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QGP expectation came from Lattice
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QGP expectation came from Lattice
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Tc=173 MeV = 2:10'2 K
ec = 0.7 GeV/fm3 (~6x normal nuclear densities)

Helen Caines - Yale - Nov 2008 - Oxford/RAL




RHIC has created a new state of matter

The QGP is the:
hottest (T=200-400 MeV ~ 2.5 107? K)

densest (¢ = 30-60 enuclear matter)
matter ever studied in the lab.

It flows as a
(nearly) perfect fluid

with systematic patterns, consistent with
quark degree of freedom
and a viscosity to entropy density ratio
lower
than any other known fluid.
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RHIC has created a new state of matter

The QGP is the:
hottest (T=200-400 MeV ~ 2.5 107? K)

densest (¢ = 30-60 enuclear matter)
matter ever studied in the lab.

It flows as a
(nearly) perfect fluid

with systematic patterns, consistent with
quark degree of freedom
and a viscosity to entropy density ratio
lower
than any other known fluid.

Want to learn more about the properties
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Elliptic flow — rapid thermal

Ization
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A Fourier expansion used AN
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Elliptic flow — rapid thermal

Ization

-10

Interactions

Initial spatial anisotropy ————) Final

A Fourier expansion used AN
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momentum anisotropy

to describe the angular — o 1+ 2wv3cos2(p —YRr)] + ...

distribution of the particles dip

Driving spatial anisotropy vanishes =

self quenching
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Elliptic flow — rapid thermalization

| Au+Au at b=7 fm

Interactions T 10

Initial spatial anisotropy m————————) Final momentum anisotropy

A Fourier expansion used AN
to describe the angular 05 X 1+ 2v3 cos[2(p — YR)] + ...
distribution of the particles 14

Driving spatial anisotropy vanishes = self quenching

Sensitive to early interactions and pressure gradients
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The flow is ~Perfect

1.6

of « 31-77 %
T4y s 10-31 %
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Huge asymmetry found at RHIC

* massive effect in azimuthal
distribution w.r.t reaction
plane

* At higher pT: Factor 3:1 peak
to valley from 25% vo2
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The flow is ~Perfect
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“fine structure” v,(p+)

 ordering with mass of
particle

« good agreement with
iIdeal hydrodynamics
(zero viscosity, A=0)

= “perfect liquid”

Huge asymmetry found at RHIC

* massive effect in azimuthal
distribution w.r.t reaction
plane

* At higher pT: Factor 3:1 peak

to valley from 25% vo2
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The constituents “flow”
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The constituents “flow”
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- Scaling flow parameters by quark content n, (baryons=3,
mesons=2) resolves meson-baryon separation of final state hadrons
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The constituents “flow”
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- Scaling flow parameters by quark content n, (baryons=3,
mesons=2) resolves meson-baryon separation of final state hadrons

Constituents of liquid are partons
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How perfect is "Perfect” ?

Viscous fluid
® supports a shear stress
® viscosity n:
n ~ momentum density X mean free path

_ 1 p
X NPA =np— = —
noc o

e small n = large o = strong couplings

Helen Caines - Yale - Nov 2008 - Oxford/RAL



How perfect is "Perfect” ?

Viscous fluid
® supports a shear stress
® viscosity n:
n ~ momentum density X mean free path
X NPA = nﬁi _ P
no o)
e small n = large o = strong couplings

Hydrodynamic calculations for RHIC assumed zero viscosity
n =0 = “perfect fluid”

e But there is a (conjectured) quantum limit:

» derived first in (P. Kovtun, D.T. Son, A.O. Starinets, PRL.94:111601, 2005)
motivated by AdS/CFT correspondence

n= e (Entropy Density) = iS
47 47

N.B.: water (at normal conditions) n/s ~ 380 h/4x
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What is n/s at RHIC 7?

| — conjectured quantum limit

Lacey et al.:
PRL 98:092301,2007

Drescher et al.:
arXiv:0704.3553

Gavin & Abdel-Aziz:
PRL 97:162302, 2006

Adare et al.:
PRL 98:092301, 2007

6
4n n/s

Observables that are sensitive to shear
e Elliptic Flow
» R. Lacey et al.: (T-To) To
» H.-J. Drescher et al.: Phys. Rev. C76:024905, 2007
e pr Fluctuations
» S. Gavin and M. Abdel-Aziz: Phys. Rev. Lett. 97:162302, 2006
e Heavy quark motion (drag, flow)
» A. Adare et al. : Phys. Rev. Lett. 98:092301, 2007
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Probing the medium - Jet production

Early production in parton-parton scatterings with large Q2.

Direct interaction with partonic phases of the reaction

From p+p
¢ Obtain jet rate
¢ Obtain fragmentation functions Schematic view/ofjet production
/

hadrons /

leading
particle

q

/
leading /7 hadrons

particle
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Probing the medium - Jet production

Early production in parton-parton scatterings with large Q2.

Direct interaction with partonic phases of the reaction

From p+p
¢ Obtain jet rate
¢ Obtain fragmentation functions jet product.on in quark matter

hadrons

In A+A look at Ieadlng
¢ attenuation or absorption of jets: particle

“jet quenching”
¢ suppression of high phadrons
¢+ modification of angular correlation

¢ changes of particle composition
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Probing the medium - Jet production

Early production in parton-parton scatterings with large Q2.

Direct interaction with partonic phases of the reaction

From p+p
¢ Obtain jet rate
¢ Obtain fragmentation functions jet product.on in quark matter

hadrons

In A+A look at Ieadlng
¢ attenuation or absorption of jets: particle

“jet quenching”
¢ suppression of high phadrons
¢+ modification of angular correlation

¢ changes of particle composition

Differences due to medium

en Caines - Yale - Nov 2008 - Oxford/RAL 10



Jets — a calibrated probe?

108 T T T T L
(a)
10 STAR
p+p = jet+ X
10° \5=200 GeV
midpoint-cone
10° Lone=0.4

0.2<n<0.8

1/2x do/(dndpT) [pb/GeV]
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——— NLO QCD (Vogelsang)

PR TS S IR S S NS ST SR MR

>18 Systematic Uncertainty (b)
Q14E e Theory Scale Uncertainty
= Bl ¥ U
T 10— B - e —
----- Pty ™ . - ® r—$—4
§ 06 iy
0.2

0 10 20 30 40 50
p; [GeV/c]

STAR : PRL 97 (2006) 252001

Jet production in p+p understood in pQCD framework
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Jets — a calibrated probe?

Ij’Eo

. (T4 )/2

STAR

p+p = jet+ X
\s=200 GeV
midpoint-cone
Lone=0.4
0.2<n<0.8

o (r+1")/2 p+p 200 GeV

p*(mbGeV?2c

-

L
L
L ]
‘.. B (p+P)/2 p+p 200 GeV
L]

\‘; —NLO pQCD AKK FF
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1/2x do/(dndpT) [pb/GeV]
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NLO QCD (Vogelsang) CTEQ6M PDF; KKP FF
l 1 | 1 u=p./2, p., 2p,
Systematic Uncertainty (b) Eo b b b b b b b
Theory Scale Uncertainty E RN
E K Sl

e —

9.7% normalization uncertainty
is not included

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
2 4 6 8 10
Transverse Momentum P (GeV/c)

(Data-pQCD)/pQCD

30

40 50
p; [GeV/c]
STAR : PRL 97 (2006) 252001

6I 8 1I0 1I2 1I4 1'6 1I8 2v
K Reygers QM2008 p, (GeV/c) STAR : PLB 637 (2006) 161
S. Albino et al, NPB 725 (2005) 181

Jet production in p+p understood in pQCD framework
Particle production in p+p also well modeled.

Seems we have a reasonably calibrated probe
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Charged hadron € in p+p 200 GeV
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1/Njet dN/E
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M. Heinz

Hard Probes 2008
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Reasonable agreement between Pythia and data
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Charged hadron € in p+p 200 GeV
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Are these differencés onset of beyond LL effects?
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g for strange hadrons
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Back to probing the medium

Compare Au+Au with p+p Collisions = R,,

Nuclear Yield (A + A)

Modification R4(pr) =
Factor:

R 1.4
1.2

1.0
0.8
0.6
0.4
0.2
0.0

R<1

"SOft"

| L

0o 1 2 3 4 5
Tranverse Momentum (GeV/c)

Yield(p + p) x <Ncoll> Average number

of NN collision
iIn an AA collision

No “Effect”

R < 1 at small momenta

R =1 at higher momenta where
hard processes dominate

Suppression: R < 1
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High-p+ suppression

Au+Au (central collisions):
‘rﬁ B Directy (PHENIX Preliminary)
10 ¥ Inclusive h” (STAR)

H o PreNxPumaen) Observations at RHIC:

GLV parton energy loss (ng/dy =1100)

_ ,} HH'HH'["]’fT 1. Photons are n(,)t.suppres.sed
B ¢ Good! y don’t interact with

'P‘:ﬁ . R $$ medium
$9 *3tth 3 m” + N, scaling works

107
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High-p+ suppression

Au+Au (central collisions):
b B Directy (PHENIX Preliminary) [ ]
@ Inclusive h™ (STAR .
3 1 l o ook Pty Observations at RHIC:
B GLV parton energy loss (ng/dy =1100)
1 ,} HH'HH 1.1 | 1. Photons are not suppressed
, | + tf T ¢ Good! y don’t interact with
‘ i *ﬁ‘q‘ﬁ# $¢ medium
I 4
il {'ﬁ{'ﬁ % ++ THH ¢+ N, scaling works

o 2 4 6 8 10 1 14 16 2 Hadrons are suppressed in

p; (GeVic) T
central collisions
¢ Huge: factor 5
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High-p+ suppression

Au+Au (central collisions):

&
10

| Direct y (PHENIX Preliminary)
¥ Inclusive h* (STAR)
® = (PHENIX Preliminary)
GLV parton energy loss (ng/dy =1100)

Observations at RHIC:

1. Photons are not suppressed

¢ Good! y don’t interact with
medium

+ N, scaling works

10"
S| | | cl | | L
0 2 4 6 8 10 12 14 16 I
— oGevi. 2. Hadrons ar_e_suppressed in
_ central collisions
& o | I ¢ Huge: factor 5
T i Binaryscaing - 1§t 4§ i _________________________
=< il
g g 3. Hadrons are not suppressed
g In peripheral collisions
5 ¢ Good! medium not dense
co b b b b e by |
0] 1 2 3 4 5 6

Transverse Momentum (GeV/c)
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Interpretation

Gluon radiation: Multiple final-
state gluon radiation off the
produced hard parton induced

by the traversed dense colored
medium

Hard
Production

TQT~M
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Interpretation

Gluon radiation: Multiple final-

state gluon radiation off the

produced hard parton induced Hard
by the traversed dense colored Production

medium _
0.0 l e Mean parton energy loss « medium

TQT~M

properties:

» AE oss ~ Pgion (gluon density)
» Coherence among radiated gluons

» AE, .. ~ AL2 (medium length)

] = ~ AL with expansion
| o Characterization of medium

L~ Hadronic Matter : » transport coefficient g
. is (kt2) transferred per unit path length

| cold nuclear matter

. <k2> 2 N Ay
R. Baier, Nucl. Phys. A715, 209c ) é = —T zM— q — q (T7 7-)
1 10 100 L }\'
¢ (GeV/fm3)

loss

» gluon density dN /dy
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The model landscape (not exhaustive)

PQM (Parton Quench model)
Implementation of BDMPS (calc. E
loss via coherent gluon radiation -
many soft scattering approx.
Realistic geometry
Static medium, q time average (i.e.
depends on initial density, scheme
evolution dependent )

No initial state multiple scatterings
No modified PDFs

WHDG

Implementation of GLV formalism (calc.

E loss via gluon brehmsstralung -few
hard scatterings) + collisional energy
loss.

Realistic geometry - integral over all

paths
Expanding medium
No initial state multiple scatterings

GLV

Implementation of GLV formalism
(calc. E loss via gluon
brehmsstralung -few hard
scatterings.)

Realistic geometry

Bjorken expanding medium - Calc.
a priori (w/o E loss) average path
length - use to calc. partonic E loss

ZOWW
Modified fragmentation model
(radiative gluon E loss
incorporated into effective medium
modified FF)

Hard sphere geometry
Expanding medium
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Constraining g

O . P PQM: A. Dainese, C. Loizides, G. Paic, Eur. Phys. J C38: 461
pacity Parameter (2005). C. Loizides, Eur. Phys. J.C49, 339 (2007).

—\ _ GLV: 1. Vitev, Phys. Lett. B639, 38 (2006). M. Gyulassy, P.
PQM (@)=13.2(+2.1-3.2) Levai, |. Vitev, Nucl. Phys. B571, 197 (2000).

GLV ng/dy = 1400 (+270 -1 50) (((_:I>|~7 WHDG: W.A. Horowitz, S. Wicks, M. Djordjevic, M.

) iyulassy,in preparation; S. Wicks, W. Horowitz, M. Djordjevic,
I. Gyulassy, Nucl. Phys. A 783, 493 (2007); S. Wicks, W.

WHDG ng/dy = 1400 (+200 _375) Horowitz, M. Djordjevic,M. Gyulassy, Nucl. Phys. A 784, 426

(2007).
ZOWW [ e0=1.9 (+02 - 05) (<a>~1) ZOWW: H. Zhang, J.F. Owens, E. Wang, X-N Wang, Phys
Rev. Lett. 98: 212301 (2007).
PHENIX: http://arxiv.org/abs/0801.1665

0.6
5( EPHENIX n° (Au+Au 0-5% :(( 0'6:PHENIX n° (Au+Au 0-5% Central) :tt 0'(;:PHENIX n° (Au+Au 0-5% Central)
1 0 5-_Global Syst% 1 0.5 F Global Systematic Uncertainty +12% (v 0 5Z_Global Systematic Uncertainty +12%

R e Y o i WHDG
:_;/-——/'f,',__»———«—l———

0.2 C—— 0.2 — [ 0.2
0l1__PQ@ 0.1¢ _— 0.1

:...l..-I...I...I...I...I-..I...l...l... :GILVIIIIIIIIIIllllllllllllllllllll :...lu..l...l...I...I...l...l...l...l...

o246 8 10 12 14 16 18 20 G2 4776810 12 1416 18 20 Q22776810 12 14 16 18 20

p,(GeV/c) p.(GeVic) p,(GeV/c)

0.6

- PHEMIX =° (Au+Au 0-5% Central)
- Global Systematic Uncertainty +12%

<C|> only the > Need other observables

0.4f

natural unit e to dis-entangle all the
in PQM ozt — == possible effects

0.1F
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http://arxiv.org/abs/0801.1665
http://arxiv.org/abs/0801.1665

Jet correlations in heavy-ion collisions

* Full jet reconstruction very challenging
background from bulk similar to signal for jet p;<~30 GeV

p+p collisions

Au+Au collisions
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Jet correlations in heavy-ion collisions

* Full jet reconstruction very challenging
background from bulk similar to signal for jet p;<~30 GeV

p+p collisions

Au+Au collisions

Use di-hadron correlations

triggel
() P

Back-to-back Prasso, A Trigger
(away side) — '\%f_*(near side)
jet jet
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RHIC seminal di-hadron results

’ . | 4<pie<6GeVie| | poe>2 Gevie
The disappearance of the B

] ] 11 L4 d+AU FTPC-AU 0'200/0
away-side jet o
k- — p+p min. bias J3TAR

* Au+Au Central

d+Au results similar to p+p
— final state interaction
— d+Au can be used as the

_ it '.._,_. oo Ko okt :
reference measurement instead of x Phys Rev Lett 90 082302 '

p+p R B T e a

2 3 4
A ¢ (radians)

1/Nq 1 gger AN/d(A0)
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RHIC seminal di-hadron results

’ . | 4<plie<6GeVic| | prssoe>2 GeVie
The disappearance of the B

] ] 11 o d+AU FTPC-AU 0'200/0
away-side jet o
k- — p+p min. bias is:u n

* Au+Au Central

d+Au results similar to p+p
— final state interaction
— d+Au can be used as the o ST
- S ** * * SR ®

refeience measurement instead of g Phys Rev Leﬂ '90' 082302 '
p+p I R S S S

2 3 4
A ¢ (radians)

“High pt Punch-through” §<pe<15GeVie| | py>6 GeVie

1/Nq 1 gger AN/d(A0)

(=]
0’1

2

for high prt correlations
— Yyield reduced compared

1/N°trig dN/d(A¢)

“d+Au Au+Au 20-40%] Au+Au 0-5%
Away side correlation reappears | } I
to d+Au

STAR PRL 97 (2006) 162301
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Away-side di-hadron fragmentation

* Study medium-induced
modification of fragmentation
function due to energy loss

 Without full jet reconstruction,
parton energy not measurable

e z not measured (Z=Phagron’
pparton )

° ZT=pT,assoc/ pT,trig

fiihs ;g trig
do’y'\* /dpy = dpr

hy trig

hihy (. trigy _  trig
D : ('[ ‘l)T ) _ ])T [ ,"'[
( O-_»L»\:,.’(])fjﬁ
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Away-side di-hadron fragmentation

H. Zhong et al., PRL 97 (2006) 252001 . .
C. Loizides, Eur. Phys. J. C 49, 339-345 (2007) ® StUdy medium-induced

6< Pryig < 10 GeV modification of fragmentation
function due to energy loss
A Au-Au

® cucu  Without full jet reconstruction,

Au-Au modified frag

cu-cumodiied rag| - parton energy not measurable
A POM Gt e z not measured (Z=ppqron’

Cu-Cu PQM G=3
- - - Au-Au PQM &7

- - - Cu-CuPQMg=55 pparton )
Au-Au PQM §=14
Cu-Cu PQM G=9

et 'ZT_pT,assoc/pT,trig
50 100 150 200 250 300 7350

N

0. Catu QM2008 part

hyho trig trig ,(ll) (11)1'
D™ ( rspPr ) = Pr tll

Inconsistent with Parton
Quenching Model calculation

Modlified fragmentation model
better
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Away-side di-hadron fragmentation

H. Zhong et al., PRL 97 (2006) 252001
C. Loizides, Eur. Phys. J. C 49, 339-345 (2007)

6< pPryig < 10 GeV

A Au-Au

® CucCu
Au-Au modified frag
Cu-Cu modified frag

Au-Au PQM §=4
—— Cu-Cu PQM G=3
- - - Au-Au PQM &7
- - - Cu-CuPQMG=5.5
Au-Au PQM §=14
Cu-Cu PQM G=9
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
50 100 150 200 250 300 350
N

0. Catu QM2008 part

Inconsistent with Parton
Quenching Model calculation

Modlified fragmentation model
better

ratio to d-Au

1Ny dN/dz,

p+p theory
—— Cu+Cu 0-10% theory
—— Cu+Cu 40-60% theory

—_

-—
<

d-Au

Cu-Cu 0-10%

Au-Au 30-40%

Cu-Cu 40-60% _

Au-Au 60-80% xﬁa” B ;OO

Au-Au 0-12% part = 20

PR TR SN R N ST ST ST N N SN ST SO S NN ST ST N}

| merere

—_
e
N

B *AR Preliminary

N

PR R SRS RN TT ST S N S
0.5 0.6 0.7 0.8

—4assocy . trig
zr=p7 /T

Denser medium in central Au+Au
than central Cu+Cu
Similar medium for similar N,

Vacuum fragmentation after
parton E, .. in the medium
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Two particles are better than one

1.0

AuAu—r° 200GeV 0-10%

Compare fits to Raa and laa 2] :
H. Zhang, J.F. Owens, E. Wang, X.N. Wang X ( AA) "l 77 L P8O0V 61566V
Phys. Rev. Lett. 98: 212301 (2007) \‘\8 e o b ]
|, p™=20:5GeV p°=10:5GeV |

g

_ [ \ e,
< 0.6 s ' ' fe,, — R,, P;=20+.5GeV

* Minima of data in same place s

o4l

W2(Ran) |

e Sharper for di-hadrons
qoto ~ 9=2.8 0.3 GeV2/fm

00l
RHIC 1.0
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Two particles are better than one

y [fm]

x [fm]

Helen Caines - Yale - Nov 2008 - Oxford/RAL

e Sharper for di-hadrons

qoto ~ §=2.8 +0.3 GeV2/fm

Parton production points in trans

Compare fits to Raa and laa

H. Zhang, J.F. Owens, E. Wang, X.N. Wang
Phys. Rev. Lett. 98: 212301 (2007)

* Minima of data in same place

di-Hadrons

* Renk and Eskola, hep-ph/0610059

LHC 3 4 5
1.0 r—r—r

6 7 8
rorrrrrr o 20
2 i L] AuAu-z° 200GeV 0-10% T
X (IAA) ' - 1,, PM=8£5GeV p==6:5GeV |
8 _L\ ..'.. I‘ — R,, p;=8+.5GeV - 16
\ . PbPb—x° 5.5TeV 0-10% ]
< AR ROV l,, Pre=20+5GeV p=*=10+.5GeV |
o 06 A N vl . R,, P;=20+5GeV 112
§ [ .
T oaf

e, (GeV/fm)

e Surface bias effectively
leads to saturation of
R With density

minimize bias:
di-hadron correlations
full jets

22



Path length dependencies

Non-central events have “elliptic’ overlap geometries
Measurements w.r.t reaction plane angle:

Change path length
Keep everything else same

Reaction Plane

Isolate effects due to path length
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Path length effect on di-hadron correlation

 AutAu \S\y=200GeV, Cent=30-40%, 1<p___ <2 GeV/c, 2<p_ <3 GeV/c
in-plane ¢-Wgp=0

@ 19, Yeel<15 C(0) 157<0 W ,,[<30° C(0) 30°<, W p|<45
PHENIX Preliminary | % “

i —A Vv, :
i —A resol. i

0.08

)
= 0.06
=

E 0.04

F0.02
3

IIIIIIIIIIIIIIII
I

1) renree— ot ——
VO L) 45°<p ¥ b|<60°

trig

Iq)lrig-l{, E l

]
() 75°<

S - 1 A B
() 60°<I0, ~P <75

s)

= 0.06

. uni

£ 0.04

:IIIIIIIIII

0.02

J(A9) (a

of

B. Cole QM2008 Ao (rad) Ao (rad) Ao (rad)
- out-of-plane ¢-Wg-=90°
— Near side peak unchanged P o Fre

— Shoulder peaks emerge as ¢,- W increases but are at fixed A¢
— Head peak (di-jet remnant) decreases as ¢,- Wgp increases
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Centrality and path length effects

20-60% 0-5%

©

2 AutAu 200 GeV ! STAR Prehmlnéry |
o 14— e 20-60% B B .
© | |
% ° Top 5% V2 SYS. E;:rror
§ 12 | .............................................. :’,-——T’ ................ |
, dAu
_________ v3{4} | |
O 6 i} | | | | | |
0 20 40 60 80
A. Feng QM2008 ¢ =p_-Frp (deg)

3< pyi9 < 4 GeVic, 1.0'< p;s0< 1.5 GeVic

In-plane: 20-60% ~ d+Au
0-5% > d+Au

Out-of-plane: 20-60% ~ 0-5%
Au+Au > d+Au

R \/2(«» 0%y,

Ey.

Helen Caines - Yale - Nov 2008 - Oxford/RAL
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Centrality and path length effects

Au+Au 200 GeV! STAR Prehmméry |
e 20-60%

RN
_b

— V, SYys. (?rror

Away-side RMS
o

............................................. —

0.6 20
A. Feng QM2008 ) =(|)T-‘I"RP (deg)

3< p;ti9< 4 GeVic, 1.0 < p;2s°< 1.5 GeV/c
20-60% ~ d+Au
0-5% =>d+Au
Out-of-plane: 20-60% ~ 0-5%
Au+Au > d+Au

In-plane:

20-60% 0-5%

© @

Away-side features reveal
path length effects
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Deflected jets or conical emission?

away

Deflected jets

A9
Conical emission or deflected
jets?

Distinguish between models
using 3-particle correlations

away
Conical Emission
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Deflected jets or conical emission?

Ad ' /
¢ @
1 0 1 2 3

T 5
Ad

Deflected jets

o @ @
10 1 2 3 4 5

Ad
Conical Emission

away

Deflected jets

away
Conical Emission

Ad
Conical emission or deflected
jets?

Distinguish between models
using 3-particle correlations
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Deflected jets or conical emission?

STAR Preliminary

M ' /
1 0 1 2 3 4 5

Ad Deflected jets
Deflected jets

A(|)2=(|)2-(I)Trig

away

near

Ad
OB BN
-9-'_ 3,
3 23
1] -
. . . 4 = NEE
<
1 0 1 2 3 4 5 away
Ad Conical Emission
0
Conical Emission s s AutAu 0-12%
Aq)1_(1)1-(1)Trig

oosse_Ld > 1 ‘0//\99 b > 5!J1_|_d >¢

9/NSO ¢ >
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Deflected jets or conical emission?

014, STAR Preliminary
0.12F
- w
0.1: A
0.08F ©
- =
' / 0.06: g 8
0.04fF ?" A
0.02f =N N
L ™ Il ®
0.I....I....I....I....I....I....I....I....I. e‘N CD
0 1 2 3 3 5 2 15 1 05 0 05 1 15 2 <] S
Ad [3)
Deflected jets (Ap1-Ad,)/2 7\\
o
| 3
A n g
UEORN N = Au+Au 0-12% 3
TE N
@
o ©® @ §
< - <
IN %O
[ s
. . . = z
<
- 0 1 2 3

4 5
Ad
Conical Emission

2151050051152

(A94-Ag,)/2
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Deflected jets or conical emission?

014, STAR Preliminary
Au+Au data
consistent with oo
Conical o |
emission °-°§§

il NPT PP RIS PP PP NPT P ATErS AP I
2 15 1 05 0 05 1 15 2

(Ad4-Ad,)/2

oosse_Ld > 1 ‘0//\99 b > 6;11_|_d >¢

YO @ @ T Au+Au 0-12% X
8 N
@
© @ 8
-czk,c?
® O @O
"1 0 1 2 3

4 5
Ad
Conical Emission

2151050051152

(A94-Ag,)/2
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Possible causes of conical emission
Mach Cone

Similar to jet

creating

sonic boom

In air.

Energy radiated from parton
deposited in collective
hydrodynamic modes.

«Mach angle depends on C,
* T dependent

- cos(GM )
v

parton

« Angle independent of passcc
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Possible causes of conical emission

Mach Cone

Similar to jet

creating

sonic boom

In air.

Energy radiated from parton
deposited in collective
hydrodynamic modes.

«Mach angle depends on C,
* T dependent

o cos(E)M )
v

parton

« Angle independent of passcc

Cerenkov Gluon Radiation

Gluons radiated by
superluminal parton.

Cn cos(6. )

parton

C

n(p)vparton
1
n(p)

Angle dependent on p;#sscc
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Mach cone or Cerenkov gluons?

Angle predictions:

Mach-cone:

Angle independent of associated p;

Cerenkov gluon radiation:

Angle decreases with
associated p+

1 Au+Au 0-12%
0.8

0.6

0.4

0.2

IIIIIIIIIIIIIIIIII

105005 1 15 2
(Ady-Adpy)/2

- -

= ® AutAu 0-12% 1.36+0.03
3 I l—I—i T ;
B = '

“STAR Preliminary

; I ‘; . 1!5 — 2 |

J. Ulery QM2006
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Mach cone or Cerenkov gluons?

Angl

e predictions:

« Mach-cone:

Angle independent of associated p;

Cerenkov gluon radiation:

Angle decreases with
associated p+

1

0.8

0.6

0.4

0.2

Au+Au 0-12%

IIIIIIIIIIIIIIIIII

2T 05 005 1152
(Ad4-Ad,)/2

ne angle (radians)

Co

1.5 0-20% Au+Au ]
|
C ?
= ¢
1_— —
L 2<p; <3GeVic
0.5— ‘ . —
1.5? —
E 4 . 1
o L
C 3 <p? <4 GeV/
0.5—
1.5 =
L
r ¢ PHENIX
0.5 4<pp <5 GeVle 1D analysis -
0 1 2 3 4

P2 (GeVic)

5

M. McCumber QM2008

= ® AutAu 0-12% 1.36+0.03
3 I l—I—i T ;
B = '

“STAR Preliminary
I e T

J. Ulery QM2006
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Mach cone or Cerenkov

gluons’?

Angle predictions: /

 Mach-cone:
Angle independent of associated p;

Angle with

~

s

-
1_— .CG )

: Au+Au 0-12% 3
- 1.9

0.8 S
N \bms
06F o 7
- on'e
0.4 15
N S 14
. QO 13
0.2' g 1.2
0 U 11

—

O

N
aa

R R R X N
(Ady-Adpy)/2

S5 020/Au+Au ]
|
C T ]
C o i
- ]
C 2<p? <3GeVic -
0.5— ‘ , —
1.5? —]
— 6 ]
T L . ]
£ ’ —
[a) L i
C 3<pl<4GeVic ]
0.5 . —
1.5 ' -
IR
r 6 PHENIX
r . o]
o050 4<p; <5GeVic 1D analysis
0 1 2 3 4 5

P2 (GeVic)

M. McCumber QM2008

- e AutAu 0-12% 1.36+0.03
S l—I—i T I
B = :
;STAR Preliminary
J. Ulery QM2006 Pr (GeV/c)
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Parton interactions on near side

A(¢) correlations

3 02; * Au+Au central ]
S L - e d+Au central STAR |
Z - + |
©
o)
()]
Ko
z
~ _ o --
| L | |
0 /2 o

A¢ (radians)
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Parton interactions on near side

A(¢) correlations A(M) - A(¢) correlations
Zozr [ s '
Z — p*p
R

Long range A(m) correlation
— the "Ridge”

Helen

Caines - Yale - Nov 2008 - Oxford/RAL
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Parton interactions on near side

A(¢) correlations

)

= 2; * Au+Au central ]
S L - e d+Au central STAR |
Z L —
Z p+p
o)
()]
ks
Z
| [ | |
T

A¢ (radians)

Long range A(m) correlation
— the "Ridge”

Persists out to very large A(n) >2

A(M) - A(¢) correlations

L '(
?\ - v Af'/f\\'{

=k SR ,‘\% Y Jt\?&
" ~l\v‘;«& 255

‘I‘\f : ; i -2
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Energy loss of trig_ger -"The ridge”

d+Au, 40-100%

3 < p+(trig) < 6 GeV Ad
2 < p(assoc) < p+(trig)

Helen Caines - Yale - Nov 2008 - Oxford/RAL
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Energy loss of trig_ger -"The ridge”

d+Au, 40-100% VS =200 GeV, Wn[<1.7 STAR preliminary
u 0.5__ Cu Au bk ' J
m ] = s | [ m
1 On.4[
I D - v eror
I 3l
" ‘60.3:— -
2 ¢
0.2 u
B o | ]
O [ 7
ke Soa-
x | * =
- | !
. 0—_ L_—— P
M L A I . " "
1 - 10 10% <Np
art
3 < p+(trig) < 6 GeV Ad C. Nattrass QM2008

2 < p(assoc) < p+(trig)

Ridge: Increases with N,
Independent of colliding system
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Energy loss of trig_ger -"The ridge”

d+AU, 40'1 000/0 :_\rm=200 GeV, |An|<1.7 STAR preliminary
‘ - n m = :.0.5; O
1 qg”».«s:—
[ %o.ai— 2 ‘/v‘l
g'>’«oz— . -
] o | - |
= o A
- E 01 L -
; i (o 82
I . il . .
1 - 10 10? < >
3<py(trig) <6 GeV A} 1 hatrass QM08 P
2 < p+(assoc) < p+(trig) 02 L‘A' h, u\f5=200 Gev \{SE?" ceth bini<o-7
. . 0.18F [jc +CU\E=200 GeV AR preliminar)
Ridge: Increases with N, W .
Independent of colliding system Four L
=R b
. :"o.os:—
Jet: Approx. flat with N, B oo
Independent of colliding system ooak
01: 1|o I 1(|> <|Npal,t>
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b

Energy loss of trig_ger -"The ridge

d+Au, 40-100% [\Sm=200 GeV, WI<1.7 STAR prelimins
E " _ _ i ho.sg Cudu\
1_ [ dg”,”;_ —V, error
" %o.sz— -
’ Soal o
. o; L—Ei_ij_‘j‘_’f---
I.‘II — - 10 ‘ | — “‘"')2 1<Npalrt>
3 < p+(trig) < 6 GeV Ad . C. Nattrass QM2008
2< pT(aSSOC) < pT(trlg) ;).2 LIA-'.I! U\fSy=200 GeV \Sn=200 GeV, |A|<0.7
. . 018F E[]Cu+Cu \,f_zooe eV
Ridge: Increases with N, N *
Independent of colliding system gk )" e *
g 04 ¥
. :"o.os:—
Jet: Approx. flat with N, B oo
Independent of colliding system ooak
l)1: — .....1|0 B 1:)2 <'Npa'">

Parton interacts with medium (ridge), then vacuum fragments (jet)?
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Spectra of ridge and shoulder particles

L) N \_ .o
° 1 < is\{“' Preliminary $uf
.; [~ ) A . _§nm; T
w : * < & o LV,,,?\_%%
.g, N . 008/ \,,,+ I
E B ’ \* u:oaé
.1 0.02] | J | |
10 - 23 a4 5 6 71 8 '
: —— Ridge %
----Jet . :
102+ inclusive ;
E o 4 < pl.irg < 6
-, 6<pwg<10
10-3 L [ T R [N N
15 2 25 3 35 4 0 4.5
J. Putschke QM2006 t,assoc.
) > )
Sloperldge Slopejet
SIOpeinclusive
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Spectra of ridge and shoulder particles

L) N \_ .o
o 1 TR Preliminary g..f
.; [~ L3 . %nm?
0 : " < € o .7,,,,71\\_%”777“
g’ N . 008/ \',,,,+ +
E B \*\ u:oaé
«1 L |
10 - 4 5 6 8 Puue
: —— Ridge %
- Jet Yy \'
10%F  + inclusive
E o 4 < pl.lrg < 6
-, 6<pwg<10
10.3 I 1 l | N [ Ll [ | - — Ll 1 l Il
15 2 25 3 35 4 4.5
J. Putschke QM2006 t,assoc
: >
Sloperldge Slopejet
Slopelncluswe
>
- Slopeshoulder

"N V"L/NY/An/Ap:

_1/p

10*

Run4 Au+Au \ S\ =200 GeV Cent 0-20%

e T T T T T T | T T 1T T
; .. pT €[2.0,3.0] GeV/c fit method E
B o e mmmmees |1/S| 0.44(4) ]
[ N IU I [1/s] = 0.36(2) |
- [1/s] = 0.32(2) (inclusive)

S . 3
- o i
B o L I
F e ]
" PH ENIX R
_ Preliminary R
" e Au+Au near: (x10) 0.5<|An|<0.7 ]
_ O p+p near: (x10) 0.0<|An(<0.7 ]

= Au+Au away: 0.0<|An|<0.7
O p+p away: 0.0<|An|< 0.7 }
L1 11 I L1011 | I | 111 | I | I

1.5 2 25 3 3.5 4

M. McCumber QM2008 p? (GeV/c)
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Un-triggered pair correlations

Method: measure pair densities p(n,-n,,®-¢,) for all possible pairs in same and

mixed events.

| | Osume = Poivea AP o # correlated pairs
Define correlation measure as: o 0. oarticle
Proton-Proton fit function STAR Preliminary
=T - _,,—f"" .

dp 0

prgfoo‘_' et

03 Y '
002+ 7 PR
004

M. Daugherty QM2008
Minijet:
Same-side jet-like

correlations with no - .
trigger partide longitudinal fragmentation  HBT and ete- Minijet Peak Away-side

1D gaussian 2D exponential 2D gaussian -cos(®)

Helen Caines - Yale - Nov 2008 - Oxford/RAL

32




Un-triggered pair correlations

Au-Au fit function

Use proton-proton fit function + cos(2¢,) quadrupole term (“flow”).
This gives the simplest possible way to describe Au+Au data.

62 GeV 84-100%

M. Daugherty QM2008

55-65%

,‘.4‘ A

AT
o) n;l‘. o

A A Lt ,|"'-"-Wiﬁ“\ .
zm‘m*n i o2 BT T -

o,s-"«':
oad N
04
S




Un-triggered pair correlations

Au-Au fit function Cc:i(f,‘%)f”_

Use proton-proton fit function + cos(2¢,) quadrupole term (“flow”). N
This gives the simplest possible way to describe Au+Au data. N

Small residual indicates goodness of fit

Fit residual = data - model

STAR Preliminary

84-93% 75-84% 65-75%




Evolution of mini-jet with centrality

Same-side

83-94%

Little shape change from within ~10% Smaller change from transition
peripheral to 55% centrality centrality to most central

M. Daugherty QM2008
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Evolution of mini-jet with centrality

Same-side

83-94%

Little shape change from within ~10% Smaller change from transition
peripheral to 55% centrality centrality to most central
peak amplitude peak n width
o7k STAR Preliminary 2 STAR Preliminary
o5f 200 GeV M /
,+£62 GeV :
Mi_ /}. 1.55—
o kN el

binary scaling v (Nmn>
references <N’ >
M. Daugherty QM2008 Cpart ©
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Evolution of mini-jet with centrality

Same-side peak

83-94% 55-65% 46-55%
e Yt AN

s %oz S‘TP';RPY vvvvv 51

A O R S T O Z

o ) | “-, {
d it ‘}i‘{f

LI

| |

=gt
2 ‘“AW‘QA A 2

Binary scaling reference followed until sharp transition at p ~ 2.5
: ~30% of the hadrons in central Au+Au participate in the same-side correlation

1
A A -2 A

peak amplitude peak n width peak amplitude peak n width
o7f  STAR Preliminary 23 STAR Preliminary 07f STAR Preliminar *sTAR Prelimigar
0sf- 200 GeV 2F i 0.6 5200 GeV 2_ ’5/&"‘
0.55_62 GeV 15: o5 5_62 GeV [
04f g L 04F
1 S D "
02f .__“.'_'_j,'__'..'f.-'--'»--:-- I 0.2 """" _
0.1F f 0.1F [
T b f s o L s mrr 1 e e T
binary scali’ng Vo (M) path length v P 3 dN P
references V= < . 7> Transverse particle density p =——<%/§
M. Daugherty QM2008 part’ = 2 dT]
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Jets @ RHIC in Au-Au collisions

Au+Au 0-20% p:‘;:t ~ 47 GeV
STAR preliminary

Clearly visible in central
events on E-by-E basis

p: per grid cell [GeV]

J. Putschke Hard Probes 2008
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Jets @ RHIC in Au-Au collisions

Au+Au 0-20% p _°t ~ 47 GeV

re
tje

STAR preliminary

Clearly visible in central
events on E-by-E basis

Au+Au 0-20% pt";:t ~ 21 GeV
STAR preliminary

p: per grid cell [GeV]

—
>
)
S
®
o
2
S
o
S
o
o
a

Energies as low as
20 GeV resolvable

J. Putschke Hard Probes 2008
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Jet-finding strategies in heavy-ion

Jet energy fraction outside cone

0.4
{ " Midpoint Algorithm (R=0.7)
M 038 = CDF preliminary @ DATA
O E
\9-_/0'3:_ { —— PYTHIA Tune A
I o PYTHIA
o025 \i ---------- PYTHIA (no MPI)
r 00000 - HERWIG
0.2 _— *.
0.1 <IY*I<0.7
0.15
0.1 i
0.05 -
: R = \/An2 + A~
0 L | 1 l

s | 2
50 100 150

L " 1 " 1 "
200 250 300 350

P/ (GeV/c)

« Unmodified (p+p) jets:
~ 80% of energy within R~0.3

* Need to suppress heavy-ion background:

small jet cones areas
R~0.3-0.4
remove underlying event
Pt track Ettower >1-2 GeV

J. Putschke Hard Probes 2008
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Jet-finding strategies in heavy-ion

Jet energy fraction outside cone

—~ 04
{ " Midpoint Algorithm (R=0.7)
M 038 = CDF preliminary @ DATA
O o
\9-_/0'3:_ { —— PYTHIA Tune A
I o PYTHIA
o025 \i e PYTHIA (no MPI)
C 8 - HERWIG
0.2 _— *.
0.1 <IY*1<0.7
0.15
o1 0
0.05 -
: R = \/ AN° + A~
0 L N | . | 1 . | 2 1 N 1
50 100 150 200 250 300 350

P/ (GeV/c)

« Unmodified (p+p) jets:
~ 80% of energy within R~0.3

* Need to suppress heavy-ion background

small jet cones areas
R~0.3-0.4
remove underlying event
Pt track Ettower >1-2 GeV

Estimate background E-by-E by sampling Out-of-Cone area:

STAR preliminary

Out-of-Cone area:

3~ used to estimate mean background
=y energy and “mean background FF
S function”
= 4__»- .........
> 2_:... """"""""" Caveat: Precision depends on acceptance, event-by-
A event fluctuations and elliptic flow (small effect for
e b central heavy-ion collisions) ...
b
b.2 \
n - -?u_fb% 3 ¢ reconstructed jets J. Putschke Hard Probes 2008
.8 1
10
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Jet spectrum in Au+Au collisions

STAR preliminary; stat. errors only . .
HT not trigger bias corrected! MB-Trig: Good agreement with

+ LOCone Noin scaled p+p collisions
‘*‘ =0.4, piSeed>4.6 GeV
pe>1 GeV HT-Trig: Large trigger bias how far
up does it persist? (in p+p at least to
30 GeV)

Relative normalization systematic
uncertainty: ~50%.

Further statistics of MB is needed

Au+Au HT 0-10% oy to assess the bias in HT Trigger.
Au+Au MB 0-10% T

p+p scaled by Nbin

. l 1 First reconstructed
-8 | 1 1 | 1 1 1 1 1 1 1 1 1 r'd 0 O

1079 10 20 30 jets in central heavy
ion collisions.

black points: p+p mid-cone corrected to particle level (scaled by Nbyin)
blue solid points: Au+Au minbias corrected for pi“tand eff. using Pythia

red open points: Au+Au HT trigger not corrected for pictand eff. using
Pythia S. Salur Hard Probes 2008
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Modification of fragmentation function

« MLLA: good description of vacuum fragmentation (basis of PYTHIA)
* Introduce medium effects at parton splitting Borghini and Wiedemann, hep-ph/0506218

h
%@,ﬂ

= OPAL. V5=192-209 GeV
44—, vacuum, Ej,;=100 GeV

12 -- in medium, Ej,;=100 GeV

P

6 ?é:ln(EJet/ p hadron)

Jet quenching = fragmentation should be strongly modified at p;"adron~1-5 GeV

Can we measure this at RHIC?
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RRHIC “Summary”

We create a strongly coupled medium = sQGP

e not the asymptotically plasma of “free” quarks and gluons as expected - high pr
partons interact very strongly with it
e |t flows like a (nearly) perfect fluid with quark degrees of freedom and a
viscosity to entropy density ratio lower than any other known fluid
We are past the discovery stage = towards the quantitative

i.e. n/s, transport coefficients

First full jet reconstruction in heavy-ion collisions - probing medium
How medium varies as a function of collision energy/centrality/species
New phenomena (e.g. ridge) challenge our understanding

much remains to be done: EQOS, initial conditions (ultimately needs EIC)

Next steps

e Ongoing upgrades to STAR and PHENIX

» Vertex detectors, increased coverage and PID, improved triggering
capabilities = rare probes, heavy flavor, y-jet, ...

e Electron Beam lon Source (EBIS) to extend ranges of species (U+U)
e RHIC-II: increase luminosity by factor 5 using stochastic cooling
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The Next Energy Frontier: LHC

A unique opportunity to investigate “QGP” at unparalleled high s

Will this too create a
strongly-coupled fluid?

16 | RHIC esg/TH —]
4T ‘ _3 flavor
12 * % - .
x X7 2+1 flavor
» 10 - LHC|
S s} .
6 | SPS
4t 0 flavor
2 L
0 1

100 200 300 400 500 600
T (MeV)

Targeted Studies: CMS

RACKER
CRYSIALECAL — qot) weight ;12500 T
Overall diameter : 15.0 m

215 m
1 4 Tesla

O -

MUON CHAMBERS
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Some possible explanations of the ridge

Recombination between thermal and shower partons at

intermediate p-
R.C. Hwa & C.B. Chiu Phys. Rev. C 72 (2005) 034903

QCD bremsstrahlung radiation boosted by transverse flow

S.A. Voloshin, Phys. Lett. B 632 (2007) 490
E. Shuryak, hep-ph:0706.3531

In medium radiation and longitudinal flow push
N. Armesto et.al Phys. Rev. Lett. 93 (2007) 242301

Broadening of quenched jets in turbulent color fields
A. Majumder et.al Phys. Rev. Lett. 99 (2004) 042301

Momentum Kick Model
C.Y. Wong hep-ph:0712.3282

All qualitatively consistent with the features of the ridge
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pt systematics of di-hadron correlations

Increase ,|
pTTrigger i

2-3®1-2GeVic ]
x15 |

B 3-4®1-2GeVic ]
04T x15 ]
9. -
<
©
_Q\
®©
Z
§®)
~
®
Z T T T
=~ 4-5® 1-2 GeV/c _

PHENIX: arXiv:0801.4545

e AutAu 0-

® p+p

20 %

5-10 ® 2-3 GeV/c 1
x3.0 1}

5-10®3-4 GeVlc |

5-10® 4-5 GeV/c |

# 5-10 ® 5-10 GeV/q|

v ' N x 6.0 x 14.0 x 14.0
0.2 T
Increase ] o - >
p'|ASSOC A X T t Bt
Q 2 4 Q 2 4 4 0
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pt systematics of di-hadron correlations

Increase | zsor2ceue PHENIX: arXiv:0801.4545

) i x15 |
pTTrlgger [ . e Au+Au 0-20 %
: : ® p+p

2461200V Away-side peak reemerges
- Shoulder emerges

4-5® 1-2 GeV/c _

® ° oo .. ®e
1 1 1 1 —r—r
i 1 £10 ® 2-3 GeVic -10® 3-4 GeV/c 5-10 ® 4% GeVic | ; 5N ® 5-10 GeV/d
! ) x 3.0 x 6.0 x 14.0 x 14.0

Increase | fe fesl o - |
prAssoc TR AP LK AN el : e8te 00t
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pt systematics of di-hadron correlations

Increase 0ql 23@120eVec

x15 ]

pTTrigger

3-4®1-2GeVic ]
x15 |

PHENIX: arXiv:0801.4545
@ AutAu 0-20 %

® p+p

Au+Au yield increases
(why later = ridge)

(0] 2 4

® [ ] .... ..
b+
'_ 517GeV/C _

Increase | #Y g
p'IASSOC

5-10 ® 2-3 GeV/c 1
x3.0 1}

5-10®3-4 GeVic |

x 6.0
4

5-10® 4-5 GeV/c |

x 14.0
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pt systematics of di-hadron correlations

Increase | zsor2ceue PHENIX: arXiv:0801.4545

. i x15 |
pTTrlgger [ . e Au+Au 0-20 %
' : ® p+p

AN GerS' j Shoulder structure
' remains but gets
smaller and smaller

4-5® 1-2 GeV/c _

5-10®2-3 GeVic | 5-10®3-4 GeVic | 5-10® 4-5 GeV/c | # 5-10 ® 5-10 GeV/q|

x3.0 ¢ N x 6.0 x 14.0 x 14.0

\ 4
Increase

p.IAssoc
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High pytriggered away side RMS width

—

u+AU\IsN =200 GeV PHENIX prellmlnary

way side RMS W|dth (|A¢-7t| <1.0 rad) ® 0- 2q%
|gger 0 p =7-9 GeV | |

e
©

TTTT "T‘TT'l"l‘T'FTT'I‘TTT‘I“]"T"l“l”["

® 20-40%

® 40-60%

it BN DT R SN O R I I JV,,I,,VI,,,lV,j,.,I,.,LV,I,.J,_,;.,V | I

1 2 3 4 5 7
A. Adare QM2008

RMS Width - centrality independent
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High pstriggered away side RMS width

1= ; ; ‘
= Au+AU\/sN =200 GeV - PHENIX preliminary
= Away side RMS W|dth (|AD- TC| <1.0 rad) ® 0-20%

O'ST Trigger n° p =7-9 GeV p+p n0-h:

® 20-40%

ea060% | P9 =6.5-8 GeV/c
 o0-05% pssee = 1.4-5 GeV/c

@
RMS =0.350 +
} 0.03

PHENIX:
Phys Rev D 74 072002

4 ISR Y R SR IS S| SRR SR I

7 8 9
Partner p
A. Adare QM2008 T

RMS Width - centrality independent

Consistent with p+p data
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High pstriggered away side RMS width

U= |
= AutAu\/s,, =200 GeV ~ PHENIX preliminary
= Away side RMS W|dth (|AD- 7t| <1.0 rad) ® 0-20%

O'ST Trigger n° p_=7-9 GeV p+p n®-h:

® 20-40%

ea060% | P9 =6.5-8 GeV/c
Mt i pessee = 1.4-5 GeV/c

@
RMS =0.350 +
} 0.03

PHENIX:
Phys Rev D 74 072002

4 ISR Y R SR IS S| SRR SR I

7 8 9
Partner p
A. Adare QM2008 T

RMS Width - centrality independent
Consistent with p+p data Vacuum fragmentation?
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Composition of ridge and shoulders

=

&7 smar B[

1% Preliminay |
s
Ridge
Inclusive

l Ilillllill
5 5 3 5 6 qI.S 225 335 4455 55 6
C. Nattrass QM2008 p GeVic p_, GeVic

ridge ratio ~ inclusive ratio

> jet ratio
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Composition of ridge and shoulders

el sTar | 8]

1" Prehmmary o Jet Cone
mm Incluswe

Ridge
Inclusive

ridge ratio ~ inclusive ratio
> jet ratio

oo || Preliminaty L. [ shoulder ratio ~ inclusive ratio
W5 298398 1455 556 q|5225335445555& . .
C. Nattrass QM2008 p GeVic p_, GeVic > Jet ratio

06  —e— 0-20% Away Side
T — — 20-40 %

—2&— 70-90 %

p/m gluon jets (DELPHI)

(p+P)/(m+K™") 0-20 % + —
(p+P)/(n*+K™") 70-92 % .

" PHENIX
! n _
- ["] —]
‘ -

©
~
1 I 1 T

o
N

CY(baryon)/CY(meson)

| L |
0 0.5 1 1.5 2
M. McCumber QM2008 Py oo (GeV/c)
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Composition of ridge and shoulders

@ smar | B . =

RN Prehmmary ]JetICOne

. . . . n IV - I H . .

Inclusive ridge ratio ~ inclusive ratio
> jet ratio

| PYTIUL SUPI RS PUTTY FUSI WS USRS IR P

Rldge
Inclusive

illllilIllilllIillllilllI;llllillllillllillllill -\Prellmlnary E é ; E ShOU|der ratio ~ inC|USiVe ratio
B T K Y W N R 5225 3354455 55 6 . .
C. Nattrass QM2008 p GeVic p_, GeVic > Jet ratio

06  —e— 0-20% Away Side
T — — 20-40%
—2— 70-90 %

D o, ‘ Ridge and Shoulder similar
(p*+P)/(m*+K™) 70-92 % . pr Op el'tl es
NOT vacuum fragmentation

o
N

| PHENIX

©
N

CY(baryon)/CY(meson)

_ Energy lost by jet partons seems to
05 | be re-distributed into the medium
M. McCumber QM2008 P oeq,, (GEV/C) and freezes out in similar fashion
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trigger

*Associated
track

I T f
! d
jet+flow background C(A(p) = Same mixe

C(Ag) =by|1+ 2<v;““><v;”g>cos(2A¢)] +J(A9)

ay jet




*Trigger

C

— = cos(GM)
v

parton

0
S2=—p;v ~ C
o€

parton

C

-Away-side

 Mach angle depends

on speed of sound in "PNJL Model
medium o
* T dependent
associated p-. B

av. D75 (2007) 094015 T,

0.05 Pr,=0.8T:_: R

e, Mustafa, Ray® " .. .. | {2 1. 15 15 2
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S

= cos(GM )

V

parton

> _0p

= \% = C
Ky 5
o€

parton

C

* Mach angle depends
on speed of sound in
medium

* T dependent

 Angle independent of
associated p-. Bl

*Trigger

*Away-side

*PNJL Model
0.3 =0
Loo2
S
0.1 F ‘|J=C sssssss o
o l‘r.=0-5T_-_
6.0 Ho=0.8T, - ...
e, Mustafa, Ray® " .. .. | {2 1. 15 15 2
PReav. D75 (2007) 094015 T,
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V

C

parton

—r = cos(@c )= -

n (p )V parton

~

1
n(p)

Cerenkov angle vs
~emitted particle

—momentum '
i m,=11T,m,=3T
m,=0.5T.m,=3T
=-=-= m=0.5T.m=1T 1

*Koch, Majumder, Wang-
*PRL 96 172302 (2006)




(g) for strange hadrons

® Pion (MC)
m KOshort (MC)

e A (MC) PYTHIA

I|III|III|IIIIIIIIIIIIIII|III

MC
Eiet

e QCD predicts a <€> p mass
ordering

We observe an inversion of
KO, and A

e Similar observation from
BABAR for Kand p

2

harged Hadrons
0
short

STAR Preliminary

n!eaasured 20
E (GeV)

Pion
Proton
Kaon

Aeuiwiaid Yygvg

(120Z 080/ud-day 800z Ouall)
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d+Au Au+Au, 40-80% Au+Au, 0-5%

Observation of di-jets:
punch through

0.06

1

1 _dN
lerlg %Aq))

9 < (oosse)d




Observation of di-jets:
punch through

A1
1 —a
—wM

Di-jet trigger

0.06

d+Au Au+Au, 40-80% Au+Au, 0-5%

9 < (oosse)d

A
Select di-jets events:
Require T1 and T2 b-to-b

T1: p>5GeVic T2: p>4GeV/c

A1l:p>1.5GeV/c




d+Au Au+Au, 40-80% Au+Au, 0-5%

Observation of di-jets:
punch through

9 < (oosse)d

A
A1 Select di-jets events:

11 4_;~%/<>T2 Require T1 and T2 b-to-b
/ T

Di-iet tri T1: p>5GeV/ic T2: p>4GeV/c
et trigger A1:pr>1.5GeVic

What happens to
away-side hump and
near-side ridge if we
trigger o




Data analysis: di-jet selection

O Correlation between primary
trigger (T1) and “away-jet- -
axis trigger” (12). '

T1T2 correlation

— g
4—~%§>
T1 47 — T2

Di-jet trigger

O Require that the 2 highest p; 3
A A

particles are back-to-back in c
. T1: pr>5 GeV/

T2: pr>4 GeV/c
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» Hope to shift distribution of hard scattering towards center of
medium. Near-side parton travels through more medium

Trigger Trigger .Assoc lrigger
h

*ASsoC

N “Conditional”

charged hadro
at high-pt

Create path lengths comparable in dense medium.




dN

1
N trig R'{A¢d>
|

S

2 1 0 1 2 3 4 5

200 GeV AutAu & d+Au

Au+Au | STAR Preliminary
H+Au M

i N"J H H HH
i A

- T2A1_TH 12% Central*
+ 40-60% MB

Di-jets are suppressed

Once selected:

* No Away-side suppression
Au+Au ~ d+Au

* No Away-side shape modification




200 GeV Au+Au & d+Au N
lu+Au | STAR Preliminary Di-jets are suppressed

Once selected:

* No Away-side suppression
Au+Au ~ d+Au

* No Away-side shape modification

jﬁ Au+Au - No Ridge

12% central
++ ++ LA(‘) |<0.7
+ﬁ iﬁ#ﬁ ﬁ

#

-0.5 0 0.5

AN




200 GeV Au+Au & d+Au N
lu+Au | STAR Preliminary Di-jets are suppressed

Once selected:

* No Away-side suppression
hlﬂ i Au+Au ~ d+Au

1 2 3 4 5 N
A9 * No Away-side shape modification

+##+ 1 2/°L\A>ugén%ral ) N 0 R I d g ©

# ++ LA¢|<O.7
}# m#ﬁ# # Di-Jets don't interact with
H‘i t t medium. Tangential jets or punch
through without interaction ?

.#ﬁ

-0.5 0 0.5

AN




