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Grading
Lectures: Jan Rak * One exam

provides “base grade”
80% questions + 20% exercises
Exercises: Sami Rasanen « Seminar in groups of two

Sami Rasanen

-1, 0 or +1 to the base grade

Lectures
 Start Thursday 15th January 2009
« Continue:
- Mondays 8-12 or 10-147?
- Tuesdays 8-127
» Total of 12 weeks, i.e. 48 hours
« Exceptional dates:
- 22 - 92 (4th international workshop High-pT physics at LHC 09)
- 283 - 64 (Quark Matter 2009)




Lecture toEics \

Lecture material: https://trac.cc.jyu.fi/projects/alice/wiki/jan

* Week |: Introduction part 1

- Week II: Introduction part 2

- Week llI: Collective phenomena

- Week IV: Photons and rt®

- Week V: Correlations

* Week VI: Jet quenching

- Weeks VII-X: Seminar working on chosen topic
« Weeks X| and XlI: Presentations

Topics for seminar works are introduced during weeks
IV-VI. We all gather together in weeks VII-X to see

progress and to discuss open issues.
Jan Rak FYSHS550 3



 Jan Rak

* DongJo Kim

« Sami Rasanen

* Norbert Novitzky
e Jiri Kral
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Visit ALICE experiment at CERN

- dead line for applications 31st January

- send free form applications to Sami via email

- see details from
http://www.jyu.fi/static/fysiikka/sekalaista/StudentApplication.pdf

CERN summer student positions (HIP)
- dead line for applications 31st January
- total of 17 positions, all available for JYFL students
- ALICE groups position is 14. related with EMcal
- further info, instructions and application form
http://www.hip.fi/education/kesaharjoittelu.html

JYFL summer student position

- stay tuned, places should open ~February
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What is the world made of?
What holds the world together?
Where did we come from?




N/

. Are there undiscovered principles of Gt
nature: New symmetries, new physical &
laws?

. How can we solve the mystery of dark
energy?

. Why are there so many kinds of\pa ticI
. What is dark matter? ’

;¥

. Are there extra dimensions of space? RN LA
. Do all the forces become one? Iedhlke

How can we make it in the laborat
. What are neutrinos telling us? 2
. How did the universe come to be?.
. What happened to the ahtimattef? '

LA NI S ’;
B From “Quantum Universe’




YN CTISTU Alla-ielal V) I'ICa 1LY OIGN

High Energy physics |
— |

AUAU RHIC,LHC

A

e*e” LEP | PP FNAL |

e A DESY |
QED and pQCD l non-pQCD

“[pPoFsFF|—

Heavy lon physics:

» nonperturbative QCD phenomena at high-temperature and high-energy
density.

» addresses the properties of QCD vacuum relevant to the structure of the
early universe

* the origin of particle masses, QCD phase transition

 thanks to the Maldacena discovery of the duality between super gravity in
Anti de Sitter space and conformal field theory, heavy ion physics provides
a unique testbed for applied string physics.
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Some exEtations for the LHC \

 With coming era of the CERN Large Hadron Collider (LHC), the largest high-
energy particle accelerator ever built, many major discoveries are expected.

* It is known that the Standard Model (SM) of particles and fundamental forces
cannot be a complete theory. Although exceptionally successful in explaining a
vast variety of physics phenomena, the SM leaves us with many open questions
and problems. Examples include:

« the disparity between the characteristic strengths of the weak and strong
nuclear forces (the "hierarchy problem"),

* numerical quantities which are not predicted by the theory such as the
mass of each particle,

« structure of the QCD vacuum, no explanation for quark confinement etc.
* Many extensions to the SM such as string theory, extra dimensions, black holes

creation and many others are considered to be within the experimental reach of the
LHC.
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Recall basic scales: 1

« Atom~1A=10""m

* NUCIGUS - 10 fm = 10-14 m Structure within
* Nucleon (=ptain)~1fm i
 elementary particles are point
like (r < 10" m) in SM Nucleus wy
Size = 10714 ms ‘0 a
ot
018 ytlimef] nulkleolnitihleysI(A=I2OO)I ‘ %" %@ ‘\iNeaur:caon
- Proton
O. 1 6 - Atom Size ~ 10712

Size = 10"10m

0.14
0.12

0.1
0.08
0.06
0.04
0.02

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

n_A(r) / fm”-3

_~ Radius of gold nucleus
' Ry~ 1.12A"Y3 ~ 6.5 fm
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quark-aiuon L

hadronikaasu

heating -

Nucleon density in gold nucleus
n~200/[4/3 «t (6.5 fm)3]
~0.17 / fm3

2, .-

kvarkki-gluoniplasma

Nucleons are not “pool balls”
with hard surfaces

Figure by Harri Niemi
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Particle Data Group, LBNL, © 2000. Supported by DOE and NSF
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Lattice QCD calculations

verify that deconfinement =gy ' |

12.0

transition should be a
real phase transition.

Heavy ion collisions provide
an opportunity to study
thermodynamics of strongly
interacting matter in laboratory

16.0

10.0
80 r
6.0

|deal gas limit—=
SSB/T4 7
) B ¥ el
3 flavour
2 flavour
T =150-200 MeV
e ~ 0.6-1.8 GeV/im3 /Mg

1.0

~ Lattice QCD, Lect. Notes Phys 583, 209 (2002)

1.5 2.0 2.5 3.0 3.5 4.0

h

Calculations and simulation
by Harri Niemi

Some more details when

we consider collective
phenomena
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- Shuryak publishes first
“review” of

thermal QCD- | PHYSICS REPORTS
and coins a phrase:

73

“Because of the apparent ying upon
. . . hs, etc.), but

analogy with S/m//ar_ S

phenomena in atomic pEiods

physics, we may call this W ohveica
phase of matter the QCD
(or quark-gluon) plasma.”

a complete
bf the gauge
and, in the
he vacuum

in which a
are not too
> transition

(QGP)

e SAll65S55174]:

E;‘ij : bt properly

& speed. One

to go into

NORTH-HOLLAND PUBLISHING COMPANY L deasimone
AMSTERDAM e and self-

(p]\_,&_l;jc the recent



hot & dense &
net baryon free

eavy lon Physics

Exploring Phases and Structures T
of QCD phase diagram )

e
N

— High temperature T
— High density ¢
— Many-body aspects QCD

temperature

o)

— Vacuum properties

nucleon

(¢b)

neutron stars
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ds2=L2 z2 (dz2+dx2+dy2+dw?2 - dt?)

Note: MSc thesis seminar by

Timo Alho tomorrow
(Friday 16th January 2009)

r” AdS; CFT

AdS;BH Thermal state
L2 gvm? N

nL3/2 Gg N2

 Horizon radius  Temperature

E. Witten hep-th/9802150

Studying heavy-ion collisions you are also studying
gquantum gravity that is

"blown up and slowed down by a factor of 100",

i T RN £ gj

T>0

Jan Rak FYSH550
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p”CMS _ yCMS ( p”LAB _ ﬁCMS ELAB) p”LAB _ )/CMS ( p“CMS + /3CMS ECMS)

FCMS _ }/CMS( ELAB _ ﬁCMS p”LAB) ELAB _ yCMS( ECMS [))CMS plfMS)

Energy/momentum transformation between any
inertial frames e.g. CMS and LAB

Useful to work with four-vectors (100 0)

-> vectors in Minkowski 4D space o |0 -0 0

and metric tensor of Mink. space S =8 =10 0 -1 0
X = (x%x,x2x%) = (1,x) = (,x,9,2) 00 0 -l

— — 3 n_ o
pM=(Eap)=(E9pT7pz)=(E9px7pyapZ) x‘“_glﬂ?x _(t’ X,=Y, Z)

p'p, = E’-p°= mg Famous Invariant d'b= a“bu = aubu = &maubn =a'b’-ab
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S=(p1+p2)2=(p3+p4)2 S=4p2=4EZeam=Efm
2

t=(p1_p3)2=(p2_p4) t=—2p2(1—0089)

u=(p,-py)’ =(p,-p;)’ u=-2p>(1+cosf)

Js = E. = center of mass energy available for particles production!

S+i+u=3p+py+pi+p +2pp,=2ppyi—=2p p,
=Zpi2+2p1'(p1+p2_p3_p4)=2mi2

) P4 pz/\P4

s-channel t-channel u-channel
Jan Rak FYSH550

p>1 P3 Pl\/ p;

18



AlNeMeE - = | £ Dalrucie Intere OIN
/ momentum conservation: p,+p,=p;+p,
P+ 0
— p; = four momenta of in/out going particles
/ S,t,u Lorentz invariant quantities
P3

For a given s, both t and u depend linearly on the cos
g = (P1 + p2)2 _ (p3 + p4)2 of the CMS deflection angle

_ 2 _ 2| —t==(p,-p;)’ =2EE;—m] —m; -2p,p,cos®
t=(p—p;) =(p,—Py) Pr=ps , e 12 32 p1*p3* )
-u=-(p,-p,) =2E,E, -m;, —m; —2p,p,cos®

u=(p,-p,) =(p,-p;)’°

4 4
s-l—t+uv=pr=Zm'f
1=1

1=1

p>1 < P3 P1

\./
P, P4 D, /\ P4 D, P4

s-channel t-channel u-channel
Jan Rak FYSH550 19

In the case of elastic scattering and for fixed s
t=-2p°(1-cos®")

Ps3




Electron-muon scattering, e- p* > e~ p*

t channel

s channel

Mandelstam variables:

S - - (kl + k2)2 - - (k3 + k4)2 - ‘Zklkz - ‘2k3k4 for' m = 0

t= q2: (kl - k3)2 = (kZ - k4)2 = —2k1k3 — -2k2k4 k = (px'py'pz'iE)
u=(k; - k3)2= (K - kg)? = -2k k3 = -2k Kk,

Jan Rak FYSH550
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In the partonis CMS

ee— uwut
do o (+u’) o .., 4 . 2
0" 8p2( = )= 8 [sm (9/2) + cos (19/2)] 2sin (19“/2)=1—COS19“
=O‘_2[1+COSZ,9] 2cos’(9/2) =1+ cos
45 s=4p’
eut— e'ut

Crossed channels t <= s

do o’ (s"+u’) o’
aQ 8p°\ ¢ 8p’sin* (¥/2)

[1 + cos* (9 /2)]
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ACGU

>
=)o =o
Fixed-Target o <
Experiments >,

CMS, =LAB

much of the energy goes towards
forward motion of the patrticles that
result from the impact with the
target

\/_ = \/mO 2Ebeam

Jan Rak FYSH550

CI\/ISpartonic = LAB

the total energy of the two
beams is available for
producing new particles

\/E = 2Ebeam
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Fix target CMS != LAB. Fraction of the beam energy is converted (wasted)
into a kinetic energy of the center of mass system in LAB frame.

—

= (m,OT,O”)

target

LAB,tot _ jpbeam target beam beam
I =5 +H —(En +m0’OT’pII )

LAB:,tot, LAB, b b
S=P” tOtM])”M tOt—2mO+2mOEeam~2mOEeam

p' =(EO,,p) P"

beam

— - =@ : —) = 0—=

Fixed-Target Collider
Experiments . Experiments

SPS
Vs =2m EF =~[2:0.938GeV -160GeV ~17GeV

Jan Rak FYSH550 23



-al o[\ NSeuUdcC :ool\

Rapidity y 1s a Lorentz equivalent of a non-relativistic velocity

1 /E"'pn\:lln/l"'ﬁn\
E_an 2 l\1_/3”}

y is Lorentz additive quantity!

Assume hadron 2 in CMS of y,, CMS moves with y s With
respect to LAB. Then y, in LAB = y,+ Vs
Pseudorapidity 1} aproximation for y in the high-energy limit.

1 +
n= —ln(tang) =—In P+ D
2) 2 ‘p‘ — Dy
If no PID we do not no the rest mass and thus no E, we can

measure and angle 0 wrt beam.
Jan Rak FYSHS550 24




E =m_.coshy

p, = m,sinhy
p| = p; coshn
P, = pysinhn

2 2
where m, = \/ my + p~ 1s so called transverse mass

Jan Rak FYSH550
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dN/dy net-protons

oo
=

3

S

[\
=

)

Vs GeV 17 200 5500
dN./dy | 500 850 20007
Ymax 1S the beam rapidity Ymax +29 | +54 | +94
| A AGS AGSy,
P ESTT B9 | At higher energies the
e .
SPS
[ (NA49) o Yo baryon stopping
- @ RHIC X _— vanishes - baryon free
- (BRAHMS) Yo :
i ‘ regime.
hot & dense &
. i net baryon free
i \ .
i | - P
-4 4 »

Jan Rak FYSH550
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1 1 lllllll LI | lllllll LI | llllll[

LHC era:
RHIC era:
sQGP ?
discovered | 1M

. \/ .
SPSera: 908 LHG ppVs=~14 TeV |
Smoking gun
wante'cj?[\/ﬂ I

\/11 ||~ 2008 LHC AA Vs=~5.5 TeV CERN |
X

‘ 2000 RHIC Vs~200 GeV USA | g
} 90s SPS:Vs~17 GeV CERN | T4

} 80s AGS \/s~4 GeV USA

4

1

1o 102 10° 10*
\s [GeV]

Relat|V|st|c Heavy Ion Colllder
Brookhaven Nat. Lab. Long Island, USA
Jan Rak FYSH550 27



eoomes ]

Alternating Gradient Synchrotron Complex

N/

f

l" \
|<t— AGS to RHIC line (ATR)

g-2 muon !L

storage ring )

= Experimental
3 Arga
F

Tandem to

Tandem Van d ff
Booster line (TtB) andem Van de Graa

o=

At Brookhaven National Lab.
Long Island (NY area) USA

Fix target Vs=4 GeV
3 Nobel prizes

Jan Rak FYSH550 28



SPS = Supber Proton Svnchrotron |

At CERN

Fix target Vs=17 GeV (E,,.,=160 GeV)

e Circumference : 6.9 km
e 2.5 km of secondary beam lines.
e protons for fixed target physics at 400 GeV/c
e protons for CNGS experiment at 400GeV/c
e protons for LHC at 450GeV/c
e lead ions for fixed target physics at 400 GeV/c
LHC: Large Hadron Collider .
SPS: Super Proton Synchoton GrunSusse @ proton equivalent
%s%#‘;gl?otg‘pe Sep:.a;t%r Ontne v e machine studies for SPS
PS: Proen Syscheotion e machine studies for LHC
LINAC: LINear ACcelerator .
LEIR: Low Energy lon Ring ¢ Injector for the LHC

CNGS: Cem Neutrinos to Gran Sasso Ruddf l:‘tnuv:ncm:&o::‘ p—

Jan Rak FYSH550 29



RHIC

» Two independent rings 3.83 km in circumference

» Maximum Energy per N-N collision
Vs =500 GeV p-p (polarized)
Vs =200 GeV Au-Au
» Design Luminosity
Au-Au 2x10%6 cm2s°!

p-p 2x103%?cm2s!

Jan Rak FYSH550
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Tt The PHENIX Experiment, main

DETECTOR

MUON ID STEEL

-
/ Focus:
. (,:’

SOUTH MUON '
muon ettt A AR ) - e
IDENTIFIER|
{NORTH MUON &
MAGNET
f - /

MUON
TRACKING
CHAMBERS

/- B emphasis on electromagnetic probes.

*Rare probes - J/¥, W', e*e", u

u-, ®, direct-y ...

* The spin structure of the
nucleons

The Configuration:

ELECTROMAGNETIC
CALORIMETER

Jan Rak FYSH550

-2 Forward Muon Arms

- 2 Central Spectrometer Arms
to measure photons, electrons,
and hadrons

32



<“HENIX GentralArm

PHENIX Detector - Second Year Physics Run

PHENIX High Resolution TOF

= AusAus =200 AGev [
g K
Pb S C é . 10
3 ) E
|
West ~ Beam View East TP NN TR T N T E
PID by hlgh r‘QSOIUTlon TOF 1015 20 25 30 38 4(]Tlm“é;ofSF(I)lghst“-)[ns!];0
n, K<2 GeV/c oF " Mass Peak
proton, anti-proton < 4 GeV/c 3 p;> 8 GeVlc
A$ = n/4 g N
n® measurement by EMCal 2°§‘
. Ipt<15 GeV/c s H
. 6 lead- scintillator (PbSc) sectors of
. 2 lead- glass (PbGl) sectors i3 H H\H H} T J WH
. |n1<0.38 af midrapidity, A¢ = = Fou Nk WHH it

0 0.1 0.2 04 05 06

Jan Rak FYSH: Invariant Mass [GeVic ] 33



tAR Deftector at RHIC
Silicon Yertex Tracker +

“Large acceptance hiadronic detector” Coils Magnet ~ Silicon8trip Detector

? ‘/

EMCal Barrel +
/—
End Cap EMC

Time Projection Chamber

Trigger Barrel +
‘ . Time of Flight Patch

rrrrrrrrrrrrrrrr

Detector

‘/Electronics
Platforms

Forward Time Projection Chamber
The STAR Experiment, main emphasis on hadronic probes.
Focus:
-global observables, event-by-event physics, HBT, strangeness, high-pt
jets...
The Configuration:
*large acceptance TPC, Silicon Vertex Tracker, RICH, TOF, EMC...




beam view

PH ENIX
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The LHC Machine and Experiments

The Large Hadron Collider (LHC) is
being built in a circular tunnel 27 km in
circumference. The tunnel is buried
around 50 to 175 m underground. It

« straddles the Swiss and French borders
on the outskirts of Geneva

p+p  Vs=14 TeV
Pb+Pb vs=5.5 TeV

AN
pp collisions at 14 TeV >
= /

E540 - V10/09/97




The LHC is Coming!

A
.........



Energy in the LHC: What is “big” vs “small”

Collision energy pp -collisions: E_,, = 14 TeV
PbPb -collisions: E_, . = 5500 A GeV

In pp -collision, goal is total 2808 bunches of protons in
LHC beams each containing 1.15 x 10" protons

1) Compare energy of a single proton or lead ion to a
Kinetic energy of a house fly with mass 12 mg

2) Estimate the time between bunch crossings

3) Compare total energy of proton beams to a kinetic
energy of Pendolino train with mass 316 tons

4) Compare energy per mass ratio for a particle in the
LHC and a car in high way

Jan Rak FYSH550
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Phisics at the LHC.: E @ 14 TeV \

O | // \\' Extra Dimensions? Black Holes???
' Y — N\ 1 ac oles??:
'._: 102 _ﬁ 35.@.".;“}% ng 95! . 3/ '/Gravitoi rtencss
10 ©
= W & \
(no 1:-;::::-?) x i Z Qﬁ
UNIVERSUM
wdh  Supersymmetry?
CMS
: . ‘{= CP triangle!
Precision |
measurements . )
e.g top! »— ( @

*LHC will explore directly the highly-motivated TeV-scale and say the final word

about the SM Higgs mechanism and many TeV-scale New Physics predictions

*Also LHC will be a great machine for: QCD, B-physics, Heavy Ions, EW precision..
Jan Rak FYSH550 39




€Lac ~ €ruic ~ Esps
Virace™ Viruic™ Vises

Teac = Truic ~ Tsps

J. Schukraft OM2001:
hotter - bigger -longer lived

Central collisions SPS RHIC LHC
s'2(GeV) 17 200 5500
dN./dy 500 850 2-8 x10°
e (GeV/fm3) 2.5 4-5 15—-40
V(fm3) 108 7x103 2x104
Tqgp (fM/C) <1 1.5-4.0 4-10
T, (fm/C) ~1 ~0.5 <0.2

Jan Rak FYSH550
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Alice event: 0, Run:0 15
icles = 36276 Nhits = 1943104 .

'1|\\ . “‘\

. 60 om0 . R
qo 97 o

2 L

N

Front View AR B D L e
All Views I e St
OpenGL | L | N
X3D g gn S
Pick :J..}. r , : ,‘ g '.'.' " * ' ':.-.'.&,'*.-' S
Zoom | () B
UnZoom | Nch(-0.5<1<0.5)=8000 8




rward dete@s

e\

TPCP / /= Orbers
=D | Macking stations
OF -~ trigger chambers

dipole magnet

\ -
7 vectromeer




A .

0
10 LI I I LB I LI B I I LB l LB I LB ‘
<k’>=18GeV’ ' Measure also low pt tracks

— (h*+h)/2, 5" = 5500 GeV . .
o =p/ om0 High P+ Partonic energy % to understand where

CVSBLO e e particle and Lo f energy goes
—_ hi+h')/2,s"‘2=17GeV .e'l' r'od C'Ho i
. :[o)swz=17Gev J p u . n + _+_ +
| Jet-quenching !
|
v

LR LR P R

do/dyd’p, [mb GeV™?]
=
1

~
~
~
~
~
~
=~
-~

107 e T e e s0 HCGVY ilons par'T Of The LHC thSiCS Pr'ng‘C(m

with ALICE, but also CMS and ATLAS

i % 3 8
T

a(xp>0) (nb)

Bdor/dyly _ (ob)

Y melt down

Size: 16 x 26 meters
Weight: 10,000 tons

Event shapes

- LHC ready for heavy ions in 2008
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| FoRwar |
CALORMETER |

Forward calorimeters

e

z = £140 m)

Tolal Weight o 12,5001
Overall Dameter: 15.00m
Overall Length : 21.60m
Magneic Reld ATesla

CWE- PARA-D0- 2000057
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Vio | ADADIITIE .

»y - ~
1011 ial 1GE

- Large acceptance tracking and calorimetry:
— 2rtin azimuth (jets,..)
— Si-tracker Inl<2.5 (b-,c- physics, ...)
— uniquely large range in rapidity
(INl<6.6, M, cura™8) (= forward physics)
CMS has the coverage to address the physics

277;5

* High resolution
— Granularity of the Si-pixel layer+4T mag field >
Ap+/pr < 1.5% for p<50 GeV/c
— For jet finding, calorimeters 0,=0.028 0,=0.032

CMS has the detector performance needed to resolve the physics




ne AllAS Detector

g Detector characteristics
Muon Detectors Electromagnetic Calorimeters - Width: 44m
A\ \\ . Diameter: 22m
P \ -t Weight: 7000t
¥ \\\ Solenoid \\ CERN AC - ATLAS V1997
P 4 N |\ Forward Calorimeters

End Cap Toroid

i Inner Detector | B ieldi
Barme: Toric Hadronic Calorimeters Rheidling N

Q)



he ATLAS Detector

Muon Spectrometer

— o ' - . . I\

Forward LA Hadronic Tile Forward

Calorimeter _Hadronic 0.2x0.1 " Hadronie = Calorimeter
T IR T e e

0.2x0.2

Forward
Calorimeter

- Full azimuthal acceptance in all detectors
« Unprecedented pseudorapidity coverage for A+A
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AlLAS Calorimetry

EM
Barrel

Hadronic
Barrel

“..._. 0.05x0.025 B
‘ 0.025x0.025

\ ‘ 0.003x0.1
\ presampler

Jan Rak FYSH550 48
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MINOS (FermiJlab. é'ata\!ia. ll!.) ‘
Tev%tror! (Fe%mila‘L) | ‘ | l
PEFILII (Iétan*ord {Jne%r Ac'l:eler%ator Center)
csé'a (d.ome!u Un:iverJ.ifv)l ‘
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