Relativistic Heavy lon Collisions
and the Quark Gluon Plasma

l. Idealized Partonic Matter (1st lecture)

Il. Modeling Heavy lon Collisions and connecting QGP
properties to experiment (2nd and 3rd lectures)

lll. Quantifying our knowledge of the QGP (3rd lecture)

Seott Pratt, Wichigan State University, prattoee(Qumeon. edu




Kinematics |

Vocabulary:
centrality
rapidity, y
pseudo-rapidity, n
spatial-rapidity, ns
proper time, t
transverse momentum, p:




Kinematics — Centrality

b’
b’

max

% centrality =

=% of events with higher multiplicity

Can extract impact parameter



Kinematics (Rapidity)

measure of longitudinal (along beam) velocity

—lln1+v
y—2 1—v
- < For small v
sinhy=7y v —_
y =V,
coshy=1y.
tanhy=v

rapidities add for longitudinal boosts
u' . =yu, +yvu,
y =coshy,, yv, =sinhy,
u, =coshy,, u_=sinhy,

u', =coshy, sinhy, +sinhy, coshy, =smh(y, +y,)



Kinematics (Rapidity)

AT RHIC (Au) / LHC (Pb)
Vieary = 9.37 / 8.69

Used to express spectra

EAN  dN
d’p  2xmp,dp,dy




Kinematics (Pseudorapidity)

Simply a measure of polar angle

1 1+cos6 |
n=—In =7 tanh™' (sin 0)

2 1—cos6B

For m=0, n=y Phobos, 2001
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Klnematlcs (Bjorken expansmn Ns and r)

Bjorken (PRC ’83) Hydro
Let matter “coast” from z=t=0

Z2=vt, v, =2/t

e ———

Coasting expected if boost invariant,
ns refers to rapidity of local matter

n =y= tanh_l(vz)
=tanh™'(z/¢)

S ——

T measured by observer starting at origin

é—t\/l 72/t =\t =7

| —




Kinematics (ns and r)

t =tcosh(n,)
z=7Tsinh(n,)

If boost-invariant
® physics would depend onlyon t
o independent of ns
°os~1/t

Bjorken estimate of energy density at time t

SPS ~ 4 GeV/fm?
dE, /dy  Att=1.0fm/c RHIC ~ 7 GeV/m3
TR2T LHC ~ 15 GeV/fm3

e=1.9X%



Energy Densities.. 0l | | 1 1]

Time above T. (175 MeV) . sph
SPS: ~ 2.5 fm/c 0.0} —
RHIC: ~5 fm/c = 0

LHC: ~ 8 fm/c

Collisions last ~ 15-25 fm/c

Luo.lp 0]0.d

e (GeV/fm?)



Kinematics (ns and r)

Exercise 4: Consider a particle of momentum p, at z=0 at time
to=t0. The particle moves without scattering until it is at new
position where the new proper time is t’.

Find the momenta, p’x,p’y,p’z as determined by an observer
moving with the rest frame of the fluid at the new position.
Give answer in terms of px,py,pz and t’/to.



Linking matter properties to measurement

Properties to discuss:

0. Did the matter equilibrate?
Eq. of State

Chemistry

Chiral Symmetry

Color screening*

Viscosity

Diffusion Constant*

Jet damping*

Stopping and Thermalization

ONOOR LN~

*will skip




0. Does Matter Equmbrate

Local klnetlc equmbrlum
— fairly easy to attain
— strong collective provides strong evidence

Chemical equilibrium £ N ¥
— more difficult to attain  § [: % %
— appears to last until S Fs 0 St
chemical freeze out, ST fs TIZ oE: LE LT
T ~ 165 MeV E T ' 5
— some baryon annihilation _} -

10 F
afterward E s

o ¢ v oo

P.Braun-Munzinger,K. Redlich, J. Stachel, 2004



MODELING

. Pre-Eqqubrlum (0<r<0 6 fm/c)
parametric forms, parton cascades, Yang-Mills fields...

Il. Viscous Hydrodynamics (0.6<r<6 fm/c, T>160 MeV)
lll. Hadronic Cascade

Afterburners: jets, femtoscopic correlations, heavy-quark
observables, photons, dileptons



Is Hydrodynamics Valid?

P energy-momentum conservation

0 uT“V =0,
_ ... Viscous correction
T, =P§,+m,&——

d (ﬂijj_—l (ﬂij—n(aivj+8J.vi—(2/3)V-v))
dt\ o ) 7 o

» _NIs \

o =—— relax toward Navier-Stokes

Validity requires:
e within eyesight of N.S.
e all matter moves with one velocity



1a. Discerning the EoS — (pv

1a. p:vs. beam energy or multiplicity (Van Hove 1982)

Fig- |
<p,>
,-~~~ /,
/, sxs\;\_/
\\-’,
<Py>,
riy. c

good signal if 1st order PT




1b. Discerning the EoS
Collective Radial Flow

More pressure, more flow

coll

1
(KEt>:T+5Mv2

More mass, more {Ep
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1. Discerning

the EoS — F

1c. Femtoscopic Correlations
Determine size shape of f(p,r,i— ») ARyt

[&nd’r, f(P12.7.0) f(P12.5.1)8°(F - (7 7))
[&nd’r, f(P12.5.0) f(P12.75.1)

SP(’_;):

Rlong

= 2
cB.q)=] a7 5,7) R,

Measure C(P.q) —extract Sp(r)

| P2




1c.‘ Dicerning he EoS

For identical bosons,

Femtoscopy

0,7 =1+cos(2G7)

Trickier with strong/Coulomb added
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1c. Discerning the EoS — Femtoscopy

(fm)

Sensitive to EoS (Rout/Rside)

j j ; L L . S Py
. I \ | s
L ® STAR 4 Yy == Hirano i >
m PHENIX 4 %, — Soff . 5
PHOBOS T %, - = Zschiesche 1.
- T --Heinz-Kob ] 6
. m I; 1
| St S
LI . -
H-Aa*\ = i :
_ 1 N P!
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0 0.5

Tk, (GeV/c)

0.5 Tk, (GeV/c)
Lisa et al, 2005



1d. Discerning the EoS — Entropy

d’pd’
$= 208, + D[S = Inf £ Hn(E 1)}

3/2 3
_ (27[) dN/d p e_x2/2R§ut_y2/2Rszide_Zz/2R1%)ng
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5. icsity EIIiptic»Iow |

dN
e (1+2v, cos(2¢))

v, =(cos(2¢))

No collisions (no viscosity) = No v- |



v, (percent)

N
n B

5. Viscosity — Elliptic Flow

| [ '
ideal
0k " T]/S=OO3 - ’
= 1/s=0.08 -
= = N/s=0.16 /W_g_;
sk « STAR % - .
>
Fﬁl_%/ - . = =" "
ok ,P ~ « * " _
i~ . "
V4R
s,
SF . l
f P.Romatshke & U.Romtschke, PRL 2007
. | - l |

p;[GeV]

In 2007 viscosity appeared anomalously low

3

4



2. Chemistry N

Goal: Determine Xab=(Q2Qp)/V
Challenge: CHARGE DOESN’T FLUCTUATE IN FINITE SYSTEM!

8.(AN)={p,(0)p,(An,)), {p,)=0

1 A 120
o 5 A — L
Zab( (An) (27;(72)”2 inteJrates to zero

R increases over time



_ mistr B o

Must integrate to zero



2. Chemistry 012dm o
dab(An) |
0.08
>?0.04
~¥ab

150 200 250 300 350 40C
T (MeV)




2. Cemistry B o

Jab causes correlations in hadrons

S, =)D e iy P,
84 (A1) = Gy (AN,) = {(n,(0) = nz (0))(ny (AN, ) — nz (AN, ))

+collective flow & thermal motion

Gaﬁ (Ay)
(1)

— Baﬁ (Ay) =

\

measured



2. Chemistry — Charge
Balance Functions

{(n,(0)—n5(0)(ng(Ay)— nz(Ay))

Baﬁ(Ay)E <I’l +n_>

Fits best with 01~1.0, 02~0.2
X1~X from lattice!!!
Can’t fit with “one-wave”

>
ﬂ .00+
A




3. Chiral Symmetry

For 160 < T < 200, chiral symmetry with hadrons
Hadron mass evolution is not understood
e Do hadrons become light? Mhadron ~ (0>

OR
®* Do masses merge? e.qg. M.2 = M,

Difficult due to limited decays during window and collision
broadening. STAR and PHENIX disagree.

NEAR FUTURE: Experimental results should be clarified
(PHENIX HBD)



8. Stopping and Thermalization

Microscopic approaches:
e CGC based on classical Yang-Mills Fields

e Parton cascades

New focus driven by new data

e Fluctuations: v, vy, ...

e Distributions of v;

e pA collisions

e Looking away from mid rapidity
e Long-range rapidity correlations
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8. Stopping and Thermalization (Fluctuations)
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1. EoS at Finite Baryon Density

Temperature T [MeV]
3

Nuclei

Net Baryon Density

First-order phase transition and critical point?

e no evidence In neutron star observations or heavy ion physics
e fluctuations may be ephemeral

e requires great care in comparing theory to experiment



