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Remindet From Lecture 1

A General arguments suggest that for
temperatures T ~ 200 MeV, nuclear matter will
undergo a deconfining phase transition.

A Similar arguments suggest
the required energy density Is of order

? 1(0.2GeV)

e~ ndf 2 (200MeV)* ~ 37 oY) _24GeV/ i’
30 3 fm

¢ Note 1: normal nuclear density e, ~ 0.16 GeV/fm3

< Note 2: Also true near T = 0, I.e., cold nuclear
matter

A How to create study experimentally ? o
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Exploring the QCD Phase Diagr

A Hot nuclear matter:
c Study_ = 2ol
experimentally s [s Quarks and Gluons
by colliding T |3 @5
heaviest nuclei £ ’o,/‘
at highest g ol | Hadvons &
energies: E’ s
gIeS. ) QVS‘ J'%o
/ olor Super
Neutron stars ductor?
¢ 2
A Cold nuclear mattere 77

Nuclei

Net Baryon Denjty

¢ Study by
observation of neutron stars and other exotic objects

¢ (Not covered in these lectures)
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http://www.lbl.gov/abc/wallchart/
http://www.lbl.gov/abc/wallchart/graphics/Nuclear_chart.jpg
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3.83 km circumference

o RHIC Specifications |

= T

Two independent rings T \\

1 RHIC )
Capable of colliding )
~any nuclear species '
on _ /f
~any other species N > ‘

AT "\/--;_-;ﬁlt pv=
: ! ernacing
e TN AN Gradient
pRL S SyRchrotron
] ) I-]

Luminosity $§2d§;ﬂ Graaf




A Different from p-p, e-p colliders
Atomic weight A introduces new scale Q2 ~ A3 Q.2

A Different from previous (fixed target) heavy ion facilities
¢ Ecy INncreased by order-of-magnitude

C Accessible x (parton momentum fraction) 2p-
decreases by ~ same factor X Js
C Access to perturbative phenomena
DzJets Jargon Alert;
pzNon-linear dE/dx Gs = Centenf-mass energy (per nucleot
collision)

p; = transverse momentum = |p| sig
Q? = (momentum transfer)

A Its detectors are comprehensive

o

C ~All final state species measured with a suite of detectors that

nonetheless have significant overlap for comparisons
01-Jut09 W.A. Zaj




The Plan circa 2000

AUse RHI C6s unprecedented
cLar geE as
pzAccess to reliable pQCD probes

pzClear separation of valence baryon number and glue

Dz To provide definitive experimental evidence for/against
Quark Gluon Plasma (QGP)

¢ Polarized p+p collisions

A Two small detectors, two large detectors
¢ Complementary capabilities
¢ Small detectors envisioned to have 3-5 year lifetime

¢ Large detectors ~ facilities
pzMajor capital investments
pzLonger lifetimes
orauoe  DzPotential for upgrades in response to discoveries WA. Zaj



Since 2000¢

A Accelerator complex
¢ Routine operation at 2-4 x design luminosity (Au+Au)
¢ Extraordinary variety of operational modes
pzSpecies: Au+Au, d+Au, Cu+Cu, p—+p-

pzEnergies: 22 GeV (Au+Au, Cu+Cu, p-), 56 GeV (Au+Au),
62 GeV (Au+Au,Cu+Cu, p-+p-) , 130 GeV (Au+Au),
200 GeV (Au+Au, Cu+Cu, d+Au, p—+p-), 410 GeV (p-), 500 GeV

()
A Experiments:
¢ Worked !

A Science
c: More than 200 refereed publicatio
¢ Major discoveries

A Future
¢ Demonstrated ability to upgrade
¢ Key science questions identified

s Accelerator and experimental upgrades underway for that science |
01-JutO W.A. Zaj



10

Assertion

A In these complicated events, we have
(a posteriori) control over the event geometry:

¢ Degree of overlap

G/ SYUNYt € g¢ §NRLIKS N E_N
Classify Dby n el@%mostaelntralteyents e. ¢

¢ Orientation with respect to overlap

CA
cxo® »
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Outline

Wil present sample of results from

various points of the collision process:
3. Initial State
Hydrcf)rc:)ymnamic flow )‘ “
initial spatial asymmetries ”
""""" 1. Final State

Yields of produced particles

2. Plasm

(?)

ThermalizationHadrochemistry

Probes of
dense matter
01-Jut09 W.A. Zaj
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Final State

Does the huge abundance of final
state particles reflect a thermal
distribution?:

1. Final State

Yields of produced particles

ThermalizationHadrochemistry

01-Jul09 W.A. Zaj



Origin of the (Hadronic) Specie

A Thermal? Apparently:
< Assume all distributions described

p-, p% K°, K0(892), KL h,p, d, r% f, D,

by one temperature T and L, S*(1385), L*(1520), o0 DQ/,VD", R ZeX- 2
one ( baryon) chemical potential IM:
dn~ e (E-mIT d 3 0 (+ anti-particles) € aT ~ 170 MeV ~ 2 x 1012 K

T,= 15743 [Bd27)
: . : 200 GeV AutAu, <N __ >=322 Lo > e
¢ Oneratio (e.g., p/p) determines R u= 9412 [MeV]

i p= 31123 [MeV]
Y= 1.03+0.04
MV T 1 gﬂm & ¥ f ¥ idof=19.9/ 10
P_ g (E+mIT o ; LF ¥ g )
- T (E. - 2 3 * E
0 e &t Al .
¢ Asecond ratio (e.g., K/p) 10 '2:_ model caleulation f .
. )4 = " ]
providesTC M - :
Exercise 1: Find T amafrom [, sz n
data at rlght E* SiT;'lRidata l l l | l | | l | | l :
A Then predict all other hadronic FK P EAKIK P opAhe T o@
- . = K p p = DU % & % ® & ® 7
yields and ratios: A e UL s e e
A NOTE: Truly thermal implies 5 § ssstedbioprpgees gt
4 ] | | | | ] | ] ] | ] ]

: |
01300 memory (1) D) heddomn st comeod ity 73



= Locating RHIC on Phase Diagram
A Previous figure C RHIC has net baryon density ~ 0:

Rat

- 130 GeV RHIC : STAR / PHENIX/
12— PHOBOS / BRAHMS

17.4 GeV SPS : NA44, WA97

0.8

0.6

0.4

0.2

O5reviod
e PP FNZ e oI
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Temperature T [GeV]

A Previous figure C RHIC has net baryon density ~ O:

" we .j

Locating RHIC on Phase Diagram

0.25

N

o
i,
Lh

=
sl
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i

| / O
Quarks and gluons
_ | BHiIC(130)
sPs el Ttel
acs . T
. "'.l
S5 g
Hadrons

0 0.2 04 06 08 1 1.2 1.4

Baryon Chemical Potential pg [GeV]

C RHIC igs
closeas
g S Qdt f
to the
early
universe
for some
time
(until
next
yearJ )
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Probes of the Plasma(?) State

Q. How dense is the matter?

A. Do Rutherford scattering on deep interior
usi ng-gfe trat edo grobes

il

2. Plasma(?)

Probes of
dense matter
01-Jut09 W.A. Zaj



Transverse Dynamics
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Kinematics 101

Fundamental single-particle observable:

Momentum Spectrum ;
d S "
d(cosq)
dD _ _
Exercise 2: Remlwatlcs
yourself why this is : s ; o
invariant cosq
éE +p,Q .
y1 1ng=tP8 v dn
2 Q“ - ng pT dy f \
Exercise 3: Show thaty is
additiveunder Lorentzy l Dynamics et 2 st
transformations. !
Use this to shovdy = db . d’s . n |
% dy[|\
ObservationRoughlythe same| 5 2 o0 2 4 6
pT spectra here and hete J y -

01-Jul09



J Aside Estimating Energy Densit

A This will be an incredibly crude
(wrong) estimate:

¢ Take all ~10,000 particles produced in Au+Au

collision at RHIC ‘

¢ Assume the ~constant <p;>~ 0.4 GeV

represents nthermal iFfF jeddc
¢ Initial volume

pDz ~ /T ~ 1 fm '
¢ Energy density

DAR,, ~ 6.5 fm
e~ (10*x 0.4 GeV) / (pR,p,% X 1 fm) ~ 30 GeV/im?

01-Jut09 W.A. Zaj
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Dynamics 101

Q. How to really (?) estimate initial energy density?

A. From rapidity density of transverse energy E;* S E; sin g

¢ Highly relativistic nucleus-nucleus collisions:
The central rapidity regiono, J . D. Bj or ken,

Phys. Rev. D27, 140 (1983). ;
¢ Assumes an h
pz ~ 1-d hydrodynamic expansion dy f
6

4 2 |0 4 6
pzlnvarianceinyal ong ncentr al rap iTimd p | at

(I.e., flat rapidity distribution)
pz Then

E_ dE 1 dE

—
—~

e= =
V. pRZGIz pRZG dy

since boost-invariance of matter

Y dz=tdy wheret ~1fm/c

01-Jul09
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Determining Energiensity

A What |S the energy dGﬂSlty aCh|eved7 E 4EI o IM;nllqurln tl>|alle (‘lllsltrllt>tllt|l>|1laltt1l1ltli rlafl)lclht;ll : IE
P, PHENIX -

A How does it compare to the oL """"“m-......,,,.m. ]
expected phase transition value ? : e, -

10 = / ..o. =

. . _ "~ For the most central °’-. i
Bjorken formula for thermalized energy density 0 events: “ 3

> e
L . I 1 | . . . | . . .ﬁl t
p R* £, dy

0 200 400 600 dE/dn |, ,

\ time to thermalize the
~6.5 fm

system (t, ~ 1 fm/c)
_O:O_»} Esjorken ~ 4.6 GeV/fm 3

~30 times normal nuclear density
Z= dy ~1.5 to 2 times higher__ than
0 any previous experiments

01-Jut09 W.A. Zaj
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aAy3a al I NR
Systematic approach essential:

c p+p BASELINE

¢ d+Au CONTROL

¢ Au+Au NEW EFFECT



A Consider measurement of
In p+p collisions at RHIC.

A Compare to pQCD calculgtion
ds = fa/A(Xa’,ﬁ)A fb/B(Xb”ﬁ)“

eparton distributionifunctions,
for partons.a:and:b
emeasured in'DIS; universality 10°

pY% s

a)

=N

(mb-GeV?2.c?)
[Ny 3'

I PHENIX Data
— KKP NLO

—
' o '
£ w

= Kretzer NLO

E*d’s/dp
=

Add&a+b- c+d) r

eperturbative crosssection (NLO)
ewrequires'hard scale
ofactorizationtbetween pdf and-crosssection

oy
o
I I LILL
— T F
als
N—

Aclc (%)
580
"

A Dh/c(zhini)

ofragmentationfunction
wmeasured in-e+e

(Data-QCD)/QCD
o N E-N o N
L

A Phys. Rev. Lett. 91, 241803 (2003) 0: 5 10 15

01-Jul09 p- (GeV/c) |


http://ojps.aip.org/getabs/servlet/GetabsServlet?prog=normal&id=PRLTAO000091000024241803000001&idtype=cvips&gifs=Yes&jsessionid=1102141073512399685
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Systematic Measurement in Au+Au
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Luminosity

A Consider cA0l |l basBopenfbdanch
with @6 I ons per bunch:

Crosssectional
area 0S|0

I
h

01-Jut09 W.A. Zaj
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Change scale by ~®10

A Consider cAl husl enonsefpér nucl eus
with ®B6 nucleons per nucl eus:

Crosssectional
area 0S|6

A 6Luminosityd

AG s Provided:
L~ - I\ICoII A No shadowing
S C Small
not N...  A+B crosssections
Part

01-Jut09 o



e Systematizing our Knowledge
(%0
oy

A All four RHIC experiments have
carefully developed techniques fo
determining

¢ the number of participating nucleons
Npar7 IN €ach collision
(and thus the impact parameter)

Spectators

¢ The number of binary nucleon- 20 Binary Collisions
nucleon collisions N @s a function - ™
of impact parameter I
A This effort has been essential in oo
making the QCD connection 600 1177
¢ Soft physics ~ Npagt 4001_ .
¢ Hard physics ~ Ngg, ; %H
A Often express impact parameter b 2""§Participam;.._.-_..:;;::
I n terms of ncen ‘g

10-20% most central collisions b (fm)

01-Jut09 A
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Rare Processes

A Particle production via rare processes should scale with N, the number of
underlying binary nucleon-nucleon collisions dz-

TA(d)=fy (d,2)dz
Thickness Function

A Roughly: Smalls C no shadowing
C per nucleon luminosity is relevant quantity

A Take scaling with N_,, as our null hypothesis
for hard processes

If Nucleus" A" has A constituents
and Nucleus" B" hasB constituents

which interact with crosssections )
the TOTAL crosssections ,; isthen _ T (0)=fy W (8 +%)TB(Q - %) i

Sap = ﬁij [1_ e'sINTTAB(b)] | Overlap Functlor.1 .
Exercise 4. Make a plausibility argument

- oABS S 7 for " small" s, s agformula, and verify approximation.

—y




Describe in terms of scaled ratio R,,

E d%c/d’p (mb/GeV?)

=3  Systematizing Our Expectation

Yield in Au+ Au Events
(A B)(Yield in p+pEvents)

= 1 for Nbaseline expectationso
> 1 ACronino enhaneackmwnt s (as i n proto
<l(athighpy) fanomal ouso suppression
R1.4—
1.2 .
- noeffectY R=1
10 —————— e e

0.8

pr (GeV/c) ranverse Momentum (GeV/c)



=25 Systematizing Our-Expectation:

Yield in Au+ Au Events
(A B)(Yield in p+pEvents)

Describe in terms of scaled ratio R,,

= 1 for Nbaseline expectationso
> 1 ACronino enhaneackmwnt s (as i n proto
<l(athighpy) fanomal ouso suppression
R1.4—
1.2

noeffectY R=1

1.0
0.8

E d%c/d’p (mb/GeV?)

ranverse Momentum (GeV/c)

pr (GeV/c)
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Systematic Suppression Pattern

o - 10 0-5% Central
- PHENIX

] 1 ] ] 1 ] ] 1 1 1 1 ] ] 1 I 1 1 1 ] ] 1 I 1 ] 1 | ] 1
0O 2 4 6 8 10 12 14 16 18 20
p (GeV/c)
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Unique to'Heavy lon Collisions

Run-3: a cruclal control measurement via d+Au collisions

A YES! -

<« _""I""I""I""l""l""l""l""l""I"":
T — —5‘ : -ngS — m—o 1.8 O m charged hadrons d+Au =
1 h—'a e i N tral 3
_: 0_20cyo O n: 16: . neutra plOﬂS :
+ o on A 1.4F
T+ mn (' . C
1 1.2F
_ s i .-¢ - ¢+ ' + + * 1E .
T - o I PP 4 ] 0.8F El E
4 o :_ '\f/ -
T b 0-6F EUH/%ENIX 6]
T _/\ 1 0.4:— A AA A 'ﬂ +
T ] 0.2F a4 m':mm Ay 4[:-‘ & 4
I I 1 | 1 I I | 1 1 1 0:....l....l....l....l....l llllllllllllllllllll
2 i | (5 o 1 2 3 4 5 6 7 8 9 10
pr (GeV/c)
425 -e-d+Au FTPC-Au 0-20% S [ 4 dtAu(MB) n=0
0:2 T NSTAR ——d+Au Minimum Bias ] D L
- ] £ | » AutAu (0-10%5)
2 1.5 s
L . c L | T
- ] g [ e S SR |
B ] = 4k —l_
1.5— o P T
B ] = 1 1“ ---------------------------
L ] "'g ‘1‘ ‘
- - Fy
- i = BRAHMS
L i — W e T
- . SosE & T I
05? i g .t.. ++_+_
N . Z -
0— | | | | ] Lo | | L | |
0 2 4 6 8 10 1 2 3 4 5
01-Jut09 P (GeVic) pr [GeV/c] W.A. Zaj




Unique to'Heavy lon Collisions

A YES! -

Run-3: a cruclal control measurement via d+Au collisions

=
BRAHMS

d+Au results from

—~——
PH <ENIX

BIcoBTS

presented at a press conference
at BNL on June, 18%, 2003

7STAF?

PHYSICAL
REVIEW
| _LETTERS

Articles published week ending
15 AUGUST 2003

Volume 91. Number 7

01-Jul09
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nnnnn
3

Alembe ¥
Library o Other Tislitul Qi bk Until 208
% Published by The American Physical Society
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Energy Loss of Fast/Partons

A Many approaches

dE _3v30_ > —, A4ETQ _ 2, A4ET{
¢ 1983: Bjorken Tdax 4 os \/ElngEEMzg ol IngEeMzg
dE , 4p >, & E @
¢ 1991: Thoma and Gyulassy (1991) gy g oras | '”?qnfﬁ
Dk, ”
¢ 1993: Brodsky and Hoyer (1993) : ‘;i 5 < 5 >
dE, . C.m’ , &L {
¢ 1997: BDMPS- depends on path length(!) - ""S?f“”%jﬁ
¢ 1998: BDMS _ 3_E a. N4c <D‘<2T )
. X
A Numerical values range from
c ~ 0.1 GeV / fm (Bj, elastic scattering of partons)

¢ ~several GeV /fm (BDMPS, non-linear interactions of gluons)

(a) (b) T -

| . .
ium-in
——_—————— = = — hard paron 7 : : luon cadiation
- "wacomm-indoced” * E preduction / ! ) 8

hard parton e
production , 4 gluoo cadiation & _

® . Nery OO 6606600 W.A. Zaj




CKS e hy S SV

Jt

Fermi National Accelerator Laborato
E i

FERMILAB-Pub-82/59=THY
August, 1982

Energy Loss of Energetic Partons in Querk=-Gluon Flasma:
Poaaible Extinction of High pT Jats in Hadron-Hadron Collizdions.

J. D. BJORKEN
Ferml Nationel Accelerator Laboratory
F.0. Box 500, Batavia, Illinois 60510

Abstract

High energy quarks and gluons propagating through quark-gluen
plasma suffer differential energy loas wia elaatlic soattering from
guanta irn the plasma. This mechanism is very aimilar In structure to
ionization loms of charged particles in ordinary matter. The dE/dx 1a
roughly proportional to the squapre of the plasma temperature. For
hadron-hadron ¢ellisions with high assceiated multiplieity and with
ErAnaverse ensrgy dt,rfdy in excesa of 10 GeV per unlt rapidity, it i3
posaible that quark-glusn plasma is produced in the collision. If sc, a
produced aecondary high—pT quark or gluen might lose tens of GeV of 1its
initial transverse momentum while plowing through quark-gluon plasme
produced in its 1ocal enviromment. High energy hadron Jet experimenta
should be analysed as funchleon of associated multiplinity to search for
this effect. An interesting signature may be events in whioch the hard
collision ooours near the edge of the overlap regicn, with one fet

eacaping without absorpticn and the other fully absorbed.

30-Jul03 W.A. Zaj1




o The Matter is Opaque

STAR azimuthal
correlation
function shows
~ complete
absence of
Gl & BRS €

leadIng particle

37

1[NTP.|GGER dN!d(&‘ q))

B STAR 200 GeV |A 1 |<1.4
B L » (Central 0-5% Au+Au
I flow: v2 = 7.4%
1.6 _h —— pp data + flow
l
5 ol
v - ik
4+
4 —4—
Gao U
_l | 1 | 1 | | 1 | 1 | 1 1 1 1 | 1 | 1 | | | 1 1 | | | 1 | 1 |
-3 -2 -1 0

1 A (rzadiang)
C,(Au+ Au) =C,(p+ p) + A* (L+2v; cos@Dr))

Ve

CKFO A&axX aLI) NIy SNE
absorbedin the dense medium
Y Density~ 50 x normal nucleae,

W.A. Zaj



38

Schematically (Partons)

Scattelred partlons on t

lose energy
but emerge; : Lﬂ

t hos e s de

01-Jut09 _ _ W.A. Zaj




A Direct photons are not inhibited by hot/dense medium
A Rather: shine through consistent with pQCD

01-Jut09 W.A. Zaj



