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                 Approach: 
- Pedagogical  
- Self-contained 
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- Avoid technicalities & specific models 
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p .

,

Chapt.

.1
. Introduction ] "

energy frontier "

§k#
=

High Energy physics phenomenology

IA ) HEP ⇐D Elementary particle Phys
.

A A
the means :

Eapc
Objects = building blocks .B

=hV (

t.ve/ctassiad
) elements

,

atoms . . .

Till Rutherford & -

Scattering#* Atom
, planetary

Higher energies,
shorter distances

,

E=hv deeper probe :

¥7 nucleons
, quarks

...

Rutherford's legendary method continues
in HEP 09



(B) phenomenology :

A term introducedi'm to s

empirical approaches to describe dates
.

Bridge between Theory & Experiments

from theory ⇒ explainfpredict new phenomena

from exp 'ts ⇒ develop new

theory
.

" Phenomenologist
" need

to
understand both

theory & experiments .ae

(C) Methodology ;

Relativistic
, quantum - mechanical

,

guided by symmetry principles ,

rooted to experimental Observables

,
much sophisticated methods foods developed . "

advanced
,

automated
,

flexible Codes
,

but black boxes

:
what's there ??



Example 1
: From Dis to QCD

Experiment

)

Phenomenology

)

Underlying

theory

Deeply inelastic Bjorken

'sScaling
,

suarks
,

Scattering ( Go 's -70 's) Feynman 's partons gluons ,

e- p → E + I TCE ,x ) SUGK

e- e-

→the;¥aoMap
"

structure functions
"

at-8
'

!1!

Eilxeoyzp .gl - end @
9 9

Bjorkenscaloy DGLAP evol
.

Feynman's parton OLD prediction

MM
phenomenologicalwork Crucial A.



Example 2
: Discovery of the Higgs boson

Theoretical Idea /

Phenomenology

# xp
't discovery

1964

:7he
Higgs 1967

.

: A model for
mechanism

. leptons =

Sud
@ 4,4

1972

Renormalization

, regularization

$973 : Higgs properties
.

phenomenology

!0

1976 - 90's
: full layout .÷

.

production & decays
,

Search Strategies
.

Then on - gory experiments :

SPFS ;LEP 1,2; Teratnn

2000 -

'

cos : precision Higgs
.

cautions
July 4,2012 : ATLASKMS

; Discovery A.

along challenging eltort
.



§h2= Some historic perspectives

of high . energy colliders
•o••

Fekety (2*40)

••

HE . LHC ((208)

¥a

130 140

Major discoveries @ Colliders : 50 Years Confining
1968

; proton structure ( D is @ SLAC ) discovery .d

1974 : J/4 ( SPEAR @ SLAC )

1975 : T lepton

guy
1977 :b - fuark ( E 288

1979 : gluon in 3- jets ( PETRA @ DESY )
(@FNAL )

1983 : W±1z° ( Epps@ CERN )

1989 : EW precision 13 V 's ( LEP 1,2 @ CERN )

1995. top quark C Tevatron@ FNAL )

2012 : Higgs boson ( LHL @ CERN ) ⇒ brightfuture 4



/

§1.3 :

*.

Colliding particlesaren't Continues
,

2
. luminosity:

F.lots
£



Now Units :

In relativistic quantum mechanics
,

the
" natural units

"

are C=k=l
,

M . Kg . s ⇒ I independent = Gev
.

C =3 -108%
to

"hTf'm¥3.4
.

.io#s=G6.lo22Mev.sGeiheo.2fm( tick 0.3893 > gqi . mbarn
=6' 6.10*5

Get 2=389379 nb
.

I pb = 2. 6.1591GW

[ see HW # 1.2 ]



Chapt . 2¥BasicFormalism:

$2.1
Scattering processes .

(A) General description :

Observer
An incident Particle

beam w/ Momentum } 7
.

i > IN indr
3KG*

on a local target
Yim - eipz yfcr)~eiFIgdMf(o)

Scattering cross section
,

lr → large

d- ⇒

# Particles Scattered into drhrnittme

pecan

# incident particles hinitaveafnittime

the current : I - in # 84-484*1

iinc=P/m ; jsa+=Pm- ¥912
: .{I=Hostages'¥nae

Jtot ⇐ Slfcospdn .



(B) Partial Wave properties
F.W .Expansion :

,~
Partial Ware

amplitude
f (

OD±¥z(2lH

)

AECKPE

( as 01
phase shift

~ .

heck
) =

tide ⇐ I
=

eidesince 1

±

si at Se - i

•

.

. It fd¥co)Pdr partial wave

cross Section}
= 9ft Ee Gtttsiide ± It

Je = the Czeti ) Site

Opticaltheorem :

Imf ( 0=0 ) # I Get )|mAe( k ) Pe ( t )

=¥i[ getEGetdsiice ]
-

←Et
The imaginary part of The forward Scott .

anylitnde equals to the tot . cross section !
.



Properties :

1)
.

Partial wave Unitarily =

Ae

!
KI = I Since 1<-1 applicable to any l

.

: partial Wave amplitude bounded by 1
.

For any fixed angular momentum l
,

Itscontribution to the cross section is

founded from above :

of = # GetD Snide EFE'Re #)

* It can only be (divergently ) large

if MingPartial Waves contribute
.

* Energy dependence ;

Of ~

k . {
Etkin ( non - relativistic : Kane )

et ( relativistic
:

KEE
.
ni )



21 . Arganddrergram : in a Complex ptane

adk

)=iz+Ie2ik'

#

lmhdk
,

Argand i

Circle :

= eideqnj
,

}

radius Yz
,

Centered atlotzelj •%•k&
* Tighter

wnitaritycond

.

[ HWI .3 ] ;)
'

Rehdk
)

IREAEUHE
's - Is Iz

Il2=1m←.

on the
* Elastic Scattering .

. Add | he circle
.

Inelastic Scattering ,µinside
the circle

kfeck ) < eidesinde
,

Amplitude damped .µ

* de→o
: he = Setioi

,

real at LO
.

or (

Rea
,

)2=1mae#
perturbation

of →Th . he → i
.

I Ae

1=1
⇒ amplitude maximal

,
resonance ?•

[ End ofLeet . 1 ]



( c ) Lorentz Invariant amplitude:
S - matrix & transition - matrix

S = 1 +IT . Lorentzinvariant

gougeinvariant

< f IITIAB > =k⇒4d4patPps¥pt
.

) IMIAB → f)
EPartial wave properties : Feynman calculus

( see PDG for the Wigner d- functions )

speed ← p=[ , - of ]k

etei.I.IE.

.

⇒ fPsi
has . wave

Htti
Pg$;

l=l
,

P . wave



§ 2. 2.

Transition
rate formalism

Decay rate I → n :

tot

Scattering Cross Seeton 2→n
:

!1!Dimensionality =

{
dim

'

less

n=2 ;

←w@
Event rate : *÷mEo[an.li#EnFs3

" ]

,

for monochromaticThanks . 5)



Chapt

.3=
Relativistic kinematics

Q
'

phase space treatments

§

3.1
:

B. Pdloildr
atw . # ei

Ypf
-

EZ

Constraints

mm



Un - stable particle :

After production ,
an

exponential

decay .

NHKNEYT
,

THE .tt?ti=#EF
TheSmaller f is

,
the longer - lived it is

.

( largen ) ( shorter )

Breit - Wignar relativistic propagator ,

[ Non . relativistic.

Its £ function representation ,±
.

Emttitk ]

laceM*
when we talk about "

on - shell
"

unstable particle
,

It is in This sense to M
,

a well-defined resonance
.



#gdEF¥#minis

~

only 2

angularVar
.

mm

K ,
# function

.

P£
It F

'

monochromatic !

dimensionless⇒

This is of the Same origin as I - loop
suppression ' } }

qd£scgimyc⇒dE
ZEQ



Example Atb → 1+2

[ HW

# Is ]

at = zpap,
daso

,
= rsxtyl.ms?nsdjlETdaso.*

Lorentz - invariance form Convenient
.



553.3:

3- body Kinematics

a-
-

← 9-4=5=

mummy

the heavier the less Kinetic

the particle is
{ Ft

.tn/rgy

.

energy it takes !
it carries ;



Example I
: Atb → 1+2+3

Thus
,

Kmeax = Mena . MI . nmtnkitmmtftmdnl . THEmv
the electron energy end point .



Example 2 : M → atbtc

*<
Era decay , dridrtsdasdzindft

[ HW , 2,4 ]

÷. .

i. Xa

M£3
z

GM.
,tMd ¢

,  - mil
'

in mntmii Plane '

7. (mmsi
Km#*msB (

> my



N - body:< final state phase space

I.
Monte Carlo

pity
• I ×

see Next

, page .

Multiple dimensional Integration :
3h -4

;
( For n =3

.
5- dim

!Monte Carlo method :

d vantages =
* More efficient for 4- dim : E~Y.fi

* close simulation of real events
.



in a chain decay
,

.

artvmrsectedo

Tiniseczos

Try on your own :

smashed ignore
spin - Corr

.



Chapt , 4: Partrbe Detection @ Colliders

How do We
"

see
" particles ?

Rutherford 's expt : flash counts by eyes !

[ HW #z5 ]



measured curvature kxpt - EPQ









Chapt .

5
. lepton colliders

A few representative Colliders .

.



§ 5.1ete Colliders

AH



(B)
. Particle production

:-#Events

typically
with off ~ 153

, typically



[ HW#
3. D

This is like LEPI :

Seals3¥41
: 24

Scan out the full line - shop ,

Gm

measure the total width C neutrino

t.HR#omtinss

.

This is like J/y production
: %,

dE=lj3e
> >

That93kW

.

ADANA
( Nev )



Off resonance :

:
.





(C) Constrained Kinematics
one of the most important features in ete collisions

...

precisely
known kinematics

,

Best example ,

( recoil mass )

[ HW
# 3,2 ]



King particles

Y .
Neutrino Country @ ete Collider

2) .

Dark matter mass



Utilizingtwo - body Kinematics

More observables . Cusps



Utilizingtwo - body Kinematics

mm



...

sensitive to the Chiral interactions

of the underlying physics @ given it
.



one of the most important features indie collisions
...

Beam Polarization :

Major benefit for ete linear collider !





555.2ejadtiider

[ HW #
3,3 ]

-

:
 -



Chapt .

6
:

Hadnn - hadnn Colliders
A few representative Colliders .

.

§G.

I ÷Hadron Colliders = Pros& Cons



with strong interaction
:



what we are interested in :

*←e

•so





§6 ,
2

:

Event Selection
:

CA)
"

Triggers
"

one is unable to tape most events
...

Would like to measure :



spdabdal
kinematics for hadnnicaeltisms

,

/

← [HW #
4.it

( E
, =P ,

when m → o )





§6.3
,

Parton :c Luminosity :

Hadrm collider
= Parton:c collisions have

a wide spectrum .#

* Valence quarks ( u
,

d) peak at 0.2-0*3 ;

* gluons drive sea quarks ,
all at smallX ;

gluons hemi large ,

and larger at high E
.



556,4
.

S . channel features =

With a

"

missing
"

neutrino
,

Mev not there
.

In fact
.

Meat & Pe ,
related

,

[ HW # 4,2 ]



1- missing Particle =

2-missingparticles:

↳ this is a commonVariable

It all boils down

to the choice of

transverse energy .HB



Many missing Particles hopeless ?P

Not necessarily :B ⇒

This is applicable to any highly - boosted

objects = b → CLV
,

t → bev . "





§ 6.5 .

.

t - channel features

splitting functions

QLD dominates kadroncollider

physics :



n ic mend < .

^ "

function

none relevant at higher energies ,

perhaps beyond the LHC
.



§ 6.6 :

CA )
.

Gbg

Already
Shown . "



LHC ltt production ,
CMS

,

sensitive to chiral interactions @ matey
.

e. g .

Randall . Sun drumZ'→tE±



(B)
.

Very challenging in. hadronic environment .*

[ HW #
4.3 ]


