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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Before we start

Please

@ For the next two lectures: You may want to print the slides and take
notes on them during the lecture

@ Please ask questions anytime whenever you have one
@ Interrupt if I'm too fast, or

@ Speed me up if I'm telling you stuff which has been told several times
before

@ Sometimes, you'll hear about some crazy stuff which is not completely
explained in this lecture. In this case: Ask questions and look forward
to the more advanced lectures later on.

@ Let's have as much interesting discussion as possible!
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Some (typically more theory-oriented) literature

Martin, Shaw: Particle Physics; Wiley 1997

Halzen, Martin: Quarks and Leptons; Wiley 1984

Griffiths: Introduction to Elementary Particle Physics; Wiley 2008
Perkins: Introduction to High Energy Physics

Particle data booklet, see http://pdg.1bl.gov or
http://pdg.web.cern.ch
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The Standard Model — Shortly Before its End?

Motivation

We live in truly exciting times

The LHC is a huge success

Recent results could mean that the Higgs boson might be discovered
soon

@ The end of the reign of the SM is eagerly avaited

@ You have the chance to witness and actively contribute to a new era of
revolution in particle physics

universitétbonnl

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011 6



Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Even more order on the level of Atoms

.
R -
| B
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The Standard Model — Shortly Before its End?

The Search for the Fundamental Order of nature

Rutherford Scale in m: e ® Scalein 10%m:
Geiger Marlsggg 10%n s : %) 2 100,000,000
14 e
10" m "Ude‘ﬁ% 10,000
10 Pm proton 2 * ) 1,000
HERA a "
] alm-EP <10%H  auark £y (@ electron <1
evatron u
LHC (? ?
2009 : ’

We achieved a lot in the last 100 years. ..
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Our Current Picture of Elementary Particles

ELEMENTARY
PARTICLES

Three Generations of Matter I—
universitatbonn
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Tools and Historica

Fundamenta

The Standard Model of Elementary Particles

Leptons Quarks
e, [, T Uu, ¢, t
1/;, I/,’,,, Ur d s, b

Photon Gluons

Higgs Boson

,,Dass ich erkenne, was die Welt im Innersten zusammenh" alt’ "
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Why we know that we missed something

@ Experimental Knowledge: The SM is incomplete!

Dark-energy

Unknaown form of dark matter

Matter-~ -~
Stars.

@ In the SM, there are no particles with the correct properties for Dark
Matter universitétﬂ

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011 12



Motivation and Introduction

Tools and Historical Foundations of particle Physics
Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

universitétbonnl

student Lectures 01.08.2011



Motivation and Introduction

Tools and Historical Foundations of particle Physics
Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Why is the electromagnetic force of the tiny magnet stronger than the
gravity of all the earth combined? :
universitétgrl
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A warning: Order without fundamental reason
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Particle Physics is also about History

History of the Universe

¥
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The “everlasting” goals of particle physics

"Bullet”luster 15065756

@ What are the fundamental building
blocks of Nature?

@ What are the interactions between
them?

@ Where does the mass of the particles
originate?

@ What is the structure of space and
time?

@ What is dark matter? Or even dark
energy?

@ Why is antimatter different from =7 :
matter? ‘ universitétbonnl
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The “Common Knowledge” about particles

Three Generations
of Matter {Fermions)

Mass-3|2.4 Mev 1.27 GeV 171.2 GeV 0
charge— 24 % % -t 0
s U [le G 2 U |2
name—» up charm top photon
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@ Tools and Historical Foundations of particle Physics
@ Tools of Particle Physics: Accelerators and Detectors
@ Some Historical Landmarks of Particle Physics
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Discoveries at Accelerators
Predicted discovery of the top quark at the Tevatron 1995:

@ The history of physics is full of predicted discoveries:
e+7 n./,ﬂ’; q',‘g? W'ﬁ Z? C? b

@ Most recent example: top quark
@ Future examples: Higgs, SUSY 777 "
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CONSTITUENT COLLISION ENERGY (GeV)

The Standard Model — Shortly Before its End?

Tools of Particle Physics: Accelerators and Detectors

High Energy Physics: Shifting the The Energy
Frontier

10,06

W

00 b= Hadron Colliders

LHC

Tevatron I LC500
® LEPN |

SLC, LEP

SppS

Tristan
PETRA, PEP
CESR

® VEPP IV

SPEAR 1T

SPEAR, DORIS, VEPP IlI

e*e” Colliders

@ The interplay between electron
and hadron machines has a long
and fruitful tradition

J/ at SPEAR (ete™) and

AGS (proton fixed target)

o T discovery at E288 (p fixed
target), precision B studies at
the eTe™ B factories

<

<

top quark at LEP and
Tevatron

@ To be continued in the form of

LHC and ILC
universitétﬂ
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@ Proton-(Anti-)Proton Colliders @ Electron-Positron-Colliders
@ Higher energy reach (limited o Energy reach limited by RF
by magnets) @ Point like particles, exactly
o Composite particles: unknown definded initial system,
and different colliding quantum numbers, energy,
constituents, energies in each spin polarisation possible
collision @ Hadronic final states with
o Confusing final states clear signatures
@ Discovery machines (W, Z, t) @ Precision machines
@ In some cases: precision @ Discovery potential, but not at
measurements possible (W the energy frontier
mass at the Tevatron) ummitatm
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Fundamental Forces and Fu
The Standard Mod

High Energy Physics is ot ONLY about discovering
particles

@ Quark mass eigenstates = eigenstates
of the quark-Higgs-interaction

Quark mass eigenstates # eigenstates

" /- \ of the weak interaction

[ - o Waqq' vertex: transition between
different quarks: CKM matrix

O s @ Kobayashi, Maskawa 1973: If at least 3
+ generations, matrix can be complex =
. n| CP-violation

\ _/ @ Prediction of the b and t mesons
@ Discovery of the b 1977
@ Precision tests at eT e~ B-factories "

universitatbonn

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011



Motivation and Introduction
Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Time to Breath, Think and Ask
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Accelerators: Basics

@ Want: As many colliding particles as possible at the highest possible
energy

@ Energy is connected to resultion: deBroglie wave length A = g = g—i:
@ Energy is connected to the mass of particles that can be produced:
E =mc?

@ Therefore, we probe the smallest things at the highest possible energies

universitétbonnl
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The Standard Model — Shortly Be s End?

Accelerators: Basics

@ Want: As many colliding particles as possible at the highest possible

energy

@ Energy is connected to resultion: deBroglie wave length A = g = g—g

@ Energy is connected to the mass of particles that can be produced:
E =mc?

@ Therefore, we probe the smallest things at the highest possible energies
For highest energies: Want colliding beams, not fixed target:
o Fixed target:

m% = p2 = (pe + pr)* = ((Es,0,0, pg) + (m7,0,0,0))*

mx < /s~ \/2m7pg

o Colliding Beams:
m§< = p>2< - (pB + PB)2 - ((EBa 07 Oa pB) + (EBa 07 Oa _pB))2
<< = 2Z\/ = 2
mx == \/E 2vEskp 2Es universitétﬂ
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Accelerators: Basics

Requirements:
@ Highest possible beam energy (1/s, heavy mx, small A\ — resolution)

@ Highest possible beam intensity: Luminosity

N dnN N an1N2

dt Ox0y

L

©

Best possible beam quality: Energy spread, focussing

For more details see lecture on accelerators
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Tools of Particle Physics: Accelerators and Detectors
Fundamental Forces and Fundamental Particles — afawk

The Standard Model — Shortly Before its End?

Accelerators: The Synchrotron

a) )
Strahifih Beschleunigungs- Experimentier-
raniiu rungs- haSe ha
Injektions- vakuumrohr B, P / phase

optik

Magnetjoch

Magnet- Fokug
sektoren optik

Feldspulen

Extraktionsoptik
Linear-

beschleuniger 7 zum Experiment

Abb. 4.17. Grundaufbau des Synchrotrons
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Accelerators: The Synchrotron

} Magnet 2n Magnet 2n+1 vertikale vertikale
] Fokussierung Defokussierung

horizontale = radiale horizontale
9B dB Defokussierung Fokussierung
F_<0 _d?>O dB/dr <0 dB/dr> 0
r
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Fundamental Forces and Fundamental Particles — afawk

Tools of Particle Physics: Accelerators and Detectors

The Standard Model — Shortly Before its End?

Accelerators:

@ Accelerate by using a Cavity:

Radio Frequency Resonator with .

f ~ GHz
@ Use superconducting material
like Nbat T=18K

@ Problem: E(t) — B(t), but B
fiekd destroys Cooper pairs

® E.f ~35MV/m in the
currently best cavities

@ Not problematic for hadron
colliders

P. Bechtle:  Introduction to Particles

Acceleration

L=<rdg




M
Tools and Historical Foun i Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Funda
The Standard Model

Accelerators: Circular vs. Linear
Forgive me, it's in German, but the formulas are enough . ..

Die abgestrahlte Leistung ist: N
2 & &t s
P=— ——E,B"
34xe, (mc”) E
Fir den Krimmungsradius p gilt: B = Po S0
ep epe

Damit ist der Energieverlust pro Umlauf

AE, = e [Ly LN AE,[GeV]=8.85x10 s (E[Gev] fiir Elektronen
3e,\mc” ) p plm]
Beispiel LEP (CERN):
E, =100GeV und p =4.2km — AE, =2.8GeV!
- Hohe Elektronenenergien nur mit Linearbeschleunigern! ‘
universitatbonn
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Time to Breath, Think and Ask
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Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors
Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

The large Hadron Collider LHC

The most powerfull collider ever
27km long, 100m below surface

universitétbonn
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Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors
Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Proton-Proton colli
Circumference

Design- Lum|n05|ty
_Number._of proton;bunches

Airbus 380, 560t

ALT00 km/h S
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The LHC

universitétbonnl
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Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Example: The ATLAS Experiment
Together with CMS: The fastest and biggest digital camera on earth:
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Example: The ATLAS Experiment
Together with CMS: The fastest and biggest digital camera on earth:
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Motivation and Introduction
Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Example: The ATLAS Experiment
Together with CMS: The fastest and biggest digital camera on earth:

/S~ = [ EXPERIMENT

Design: 40 Millionen Pictures per second!
Currently: about 1/10th of the design, but 4 M Pictures per second is
already pretty impressive
Data stream corresponds to 250 000 DVDs per second unimitétm
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Setting up the experiments

—
/‘jsitétﬂ
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Setting up the experiments
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. P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011 ] 35



Motivation and Introduction

Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors
Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Settmg up the experlments
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Settmg up the experlments

YE 1: Jan’ 08

[
|
'y
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Setting up the experiments

3rd§e ptember
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Let’s have a detailed look

Key; Muon
Electron

— Charged Hadron (e.g. Pion)
a ))”' — — — - Neutral Hadron (e.g. Neutron)
v/5 4 m===- Photon

Transverse slice
through CMS

Silicon
Tracker

Electromagnetic
Calorimeter

Hadron

Calorimeter Superconducting

Solenoid

Iron return yoke interspersed
N Fa

Viuo

pcham
P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

What do we need to measure?

From where do all the particles come? — Vertex Detector

Are there secondary decays (e.g. B® — W~ c + X)?
— Vertex Detector

©

©

Where do all the particles point to?

— Vertex Detector, Tracking Detector

What are all the momenta of the charged particles (r = p/(eB))?
— Tracking Detector, Magnetic Field

©

©

©

What is the energy of all particles? — Calorimeters

Identify the particles — all detectors!

7t K%, e: e.g. dE/dx in Tracking Detector

7%, e: Fraction of energy in the gebinning and the end of the calorimeter
w: Muon System outside of the calorimeters

D, B, ...: Vertex Detector

©

¢ € ¢ ¢ ¢
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Motivation and Introduction
Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Vertexing and Tracking: Vertexing

E Electronics
; |

Extreme requirements: Radiation hard, extremely fast (timestamping within
25ns), readout of all channels at > 100kHz, high occupancies > 10~*

universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Examples for Vertexing Performance

» L T T A A S LA e
§ - ®@Aligned geometry ATLAS Preliminary -
5 1o00f WE1HM.0=4%um SiUp-SiL.ow Tracks |
© [ OMC perfect geometry ]
@ Foou=- = ]
_g 1000 it 11,-1m,c 32um -
5 a CONominal geometry .
800 ]

600~ 7 Event with >

r 7 Ks—> mta—

400 - Candidate
200 2

38 06 04 02 0 02 0406 08
A dO [mm]
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Motivation and Introduction

Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors
Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Examples for Vertexing Performance

Collision Event
with 2 primary
Interactions
("pileup”)

SATLAS
2 EXPERIMENT

2009-12-11, 03:38 CET
Run 142165, Event 1115603

http://atias. web.cer.ch/Atlas/public/EVTDISPLAY /events.htmi

universit'atbonn
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Vertexing and Tracking: The ATLAS tracking

R=1082 mm

gee-illed fuloe

TRT

alectically chorge

- ipaiticels poth

R=88.5mm
R =50.5mm

R=0mm
Tracking detectors should in principle be build out of nothing — they should
not disturb the path of the particles and lead to no significant energy

loss. .. i '1
universitatbonn
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Vertexing and Tracking: The ATLAS tracking

R=1082 mm

TRT

alectically chorge

- ipaiticels poth

R=88.5mm
R =50.5mm

R=0mm
Tracking detectors should in principle be build out of nothing — they should
not disturb the path of the particles and lead to no significant energy

loss. .. i '1
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The Standard Model — Shortly Before its End?

Vertexing and Tracking: The ATLAS tracking

R=1082 mm

TRT

alectically chorge

- ipaiticels poth

R=88.5mm
R =50.5mm

R=0mm
Tracking detectors should in principle be build out of nothing — they should
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The Standard Model — Shortly Before its End?

Vertexing and Tracking: The ATLAS tracking

R=1082 mm

TRT
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R =50.5mm

R=0mm
Tracking detectors should in principle be build out of nothing — they should
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Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Vertexing and Tracking: The ATLAS tracking

R=1082 mm

TRT

eslecticclly charged wire

- ipaiticels poth

R=88.5mm
R =50.5mm

R=0mm
Tracking detectors should in principle be build out of nothing — they should
not disturb the path of the particles and lead to no significant energy

loss. .. i '1
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Vertexing and Tracking: The ATLAS tracking

R=1082 mm

TRT ges-illed tube

lectrically charg

R=88.5mm
R =50.5mm

R=0mm
Tracking detectors should in principle be build out of nothing — they should
not disturb the path of the particles and lead to no significant energy

loss. .. i '1
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Motivation and Introduction
Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Vertexing and Tracking: The ATLAS tracking

R=1082 mm

TRT
TRT ger-fllsd tulbe
R=
R =514 mm electicaly ch
R =443 mm
SCT
R=371 mm ~——
R =299 mm|
charge dloud
SCT
R=1225 mm - — == Pixels
Pixels { R = 88.5 mm -
R=50.5mm
R=0mm

Tracking detectors should in principle be build out of nothing — they should
not disturb the path of the particles and lead to no significant energy

loss. .. i '1
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Motivation and Introduction
Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Particle Identification: Example

dE g1 2me 2 y2 32 d
——— —Ax N o 2 .2 1 SThe e d _ Q2 _ =
T T \T Wie € 2 1 82 n 7 I} 5

@ Maesure dE/dx from
signal hight

@ Measure p from r = %

o Get B from p = Bym

@ Only one solution for m!

O 1 L o
10
1 p (GeV/c) universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Electromagnetic Calorimeter

@ For particles which interact onl
/ electromagnetically (7, e, u):
K mm/ @ Every radiation length Xp:
— approximately 1 oair production
- e or Bremsstrahlun
%"’Wwvw/m o Hardl gt fer t
g ardly any energy transfer to
—— ! y yl gy
, ‘ ) the materia
<M @ All Energy visible!
£ w«(i

X,=1 X,=2 X,=3 X,=49 X,=3
Play around yourself:
http://www2.slac.stanford.edu/vvc/egs/basicsimtool.html "
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Motivation and Introduction
Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Sampling vs. Monolithic Calorimeters

©

ATLAS: sampling ECAL made
of LiAr and Pb

@ Dense, short Xj

@ Resulution reduced by energy
captured in Pb

@ CMS: Homogenious PbWO,
crystals

@ Expensive, difficult to make

@ No energy lost in inactive
detector part: Great resolution

universitétbonnl
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Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Examples for ECAL resolutions

§ L% T T30.015F T —
. ‘Sws—\ ai=03  ATLAS - o  ©CMS ECAL Barrel
& b, 0o = B
Photons at l(,l(l_(.e\ foog B Aly 4 3 . RS> 0,548
ATLAS: 1-1.5% 200351 1 uj RN e =709
oh=20 Dﬁ 0.01- Prygg, | e

energy resol. (all y) g

S R

CMS: 0.8% 0025 E L i
.02] I
energy resol. 0%?5 0.005 - 4
~T70% .
{E,{ ©) 001 g= %)’6(-—‘“95 VY, ose
0005 [
| PR 2 e I |
% 20 4 60 80 100 120 140 160 160 200 %o w0 e s 00
il 8 BT Enerav (GeV) Encrgy (GeV)
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Hadronic Calorimeter

\ absorber

electromagnetic component

7 :

| \ . hadronic component
]I eavy fragment

‘ | X ~ y frag

@ complex composition
@ hadronic interactioon lengtt A >> Xy (why?)

@ Energy transfer to disrupt nuclei — not all energy visible!

universitétbonnl
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Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Hadronic Calorimeters

@ Usually want 10 A: Always use sampling calorimeters, and they are
huge!

@ E.g. stainless steel and plastic scintillator "
universitatbonn
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Hadronic Calorimeters: Typical Resolutions at
Hadron Collider Detectors

ATLAS

Barrel LAr/Tile End-cap LAr CMS

Tile Combined HEC Combined Had. barrel Combined

Electron/hadron  1.36 1.37 1.49

ratio
Stochastic term  45%/VE 55%IWE — T5%INE 85%INE — 100%WE — T0%/VE
Constant term 1.3% 2.3% 5.8% < 1% 8.0%
Noise Small 32GeV 1.2 GeV Small | GeV

universitétbonnl
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Tools and Historical Foundations of particle Physics Tools of Particle Physics: Accelerators and Detectors

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

No energy loss in front of the calorimeters?

® Weight: 4.5 tons Weight: 3.7 tons

Hoaf Pf:'f”“ ATLAS L4 CMS

B ® Beam Pipe J A
12 llscT 12| m i:nsilive

[ ‘lectronics

F Weuel = Support

11 .Bearn Pipe 1| = Cool ing

m Cable
o_'[‘ Sc 08 Outside
o) 0.6
0.4f 0.4
LEP

detecm_[gf :

3
Inl n

7 =—In{tan Q
e y
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

There might be much more precise detectors than

ATLAS and CMS in the Future...
[xy view |

100—

100

100

100

100

-3000 -2000 -1000 0 1000 2000 3000 y‘
n

e.g. at an eTe™ linear collider: .
universitatbonn
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The Standard Model — Shortly Before its End?

Time to Breath, Think and Ask

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk Some Historical Landmarks of Particle Physics
The Standard Model — Shortly Before its End?

Just very few historical landmarks of particle physics

@ The Rutherford Experiment performed by Geiger and Marsden
@ The discovery of the positron

@ The discovery of the electroweak Standardmodel: W+, Z0

universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk Some Historical Landmarks of Particle Physics
The Standard Model — Shortly Before its End?

The “Rutherford” Experiment

The discovery of the complex substructure of the atom
The fundamental principle of this experiment from 1909 is the same as
what we do at the LHC

Radioactive sample emits

beam of alpha particles Surrounding
- Nucleus electrons
. ‘ LY \
l Y
Lead block shield
o o

Gold foil Zinc sulfide

screen

Some alpha particles T T \
are deflected o oo o oo

universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk Some Historical Landmarks of Particle Physics
The Standard Model — Shortly Before its End?

The “Rutherford” Experiment

SCATTERING OF ALPHA PARTICLES BY GOLD
(Experimental test by Geiger and Marsden)

EXPERIMENTAL TEST OF THEORETICAL
MEASUREMENTS PREDICTION
Angleof  Experimenial Proportion The test
Deflection* Countt predicted N
N fon a proportion predicted
speeial
scale)
150° 33 L.I5 29
135° 43 1.15 31
120° 52 1.79 29
105° 69.5 2.53 28
75° 211 725 29
60°¢ 477 16.0 30
45° 1435 46.6 31
30° 7800 223 33
15 120570 3445 35
10° 502570 17 330 28
3¢ 82809 000 276 300 30

universitétbonnl
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M
Tools and Historical Foun

Fundamental Forces and Funda | afa Some Historical Landmarks of Particle Physics
The Standard Model

The Discovery of the Positron
@ Antiparticles were predicted by Dirac in 1927 (see later how he
predicted them)
@ Use very high B-field (1.5T)
@ Get the direction from dE/dx

@ Get momentum and charge
from curvature:
charge positive, p = 23 MeV

@ Proton with same p would have
get stuck in Pb

@ highly relativistic particle
doesn't get stuck

/ o @ Must be new, yet unknown
positively charged light particle'.1
positron universitatbonn
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Fundamental Forces and Fundamental Particles — afawk Some Historical Landmarks of Particle Physics
The Standard Model — Shortly Before its End?

The Discovery of the W* and Z°

By the time of the 1970's, a lot of particles were discovered, and everybody
wondered about the ordering principle, the theory behind.

One crazy idea was the Standard Model, invetend mostly by Glashow,
Salam and Weinberg. It predicted heavy gauge bosons W* and Z° (see
later) with precisely predicted properties.

The Z° should be something like the photon ~, but with a heavy mass and
with coupling to neutrinos.

Three Generations
of Matter (Fermions)

| I n
masssf2amey |[1276ev |[17126ev | [0
charge+% % % t o lY
Spin-| % u Y2 C Ve 1

name+  up charm top photon

4.8 Mev 104 MeV 4.2 Gev 0

s -5 Vs 0

*dllrs| bt 9
gluon

down || strange || bottom

Quarks

22w [ |[<ssver | BlZGg
0 o o o
2 Ve |l Vi [ Ve |y
electron || muon tay eak
neutrino || neutrino || neutrino rce

-1 -1 -1 E
selhplETk

electron || muon tau e

n
Bosons (Forces)

Leptons
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Prelude to the Discovery of the Z°

Some Historical Landmarks of Particle Physics

Look for neutrinos interacting with matter:

@ Kameras @

/ Teilchenstrahl

Kolben

Magnetfeld

Blitz

universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk Some Historical Landmarks of Particle Physics
The Standard Model — Shortly Before its End?

Prelude to the Discovery of the Z°

Indeed, we find interactions without visible incoming or outgoing particle:
a new interaction

Negativ: , -

universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk Some Historical Landmarks of Particle Physics
The Standard Model — Shortly Before its End?

The Discovery of the Z°

But can we see the new particle and measure it's properties? Yes, we can

Beispielereignis (UA1-Experiment):
[

Anzahl Ereignisse

20 40 63 1] 8o 1

invariante Masse m, (GeV)

An era of discoveries in the 70's and early 80's

universitétbonnl
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00 0000 6060000606 OC

©

©e 606 ¢0 ¢

History of Discoveries

1897 Electron discovered by J.J. Thompson

1899 Alpha particle discovered by Ernest Rutherford in uranium radiation

1900 Gamma ray (i.e. photon) discovered by Paul Villard in uranium decay.

1911 Atomic nucleus identified by Ernest Rutherford, based on scattering observed by Hans Geiger and Ernest Marsden.
1919 Proton discovered by Ernest Rutherford

1932 Neutron discovered by James Chadwick

1932 Positron discovered by Carl D. Anderson (proposed by Paul Dirac in 1927)

1937 Muon discovered by Seth Neddermeyer, Carl Anderson, J.C. Street, and E.C. Stevenson, using cloud chamber
measurements of cosmic rays. (It was mistaken for the pion until 1946.)

1947 Pion discovered by Cecil Powell (predicted by Hideki Yukawa in 1934)

1947 Kaon, the first strange particle, discovered by G.D. Rochester and C.C. Butler

1955 Antiproton discovered by Owen Chamberlain, Emilio Segre, Clyde Wiegand, and Thomas Ypsilantis

1956 Neutrino detected by Frederick Reines and Clyde Cowan (proposed by Wolfgang Pauli in 1931 to explain the
apparent violation of energy conservation in beta decay)

1962 Muon neutrino proved distinct from electron neutrino by group headed by Leon Lederman

1964 Higgs boson predicted as a result of a mechanism for electroweak symmetry breaking proposed by Peter Higgs
(remains hypothetical as of 2005, but widely expected to be found at the Large Hadron Collider at CERN in the early
2010s)

1969 Partons (internal constituents of hadrons) observed in deep inelastic scattering experiments between protons and
electrons at SLAC; this was eventually associated with the quark model (predicted by Murray Gell-Mann and George Zweig
in 1963) and thus constitutes the discovery of the up quark, down quark, and strange quark.

1974 J /W particle discovered by groups headed by Burton Richter and Samuel Ting, demonstrating the existence of the
charm quark (proposed by Sheldon Glashow, John lliopoulos, and Luciano Maiani in 1970)

1975 Tau lepton discovered by group headed by Martin Perl

1977 Upsilon particle discovered at Fermilab, demonstrating the existance of the bottom quark (proposed by Kobiyashi

and Maskawa in 1973)

1979 Gluon observed in three jet events at DESY.

1983 W and Z bosons discovered by Carlo Rubbia, Simon van der Meer, and the CERN UA-1 collaboration (widely
expected, predicted in detail by Sheldon Glashow, Abdus Salam, and Steven Weinberg in the 1960s)

1995 Top quark discovered at Fermilab g
2000 Tau neutrino proved distinct from other neutrinos at Fermilab universititbonn
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Time to Breath, Think and Ask
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© Fundamental Forces and Fundamental Particles — afawk
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Tools and Historical Foundations of particle

Fundamental Forces and Fundamental Particl
The Standard Model — Shortly Before its End?

Fundamental Properties of “Fundamental” Particles

From http://pdg.1bl.gov:

H J=3
Mass m = 0.1134289256 + 0.0000000029 u
Mass m = 105.658367 + 0.000004 MeV
Mean life 7 = (2.197034-+-0.000021) x 10 ®s (S = 1.2)
7,/7,~ = 1.00002 = 0.00008
cr = 658.654 m
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 10719
(gﬂ‘f’ - gﬂ,) / Baverage = (70'11 + 012) X 1078
Electric dipole moment d = (—0.1 = 0.9) x 10712 ecm

universitétbonnl
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Fundamental Forces
The Standard Model — Shortly Before its End?

Fundamental Properties of “Fundamental” Particles

From http://pdg.1bl.gov:

P
u— DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
e Vel ~ 100% 53

e Vel [d] (1.4+0.4) % 53
e Ty et e [e] (3.4+0.4) x 105 53

Lepton Family number (LF) violating modes

e Vel LF [f] < 1.2 % 90% 53
e” LF < 1.2 x 10~ 11 90% 53
e ete LF < 1.0 x 10712 90% 53
e 2~ LF <72 x 10— 11 90% 53

universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk
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Properties of Composite Particles

LIGHT UNFLAVORED MESONS
(S5=C=B=0)

For | =1 (m, b, p, a): ud, (uo—dd)/v2, dt;
for [ =0(n, 0, h W, w o f f) c(ud+dd)+ c(ss)

xt 1Py =17(07)

Mass m = 139.57018 £ 0.00035 MeV (S = 1.2)
Mean life 7 = (2.6033+-0.0005) x 10785 (S =1.2)
cT = 7.8045 m

* _, v~ form factors (4]

Fy = 0.0254 + 0.0017

F, = 0.0119 + 0.0001

Fy slope parameter a = 0.10 + 0.06
_ +0.009

R = 0.059+5:909

™
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Properties of Composite Particles

P
=+ DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
ey [b]  (99.987700.00004) % 30

wr v,y [c] (200 +025 )x10% 30
et i, [b] ( 1.230 +£0.004 )x10—4 70

et vy [c] (739 £005 )x10~/ 70
et v n0 (1.036 +0.006 )x 108 4
etv.ete (32 +05 )x1079 70
et vy < b % 10~ 00% 70

Lepton Family number (LF) or Lepton number (L) violating modes

u T, L [d] < 15 x 1073 90% 30
W e LF  [d] < 8.0 x 1073 90% 30
p-e ety LF < 16 x 1070 90% 30
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

How are particles described theoretically

Very short example: QED is a local abelian U(1) gauge symmetry

Fermions (particles with Spin % which form the matter of the SM) are the quanta of

fields 1) obeying the Dirac equation:
(i0uy" —m)p =0

This equation of motion is derived from a formula called Lagrangian:
Liree = (i) — m)y

using @ = 97", which contains the fundamental input which we put into the theory, in
terms of masses, couplings and relations between fields.

For the field 1, two solutions of the Dirac equation exist:
One with Energy +E, and one with energy —E. The first one are the particles. The latter

ones are the antiparticles.
universitétbonnl
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Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

How are particles described theoretically

So, that's the particles. How do we get the forces? Simple:
Make the theory gauge invariant under local gauge transformations:

Y(x) = e *Cy(x)

What is the transformation behaviour of the free Lagrangian?

universitétbonnl
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Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

How are particles described theoretically

So, that's the particles. How do we get the forces? Simple:
Make the theory gauge invariant under local gauge transformations:

Y(x) = e *Cy(x)

What is the transformation behaviour of the free Lagrangian?

ﬁfree — ﬁfree - &Vuw(a'ua(x))
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n and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

How are particles described theoretically

So, that's the particles. How do we get the forces? Simple:
Make the theory gauge invariant under local gauge transformations:

Y(x) = e *Cy(x)

What is the transformation behaviour of the free Lagrangian?

ﬁfree — ﬁfree - &Vuw(a'ua(x))

That's not invariant!
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Fundamental Forces and Fun ntal Particles — afawk
The Standard Model — Shortly Before its End?

How are particles described theoretically

So, that's the particles. How do we get the forces? Simple:
Make the theory gauge invariant under local gauge transformations:

Y(x) = e *Cy(x)

What is the transformation behaviour of the free Lagrangian?

ﬁfree — ﬁfree - &Vuw(a'ua(x))

That's not invariant!
But luckily it's also not QED . ..
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How are forces described theoretically

In order to save QED under the transformation U(x) = e‘lo‘(x), add a
gauge field A, (Spin 1) obeying:

1 1
Au(x) — UTALU + EU‘lc‘)uU = Au(x) — aaua(x)

A miracle has occured: we introduced not only a gauge field, but also a
charge g. Also, we would have needed the photon A, anyway ...

Now modify the derivative:

Oy — Oy +igAu(x) = Dy
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How is everything described theoretically

Let's write £ again with all possible Lorentz and gauge invariant terms:

1 - _
L= =3 FuF" 4 5(i) — )y — gy A,

The last term describes the interaction between a current

Ty

and the gauge field of the photon vy f f

A, 7
with coupling (here: em charge) ~

q.
The mass of the particile in the term Feynman-Diagram

myyp
will lead to big problems later on, but we'll not discuss that in this lecture —
wait for later! "
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Time to Breath, Think and Ask
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Phenomenons of the Weak Force

The weak force works as QED. Just, it's a more complex gauge group: A
non-abelian gauge group SU(2),, acting only on the lefthanded particles.
Here, let's look at the phenomenons only arising from the 3 gauge particles
W+, W—,Z°% a more detailed look will come later.

e Ve 131 / Ve
g g

w- 70

Example Feynman-Diagram of a W Example Feynman-Diagram of a Z

exchange exchange

However, there are many complications here which | won't mention directly.
Wait a bit for the Higgs mechanism and later lectures.
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Phenomenons of the Strong Force

The strong force also works as QED, Just, it is based on an even bigger
non-abelian gauge group: SU(3)¢

It has 8 gauge particles, the massless gluons. They interact only on quarks,
not on leptons. In principle it's easy, but the coupling constant gs is strong
and the gluons interact with themselves, which leads to interesting
phenomenons.

q gs q g g g

Example Feynman-Diagram of a g = Example Feynman-Diagram of a g

exchange interaction
universitétbonnl
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Phenomenons of the Strong Force

£y ]
L |

Frugmentation

v'er
N
\
»
r|fm]
3= .
¥ 4
o
~ i
N ~ g -
L

Confinement and Jets "
universitatbonn

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011



Tools and Historic:

Fundamental Forces
The Standard Model — Shortly Before its End?

Phenomenons of the Strong Force
The strong force is also the one which holds all the complex hadrons
together: Protons, Neutrons, 7, K, ...

1 _ =
B A -
al= %-(UE ~dd) [ > (uw —dd )

! b |
= % (Ul - dd — 258 } ket Flr Vektormesonen sind ¢ und
P i ol i ) : & i,
J6 J m Mischung aus n* und n*:

_ G Rt ‘
:,r’=%(uu+dd+s§} Singulett g=3% o=oilt+od) J
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The Standard Model
The Standrad Model is the combination of the Gauge groups
5U(3)C X 5U(2)L X U(l)y
including the Higgs Mechansism
Leptons Quarks

€, [, T u, ¢, t
Ve, Vp, Vr d, S, b

Higgs Boson
Gravity is described separately by General Relativity "
universitatbonn
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Time to Breath, Think and Ask

universitétbonnl

student Lectures 01.08.2011



Motivation and Introduction
Tools and Historical Foundations of particle Physics
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The Standard Model — Shortly Before its End?

@ The Standard Model — Shortly Before its End?
@ The Incredible Success of the Standard Model
@ The End of the Standard Model?
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Describes all precision experiments performed yet
Within expected statistical fluctuations... Measurements include

Measurement Fit  |O™eas-Q|/g™eas
0] 2 3

m,[GeV] 91.1875+0.0021 91.1874
r,[GeV]  24952+0.0023 24959 m
ob [nb]l  41.540+0.037  41.478

. R 20.767 £ 0.025 20.742  p—
@ Particle content complete up to i, 001714 £0.00095 001645 |mm
H Iggs boson AP, 0.1465+0.0032  0.1482 =
Ry 0.21629 + 0.00066 0.21579 =
@ All masses, couplings, Re 0.1721£0.0030  0.1722
. . AR 0.0992 +0.0016  0.1039
asymmetries are described A% 0.0707£00035  0.0743 e
. . A 0.923 + 0.020 0.935 mm
@ Measured CP violation (mostly) A 067050027  0.668
described Al(SLD) 0.1513 + 0.0021 0.1482
sin?6P(Q,,) 0.2324+0.0012  0.2314 jmmm
o ... m,, [GeV] 80.399 + 0.023 80.378 mmm
I [GeV] 2.085 + 0.042 2.092 @
m, [GeV] 173.20 £ 0.90 173.27

July 2011 o 1 2 3 "
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Fundamental Forces and Fun ntal P:
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y EWSB

We have seen before, that the SM has the interactions SU(2); x U(1)y.
The gauge bosons of the SM have the following mass terms:

L o ovt— o Lo 5y (8% -—gg"\ ([ B*
Zg vEWT W, +§v (B*, Wu) g g2 e

We have the mass term on the W™ already. Let's diagonalize the mass
matrix of the hypercharge field B, and the third component of the SU(2),

gauge field W2:
Ay [ cosBy  sinfy B+
Z0) — \—sinfw cosby ) \W3*
Now another miracle has occured: The photon field A, drops out of EWSB!
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QFD: SU(2), x U(1)y EWSB

we have now introduced the Weinberg angle

/

g

From the diagonalization of the mass matrix for Wj‘ and B,

sin 9W =

_ 1 /3 2 _
AN_ m(g W‘u +gBﬂ)7 mA—O
1 (g2 +g"%)v2
0 3 2
Z, = 7,2(gWu —g'Bu), mz = 4

universitétbonnl

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011



Tools and Historic: The Incredible Success of the Standard Model

Fundamental Forces ar
The Standard Mod Shortly Before its End?

QFD: SU(2), x U(1)y EWSB

We also obtain the charged current and its coupling to the WJ as

v eW++hc
2\/—(L’Y L )

In addition, as the first tested firm prediction of this theory, the neutral
currents have been introduced ('74 November revolution: Gargamelle):

2 2 /2 /
VELE ([yrrsl—2—5 ezl L
' Ve2+g?

4 g’+eg
o 1% _1 5 14 _1 5
(1) =30-(Y) . ez

/

. 88

This formalism can now be used to predict the detailed behaviour Qjﬁ,imé&

evle A,

where

e=¢€ +er
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Tools and Histol o i The Incredible Success of the Standard Model

Fundamenta
The Standard M — Shortly Before its

3 Parameters for the hape of the Differential
ete” — Z° Cross-Section

[*]
L]
N

VA Finae +2 L X //mz—'—(\ + /,»-..4___&‘
d_U - N agm 1 2y 2_o . 2 2y/( .2 2
o = NeSE {1+ co0) [QF — 21vewr Qs — xa(a2 + ) (a2 + 2]
+2cos [_2X1aeanf + 4X2aeafVer]}
B s(s — I\/I%)
XL= 16sin? Oy cos? Oy ((s - M2)2 + M%F2Z)
s2
X2 =

256 sin* Oy cos* Oy ((s — M2)? + M2r%)
ae=—-1; ve=—1+4+4sin®0y; ar=2l; vi=2l—4Qssin>Oy

universitétbonnl
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The Standard Model — Shortly Before its End?

The Total ete- — Z° Cross-Section

10 A PEP PETRA TRISTAN  LEP e'e” — Ll‘ll‘
L3
mMAC JADE ToPAZ
- MAF VENUS
\ sPLUTO &
— 1 \ eTASSO .
o] ) [
= ?
0 \

@ Perfectly described by the 3 non-digital parameters from before!

@ Theory curve is not the one from before but it includes radiative
corrections

o 7Y is a dramatic resonance! "
universitatbonn

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011



Motivation and Introduction
Tools and Historical Foundations of particle Physics The Incredible Success of the Standard Model
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The Standard Model — Shortly Before its End?

Counting Invisible particles: Neutrinos

DELPHI

rtot = ré[ + rqq + Nfamrw/

@ Total width depends on the
number of neutrino families!

@ Result:
Neomn = 2.9841 £ 0.0083

@ Result before LEP: N, < 5.9

88 & 90 91 92 93 04 95
Energy, GeV

universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Even more Detail: Angular Distributions

@ Linear Term in cosf, on page

der i i i Photon-Spin = 1 causes
oo u . dhy a forward-backward Asymmetry
ARL »>RL)  —wmp> <mmhp— oo L 1cosé
w \‘[iz a2 AFB
5 .= C1-cose
ALR—>RL) —qm> <fam— ‘ 5. i AFB _
, e N 1-cos6
ARLDR) e v Q0 T2 o(cosf > 0) — o(cos f < 0)
AlLR > LR) - - r&-\‘(‘;}i* g O'(COS 9 > 0) + U(COS 9 < 0
ARR ) - — ! . .
T S i @ Pure Afgg is better than a fit to
. v 2 12 (dma) . . . .
o . Ml =3 ZIA =) the whole distribution, since
Summiere aller (Ausgangsamplituden)? .1 2 (42 2 .
Mitelaber $ mogliche Engangsampitugen Vi =1+ 05”6 | =7 detector systematics cancels
(as long as the detector is
symmetrical)

universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk
The Standard Model — Shortly Before its End?

Even more Detail: Angular Distributions

OPAL Preliminary @ Linear Term in cos 6y on page

nlzm T MRS e e e St S ]
2 ee - | causes
21000 . a forward-backward Asymmetry
7 |
g o | AFrB:
= 800 1 —
. ” L AFB —
. Y. a3 1 o(cosf > 0) — o(cos f < 0)
peak o 1 o(cos > 0) + o(cosb < 0
400 s | . .
e peak+2  ** | @ Pure Apg is better than a fit to
e, - ® . . . .
- i i the whole distribution, since
peak-2 , detector systematics cancels
0-1 08 06 04 02 0 02 04 06 08 1 (as |Ong as the deteCtor IS

cos @ symmetrical)
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Precision Tests of Loop Corrections

eTe™ machines can see effects of virtual particles

Measurement Fit  |Jomeas-of|/gmeas
0 2 3
z m, [GeV] 91.1875+0.0021 91.1875
""""""""""" r,[Gev]  2.4952:0.0023 2.4957 m
t a0 [Nb] 41540+0.037  41.477
: 20.767 £0.025  20.744 mm—m
A 0.01714 + 0.00095 0.01645
- AP, 0.1465+0.0032  0.1481 mm
Ry 0.21629 + 0.00066 0.21586 M=
R, 0.1721+0.0030  0.1722
AP 0.0992 +0.0016  0.1038
¥ 0.0707 £0.0035  0.0742 m—
A, 0.923 +0.020 0.935
A 0.670 +0.027 0.668
A(SLD) 0.1513+0.0021  0.1481
sin’6P(Q,,) 0.2324+0.0012  0.2314 jmmm
m, [GeV] 80.398+0.025  80.374 Mmmmm
Iy [GeV] 2.140 + 0.060 2.001
m, [G 1709+ 1.8 1713 m
M3 = MEO 7% (140(m?)+O(In i)+

0 1 2 3
universitétbonnl
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Precision Tests of Loop Corrections

eTe™ machines can see effects of virtual particles

6 _July 2011 m,.; = 161 GeV
= 7-7-"‘ T T e T
1
e I LEP T Au(f,) _ 1
g 200 - 54 had B
: N —0.02750£0.00033
F ol T : ] - 0.02749+0.00010 :
I = 4 incl. low Q? data —
160 | AP ] ]
| . N><
140/ - N ] < 37 ]
120 g 24 |
100 il g 1 )
| 5 1] |
" 15 : | Excluded 1
l 25— ! 0 Xouoe, N < ‘
ol EE = 30 100 300
1990 I‘N:‘ |:n4 1996 1998 2000 mH [GeV]

Year "
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The Standard Model — Shortly Before its End?

Graphical Representation of how Mass is Created
The Higgs mechanism is like a boring cocktail party:

»famousness" gr of a particle determines its mass:
(9:vi[2)

f Vg vd - vd | |
H X H x H X

&Sy

8V
Vi) WA
universitatbonn
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The first glimpse of the Higgs?

2011 may 5 08100119

/ goavioas
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The first glimpse of the Higgs?

S e
Em [ ATLAS Preliminary ] - | CMS Preliminary, \'s =7 TeV —+— CL, Observed
2 L — Observed CLs ] Q\ Combined, L =1.1f" s L Expected = 10
S - Expected ILdt =1.01.210" & 1op e OL, Expected 20
‘€ 10 — - Bayesian Observed
- Et lo s=7Tev ] .
1 r *20 4 =
3 [y 1 =
s ]
> L |
[s2]
1 E
L b b 1 ] )
110 120 130 140 150 160 170 180 190 200

. [y s i ol [s g
m, [GeV] 100 200 300 400 500 600
Higgs boson mass (GeV/c?)

If this turns out to be the SM Higgs, it will be an unprecedented success: a
prediction more than 40 years old would come true!
universitétgrl
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Time to Breath, Think and Ask

universitétbonnl
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Tools and Hi Physi

Fundamental For E al Pa E The End of the Standard Model?
The Standard M i

Let’s revisit the progress of Particle Physics

Rutherford Scale in m: ‘s’ Scale in 10 *m:
Geiger Marfgg; 100, 2tem «@) > 100,000,000
14 T
107" m nucmt@ 10,000
10%m proton 2 * ) 1,000
HERA o "
. alm‘EP <10%m quark@ ( . electron <1
evatron
LHC (? ?
2009 ’ _

Will we go on like that, finding more and more fundamental scales?
| think: NO, we already found a very fundamental scale, we need to

understand it! " "
universitatbonn
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Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Why we assume we have found something incredibly
fundamental

@ Quantum Mechanics seems to work on the most fundamental scale we
know. So using QM, we can show the follwing:

@ The electron cannot be a composit particle How do we show that
incredible claim (within the principles of QM)?

universitétbonnl
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Tools and Historic:

The End of the Standard Model?

fundamental

@ Quantum Mechanics seems to work on the most fundamental scale we
know. So using QM, we can show the follwing:

@ The electron cannot be a composit particle How do we show that
incredible claim (within the principles of QM)?

@ Heisenbergs uncertainty principle tells us:

AxAp > 12 =329 x 1071%eVs

@ Let's apply that on the electron. From scattering experiments, we
know its size is tiny: re < 10718 m

1078 mAp>h/2 — Ap>98GeV/c

@ But the electron has a mass which is much smaller:
me = 511keV/c?. ..

universitétbonnl
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Tools and Historic:

The End of the Standard Model?

fundamental

@ Quantum Mechanics seems to work on the most fundamental scale we
know. So using QM, we can show the follwing:

@ The electron cannot be a composit particle How do we show that
incredible claim (within the principles of QM)?

@ Heisenbergs uncertainty principle tells us:

AxAp > 12 =329 x 1071%eVs

@ Let's apply that on the electron. From scattering experiments, we

know its size is tiny: re < 10718 m

1078 mAp>h/2 — Ap>98GeV/c

@ But the electron has a mass which is much smaller:

me = 511keV/c?. ..
@ The electron must be elemental, it cannot be composed of more -

fundamental constituents universitétﬂ
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How do we Know About Dark Matter

@ In many models, the dark matter is
a thermal relic WIMP: Weakly

& Interacting Massive (stable)
2 Q,uq SUPERNOVAE Particle
£ i
\% . .
e @ Once in thermal equlibrium,
& ) ) )
o < PreFeReEs BY mopzan DATA they've 'frozen out’ due to the
f b expansion of the universe (Can't
S REC LnE : No decay on their own — need a
w 0 ANTI - GRAVITY WMATER o .
3 MASS - encrey | partner to annihilate with)
» STANDALD WODEL W ATTER
§ @ Calculable density
-1 GALAYY cLusTERS S . .
\ \ ‘ @ Naturally appear in SUSY with
0 2 2 3 R-parity:
o mppy =~ 100 GeV

@ SM QFD couplings

universitétbonnl
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Supersymmetry

@ Even if we find the Higgs, we still have a problem ...

@ From indirect measurements:

t mh<140 GeV
] Y % g g ! e,

t

o
8
7
6
5
4
3
2
1
o

Amh ~ /\2 W [Gev]
— 2
natural m, = Mg, .
Finetuning:

Mhp.obs = 10219 GeV — (1 — €)10%1° GeV ~ 100 GeV

nat. mass

Renormalisation

universitétbonnl
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Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
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Supersymmetry

@ Even if we find the Higgs, we still have a problem ...

@ From indirect measurements:
t mp, < 140 GeV

H H @ To prevent quadratic divergencies:
—————— —————— Introduce shadow world:
One SUSY partner for each SM d.o.f.

t @ Nice addition for free: If R-parity
conserved, automatically the Lightest
Amy, ~ N2 SUSY Particle (LSP) is a stable DM

,— candidate

7 AY
H f*\ }'i H

I U

Amp ~ InA universitétbonnl

@ But: Where are all those states?
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Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Supersymmetry

@ Even if we find the Higgs, we still have a problem ...

@ From indirect measurements:
Particles ‘ my, < 140 GeV

A \ @ To prevent quadratic divergencies:

Introduce shadow world:
One SUSY partner for each SM d.o.f.

q @ Nice addition for free: If R-parity
. conserved, automatically the Lightest
SUSY Particle (LSP) is a stable DM
candidate

@ But: Where are all those states?

Supergyrrm‘letnc
i "shadow " partlcl @ SUSY breaking introduces a lot of
additional parameters
In any case: myjie < 1TeV Understand model: Measure
msysy < O(TeV) parameters! :
= Terascala un|versﬂtatﬂ

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011



Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Why try (trust?) SUSY?
Wim de Boer et al. (1991):

It was shown that the evolution of the coupling constants within the minimal
Standard Model with one Higgs doublet does not lead to Grand Unification, but if
one adds five additional Higgs doublets, unification can be obtained at a scale below
2.10™ GeV. However, such a low scale is excluded by the limits on the proton lifetime.

On the contrary, the minimal supersymmetric extension of the Standard Model
leads to unification at a scale of 10'%%%%3 GeV. Such a large unification scale is
compatible with the present limits on the proton lifetime of about 10%2 years. Note
that the Planck mass (10® GeV) is well above the unification scale of 10'® GeV, so
presumably quantum gravity does not influence our results.

60 e e
3 & (R R B 50 SUSY 2nd order 19° 107
= I 1 '
Y DELPHI 90 2 E z
'S 50 26
40 ') M 25
30
20
10
0 Lt nd sl i sssd o
o g o 0 Lt uad i sl i und Lo
1
0 10 10 100 10° w100 dT idP ad® ad7

. i " i [GeV]
., Prediction” of S|n2¢9W: o

sin® 05/°" = 0.2335(17),  sin®0},” = 0.2315(02)  _WFY

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011 93



Motivation and Introduction

Tools and Historical Foundations of particle Physics
Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?

The Standard Model — Shortly Before its End?

A Warning: Apparent Finetuning

universitétbonn
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

What do we hope to find?

x
l’ 1

Need everything: MET, Jets, B-Jets, elektrons, myons, taus "
universitatbonn
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

The possible discovery of Physics at the Terascale

@ inclusive spectra: probably

R R RN R RN RS EEEEN CETAS AR RARRN
. = 2jet 2lepton OS ATLAS
fastest way to discover i TP preiminary © SM + SUSY U4
. . L2 E 7TeV e =
- 5 C ot ]
SUSY-like physics 5 r - .
. AW
@ Challenging because very good 10g = vz 3
. . E = QCD light jets
detector understanding with F QCDbjets ]
. . r * DiBoson 7
relatively little data needed = ; E
(ca. L~1fb71) : ]
b(I)VO ‘iOOO 15‘00 20‘00 25‘00 30bO 35‘00 4000

=
<
o=

Effective Mass [GeV]

Mesr = > PT,i + ETmiss
ATLAS MC 1fb™1 @7 TeV
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

The possible discovery of Physics at the Terascale

= I I . [0 .3

@ inclusive spectra: probably <
o 450 ATLAS Preliminary ------ 47ets 1lepton
&) E7TeV-1 fb-‘1 o, e 2]ets 2 leptons OS]

fastest way to discover
i i P o =ropsiies
SUSY-like physics & 400 5 6 discovery

MSUGRA tanp'= 10

o Challenging because very good 350
detector understanding with 300
relatively little data needed
(ca. L~1fb71)

@ Is it really SUSY? Or something

o, - - §(0.75'Te
ok T“" : ; . G (0.75'TeV

GOS5T 5 e NoEWSE]

else?
. . . L e W I e Y
@ Which partlcles, which masses, 0 200 400 600 800 1000 1200 1400
. . m, (GeV
which decay chains? IR
@ Quantum numbers, couplings? Mesr = 32, PT,i + ETmiss

ATLAS MC 1fb~1 @7 TeV
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

The possible discovery of Physics at the Terascale

@ inclusive spectra: probably e 1 200t
fastest way to discover B 11006 gg?:gg:ggﬁjgg E
SUSY-like physics € oot 0 leon 95 1o

@ Challenging because very good & goof kS 3
detector understanding with 800E- & T E
relatively little data needed 7005  ATLASPreliminary
(ca. L~ 1fb71) 600 3

@ Is it really SUSY? Or something 500E E
else? 4005 1 £

@ Which particles, which masses, 3001 ’|l. - |/.‘. ...
which decay chains? 500 1000 1500 2000

@ Quantum numbers, couplings? M (Gev)

Mefr =3 ; PT.,i + ETmiss
ATLAS MC 1fb~1 @7 TeV l‘
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P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011



Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

The possible discovery of Physics at the Terascale

@ inclusive spectra: probably
fastest way to discover
SUSY-like physics

@ Challenging because very good
detector understanding with
relatively little data needed
(ca. L~1fb71)

o Is it really SUSY? Or something
else?

e
e Data 2010 {5 = 7 TeV)
—— Monte Carlo

B WHjets
Z+jets
CJDrellyan

tt
-+ SU4 (x10)

ATLAS Preliminary

Entries / 10 GeV

3L Lo Lo Lo Lo Lo by L0
10°%""20 40 60 80 100 120 140 160 180 200
ET™ [GeV]

) . ) ATLAS data @7 TeV only 70 nb!
@ Which particles, which masses,

which decay chains?

@ Quantum numbers, couplings?

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

The possible discovery of Physics at the Terascale

@ inclusive spectra: probably . R —TY
fastest way to discover 2 so- E“?;' _0_3;9;;6‘;—_5232%;
SUSY—llke phyS|Cs E 40; Smearing 2.273+1.339

o Challenging because very good 3

. . 2 20—
detector understanding with aoE
relatively little data needed oo
(ca. L~ 1fb71) 2ok
@ Is it really SUSY? Or something A
?
else’ ATLAS MC 1b~1 @14 TeV

@ Which particles, which masses, kinematic edges

which decay chains? = mass information

@ Quantum numbers, couplings?

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?

The Standard Model — Shortly Before its End?

Still Searching for the Unexpected!

Miracles and open questio incomplete

]

© ¢ ¢ ¢

Dark Matter

Explanation for EWSB and Hierarchy problem
Gauge Coupling Unification

Matter Asymmetry of the Universe

Smallness of the neutrino masses and absence of their righthanded
couplings

@ Mass hierarchy of the SM particles

@ Dark Energy

@ How does gravity fit into the picture?

universitétgnni
P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011 97



Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Still Searching for the Unexpected!

Miracles and open questio incomplete

@ Dark Matter

o
o
o
o

Explanation for EWSB and Hierarchy problem

Gauge Coupling Unification

Matter Asymmetry of the Universe

Smallness of the neutrino masses and absence of their righthanded
couplings

Mass hierarchy of the SM particles

Dark Energy

How does gravity fit into the picture?

e © ¢ ¢

My favourite reason why the SM is wrong (i.e. incomplete):

q¢ = —nc(qu — qq) |
universitatbonn
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M n and Introdt
Tools and Historical Foun ns of particle Pk

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Particle Physics is Philosophy

Not from the beginning the gods disclosed everything to us,

but in the course of time we find, searching, a better knowledge.
These things have seemed to me to resemble the truth.

There never was nor will be a person who has certain knowledge
about the gods and about all the things | speak of.

Even if he should chance to say the complete truth,

yet he himself can not know that it is so.

XENOPHANES OF KOLOPHON, ca. 500 b.c.

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Backup Slides

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Prerequisites: ~v,, 0" and the

The notation is a little bit confusing sometimes, so let's try to sort things a
little bit:
Fermions are represented by 4-dimensional spinors:

X 1 0
¢(p) = Vpo+m aﬁ_sxs » X2 = (0> X-1/2 = <1>

po+m

The 4 x 4 v matrices are acting on the 4 dimensions of ythe spinors.

An index (v, A, or F,,) always denotes a 4-dimensional Lorentz vector.
This 4-dimensional space is independent of the 4-dimensional spinor space.

3

O denotes a partial derivative for x°, x1, x2, x3 respecively.

Einstein convention:
4-vector: x*

scalar: x"y, '1
matrix: xHyY universitatbonn
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Prerequisites: ~v,, 0" and the

Dirac matrices (each matrix acting on a 4-dim spinor):

10 0 0 0 0 0 1
o _[01 0 o0 t o o 10
T =100 -1 o0 |’ 0 -1 0 0
00 0 -1 1 0 00
0 0 0 —i 0 01 0
> o o i o s [0 00 -1
T=1lo io0o o771 00 o0
i 00 0 0 10 0
0010
000 1
5 0123_
7> = iy %y 100 0
0100
Hermitean adjoint: ajj = aj;, Dirac adjoint: P =1pTA0 unimimm
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

The Lagrangian

Require that the action S remains invariant under small changes of the
fiends ¢:

0S

— =0
depi

S is determined by the Lagrangian (classically: £L=T — V)

Slol = [ Lle1ds,
where s, denotes the parameters of the system.

The equations of motion of the system can then be derived from the
Euler-Lagrange equation:

oL oL
@<mmw>‘5$‘°

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

The Lagrangian

Classical Example in three-dimensional space:

. 1 .
L(x.%) = 5 mx? — V(X).

Then, the Euler-Lagrange equation is:

d (oL oL _ g
dt Ox; aX,'_

with i/ = 1,2, 3. The derivation yields:

oL ov

o  Ox;
oL 0 1 -, 1 o .. :
8_>'<,-:8_>'<,-<§mx):§m8_5<,-(xixi):mxi

d (o
dt Ox; - !

From the Euler-Lagrange-equation we get the equation of motion: uni\,ersitatbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Gauge Transformations

@ Global Gauge Invariance:
Require that £ (i.e. the equation of motion) is invariant under the
transformation:

Y(x) = e“(x)

with o being the same everywhere.

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Gauge Transformations

@ Global Gauge Invariance:
Require that £ (i.e. the equation of motion) is invariant under the
transformation:

Y(x) = e“(x)

with « being the same everywhere. But given relativity, why should we
use the same gauge here and behind the moon at the same time?

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Gauge Transformations

@ Global Gauge Invariance:
Require that £ (i.e. the equation of motion) is invariant under the
transformation:

P(x) = e(x)
with « being the same everywhere. But given relativity, why should we
use the same gauge here and behind the moon at the same time?

@ Local Gauge Invariance:
Require that £ is invariant under local transformations:

h(x) = My (x)

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Gauge Transformations

@ Global Gauge Invariance:
Require that £ (i.e. the equation of motion) is invariant under the
transformation:

Y(x) = e“(x)

with « being the same everywhere. But given relativity, why should we
use the same gauge here and behind the moon at the same time?

@ Local Gauge Invariance:
Require that £ is invariant under local transformations:

h(x) = My (x)

This principle is the foundation of the SM

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?

The Standard Model — Shortly Before its End?

Group Theory in a Tiny Nutshell

A group is a set G (the "underlying set”) under a binary operation
satisfying three axioms:

@ The operation is associative.
@ The operation has an identity element.

@ Every element has an inverse element.

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Group Theory in a Tiny Nutshell

A group is a set G (the "underlying set”) under a binary operation
satisfying three axioms:

@ The operation is associative.
@ The operation has an identity element.
@ Every element has an inverse element.

A generating set of a group G is a subset S such that every element of G
can be expressed as the product of finitely many elements of S and their
inverses.

Very simple example: 2 is the generator of all numbers 2", n = [0, inf|

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Group Theory in a Tiny Nutshell

A group is a set G (the "underlying set”) under a binary operation
satisfying three axioms:

@ The operation is associative.
@ The operation has an identity element.
@ Every element has an inverse element.

A generating set of a group G is a subset S such that every element of G
can be expressed as the product of finitely many elements of S and their
inverses.

Very simple example: 2 is the generator of all numbers 2", n = [0, inf|

Construct the SM particles as elements of a group invariant under
operations within the group.

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Some Mathematics: SU(2)

For the special unitary group SU(2), the generators are proportional to the
Pauli matrices:

(01 (0 —i /1 0
=11 0/ 27\i o) 27 \o -1)°

The generators of the group are 77 = %a,-. The Pauli matrices obey

loi,0]] = 2igjkox

{oi,0;} = 25;-1
Example for an SU(2) transformation:
w(X) N eiTiai(X)w(X)

SU(2) and SU(3) are not abelian, i.e. the generators of the group do notgr
commute. universitétﬂ
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Motivation and Introduction
Tools and Historical Fo of particle Physics

Fundamental Forces and F | Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Some Mathematics: SU(3)

The analog of the Pauli matrices for SU(3) are the Gell-Mann matrices:

010 0 -/ 0 1 0 0
AM=1|1 0 0|,x2=1|7i 0 0],x3=]0 -1 0
0 00 0 0 0 0 0 O
0 01 0 0 —i 0 0O
AM=[0 0 0],As=10 0 0 |,X=1(0 01
100 i 0 0 010
00 O 1 10 O
A7=10 0 —i],Xg=—4|0 1 O
0 0 V3 0 0 -2
The generators of SU(3) are defined as T by the relation
Aa

27 "
universitatbonn
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?

The Standard Model — Shortly Before its End?

Some Mathematics: SU(3)

The generators T obey the relations

8
[Tas Tol =1 fanc Te
c=1

where f is called structure constant and has a value given by
f123 -1

f147 f165 f246 f257 f345 f376

458 _ (678 @
S8 — 078 = 2

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Introduction: QED

QED is a local abelian U(1) gauge symmetry

Using our knowledge about the Lagrangian, we construct the Lagrangian
which gives us the equation of motion of the Dirac equation

((i0uy* — m)p = 0): _
Efree = ¢(’a - m)¢

using @ = 9, v".
Make the theory gauge invariant under local U(1) transformations:

Y(x) = e *Cy(x)

What is the transformation behaviour of the free Lagrangian?

universitétbonnl
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Introduction: QED

QED is a local abelian U(1) gauge symmetry

Using our knowledge about the Lagrangian, we construct the Lagrangian
which gives us the equation of motion of the Dirac equation

(67" — m) = O): i
Efree = ¢(’a - m)¢

using @ = 9, v".
Make the theory gauge invariant under local U(1) transformations:

b(x) = € 0y(x)
What is the transformation behaviour of the free Lagrangian?

ﬁfree — ﬁfree - &FVuw(a“a(X))

universitétbonnl
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M n and Introdt
Tools and Historical Foun ns of particle Pk

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Introduction: QED

QED is a local abelian U(1) gauge symmetry

Using our knowledge about the Lagrangian, we construct the Lagrangian
which gives us the equation of motion of the Dirac equation

((i0uy* — m)p = 0): _
Efree = ¢(’a - m)¢

using @ = 9, v".
Make the theory gauge invariant under local U(1) transformations:

b(x) = € 0y(x)
What is the transformation behaviour of the free Lagrangian?
ﬁfree — ﬁfree - &Vuw(a'ua(x))

That's not invariant!

universitétbonnl
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Tools and Historical Foundations of particle Pk

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Introduction: QED

QED is a local abelian U(1) gauge symmetry

Using our knowledge about the Lagrangian, we construct the Lagrangian
which gives us the equation of motion of the Dirac equation

(67" — m) = O): i
Efree = ¢(’a - m)¢

using @ = 9, v".
Make the theory gauge invariant under local U(1) transformations:

b(x) = € 0y(x)
What is the transformation behaviour of the free Lagrangian?
ﬁfree — ﬁfree - &FVuw(a“a(X))

That's not invariant! :
But luckily it's also not QED . .. uni\,ersitétﬂ
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Tools and Historic

Fundamental Forces ar a The End of the Standard Model?
The Standard Model — Shortly Before its End?

Introduction: QED

In order to save QED under the transformation U(x) = e~ 1*() add a
gauge field obeying:

1 1
Au(x) — UTTALU + EU‘lc‘)uU = Au(x) — Eaua(x)

A miracle has occured: we introduced not only a gauge field, but also a
charge g. Also, we would have needed the photon A, anyway. ..

Now modify the derivative:
0y — 0y +igAu(x) = D,

Let's write £ again with all possible Lorentz and gauge invariant terms:

L= FuF™ (09— e — gl

Fuw = 0uAs — DA, .
universitatbonn
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M n and Introduction
Tools and Historical Fo of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Introduction: QED

Let's check the transformational behaviour under local U(1) again:

1 - -
L[ — _ZFLVF/W‘FW(’.@_ m)¢'— qwllﬂ/w/

- ‘%FWFW + (i — ) — Py (9 al(x)) — gy A" + Pytp(9"a(x))
=L
with

1 1

Fr, = 0u(A, — 58,,a(x)) —0,(A, — a&,a(x))
1 1

= ij — 8#68’/6!()() + 8,,58Ha(x) = ij

QED including a gauge field is invariant under local U(1)!
Use this principle to construct the SM o "
universitatbonn
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Fundamental Forces and Fur ental The End of the Standard Model?
The Standard Model — Shortly Before its End?

QCD: 5U(3)C

The fundamental states of QCD are the three color states of the quarks:

dr
a=149¢6 |
as

which are transforming under the fundamental representation of SU(3)¢:
9 — qi' = (e"aa(x)%) 9,
ij

where A\, with a=1,...,8 are the eight 3 x 3 Gell-Mann-Matrices and
i,j =R, G, B run over the color indices.

The transformation works in principle just as in case of the QED, it's just
slightly more complex due to the eight dimensions of the SU(3) generators.
As in QED before, the transformation renders the free Lagrangian not
invariant under SU(3). We need to introduce a gauge field A7 transformipg
according to the adjoint representation: umve,siﬁtgﬂ
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tion and Introductnon
Tools and Historical F

Fundamental Forces and Fi al Pa The End of the Standard Model?
The Standard Model Shortly Before |ts End7

QCD: 5U(3)C

Using the quarks g and the gluons A7, we can now write the Lagrangian

1 . (A
Lacp = =7 FLF" +ia | 95 + igc <§> R K/
ij

with

2, = OuAL — OA% — 8cFac ADAS
which is different than in U(1) due to the non-abelian character of SU(3).
A little bit more detail: The full form of the field operators can be written
as:

( aix P)U/)\( ) i + bi—&(p)vi)\(p)eipx) )

SI%;)\/ V(2m 32 Po

analogously without the spinors u, v for the gluon field. umvmitétﬂ
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

QCD: SU(3)¢: Just for completeness

What's all that stuff in the previous equation? Important are the creation
and annihilation operators a;y and b;y, obeying

[bi(p), b ()]« quars = 050°(B— B"),

— Gluonen
[a)\(k)7 a;\i_’(k/)]t%?arks = 5)\)\/53(% — z/)

All of the above has to be done separately for g = u,d,c,s, b, t.

2
The only input parameter is as = f—i ~ 0.3 for a scale of Q% ~ 1 GeV?

universitétbonnl

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011



Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

QCD: SU(3)¢: Just for completeness

What's all that stuff in the previous equation? Important are the creation
and annihilation operators a;y and b;y, obeying

[bi(p), b ()]« quars = 050°(B— B"),

— Gluonen

[ax(k), a;\‘r/(k/)]-%—Quarks = 5AA/53(z - l_<")

— Gluonen
All of the above has to be done separately for g = u,d,c,s, b, t.
2
The only input parameter is as = f—i ~ 0.3 for a scale of Q% ~ 1 GeV?

That's it... a beautifully simple theory with awfully complex

consequences. ..
universitétbonnl
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Tools and Historic:

Fundamental Forces a a The End of the Standard Model?
The Standard M

QFD: SU(2), x Ul)y Leptonic Sector

We choose the SU(2), doublett

(v _ 1. s (v k=43 Q=0 Y=-1
L_<e>L_2(1 ’”(e)’@:—%,@:—l,y:—l
and the singlett

1
R:eR:§(1+fy5)e, h=0Q=-1Y=-2

which transform SU(2), according to

aTla

L l'=e*%, R-R =R
and under U(1), according to

igaY rRaY
L L'=eP21, R R =€eP2R "
universitatbonn
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Tools and Historic:

Fundamental Forces a a The End of the Standard Model?
The Standard M

QFD: SU(2), x Ul)y Leptonic Sector

Now we construct the gauge fields W for SU(2), analogously to SU(3)c
before and B, of U(1), analously to the QED before. We get the covariant
derivative

. Y
D, =0,+ /g% W + /g'EBH.

Using this, we can construct the first part of the QFD Lagrangian

1 1 _ _
Lopp = — 3 Wi, WL — 2 BuB" +LPL+ iRDR,

with
W3, = 0,W7 — 9, W7 — g€, W,f we

By, = 8,B, — 0,B,..
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y Masses

@ Mass of the gauge bosons
Now we would like to add gauge boson masses:

Y
SM?B"B,
However, this is not invariant under SU(2):

s SVE(B — 0 a())(B — - Ohalx)
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Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y Masses

@ Mass of the gauge bosons
Now we would like to add gauge boson masses:

Y
SM?B"B,
However, this is not invariant under SU(2):

1 5 1 1
— EM (B* — E@“a(x))(Bu - Eaua(x))
@ Mass of the fermions

1 1
—meée = —mée (5(1 -7+ 5(1 +’ys)> e
= —m(éReL + éLeR)

But only e, and not eg is transforming under SU(2)! '1
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Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y Masses

@ Mass of the gauge bosons
Now we would like to add gauge boson masses:

Y
SM?B"B,
However, this is not invariant under SU(2):

1 5 1 1
— EM (B* — E@“a(x))(Bu - Eaua(x))
@ Mass of the fermions

1 1
—meée = —mée (5(1 -7+ 5(1 +’ys)> e
= —m(éReL + éLeR)

But only e, and not eg is transforming under SU(2)! '1
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Tools and Historical

Fundamental Forces and al Pa afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y EWSB

In order to allow masses for the gauge bosons, we introduce the Higgs
doublett into the theory:

® <¢+> Y =+1 which i dlike &= et ( 0 >
= , Y = which is gauged like =e
@0 gaue V2 \v+n

We obtain v = /—p2/\ as vacuum expectation value of the field in the
potential

V(®) =5 I gt + A(c1>+<r>)
with A > 0 and p? < 0, such that there is spontaneous symmetry breaking
(the ground state does not obey the symmetries of the theory). ¢ has to
be gauged to 0 in order to render the charge operator Q@ = I3 + %
unbroken. Otherwise the photon acquires mass. :
universitétﬂ
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Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y EWSB

Using the global SU(2), gauge transformation from before

co9ag 1
L—>L’:e"2vL:><D:—< 0 >
V2 \v+n

we obtain the following expression for the mass sector of the QFD:

L35n = —V2f(LOR + ROTL) + |D, 2 — V()
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Tools and Historical F

Fundamental Forces and Fi al Pa afa The End of the Standard Model?
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y EWSB

Using the global SU(2), gauge transformation from before

co9ag 1
L—>L’:e"TL:><D:—< 0 >
V2 \v+n

we obtain the following expression for the mass sector of the QFD:

L35n = —V2f(LOR + ROTL) + |D, 2 — V()

From where do we get the fermion masses?
—V2f(LOR + RO+L)

acts as a mass term with the Yukawa coupling parameter f determining the

mass of the fermion. '1
universitatbonn

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011
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Fundamental Forces and Fundamental Partic! fa The End of the Standard Model?
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y EWSB

The gauge boson masses are coming from

1 1
2 2 2 2 2 3
|D,®|° = —g v3( Ws,) +§g' v°B,B* — Zgg’v B'W;
using

(Wi)? + (W2)? = (Wi + iWD) (W) — iW2) = 2WF W,
introducing the charged currents. That yields

1 2 _ / B
2 2+ — 2 3 g g8

28V wiw, +3v (B, W3) (_gg, e > (Wg,u)
We have the mass term on the W™ already. Let's diagonalize the mass
matrix of the hypercharge field B, and the third component of the SU(2),

gauge field W2:
(A“> B ( cosfy  sin 9W> < BH >
70) = \=sin6 ow ) \ w3 :
K SnPw - costw un|versﬂtatﬂ
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Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y EWSB

we have now introduced the Weinberg angle

/

g

From the diagonalization of the mass matrix for Wj‘ and B,

sin 9W =

_ 1 /3 2 _
AN_ m(g W‘u +gBﬂ)7 mA—O
1 (g2 +g"%)v2
0 3 2
Z, = 7,2(gWu —g'Bu), mz = 4
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Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

QFD: SU(2), x U(1)y EWSB

We also obtain the charged current and its coupling to the WJ as

2\f(’/L7“eLWJr +h.c.)
In addition, as the first tested firm prediction of this theory, the neutral
currents have been introduced ('74 November revolution: Gargamelle):

Ve +g” 7 g% gz’

(Ly' 13l — 2—=——&vyie)Z0

4 g2 _|_g/2 H? /g2 _|_g/2

evle A,

where ,

i 88
de = /g2 + g~

is the electromagnetic charge and e = ¢; + egr

This formalism has to be written for all three lepton families £ = e,lﬁ,gvggﬁtm
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Fundamental Forces a a The End of the Standard Model?
The Standard M

QFD: SU(2), x U(1)y Properties of the Higgs

@ The heavier the particle, the stronger
the Higgs coupling to it (or the other
way around!)

@ The position of the minimum of the

Potential

potential
+ Aot )2
V(®) = CD b+ — (CD )
is known: Compare
V.
— Dy eLW+

P 2f

with V — A theory: E:ff_’q ~—CE
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Fundamental Forces and Funda al Pa The End of the Standard Model?
The Standard Model —

QFD: SU(2). x U(1)y Remarks

There are a few non-trivial observations about EWSB in the SM:
@ It is not trivial that the photon field A, fullfills

ma = 0
geey'eA,
(i.e. no coupling to the neutrino and the same coupling to the left and
right fields) at the same time!
@ All three elements of
Mw
—— = cos Oy
z
can be measured independently = precision tests
@ The Higgs has been introduced to give mass to the gauge bosons, but
it offers an elegant way to introduce masses of the fermions, too.
@ There is a self-interaction among the gauge bosons in the —%W;V wi
term. This just pops out of the theory, it was not constructed as the“
bonn

gauge boson fermion interactions. Does Nature obey the SM alsordtit
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Quarks

For the quarks, we choose the fundamental states differently for the mass
and the interaction operators:

u C t
’ ) ) URr, dR7 CR, SR, tgr, bR

being the weak interaction eigenstates. We get the mass eigenstates using
the CKM matrix:

d’ d 1 A Aph3efd d

sSl1=Vexku | s | = - 1 AN2 s

b b AN3(1 — pe®) —AN? 1 b
vwt =1
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Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
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Quarks

Then the QFD of the quarks can be written in exact analogy to the leptons.
We ge tadditional terms for the right-handed up-type quarks, for which we

have no corresponding leptons in the SM wit hmassles sneutrinos. We use a
SU(2) transform of the Higgs field for the right-handed up-type quark mass

terms. n 0
—V2fy(a,d") (i(,) dr — V2f, (0, d") Cﬁ > ug.

universitétbonnl

P. Bechtle:  Introduction to Particles DESY Summerstudent Lectures 01.08.2011 126



Motivat and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles — afawk The End of the Standard Model?
The Standard Model — Shortly Before its End?

Quarks

Then the QFD of the quarks can be written in exact analogy to the leptons.
We ge tadditional terms for the right-handed up-type quarks, for which we
have no corresponding leptons in the SM wit hmassles sneutrinos. We use a
SU(2) transform of the Higgs field for the right-handed up-type quark mass
terms.

—V2fy(a, d") <¢+> dr — V2f,(7,d") <_¢0> UR.

¢° A

Input parameters to the QFD:
Mme ~5llkeV m, =~105MeV m, ~ 1,7 GeV
m, ~ 5 MeV my ~5 MeV mq =~ 150 MeV
me ~15GV mp, =47GV m; ~ 174 GeV
mpy ~ 7 my ~8lGeV «a(Q*=~0) =~1/137
sinfy =~0,23 A =~ 0,22 p ~ 0.8
A ~ 0,5 1) ~ 0,004

This has to be slightly extended if neutrino masses and mixing are a,qlggggt&
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Reading the Feynman Rules

© Draw your Feynman diagram
@ Follow the fermion lines in opposite direction of the arrows. For each
outgoing (anti)particle, write u(v), for each incoming (anti)particle
u(v).
© For each incoming(outgoing) photon, write €, (¢},)
@ For each internal line, write a propagator:
e Fermion: 1/(p — m)
o Photon: —ig,,/p?
o Boson: —i(gu — pupv/M?)/(p* — M?)
© Read the couplings from the Lagrangian:
QED example: L = —qe@Z’yu@bA“
denotes the coupling of an incoming fermion v and an outgoing
fermion ) to the photon A* with coupling ge.

In this case, we get
19eYu '1
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