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Why collider?

®  We live 1n a cold and empty universe: only the stable relics and
leftovers of the Big Bang remain. The unstable particles have decayed

away with time, and the symmetries have been broken as the universe
has cooled.

@ But every kind of particle that ever existed 1s still there, in the
equations that describe the particles and forces of the universe.

The vacuum “knows” about all of them.

® We can use accelerators to make the equations come alive, by
pumping sufficient energy into the vacuum to create the particles and
uncover the symmetries that existed in the earliest universe.
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( d “down” Stanford Linear Accelerator Center
(Giant Electron Microscope)
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d “down”

S “strange”

C “charmed” (1974)

b “bottom” (1977) “Beauty”
t “top”’ 1995 “Truth”

@ Fermilab (Tevatron)
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- M, =804 GeV

1 GeV=10" eV
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Rutherford’s Gold Foil Experiment Observation Interpretation

Most ¢ particles travel The atom is mostly
through the foil empty space
undeflected

1

Gold

Detector deflected by small positively charged,

angles as is the oL particle
Occasionally, an o The nucleus carries
particle travels back most of the atom’s
from the foil mass

=P [ FHITERE

Some 0. particles are } The nucleus is

Beam of O particles

Radioactive
Source
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K RAENS S—RFRZ EHEEIERNAERE TR
grno:?N isdetcr:‘ti:j)tr; = are of ring of radius b
§ do /

| 6 ¢
Particles hitting the ring between 4
b and b+db are scattered by an

/
angle between @ and @+ 6
\ |

They are scattered into a larger

ring on a sphere with the 4

scattering nucleus in its center
Solid angle of the \_/
entire ring :

2R si . _
d€) = -IZ’R.sm(‘H)RdO — 27[3“1(9)([9 solid angle of
R- small area:

_d(pRsin(G)RdB_ .
| Barn = 10-%* cm? dQ= 10RO _in(9)d6dg
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1barn = 107?*(cm)? = 107%*m? = 100(fm)?

lmb = 10~°b
1lub = 10"°b
Inb = 10""b
1pb = 10~ b

1fb = 10~ b



IS

RRESCF-IEMEXTIEE (EFFFIE) HBFZIEEE

72 BRIz S AT ST
classic 2
O Tot _ 27'('7“6 Ie 4, J7 g:ZE:/\: == '/f:zl:
2 2
e N e 1/137
- — e — e — ~Y N 28f
e Mhe€ g mec?  0.511MeV H
BT Pt ELAL
8
OTot = §7T7“§ — 67(fm)* = 0.67barn




I_J HBXTTEWI

7 (fm)?

P GevZ  106(1/197)2

14TeV AR B sg X&)
O'(pp)total ~ 110mb

1.96TeV Tevatron

0 (PD)total ~ 60mb

~ 107 barn = mb

103
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101
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o(jets)
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=& (luminosity)

Colliding beam

ny 1y
t=1/f
2= =
B # of particles passing each
other per unit time through unit
’C X fnan/Z transverse area at the
_9 _ interaction point
L] = cm %5 &

n1,2 : particle in each bunch in beam 1,2
J/  :beam crossing frequency

2. transverse profile of the bream

lem 251 =10 23nb s~ !

FAEE: 103 ecm 27! = Inb 's™! = 10fb™! /year



Past, current and Further colliger

Name Type Vs (GeV) Lint (pb™1) Years of Detectors Location
operation
LEP | ete- | 91.2 (LEP-1) ~ 200 (LEP-1) 1989-95 (LEP-1) | ALEPH, OPAL, | CERN
130-209 (LEP-2) ~ 600 (LEP-2) 1996-2000 (LEP-2) | DELPHI, L3
SLC ete 91.2 20 1992-98 SLD SLAC
HERA eTp 320 500 1992-2007 ZEUS, H1 DESY
Tevatron pp 1800 (Run-I) 160 (Run-I) 1987-96 (Run-I) CDF, DO FNAL
1960 (Run-IT) | 6 K (Run-II, 06/09) | 2000-7?? (Run-II)
LHC pp 14000 10 K /yr ("low-L") 20107 - 20137 ATLAS, CMS | CERN
100 K/yr ("high-L”) | 201377 - 2016777
ILC ete™ 500-1000 1 M7?77 777 777 777
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Proton: Bag of quarks and gluons (partons)
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5,% _:?_ X _\:I_ EFE 7FJ_L “Hard” Scattering

Qt.
t«

outgoing parton

proton proton

underlying event <€&— —» underlying event

1nitial-state

radiation
, final-state
outgoing parton radiation
S H:
1) H‘%‘EE 1) *ri:tj:j:
3) lj 5 3) 913 ﬁ%&ﬁlb%ﬁ‘é%

qa/qg/gg/bb



(RARS
2T ?

Rare Events, such as
Higgs production, are
difficult to find!

Need good detectors,
triggers, readout to
reconstruct the mess
into a piece of
physics.
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PRNES

hadronic calorimeter
E-CAL
tracking
beam (in B field)

vertex detector

pipe “ ? |

|

muon chambers



What we “see” as particles in the detector: (a few meters)

For a relativistic particle, the travel distance:

d = (Be 7)y~ (300 pm)(L5=15) 7

e sStable particles directly “seen’:
p, P, €T, 7
e quasi-stable particles of a life-time 7+ > 1019 s also directly “seen”:
n,/\,Kg,..., ,ui, 7T:|:,K:|:...

e a life-time 7 ~ 10712 s may display a secondary decay vertex,
“vertex-tagged particles’ :

BO*E DOE =

e short-lived not “directly seen”, but “reconstructable’:
0 pOE.. . Z W=E t H..
e Missing particles are weakly-interacting and neutral:
v, X9, Gre...

Tao Han, TASI



7T For stable and quasi-stable particles of a life-time
r>10"19 - 1012 5, they show up as

Tracking Electromagnetic Hadron Muon
chamber  calorimeter calorimeter  chamber

photons ég

&

muons
— >

4+
TEll-l-
4]:'

—

Innermost Layer... ..Dutermost Layer



Muon detectors

Hadron calorimeter

Crystal Electromagnetic
calorimeter

4 Tesla
Solenoid

All Silicon Strip
Tracker

Silicon
Pixels




A closer |look: B

—~y ~ 14 S - N
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WEALL UL 111 1%/ LW/

T heorists should know:

For charged tracks: Ap/p < p,

typical resolution: ~ p/(10% GeV).

1
For calorimetry : AF/E x —

VE
typical resolution: ~ (5 — 80%)/\/E/Gev.

p(GeV) = 0.3QB(Tesla)R(m) 154 Han, TAS|



t For vertex-tagged particles 7 ~ 10712 s,
heavy flavor tagging: the secondary vertex:

displaced
tracks

Secondary
vertex
N Ly .
Primary .-~ do ~ 30 =50 pm
vertex dﬂ
e, ~ 40 — 60%
Ay
x

prompt tracks 4

Tao Han, TASI



t For short-lived particles: 7 < 10712 s or so,
make use of final state kinematics to reconstruct the resonance.

T For missing particles:
make use of energy-momentum conservation to deduce their existence.

obs.

Py + 15 =D pr+Pmiss-
J

But in hadron collisions, the longitudinal momenta unkown,
thus transverse direction only:

obs.
0= Zﬁf T+ Pmiss T
f

missing p" (pr) or “missing E" (Jr).

often called

Tao Han, TASI



Theoretical
Calculation



How does SM predict ... ?

€ In Quantum Mechanics
Schrodinger Equation:

2

i —=HY
ot

1. Figure out what H is.
2. InsertH in S.E.

3. Calculate Predictions

€ In Relativistic Quantum Field Theory

SM gives the Interaction Lagrangian £

L

i

Feynman Rules
Feynman Diagrams

I

S-Matrix Elements

i

Predictions

}. t ;:;t)
W+
Vertex;
coupling



Vlaster Formula

2-N: A+ B—-14+2+.---+ N

_/ d_
do — (ﬂ o L ) (@) (pa+p5 = Y p1) - IM(pasps = {pi)
2 (27)3 2F, ”’ R

1=1
T / matrix element

A= (8] square

2 . :
IM|” is invariant,
do IS Invariant under boost along beam line



2 to 2 process

After integrating out d°ps —

p1
Y
G
Dy /

1 p3dp1dQ 1 1

doem = 27)8(Eem — E1 — Ea)| M7
Ten = 5 T an)E 2B 28, o0 1~ E2)|M
Elz\/p%%—m% EQZ\/p§+m%
do  _ o Ll;}i if /s > mq + mo
d cos ¢ 0 otherwise,

P = =
S

1 \/(5 —m4 —m3)% — 4m?m3
2

do 1 4m? —2
d cos 327s \/ s M| if m1 =mo =m



One could calculate the amplitude
square using automation package!

But | am going to do it in a old fashion



Resonance

Mass, Width (lifetime),isospin, Parity, ...

1.0

Full width at
half-maximum

Er: Resonance mass



resonance In elastic scattering
a+b—R—a +

LR

U(t) = Y(0)e e = Y (0)e” * e
wr = Egr/h T = h/I’
Probabillity of finding the particle at a time t is

1(t) = ¥y = w(0)2e /T = [(0)e /"
The Fourier transform of ¥(¢)
(E) = / (1) Bl dr = w(o)/e—z[(r/z)HER—iE]d, _

— K . . K: normalization
(ER—E)—il'/2 factor




Elastic Scattering
a+b—-R—>ad +¥V

O'(E) — Oy

X (E)x(E)

K2

N

[(Er — E)* + I"?/4]

Prob. of finding particle in Energy E

1 = x*(Er)x(Eg) = 4K*/I"*
oo = (20)? = 47X?

— K*=T7?/4

* Uel(E;J)

— 47X’

2J + 1)

/4

(254 + D(2sp + 1)

(ErR—E)*+T12/4]




Inelastic scattering
a+b—R—c+d

(2J + 1) Laplcq/4

— 47 \?
T s, + )28y + 1) (E — Eg)2 +12/4

\=h/p S thg de quglie wavelength of
particle a,b in the c.m. frame

Fab — F(R — Q b)

I'eqg = F(R% C—I—d)
[ =Crota = » T



Drell-Yan W-boson production

ud = WT — eTv

1 AnX°T =T, /4 2J + 1

T Wt et —
o(ud — W e ve) Ne 2sq + D(2sy + D[(E — Mw)> + T'?/4] 3

At the energy E = My

_ Arl I 4
Omaz(ud — WT = etv) = ud_ v _ ~ 9.4nb
3M2,T2  81MZ,




W-boson Decay

@ Hadronic mode

q

W By 0 hard to detect,
B 9 due to huge QCD backgrounds
(u uuccc
&JJggg)

@ Leptonic mode

Eleciron

B

“
-

W+ £+ 3 easy tO ldﬁntify, 1-.__‘\1’_‘l.ltlllll’.l
v N
B'r Y 5 but laCk Of pz Lnicherl ping, wvenl
Hadronic recoil
vy et ut 7t )
Ve V, Vr

Vv . . 2
unknown P » cannot reconstruct invariant mass m__= ( p +p )
Z W e Vv




Narrow width approximation

Arl,qler  4AmL,q Tew
3MZ,1T2  3MZT T

O (ucz S WteTy + e) =

8
- 3MET

QR Br(W — ev)

W-boson W-boson
production decay
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fire,.

5T = |

A, (4204

Im1*4E, o, j(mrna(wml"o@l dpe Spi-w

: 2
X 5 ™ | Wecry | “dg

— GPYN‘ (1?‘9{6) ] _].:!..- gr({_)bQ*v)
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Br (t >b4M)



Narrow width approximation

o o

Production /M < 1 Decay
Qprod = M Tdecay — 1/F
Tpr()d — 1/M

r 1/M ro
i / — Tprod 4
M 1/F Tdecay




W-boson production at
Hadron colliger

W

h(P)

X

Ohh'—W+X = Z/ dzidzy {be/h (1) Opp & p yp (T2) + (21 $2)}

Hf \
PDFs are known from partomc ‘Born”
ff - W
deep inelastic scattering cross section of



Parton distribution Functions

O.\IA 1 .2 I 1 IIII| | | j
X Q%2 =10 GeV?- o
“; 1 ] g¢ e Quark-Antiq =
95 o
%:A%% 0") . B
0.8F . L2 Ll
0.6 —
rf q /P(%;, Q)
0.4 —
0.9 | ] Momentum fraction
0 C Lol 1 ||||||\ Nl _

1072 107 1



Structure of the collision event




Structure of the collision event

proton

1. Initial-state
radiation
(perturbative +

nonpert.)
=> PDFs, this talk



Structure of the collision event

2. Hard
scattering
(perturbative)






Differential Cross Section

* sensitive to spin-correlation
* useful to suppress background

. Petector

~-Proton

= 1 03Q@F5 Large pT and

R p central region



n=0 (=90°)

\ e TN 2 (~15°)
: —————— 3 (~ 0)




Transverse momentum of the charged lepton ( peT)

® In (ud) c.m. system,

/ _ . dg Jacobin peak
. v ﬁ%:1§sin29 dp7r

\/1_ 9% V3/2
Y

do do 1 N

~J X A
p7  dcosb \/1—4ﬁ%ﬂ/§ pr




Transverse momentum of the charged lepton ( peT)

% In (ud) c.m. system,

Jacobin factor
d cos @ B

dp3

do

— _7 A2
S \/1 . 4p7
S

2 1

do 1

~ X
d cos 6 \/1 — 4p2. /3

dO_ :IIIIllllll]alddbliﬁlpleékllll_

1 1 1 1 | | I I | | | I I | | 1 1
25 30 35 40K 45 50
P (GeV)
NE /2

-

sensitive region for measuring
Mw: p7 ~ 30 — 45 GeV

% I'w : not a good observable

~




Transverse mass of the W-boson (M ]Vf/)

@ Definition:

m3 (€, v) = 2 p pi(1 — cos guy)

\

from overall PT imbalance

do 1

: ~
dm#. VvV 1—m2/3

I=5>> unaffected by longitudinal boosts of /v system
[ not sensitive to ¢}’

=5 tail knows about T'y;, (direct measurement)

Jacobin peak

M // r,
L 1 1 1 | I I | | L1 11 | L 1 1 1 L1 |
S0 60 70 80 90 100

m :"’,:“" (GeV)

-

\_

sensitive region for measuring A
My : Mpr ~ 60— 100GeV
I'w  Mpr > 100 GeV

J




Transverse mass of the W-boson (M ]Wf)

@ Definition:

mz(¢,v) =2 pp (1 — cos ¢e )

\

from overall PT imbalance

do 1

:> ~Y
dm7 v 1—m2/3

I=>> unaffected by longitudinal boosts of /i system
[ not sensitive to ¢

1= tail knows about 'y, (direct measurement)

Events/ 5 GeV

l—
]
L

40 &0 20 100 130 140 1ed  LED
M. (GeV)

2Q0

-

\_

sensitive region:
My : My ~ 60 — 100 GeV

T'w : My > 100 GeV

~

J




Electroweak theory tests at tree level

No ZWW vertex
Only u, exchange

3 ‘---___-_--‘_--_- C+cl o "{."Z — qq‘W

e LEPdata
— Standard model

| | 02/17/2005
180 200
Vs (GeV)

m”=l 14 GeV

" — HZ — qqqq ee—7Z7Z l h
— qqqq | ‘

80 100 120 140 160 180 '200-220
s [GeV]

Qing-Hong Cao Colloquium (@ IHEP
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Z — hadrons

2V
/

. ALEPH [ 3\
. DELPHI |
1.3 f’f“""x‘ax

."I \
OPAL I\
- .'II ."II ll"n,ll "u,
"'nl'lll I'|III'
| ¢ average measurements, | / W\
error bars increased ."

by factor 10 W

92 94
E_ [GeV]
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