and final state radiation (ISR and FSR) are high energy gluon emissions
from the scattering partons.

e A hadronic jet is a collimated cone of particles associated with a final state
parton, produced through fragmentation.

e Transverse quantities are measured transverse to the beam direction.

e An event with high transverse momentum (pr) jets or isolated leptons, is a
signature for the production of high mass particles (W,Z,H,t).

e An event with missing transverse energy (E7r) is a signature for neutrinos, or
other missing neutral particles.



Measuring Jets

e Ajet has a four-momentum [ — Z E, p= Zﬁz
1 1
= Where the constituents (i) are hadrons detected as charged tracks and neutral
energy deposits.

e Transverse momentum of jet:
JET
pr - = \/ pz + Py
e Position in the detector in two coordinates:

= Pseudorapidity of jet (1) JET
7]

— — In (tan g)

2 2
with polar angle, 8 cos ) = \/p;+py
= Azimuthal angle of jet (¢) HET _ tan-—1 (g_y)

X

e To assign individual constituents to the jet, simplest algorithm is to define a cone
around a central value: p'ET, ¢pJET,

R2 — (m . UJET)2 4 (qb@ . ¢JET)2
e All objects with R less than a given value (typically 0.4 or 0.7) are assigned to the jet

e Many sophisticated jet clustering algorithms exist which take into account QCD
effects.

10



ATLAS Multijet Event
ATLAS

EXPERIMENT

Run Number: 158548, Event Number: 2486978
Date: 2010-07-04 06:46:45 CEST”

Multijet Event in
7 TeV Collisions

nh

e # and ¢ act as map of activity in the detector




Detecting Neutrinos

e Neutrinos do not interact with any of the detector material.

e Their presence in the detector can be inferred from the lack of momentum
balance transverse to the beam, known as missing transverse energy (Er).

Zp:c:prZO Zpy:Zpy:O

initial final initial final

e In an LHC collision, the momentum of the
interacting partons is along the beam
direction (e.g. the z-direction)

e |f measured p. and p, don’t sum to zero,
the presence of a neutrino is inferred.

e The Xp. and Xp, of the total number of
neutrinos in an event is measured.

e Very sensitive to measurements
effects, such as detector inefficiency.

e This doesn’t work in the beam direction,
as the momentum of the individual partons electron and muon
colliding is not known for each event.

Pink is the inferred direction of
the v. and v,

12



e In 2012 the LHC run at 4 TeV per

beam

e 10" protons in each bunch
e two bunches collide every 50 ns

e Large backgrounds from non-Higgs

processes

c (nb)

LHC Collisions

proton - (anti)proton cross sections

o F
10 - Giot

10° [

10' [

10° [ M,=125 Gev{

10° =

L WJS2012
1

Tevatron

LHC:

-1

33 -2
events/secfor=10"cm"s
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*Higgs boson discovery

* Test of the Standard
Model

*xSupersymmetry...
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e Today is the last lecture

e Revision Session:
o With me: week of 22 - 26 April??
e With a tutor week of 13 - 17 May??
e Both??

e | will make a complete, corrected copy of the notes and study guide
for the webpage, and email to let you know it’s ready.



Higgs Boson Production at the LHC

e Four main production modes at the LHC:
oy (virtual) top quarks
oy W or Z bosons

e 2 induced
e 2 induced

e Different production modes have different backgrounds and are used in
different searches

gg Fusion

tt Fusion

VVVVWVY,

G W, Z
W' Z §
: f\ MW

o(pp — H+X) [pb]

10

\'s= 8 TeV

] IIIIIII| L1 1111l
LHC HIGGS XS WG 2012

| | I
0 100

200

300 400

1000

M, [GeV]



Higgs Boson Discovery

e The Higgs boson was discovered by ATLAS and CMS in July 2012 with a
mass, mu ~ 125 GeV

e Main search modes:
-»H—bb H—-WW- Hot'v™ H—ZZ H-—yy

e The W and Z bosons are searched for through their decays to leptons:
Z—uu (3.3%) Z—ee (3.3%)
W—uv (10%) W—ev (10%)

e The invariant mass of the decay products is used to look Higgs boson
production. Expect a ~gaussian bump at mu

e The following results are all taken from the ATLAS experiment. The CMS
experiment have similar results.

http://atlas.ch/

http://cms.web.cern.ch/



http://atlas.ch
http://atlas.ch
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http://cms.web.cern.ch

Higgs Boson Searches: H— yy

e H— yy proceeds through loop diagrams
e The search uses all Higgs boson production modes: gg— H is the largest
e Look for diphoton invariant mass bump

000 =~ * =T * T T T Tt 1 °°f =1~ r:
Selected diphoton sample

@ Data 2011+2012
Sig+Bkg Fit (mH=126.8 GeV)

--------- Bkg (4th order polynomial)

y W, y Y 6000 [— ATLAS Preliminary
_______ W —————— : "-_.. H_>YY
4000 —
W’ Y B

8000

Events / 2 GeV

\s=7TeV, det =481
2000 J

Is=8TeV, |Ldt=20.7 fb"

.............................

500 =————FH—+——+——"4—+—————————
400
300

200~ +
100 E- +
=] |

-100
-200

...............................

Events - Fitted bkg
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Higgs Boson Searches: H— ZZ"

e At muy ~ 125 GeV at least one of the
Z bosons must be virtual.

e 7 boson are searched for through
their decays to leptons:

Z—uu (3.3%) Z—ee (3.3%)
e Four final states: e*e e*e”, ete u'u,

Pt

e Look for bump in m(4 leptons)
invariant mass distribution

Events/2.5 GeV

> N T T
0180~ e Data

S - Signal (m
§1 60 - : %Z )
= - +jets, tt
0140/ Syst.Unc.
> C

120

=125 GeV) .
ATLAS Preliminary -

wu/e‘e+ete E
\s=7TeV: [Ldt=46" 1
's =8 TeV: |Ldt = 20.7 o]

I T T T T I

50 100
mg, [GeV]
30~ ¢ Data ATLAS Preliminary
i Background zZ"! .
- Il Backg . HozZ"-a4l
25— [l Background Z+jets, fi
- Signal (m =125 GeV)
- 7
201~ 77, Syst.Unc. \s =7 TeV:[Ldt = 4.6 b
B 's = 8 TeV:/Ldt = 20.7 fo
151
101
5E-
&
80 100 120 140

160
m, [GeV]
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Higgs Boson Searches: H— W*W~

e W bosons are searched for
through their decays to leptons:

o W—uv (10%) W—ev (10%)

e The individual momentum of the
two neutrinos cannot be
measured: cannot reconstruct
the mass of the Higgs boson.

e |Instead examine other
combinations of the measured
momentum of the charged
leptons (e, #) and the missing
transverse energy.

Events / 10 GeV

Events /10 GeV
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Higgs Boson Searches: H— bb

5 140 ATLAS Fraimnaty =
8 ’ 20:_ _[Ldr=13.0fb",|s=srev :ﬂou:iiet =
g z 2 Lepton 2+3 Jets, 100 < p% < 150 GeV - 3
¢ 100[- Bz -
e The background from QCD  ° & o Soibosen -
processes producing b- o T
quarks at the LHC is huge! - 223 E
20} -
0-' Oy Gy g e Wy O N | Y Y ey
50 100 150 200 250
e Impossible to see H—bb i i
above this QCD 3 ol Lt
background. e =
-_— § 703— Sk %{}V\ijets +
e Look for a H—bb in the i E Jr - o
other production b (F T T e
—_— = Tot bkg unc.
modes: WH, ZH, tt H. sof
30
205—' ~
e Look for a bump in m(bb) "t
° ° ° S g
distribution : 1.%&@@%%@%@@@#{%
8 0.5;

0 50 100 150 200 250 300 350 400
m; [GeV]



WH—uv bb candidate event

o mi; =109 GeV, Er™iss = 139 GeV

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 207620
Event: 101402870
Date: 2012-07-29
Time: 90:05:11 UTC




ZH—vv bb candidate event
o mp; = 123 GeV Etmiss =271 GeV

@ATLA$

EXPERIMENT

Run: 204763
Event: 49333326
Date: 2012-06-09
Time: 16:08:25 CEST




o(pp — H+X) [pb]

Reminder: Higgs Boson Properties

¢ In the Standard Model the mass of the Higgs boson is not predicted (A is
not predicted) my = V2\v
e my must be measured:

e Once mpy is known, the values of the Higgs boson production cross
section and the branching ratios are predicted:

10° g

§ T T T T §§ t 1___ I I_I T T T ] T T T _:§
= \s=8TeV 3% ® E de
N e = _ 43
| _g = - —>u<>
10 EE s | 18
= . P g
- . + 4017 .
i 1 2o e, -
| _ 0 =
1 = - ‘_~ ]
| — (@) ]
- _ D
n - I .
-1 |
- ZY :
2
10 E| o I I I I I I [ N
80 100 200 300 400 1000 A I I
My [GeV] 10" 400 120 140 160 180 _ 200

M,, [GeV]
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Measured Higgs boson propertIes

® The ZZ and yy Channels 010253 ATLAS Prellmlnary | S E
provide the best measurement loe & = Observed :z:;1:%3:;‘;-24;7%
of the Higgs boson mass. 1 - FEpent 29

10° 406

e Measured to be /710-6 6
mpg=125.5+ 0.6 GeV 110‘?:

e The significance of the . e
observation is ~10 standard 102 o
deviations. 1%

I I I I I I I

ATLAS Preliminary i m, = 125.5 GeV

WZHobb

\s=8TeV: [Ldt =13 b e ) )

A e Ratio between the predicted and measured

Ho W ""i Viv - e cross section * branching ratio

R

Ho 220 s 4 g , ,

;_;;z__tg;_;g;ét . e More data is required before we are

Combined — w=130£020 | sure that what we observe is the

ke ik el R L Standard Model Higgs boson.

-1 0 +1

Sianal strenath (u)
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Electroweak Precision Tests

http://gfitter.desy.de/

0
0'had

0
Rlep

n
A (LEP)
A(SLD)

sin"‘@ﬁft(QFB)

AC
Ab

e Tests can be run to test the consistency
of Electroweak theory.

e Check if it is really described by three
parameters gw, g’w v

e Plus my and the fermion masses

0,c

Arg

0,b

Arg

/ RO
RO

b

Difference between the predicted and
measured parameter divided by the error

3|

C

3|

b

i i A (V)
e Electroweak model is consistent “had {7

within errors

——

[

3 2 - 0

1 2 3

(Ofit - 0meas) / Omeas

0.0
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0.2
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0.0
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0.0
0.0
0.4

-0.1
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For Fun:

e Finding the Higgs boson doesn’t solve everything. For example:

e The amount of CP violation observed in the Standard Model is not
consistent with cosmological models.

e Recent measurements of the cosmic microwave background radiation
from the Planck satellite suggest that only 4.9% of the universe is
described by Standard Model particles.

Dark Matter \RAsReRZs

Dark Energy ATIER

planck.esa.int

e We have no idea why there are three generations of quarks and
leptons

e No nice theoretical way to give a mass to the neutrinos.
e Gravity doesn't fit into the Standard Model at all!

16
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Supersymmetry (SUSY)

e Supersymmetry is a proposed additional symmetry of nature between
fermions and bosons.

e Every fermion will have a bosonic partner
e Every boson will have a fermionic partner

e The partners should have identical properties (charge, mass) except for
the spin.

e This cannot be true: otherwise we would have seen the SUSY particles
already. The supersymmetry must be broken.

Standard particles SUSY particles
G ;’/ ,; g ) Higgsino
~ A S ~}
Ve V“_ V-; ‘1 '- z
\. v ~ o v
vl LT W)

O Force particles Squarks ' Sleptons Q SUSY force
pamclos

17



SUSY at the LHC

Measuring mass differences

(o)

Typical decay of a squark

1 N
. o d IL J' L;J..\I R A el ma | SN
0 100 200 300 400 500
Sparticle masses and mass differences [GeV]

600

http://www.physics.fla.ac.uk t/bsm.htm

e The lightest supersymmetric particle is though to be neutral and
stable.

e It would appear in an LHC experiment as missing transverse energy.

e Signatures such as these have been searched for at ATLAS and CMS,
but nothing has (yet) been observed.

18
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ATLAS (null) results on Supersymmetry

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 26, 2013)

Inclusive searches

3rd gen. squarks
direct production

EW
direct

%

WIMP interaction (D5, Dirac ) : 'monojet' + ET .

MSUGRA/CMSSM : 0 lep + j's + E 7 s
MSUGRA/CMSSM : 1 lep +j's + E s
Pheno model : 0 lep +j's + E7 s
Pheno model : 0 lep +j's + E
Gluino med. %" (G—>qx") : 1lep +j's+ E
GMSB (INLSP) : 2 lep (OS) +j's + E
GMSB (t NLSP) : 1-2t +'s+ E_
GGM (bino NLSP) :yy + E "™

GGM (wino NLSP) :y +lep+ E_
GGM (higgsino-bino NLSP) :y + b + ET e
GGM (higgsino NLSP) : Z + jets + E e

T,miss

T,miss
T,miss

Gty : 2 S8dep + (0-8b)f's + £, e
g—tly ;O lep + multi's + E
. Gt :0lep +3b's + By,
__ bb,b—b¥ :0lep +2-b-jets + E,
BB, b ~ty, : 2 SS-lep + (0-3b-)j's + E

T (light), 1>by: : 1/2lep (+ b-jet) + E

tt (medﬁi_gm),t—>bij;1 lep + b-jet + E

tt (medium),t—>b’;zj :2lep+E

_ Tt(heavy), T>t% : 1lep + b-jet + E
ft (heavy), T—t7° : 0 Iep + 6(2b-)jets + E
it (natural GMSB) : Z(—Il) + b-jet + E

T,miss

,miss
T,miss
T,miss
T,miss
T,miss
T,miss

T,miss

~~ v . TY -
TR L2 2+ Tlep +bijet + £17
- |L|L,l_>Fz :2lep + ET,miss
T (v t2lep+EL
X Ko X, ZTV(EV) 12T+ E L

7% =TV W), KT I(¥v) :3lep + E_

12 _ Lol (*)~0L ()~0 T,miss
..... o KAy WX 2Ty 3 1ep By
Direct . pair prod. (AMSB) - long-lived
Stable g, R-hadrons : low B, By

GMSB, stable T : low

GMSB, %’—y G : non-pointing photons

1

LFV : pp—Vv_+X, Vv, —e+u resonance
LFV : pp—v +X, v .—e(u)+t resonance
Bilinear RPV CMSSM : 1 lep + 7 j's + E 1 s

~~ ~t ~0 ~0 )
X12€1L2(_1—>V§I}§1,X1—>ee’vu,(?uve 4 Iep +E
XK e A TTV 8TV 3lep+1t+ ET,miss

_ _ 9—qqq: 3-jet resonance pair
Gt tobs 12 SSHep + (0-3br)i's + £

Scalar gluon : 2-jet resonance pair

T,miss

SS

L=20.7 fb", 8 TeV [1210.1314]

L=20.7 fb”, 8 TeV [ATLAS-CONF-2013-007]

L=20.7 fb", 8 TeV [ATLAS-CONF-2013-007]

L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-037]
L=13.0 fb™, 8 TeV [ATLAS-CONF-2012-167]
L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-037]
L=20.5 fb™, 8 TeV [ATLAS-CONF-2013-024]
L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-025]
L=20.7 fb™", 8 TeV [ATLAS-CONF-2013-025]
L=4.7 fb™, 7 TeV [1208.2884]
L=4.7 b, 7 TeV [1208.2884]
L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-028]
L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-035]
L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-035]

IsHEsiEew | mass
Iosa0EeV! , mass
180-330GeV X, Mass B
___ 600 GeV X, mass
315Gev. , mass

L=20.7 fb™, 8 TeV [ATLAS-CONF-2013-036]

L=20.7 fb”, 8 TeV [ATLAS-CONF-2013-036]

L=20.7 fb", 8 TeV [ATLAS-CONF-2013-007]
L=4.6 fb™', 7 TeV [1210.4826]

[ Hoo287Gev  sgluon mass

t mass (m(X,) =55 GeV)
160-410GeV | t Mass  (m@) =0 GeV, m(x’) = 150 GeV)
INNEAGIEE t mass () = 0 GeV, m{f)-m(;) = 10 GeV)

200-610GeV. t mass  (mi)=0)
320-660 GeV t mass (m()’(:)) =0)

500GeV. tMass  (m@,)> 150 Gev)

520GeV. t, mass  (m(f)=m@) + 180 GeV)
(M) =0)

430 GeV. b mass

Y. mass

~0
%. mass

350GeV. . Mass

T mass

I

g mass
g mass
g mass
1.40Tev. g mass
g mass
g mass
g mass
Q/zmass
F ' scale

g mass
900GeV. § mass
g mass
g mass
(m(i:)) <120 GeV)
(M) =2 m@.)

b mass

(M) < 10 GeV, m(T¥) =

(1 <t(§<?) <10 ns) ~
g mass
(5 <tanf < 20)
0.4 <r(>z‘1’) <2ns)
g mass

760GeV %, mass
(m(;'(1) >80 GeV, A3 >0)

g mass

880GeV. J mass

(any m(t))
(incl. limit from 1110.2693)

M* scale
|||||ﬂc

(M@) <2 TeV, |ightaz‘1’)

(m(%)) <200 GeV, m(Y") = %(m()'(o)+m(§))
(tanB < 15)

(m(x,) > 50 GeV)

(m(;zf) > 220 GeV)

(m(H) > 200 GeV)
(m(@) > 10"

(m(X;) <200 GeV)

(any m(x.))

(m()"(?) <300 GeV)
(m(;'(?) <200 GeV)

(M) <10 GeV, m(i¥) = g(m(ij) +m@))

(mG;) + m(x,))
(m(x]) = mG(Z), MG(:)) =0, m(Iv) as above)
(m() = m(ig), m(i?) =0, sleptons decoupled)

(1 mm < ct <1 m,g decoupled)

1 v.Mmass  (,=0.10,2,,,=0.05)
V,Mass  (4,=010,4,,,=0.05)
g=gmass (cr, <1mm)

(m(X;) > 300 GeV, %, >0)

(m, <80 GeV, limit of < 687 GeV for D8) |
L1

ATLAS

(m@) <2TeV, light7,) Preliminary

(tang > 18)

f Ldt= (4.4 -20.7) fb™
Is=7,8TeV

eV)

8 TeV, all 2012 data

10"

*Only a selection of the available mass limits on new states or phenomena shown.
All limits quoted are observed minus 10 theoretical signal cross section uncertainty.

1

10
Mass scale [TeV]
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