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tHERMAL QCD

What is it?  
And where can I get some?
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Karsch, Redlich, Tawfik, 
Eur.Phys.J.C29:549-556,2003

IN tHE 
BEGINNIN

G…

Thermal QCD 
”QGP”
(Lattice)

ε/T4

“In 1972 the early universe 
seemed hopelessly 
opaque…conditions of ultrahigh 
temperatures…produce a 
theoretically intractable mess.  
But asymptotic freedom renders 
ultrahigh temperatures 
friendly…” Frank Wilczek, 
Nobel Lecture (RMP 05)

“Before [QCD] we could not go 
back further than 200,000 years 
after the Big Bang.  
Today…since QCD simplifies at 
high energy, we can extrapolate 
to very early times when 
nucleons melted…to form a 
quark-gluon plasma.” David 
Gross, Nobel Lecture (RMP 05)
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NAtIONAL 
RESEARCH 

COuNCIL REPORt 
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ELEvEN SCIENCE 
QuEStIONS FOR 

tHE NEw CENtuRy

QuEStION � IS:
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Also: BNL-AGS, CERN-SPS, CERN-LHC

BNL�
RHIC 
FACILIt
y



�

SIDE�tO�BEAM 
vIEw

ALONG�tHE�BEAM 
vIEw

Hot Zone

Au�Au At √SNN � ��� 
GEv

STAR Experiment at RHIC
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Early hand-drawn 
version of a now-
ubiquitous cartoon
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SIDE�tO�BEAM 
vIEw

ALONG�tHE�BEAM 
vIEw

Parton Parton

Hadrons

Fragmentation

Hadrons

Fragmentation
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A PALLEt OF PROMPt 
PROBES

q: fast color triplet

g: fast color octet

Q: slow color triplet

QQbar: slow color 
singlet/octet

Virtual photon: colorless

Real photon: colorless

Unknown Medium

Induced
gluon 
radiation?

Energy
Loss?

Dissociation?

Controls

Version 1997 Version 2003

The most general way to classify QCD probes is by speed and color multiplet; different 
combinations give rise to different classes of high-Q2 observables:

Today’s talk



��

HIGH�Pt SINGLE 
HADRONS
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BINARy COLLISION 
SCALING

Bunch+Bunch p p

Single CrossingT T
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144424443

How many outcomes from one 
bunch crossing at a p+p collider?

Assume we can treat a nuclear collision just like a p+p bunch crossing:

  

RAA ≡

dN A +A

dpT

dN p+p

dpT

NBinary r 
b 

Null Observable
Central e.g. 0-10% 

〈NBinary〉 ~ 900 
Peripheral 60-95% 

〈NBinary〉 ~ 10 

b
r

b
r
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DISCOvERy OF “JEt 
QuENCHING“
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PHENIX PRL88, 02301 (2002)
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DIRECt PHOtONS; MESONS 
At vERy HIGH Pt

Meson 
suppression 

continues out to 
highest 

measurable 
momenta.

Direct photons 
show no effect, 

as expected; 
confirms binary 

scaling logic.
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BARyO
NS vS 
MESON

S
Markedly 
different 

suppression 
patterns! below 

~6 GeV/c.

Large change in 
M/B ratio; 
change in 

hadronization
process?
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DEPENDENCE ON PAtH LENGtH 
IN tHE MEDIuM
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DEPENDENCE ON PAtH LENGtH 
IN tHE MEDIuM



��

DEPENDENCE ON PAtH LENGtH 
IN tHE MEDIuM
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HIGH�Pt HADRON
PAIRS
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Particles A 
from high-pT
“Trigger” bin

Particles B 
from low-pT
“Partner” bin

Jet 1

Jet 2

Therm

Therm

Therm

Therm

Jet 1

Therm

Therm

Same jet
Unrelated jets
Jet-Thermal
Thermal-Thermal

Px

PyPrompt 
“Jet 1”
Source

Prompt 
“Jet 2”
Source

Multicollisional/ 
Hydrodynamic/ 

“Thermal”
Source

COuNtING 
PAIRS
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H± ��� H± C: ������

t: ��� 
GEv

P: ��� 
GEv

EvENt 
CENtRALIt
y
PARtNER 
Pt

PARtICL
E tyPEtRIGGER 

Pt
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AwAy�SIDE 
DISAPPEARA

NCE

Pedestal&flow subtracted

STAR PRL 91, 072304 (2003)

π� ��� H± C: �����

t: ���� P: ���

H± ��� H±

C: 
vARIOu

S
t: ���

P: ��Pt
tRIG

STAR PRL 90, 082302 (2003)
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AwAy�SIDE BROADENING 
�AND HOw��

H± ��� H± C: 
vARIOu

S
t: ��� � � P: � � ���

PHENIX PRL 97, 052301 (2006)
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NEAR�
SIDE 
PEAK

AwAy�SIDE 
PLAtEAu 

�DIP��H± ��� H± C: 
vARIOu

S
t: ��� � � P: � � ���
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H± ��� H±

C: 
vARIOu

S
t: ��� � �
P: � � ���

Trigger 
direction

Pair 
opening 
angle

Suggestive of… Cherenkov cones?  
Mach cones?
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STAR nucl-ex/0604018.

AwAy�SIDE 
REAPPEARA

NCE

At much higher trigger particle pT the 
away side peak in central Au+Au reappears 
-- “punches through”?

The shape of the away-side yield spectrum 
is the same as that from d+Au; surprise? 
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STAR PRL 90, 082302 (2003)

STAR nucl-ex/0604018.

H± ��� H± π� ���

H±

C: ������

H± ��� H± π� ���

H±

C: �����

H± ��� H±

C: ����

Away-side peak 
visible

Away-side 
shoulders visible

Both visible Neither visible

PHENIX PRL 97, 052301 (2006)SEvERAL DIStINCt 
REGIONS�
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CONCLuSIONS

Nuclear collisions at RHIC energies create hard-scattered 
partons in situ, which act as probes of the created medium

GENERAL

Dramatic suppression (x5) of hadrons produced in central 
Au+Au collisions, evidence for dense/opaque medium

Baryons much less suppressed than mesons in mid-pT range

Can measure path-length dependence through geometry

HIGH�Pt SINGLE 
HADRONS
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…CONtINuED

Trigger on the presence of a jet, see what happens to the 
fragmentation partners

Away-side disappearance at mid-pT

Away-side broadening/shoulder peaks at low pT
Partner

Away-side reappearance at high pT
Trigger

HIGH�Pt HADRON
PAIRS

Heavy flavor, flavor-dependent correlations, three-particle 
correlations, direct photon correlations, rapidity structure….

ALL tHIS … AND 
MORE�
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BACKuP MAtERIAL
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dN A

dφA

∝1+ 2v2
A cos2 φA −ΨRP( )   same for B

dN AB

d(Δφ)
= b0 1+ 2 v2

A v2
B cos 2Δφ( )[ ]

Therm -Therm  Jet -Therm  Jet -Other Jet
combinatoric "Background Pairs"

1 2 4 4 4 4 3 4 4 4 4 
+ J(Δφ)

Same-Jet Pairs
1 2 3 

SINGL
ES

PAIRS

b0

J Δφ( )
Background Level  Fix by matching, fitting, combinatoric+

Jet-Induced Pairs Fragmentation and medium response

  

dN AB

d(Δφ)
Pairs

1 2 3 
∝

1
NA

dN AB

d(Δφ)
Conditional Yield
1 2 4 3 4 

∝
dN AB d(Δφ) same - event

dN AB d(Δφ) mixed - event
Correlation Function

1 2 4 4 4 4 3 4 4 4 4 
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H± ��� H±

C: ����

t: ��� � �
P: � � ���

H± ��� H±

C: ������

t: ��� � �
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PHENIX nucl-ex/0507004  submitted to PRL

STAR “QM05 Focus” C. Gagliardi

STAR Preliminary
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STAR PRL 91, 072304 (2003)
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