Lecture 01

Experimental facilities for relativistic heavy
lon (RHI) research

Natural units in RHI physics

Relativistic kinematics
a 4 vectors
o Lorentz transformations

o Some convenient variables:
Transverse mass
Rapidity
Pseudo-rapidity

o Lorentz invariants




Heavy Ion Physics

Low energy ( a few MeV/nucleon)

o Accessible in electrostatic tandem Van de Graaf accelerators
followed by a LINAC ( uses RF frequency AC field)

o Two nuclei collide: if energy Is enough to overcome the
Coulomb barrier — compound nucleus is formed, which is left
In an excited state

o The excited nucleus may evaporate particles (p,n o) or it can
fission

o The nucleus maybe also be broken-up in lighter nuclear
fragments

o To produce new particles: need center of mass energy higher
than the mass of the particle

m_~140 MeV, m, ~ 500 MeV

Relativistic heavy ion collisions

o As the energy increases more and more various particle
production thresholds are exceeded.

o With high enough temperature, the relevant degrees of
freedom become quarks and gluons



_'The Relativistic Heavy Ton Collider

2 counter-circulating rings
o 2.4 miles circumference
o 1740 super conducting magnets

Collides any nucleus on any other

Top energies: 200 GeV Au-Au

500 GeV polarized p-p

Four experiments: BRAHMS, PHOBOS
PHENIX, STAR

RHIC 2000 Run
Au+Au
Vs, = 130 GeV

RHIC 2001-2 Au+Au & p+p Run
Vs, = 200 GeV

RHIC 2003 d+Au & p+p Run
Vs, = 200 GeV

RHIC 2004 Au+Au & p+p Run
Vs, =200 GeV, 62 GeV

RHIC 2005 Cu+Cu Run
Vs, =200 GeV, 62 GeV, 22 GeV

RHIC 2006 p+p Run
Vs, =200 GeV

RHIC 2007 Au+Au Run
Vs, = 200 GeV




‘ The Big Experiments at RHIC
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STAR o PHENIX
specialty: rare probes, leptons,

specialty: large acceptance
and photons

measurement of hadrons




‘ The Large

-

27 km circumference

tunnel 3.8 m. in diameter, buried 50 to 175 m below
ground straddles the French-Swiss border to the
North-West of Geneva

1232 dipole magnets bend the beam
Top energy: 14 TeV for pp, 5.5 TeV PbPb
4 detectors : ALICE, CMS, ATLAS, LHCb

Hadron Collider

CERN Accelerators

(not to scale)

0.999999c by here

0.87c by here

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy lon Ring

CNGS: Cern Neutrinos to Gran Sasso
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Start the protons out here




‘Some pictures from the LHC

A magnet going down the shaft. Inside the tunnel.

The (latest) start-up date is May 2008 !




The CMS detector

Superconducting Solenoid
Silicon Tracker

Very-forward . V4 7 , ; Pixel Detector
Calorimeter 7

. Preshower
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Natural units in high energy physics
h=c=k; =1

Energy, momentum, mass, temperature are all
measured in energy units : MeV , GeV, TeV

Hadron masses ~ 1 GeV

Hadron sizes  ~ 1071° meters (aka 1 femtometer
orlfermi=1fm)

Nuclear sizes: R = 1.2 A® fm

o For Au nucleus, A=197 , R~ 7 fm

Useful relation:

Aic=197MeV.fm ~ 200MeV. fm

=1 fm! < 200 MeV
= 200 MeV -~ characteristic scale associated with confinement
= distance and time are measured in inverse energy units



Four vectors for position and momentum

X,=(% X X X)=(ct x y z)

o 2
L \/X Yy time, position

E
p,=(Pe P P p3)=(3 p, P, pzj

Energy, momentum



4-vector multiplication

/XO\

1 0 0 0 Ve

. |0 -1 0 o0 X“ =
e =1 0 0 -1 0 | X
00 =1 3

X

X, =(X X X X)=0,X :(xO Xt =X’ —x3)
ab=ab* =g, ab*=a’"-a'b'—a’h’-a’®=a’h’ —ab
We will often use:
p-x=~F—p-
P1- P2 = ErEy — P - o
Wheni=2. P-p=p = E*—|p]* =m°

10



Space-time picture ot a nuclear collision
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Fixed target and collider experiments

Accelerate one beam and aim it at a stationary target: “fixed target”. We refer
to the coordinate system in which one nucleus IS moving and the other is
stationary as the “laboratory system” or “laboratory frame”. In this case the
c.m. system is moving with respect to the lab system

dCoIIide;: 2 beams (could be the same species AA, pp, or different species pA,
A, AB

When AA and both beams have the same energy in a collider — the center of
mass is stationary (lab=c.m.) Not so for asymmetric species.

Need to transform between different coordinate systems
Some conventions and notation:
o Beam is along z axis

o Machine parameters usually give energy-per-nucleon. This is kinetic
energy. The total energy isE = E,,, + m

o Note: Make sure that you distinguish between the velocity of a particle and
the velocity of the reference frame !

o Velocity of a particle moving along the z axis: § =p,/E
o The Lorentz factor for a particle moving along the z axis with velocity 3:

y=(1-8)"" =E vV E*—p:=E/m
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Lorentz transformations

Frame F" with respect to frame F with velocity B along the z —axis
The energy and momentum of a particle transform as shown above.
What happens to p; ?

Define a new variable (we’ll see later why it is convenient)

2 2 2 2 2
M. =F—p, =pr+m

= Prove that my is Lorentz invariant i.e. — it does not change under Lorentz transformation)
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Transverse mass and mass

(% )-(=2 7))

E" g, |r-E — jji'-:'zﬁ:l
p. = 7(p. —BE)

m; =E”?—p,;? =y*(E*+ B’p} — p; - B°E?) =
=y (= F)NE" - p;)=m,

How does mass transform ?



Rapidity

E+p, 11 1+ 3
E—‘.’r: ‘H_EHI—.]'

_—

== =
Velocity of particle

In

[

i =

Why is it useful ?
Velocities transformations are not linear

Rapidity is additive: We go from a frame F in which
the rapidity of the particle is y to a frame F" moving
with respect to F with velocity [3

Velocity of frame
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Rapidity transtormations: proot

o (5 5) =30 Gy or)
2((75)(555)) =22 (55)
Note: beta and gamma are the velocity and

the gamma factor of the moving frame. |
skipped the indices.

el = a2l
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Another way to look at rapidity

Start from definition:

E = mpcoshy
p. = wmrsinhy

sinh y = [exp(y) —exp(—y)]/2
coshy = [exp(y) + exp{—y]]/2

With B = p} p=tanhy
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Beta and rapidity ; pseudo-rapidity

tanh(x) | tanh(x) |
= E = T 5 f 5
- 04l . forsmallp,y~p : .
0.5 -
B B2 oo e e e,
] L 0 __ ...............................................................................................................
050 2
B A e
= caa b b B P b b b g b g by T T T T T
0 & 6% 4 2 0 2 4 6 8 10 06 04 02 0 0.2 0.4 0.6
rapidity rapidity

For small 3, y~3
For p>>m, y~n - pseudo-rapidity
y =~ —In[tan(#/2)] = n
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Pseudo-rapidity, rapidity and acceptance
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transverse momentum [GeV]

Example: for PHENIX experiment — not full acceptance .
1100°>6>70° => n = +/-0.35

But rapidity depends on mass at small momentum:

o Different acceptance in rapidity for different particle species
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Next time: continue with Lorentz invariants
and cross-section

Homework will be assigned after next lecture.
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lab frame

-
beam yfarg'd_'ﬂ
cm frame
- -
Yeni= Yoeam/2 Yarget= —Yem

Figure 1.5: The rapidities are shown for the laboratory (top) and
center-of-mass (bottom) frames. In the laboratory frame, the projec-
tile 1s shown as Lorentz contracted while the target is not. In the
center-of-mass frame, both the projectile and target are boosted.
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