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" A
Overview

m Introduction: heavy ion collisions and hard probes

[With W. Liu,
m Hadron chemistry and flavor conversions Phys.Rev.C77:054902,2008
Phys.Rev.C78:037902,2008]

m Tomography + development of a new test environment
[In progress, with R. Rodriguez ]

B Summary
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Matter in Extreme Conditions

— Radius of the Visible Universe —»

-:-
Inflation
Quark Soup

m Evolution of the universe:

Microseconds after the Big Bang we
start with a hot soup of matter

Quarks, gluons (and leptons)
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Quark Gluon Plasma

m  Asymptotic freedom & lattice QCD predict deconfinement of quarks and

gluons above a critical temperature T, + restoration of chiral symmetry.
Static quark potential (Karsch et al.)
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How to Produce 1012 K Matter?

®m [nnature: not o extreme energy

COSIMIC rays imr
(100 AGeV) Au ———»

et 4: pT=24.7 GeV, emf=0.25

143
-

MET: 9.0 GeV/

[jet 2: pT=35.4 GeV, emf=0.49/511;

m [n the lab: high
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Sketch of a HE Nuclear Collision

. ? *p+p(/20)
m  Where is the QGP? 79{1“ P
m Hierarchy in Momentum Space: (hsh™ )2
m Soft particles (P; <1-2 GeV): Bulk fireball

1 Equilibration, thermalization — Quark Gluon Plasma

. STAR Collab.
PRLO1, 172302

o Nuclex/0305015
L]

L]

Ed’o,sp/dp® (Mb/GeV?)

1 Non-perturbative dynamics
.
| I | -] I Ll I I

m Hard particles (P;>1-2GeV): Rare probes e S T
1 Hard probes of the bulk fireball (QGP) 99% 1% P (GeVic)

1 Creation: perturbative, FSI: maybe perturbative.

Some particles accelerated much
more: fast probes.

Fireball

Rainer Fries TIFR 2009
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Sketch of a HE Nuclear Collision

o 16
m Where is the QGP? S 0 *Pip(E0)
0 STAR  \s_ =200 GeV
m Hierarchy in Momentum Space: 3 15 (h'+h )2
. ) @ . 1
m Soft particles (P; <1-2 GeV): Bulk fireball < :f
=1 Equilibration, thermalization — Quark Gluon Plasma mgz i " STAR Colish
1 Non-perturbative dynamics . ‘05 ¢ uhe0s0s01s
10 .,
m Hard particles (P;>1-2GeV): Rare probes 16 T S S
oft “Hard
1 Hard probes of the bulk fireball (QGP) 99% 1% P (GeVic)
1 Creation: perturbative, FSI: maybe perturbative.
< 1fmlc ~ 10 fm/c Time
Initial stage Quark Gluon Plasma Hadronization Hadronic Phase

Rainer Fries TIFR 2009
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Bulk Fireball: Temperature and Pressure

s Hadron ratios: thermometer # , [ o ™
Chemical freeze-out around =
175 MeV - " .
5 ¥ STAR i :
Low net baryon number LA — PHENIX o : -
= O PHOBOS > :
» ) — A BRAHMS -{r E <
(T ) g i P d P B S =130 GeV % _%_ : Sra=200 GeV
n' — j £ odel re-fit with all data E icti
I ! ILI 272-2 S e(EI —Hi Bi _:uSSi )/T i 1 1o g_ #Il:d‘l 7!'6 Mﬁ(:\.l", " u':‘i :;1 MeV i E yidﬂ?ml\cflon:?rz 20 MeV
Braun-Munzinger et al., PLB 518 (2001) 41 .D Magestro (updated Julyﬂ.aﬁ]

m [ow- P;spectra: explosion-like blastwave
Well described by hydrodynamic )

evolution.
Expansion velocity g, ~1, #~0.5-0.7

T T T
O 0-5% (x5 3
® 515(x2)
0O 15-30

4 30-60

1/(2np;) d Nidpdy (c 1Gev)

dszin (V) RIKEN BNL i i TIFR 20(
\3/_" _ Y FResearch Genter Rainer Fries Py (GeVic)
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Bulk Fireball: v, Phenomenon

m Finite impact parameter b > O:
1 Spatial anisotropy in the initial state

1 Momentum anisotropy in the final state

Rainer Fries TIFR 2009
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Bulk Fireball: v, Phenomenon

m Finite impact parameter b > O:

Spatial anisotropy in the initial state

Momentum anisotropy in the final state

m Fourier analysis

aN___ dN 1+22v )cos(ng)
PdPdp 24P dP,

v, = second harmonic (“elliptic flow™)

m Described very well by hydrodynamics ¢ S =
' » 377 % b
— My s 1031 % 4
zt'\.l 0.3~ Hydro model STARlKg ®A+A | 121. ) . 0_10 %
3
5 1t
v
o
§ 0.1 0.8
§ 0.6
<CE ok ! 5'
Transverse Momentum p (GeV/c) 04 ' ' . . ' -
0 0.5 1 15 2 25 3
R ¥ (rad
I\') Rainer Fries TIFR 2009 qjlﬂh plane ( ) 1
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Hard Probes: Jet Quenching

m Simplest possible probe: measure opacity of the medium
1 Drag force on QCD jets or hadrons - jet quenching
1 Most models: energy loss of the leading parton.
1 Related to broadening in transverse direction.

m Energy loss determined by the momentum transfer in

collisions )
U

1 Sensitive to transport coefficient § =—

= momentum transfer squared per mean free path/collision.
m Several calculations on the market using different sets of assumptions, e.g.

Perturbative plasma in Extrapolated from DIS
the high temperature limit off large nuclei (e+A — h+X)

5 & RIKEN BNL Rainer Fries TIFR 2009 12
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Energy Loss

m Example: higher twist | |
1 Compute modification to evolution equations of q 175 | q
. . . . ¢
o

fragmentation functions in DIS on large nuclei. P % . %

27a,C, | 1+72 Tog _ i -4
qu_)qg( %I ) N Im: ( ){(1_2) qu(x,xL)+5(1—Z)Aqu(XJTZ)} qu number of gluon scattering partners ~ gL

c'T "q/A
m Destructive interference between poles — LPM effect

QZ
m Expected shift in energy (Az) =j dly

0

1
j‘dz&zA Idx R, RA--AZ’3
0 XL XA

m Extrapolate to nuclear collisions.

[X. Guo, X.N. Wang, PRL 85,3591 (2000): NPA 696, 788 (2001)] .,
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Jet Quenching: Results

m RHIC: dramatic suppression effect for single hadrons

dN,, /dP,

R —
MON, ANy, /dP:

coll

Nuclear modification
factor

Factor 4 ...5
suppression

of the particle yield
for P> 2 GeV

Rainer Fries

S[PHENIX Preliminary

| Au+Au, \s, = 200 GeV T

4 direct y 0-10% §f 1 0-10%

§ 7° 0-10% (PRL, 101, 232301)

$ (p*P)/2 0-5% (PRC, 74, 024904)
§ 00-10% $ ©0-20%

§ (K'+K')/2 0-5% (PRC, 74, 024904)
E] open HE e* 0-20%

HH .............................. + +.+.+.+EH.++
l#.- %HHHEHHB + »
.35 A !
Tkl B i
2 3 4 5 7 é;(éeﬁ;c1)“
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Jets: Correlations

m  Away-side jets vanish

=1 Trigger on a high P; hadron and look for associated hadron as a function of relative

azimuthal angle and rapidity A T B e e B B SR
- e d+Au FTPC-Au 0-20% .
—~ 0.2 —
E - k- — p+p min. bias ﬁm .
e, - i
= - * Au+Au Central .
'c - .
= i i
= B i
ORHS ;

| ] I ] |

L :I,, ! 1 2 L
- : A i
ey Away side s
LI gone/diffuse 1 :
l-..I..:-
|:—... STAR

) 1 2 3 5

o Broadening/Ridge on the near side A+A
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Towards Precision Measurements (?)

=

-
o

. ~ 2 0.2 407 1% X
m Fitsof 4 to data have begun. oo i JEaZltos (Std) £oo 2S5 “n
. . - g,=29 7 (1std.) £7 (2std)| 3. &
m Different energy loss models give < 08 Le—m Ct0) Fos (250) ElE
: — o7-i [J. Nagle, HP 2008] A1 =
vastly different results. - =
y [SA Ba.SS et al E 0.6;— [Formahsm _;5 |
G(7, 7) ASW HT AMY < o5 Zhang, Owens Wan92] EMEE
scales as qo qo do i 0.4 g . a §
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1 . . 0.2 =7
m  Within a fixed model different observables Y o k)
give incompatible results. .| b T e
1.2 o 346 16 252 5456 2573
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m [ots of details matter!
Calibration (shadowing,  08f - oy T
Cronin effect) = | o o S B0 for
0.6 e R, — —
Treatment of the initial i i | —o—
. s —— Total == ase ii): q(T)=q(z.) for <t
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" A
Details: Initial State Effects

m First hurdle: initial state nuclear effects

m Shadowing, anti-shadowing, EMC effect on nuclear parton distributions

Large uncertainties, in particular for gluons and at small x.

Pb Pb b [Eskola et al., (1998, 2008)]
HV le-_,' (&
2 1.2 : £\ 112
O 1.0 e Ry o= A 10
> e B Zu Y Ao
2 0.8 - o e § 0.8
| F —— This work, EPS08 s nininp=s——— ol K : 1

e 0.6 - —- EKSO8 = R - 0.6
@ 04 = = = HKNO7 (LO) 4 404
ol - —— EKPS T 1
= 02 —— ups o T 702

0-0 1 |||||||| 1| |||||||| r!l |||||||I L J| |||||||| 1 ||||||.|] -| |||||||| I LRI 1 |||||||I 1 |||||||| r}l |||||||| Lt 0-0

10t 107 107 10! 10" 107 107 10! 10" 107 107 107
x x T “AutAu. 200 AGeV .
I Prompt y, NLO pQCD — *Stadoning
m Cronin effect 1
m  We can use photon/dileptons production <
in A+A to check our understanding. =
m FElectron-Ion Collider!
.l AE~0.06E
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Chemistry of Hadrons at High P+

Rainer Fries TIFR 2009
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Hadro-Chemistry at Low and Intermediate P+

m Remember: hadron ratios given by statistical model.

i,

i LH]
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¥
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PHENIX
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/. BRAHMS

5 =130 GeV

Model re-fit with all data
T=176 MeV, p, =41MeV

.{,.

3

X

.

= x50

ﬁ.
-

—

s =200 GeV

1 | Model prediction for
H T=177 MeV, p, =29 MeV

Braun-Munzinger et al., PLB 518 (2001) 41

m Intermediate P: baryon/meson

ratios and scaling laws led to
quark recombination models.

Rainer Fries

Ratlo

D. Magestro (updated July 22, 2002)

1.8 proton/pion anti-proton/pion
1.6¢ 1 owm AusAu0-10% E
1.4F JE A a  Au+Au 20-30% J
) o @ Au+Au B0-92% 1
1.00 | % p+p.Ns=53GeV,ISR ]
TR --- &'e, gluon jets, DELPHI
1k + | I e'e, quark jets, DELPHI
0.8F + I
0.6¢
0.4r
0.2¢
Bt

p; (GeVic)

p; (GeVic)



'_
Hard Probes Revisited

m How else can we use hard probes? Measure the “flavor”)

m  Obviously: flavor of a parton can change when interacting with the
medium.

m Here: very general definition of flavor:
Gluons g
Light quarks q =u,d

Strange quarks s

Heavy quarks Q = ¢,b

O O 0O O 0

Real photons, virtual photons (dileptons) y

m  Measure flavor conversions — jet chemistry

Example: Schdfer, Wang, Zhang,
HT formalism

) 1
'-\('D Research Contes Rainer Fries
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Jet Chemistry

m Flavor of a jet here = identity of the leading parton.
Flavor of ajet is NOT a conserved quantity in a medium.
Only well-defined locally!

—— (@
m  The picture here: M M
('0—0—0_060_—-__

Parton propagation through the medium with
elastic or inelastic collisions

After any collision: final state parton with T
highest momentum is the new leading parton (“the jet”) o

m Hadronization: parton chemistry — hadron chemistry

Hadronization washes out signals; need robust flavor signals on the parton side.

m  Other mechanisms might also change hadron chemistry in jets:
E.g. changed multiplicities

[Sapeta, Wiedemann]

Rainer Fries TIFR 2009 21




Applications: Photons

Photons for Au4+Au at S-I"J_.-f'. 200 el

FMS PRL 90 (2003) |

= from etz through QGP
— — lhrect photons

- == Bremsstrahlung

== [hermal photons

10
Photon and dilepton S
conversions: b o |
[RIF, Mller, Srivastava] :? -
[Srivastava, Gale, RJF] &
[Zakharov], ..... 10T
[Zhang, Vitev] T
107"

First estimate:

Competitive photon sources for P;~4-6 GeV
at RHIC energies, even more important at LHC.

Experimental situation: not resolved

From a recent calculation:

[Turbide, Gale, Frodermann, Heinz]

Rainer Fries

TIFR 2009

8 10 12 14
pr [GeV]

1 I:l-3 T T T T T T
Au+Au at RHIC

0- 10 % Central — Sum

dr\'T_.-'d‘p]_d} [GeV ™

= PHENIX

- — - prompt-direct 3
1et-QGP (non-coll)
[ JEt-QGP Izl:':'].l:l
- — - prompi-frag.
— = Thermal QGP




Applications: Gluons and Protons

m Gluon © (light) quark conversions [Ko, Liu, Zhang; Schéfer, Zhang, Wang; ...]

m  Available in some jet quenching schemes (HT, AMY, ...)

. . | + ® 0-12% AutAu | =i e ete (pHp(TTHT)
m Relative quenching of gluons and @ oo awan | P Recombination
factor 9/4 O d+Au | Fries:CoalescencHJet_
Not explicitly observed in data 0 !E. i % I ?:o“
, . T 1 .

Shouldn’t be there in a system J%’ o >a 5 : ? ! :

path! ..... \ ........ W % » J;l :
e -4 1 t J ]
0.5} e R q wl/o conv- :|..‘.‘!.|...|...|...|...|...|:|(3..|...|...|..-.‘|-.".-."|-T-.-T-|:
0 2 4 6 8 10 120 2 4 6 8 10 12

Transverse Momentum P, (GeV/c)

m Ko et al: elastic g <> q conversions
Lose 30% of quark jets at RHIC

enhance p/n ratio; need elastic cross
sections x 4 to get p+p values

= e Dependence on fragmentation
&) Onan p_ (GeVic) functions!

h.
04f\,

§0.3 ‘ e
14




Why Could It Be Exciting?

For chemistry, momentum transfer is not important (unless there are

threshold effects)

Rather: flavor conversions are sensitive to the mean free paths A of partons
in the medium.

Complementary information, could help settle interesting questions
Many interactions with small momentum transfer?

Few scatterings with large momentum transfer?

But: measurements will be challenging

Need particle identification beyond 6-8 GeV/c at RHIC, outside of the recombination
region.

Rainer Fries TIFR 2009 24
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Two Examples for Rare Probes

m Example 1: excess production of particles which are rare in the medium
and rare in the probe sample

jet

photon
el dN rare B i N jet . N rare, excess B L
dt A B A

Example: photons
Need enough yield to outshine other sources of Nrare,

m Example 2: chemical equilibration of a rare probe particle

g S S
-_—— _ ~ B0,
Wjet—( j ~5% @10GeV for RHIC
jet

u+d
E eg. g+S—>S+g ( s

) ~50%
u+ d medium

Coupling of jets (not equilibrated) to the equilibrated medium should drive jets towards
chemical equilibrium.

ce

Example: strangeness at RHIC

:: < A-'N‘:_ \ . .
SORLLA ‘y PNETY DTS, Rainer Fries TIFR 2009 25
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Conversion Rates

m Coupled rate equations for numbers of jet particles (flavors a, b, c, ...) in a
fireball simulation.

dN*
dt

1 gdp, d°p; d°p,
= f(p)[L= f
2E, J (27)°2E, (27)2E, (27)2E, ()1 (R

X‘M12—>34‘2(27f)45(4)(p1 + P, = Ps— p4) = <‘M12—>34‘2>

=—>T*"(p;, T)IN*+> I**(p;, T)N°
b c

m Here: reaction rates from elastic 2 — 2 collisions

q+q<>g+g q+q—>y+d 9+Q«<>Q+g
d+g<>g+q q+9—>y+( g+9<Q+Q
Quark / gluon conversions Photons and dileptons; Heavy quarks production?

inverse reaction negligible

m Need to compare to 2 — 3 processes.

m Non-perturbative mechanisms?

Rainer Fries TIFR 2009 26
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Results: Protons

m Use the model by Ko, Liu and Zhang:

Rate equations plus energy loss.
Elastic channels: cross sections with K-factor

Longitudinally and transversely expanding fireball
m RHIC: 7;= 350 MeV @ 0.6 fm/c
m LHC: T,=700 MeV @ 0.2 fm/c

m Use double ratios to cut uncertainties from fragmentation functions.
_ (P77 ) _ Ria

(7 R

7/p/7fr

__—Recombination regiod-

I 1 T 2 i ! \ .
‘K/—4 : e yith cONV
Au+Au @ 200 GeV =4 ——with conv |
1L ] - : = = /o cow
K=0 w/0 conv _
Au+Au < F:E'Pb
-_g 'E:g 1 LI S:\:sl = 200 GeV | E.’_: 1 _ SNH = 55 Te'"’lll ]
i o3 0 3
e 14 /:j-
‘-ﬁ >— - T i - - - - - - - -_ # - - - = -
0.1} _ ] _ -
[Ko, Liu, Zhang] [Liu, RIF]
1 | | L ! 0 . - - L - . - L L 1 | [ P NP PR NP RPN EPR
0 2 4 6 8 10 12 4 6 8 10 12 14 5 10 15 20 25 30 35 40

P, (GeV) p; (GeVic) p, (Gevic)
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Results: Strangeness

m Kaons: see expected enhancement at RHIC

Measure above the recombination region!

1.0 ; ; ; ;
Recomblnat!on\-’ — with cany
region past = = wio conv
Au+Au
08 s, = 200 GeV
- ]
B =L
04
0.2 I e
1-{] 1 1 N L 1 N L 1 N L]
0.0 ' - ' - ' _
4 6 8 10 12 14 - — \With conv
P, (GeVic) 0.8} — — w/o conv :
Pb+Pb -
m Noenhancement at LHC 0.6} s2=55TeV _ _ —

Too much initial strangeness!

Maybe it works with charm at LHC?

0.04

A 1 " L A 1 " L A i i "
2005 5 10 15 20 25 30 35 40
) AEnEIy oL i i TIFR

e Rainer Fries pT (GEVJ".C)
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Numerical Results: Heavy Quarks
m Have to take into account threshold effect
m At RHIC: additional heavy quark production marginal

m [ HC: not at all like strangeness at RHIC; additional yield small

Reason: charm not chemically equilibrated at LHC

Results in small chemical gradient between jet and medium charm
Also: threshold effect

o2 +—— 7 c0i0 m—————m—7—7—+—7—"+—T1T—"—7
oosl  —— dN°  /dN° | 0008 —— gN® /dN° ]
conv Ini | conv ni ]
< I K=4 1 £ 0.006 |- K=4 1
QE 0.06_— g; i ]
8 | | 8 0.004 + .
O C . _
0.03 .
0.002 -
+| LHC 1 I LHC ]
poob— 0.000 ' ' ' ' ' .
5 10 15 20 25 30 35 4 5 10 15 20 25 30 35 40
p,; (GeV/c) p, (GeV/c)

¥ ; :N‘:. \ . .
B \ Y Rescarcn conter Rainer Fries TIFR 2009 29



Elliptic Flow v, SQ’»D

m  Azimuthal anisotropy for finite impact parameter. V7 | KZ
4 !
m Three ditferent mechanisms: X
Initial Final anisotropy
anisofropy Elliptic flow v,
Bulk pressure collective flow >0
gradient
saturated hard | path length quenching v, >0
probe
rare hard path length additional v, <0
P; probe production
& [Turbide, Gale & RJF, PRL 96 (2006)]
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Photon Elliptic Flow

m Have to add other photon sources with vanishing or positive v.

[Turbide, Gale, RJF;
Chatterjee, Frodermann, Heinz, Srivastava; ...]

008w
. 0.06 | Data from PHENIX praiminary
m Status:
0.04|
Large negative v, excluded by experiment. 002f = = B m e e e = = = :
.. ) o - ]
Large uncertainties from fireball model? O N A AR
o004l with conv = = = -jet-photon conv |
-0.06 | Au+Au - - - iniial production]
025 L - L L L L L L L B L L L L B 'G.DE'SNN=2mGev --_]Etfragment
== jet-frag.fjet-brem. | | i -0.10 . .
— N-N =+ jet-th + th-th - 4 5 8 10

0.2F = inclusive (R+F) n
= inclusive (F)

p, (GeV/c) [Liu, RIF]

0.15 | ® PHENIX. inclusive | } N ]
= ! ] [ 1 oosf ' '
ol 1L . 7 0.06

g %\ | I AN |
", "~ o004 -
0.05} { . =l Pl
Sl - - 002}
- ___‘.-_"\J-i P o / — 1T e e S e s S S S e e
0-" - ,/ - ~ um iiiiiiiiiiiiiiiiiiiii
t— >
L, 020% W 0021 o conv
O 5 T 83 4 5 6 7T 8345678 -0.04 F 20%—30%  —— iotal
Pt (GeV/e) -0.06 | AutAu = = = initial production
: 008|512 =200 GevV — —jetfragment ]
[Turbide, Gale, RJF] -0.10 e
4 [ 8 10
'/ Rescaren Contor Rainer Fries TIFR 2009

p, (GeVic)



Strangeness Elliptic Flow

m Strangeness as non-equilibrated probe at RHIC: additional strange quarks

have negative v,.

m Expect suppression of kaon v, outside of the recombination region.

20--30%
| Au+AuU @ 200 GeY = = u.d |

L3 s

—

w/ conversions

Rainer Fries

20--30%

| Au+Au @ 200 GeV = =ud |
- mea 5

w/o conversions

—

L oyt

P, (GeV)

TIFR 2009

Recombination taken into account

0.3

20-

30% Au+Au @ 200 GeV
- — K,

0
U

o K, STAR

o 7’ PHENIX |

[ —
el s

32
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New Results from STAR

[Liu, RIJF, PRC (2008)]

m STAR at QM 2009 1.8

s A T ap’
1.6F O ptp
Kaon enhancement seen 14F ¥ kaon
between 6 and 10 GeV/c. 1ob FRiEeR T kaon w/ jet conversion
e, “F ~we k@oN W0 jet conversion
=% AF
. . . & & :
A first signal for conversions? ‘o g gF
0.6
Caution: p enhancement 04F
too big. 02E
0

m Blast from the past: remember strangeness enhancement from the 1980s?

Rainer Fries TIFR 2009 33




New Simulation of Hard Probes

Rainer Fries TIFR 2009
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" A
Plans for the Near Future

m We develop a standardized test bed to simulate N jets/hard particles in a
fireball.

Part of a NSF project with R. Rodriguez, R.J. Fries, E. Ramirez
m [nput:

initial phase space distributions
background (aka fireball)

specifics of dynamics (energy loss, fragmentation)

m What it should do:

Evolution of particle distributions;
(modified) fragmentation and hadronization

analysis of results in terms of experimentally relevant observables

0N \ . )
ROl \ Y Rescarn contor Rainer Fries TIFR 2009 35




"
Propagating Particles in a Medium (PPM)

= RAA_pi0b3.2 fluc 0
+ RAA_pi0 Phenix O-
10%

m Some results from the testing process R, = INwm/dR
Using vacuum fragmentation and h NeoydN , / dPy
GLV average energy loss v
) B
AE = S5% £ 12 10qE
4 A dacly }
m Neutral pion R, vs PHENIX data . ',,.’ i
02 e
) M 3

Estimate Q= % ~ 2.5GeV?/fm

m Triggered away side fragmentation function for charged hadrons.

! == pi0-trig b3.2 fluc 0

;= Pra D(z) R STAR preliminary > D(z) STAR pic-hi-
== [3(z) prompt-pi+/-
T1 0.1 » @ b3.2
==[(z) gamma-pi+/-
g b3.2

Direct photon trigger ~
Ch. pion with ° trigger

8-16 GeV trigger P

Direct prompt photon trigger _

—
0

G W o 0.3 0.5 0.7 0.9 1.1 13 15 17 19 Z
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Propagating Particles in a Medium (PPM)

y

m  Map functions

Example: emissivity for 8-10 GeV up-quarks
going to the right, b=7.4 fm collision of Au ions.

m Goals:

Build a flexible test bed for hard and electromagnetic
probes.

T

Comprehensive, quantitative studies of observables. ST ;
photon/Z - jet/hadron correlations at NLO accuracy. X

m  Understanding photon/Z - jet/hadron correlations <> understanding
electromagnetic sources and conversion processes.

m Eventually code can be made public and/or be made part of a larger effort
(Techgm, JET)

_;" /-\I N N
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Jet-Photon Correlations

m Additional photons are background for photon tagged jets.

m  Turn this into an advantage: measure photon spectrum opposite to a jet of
known energy to disentangle different sources.

m Photons opposite 10 and 20 GeV jets:

—

o|
-k
o

v opposite P, = 20 GeV jet
b=0 fm

v opposite P, = 10 GeV jet
b=0fm

—t
o|

an 1 OGN G BN O NN O &
2
.(

dN/dP;,dP,dy,dy, (GeV/c)>
3
dN/dP;,dP,dy,dy, (GeV/c)>

e 107
10_ ‘q""'-..._‘ E === Direct ~y DU -
..... ' wanne Jel-ry conversiq g H
=== Direct 7y “*..J 10 . — Totz?i Sm “"s._.. ']
""""" Jel-y conversion ! g e
= Total :
1 -1 : . i ; i 1 -12 " : 2 ; : . "
2 4 5 6 8 9 10 . 4 6 8 10 12 14 16 18 20
Pr1 (GeVic) [RJF, DNP 2004] Pry (GeVic)
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First Results: Resolving Spatial Structures

Rainer Fries TIFR 2009
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Probing the Spatial Structure

m  What can hard probes tell us about the spatial structure of the fireball?

Or: can we do true tomography?
Seemingly hopeless: we sum over many events and only see an average fireball.

m  What is the effect of an inhomogeneous fireball on hard probes?

Realistic initial conditions with fluctuations have been studied for hydrodynamics.

Applicability of hydro and elliptic flow seem to set some boundaries for times > 1 fm/c.

Hard probes from the surface layer and in peripheral collisions might be affected by
fluctuations in the background.

Rainer Fries TIFR 2009
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Probing the Spatial Structure

m Use events with fluctuating transverse profiles of the energy density.

m  Check single pion spectra:

Have tried simple transverse profiles with Gaussian fluctuations.

Here: initial state Glauber estimates of the number of participants (i.e. no energy flow

build-up taken into account that would wash out inhomogeneities);

~ 3/4 3/4
Assume (oceg™ ocn ..

Will run some existing initial state simulations (e.g. GLISSANDO)

For every observable take average over events. YT

R # RAA_pi0 Phenix O-
AR 10%
0.9

08

07

As expected: fluctuations lead to slightly
less suppression.

06

This can be absorbed in the definition of B

energy loss parameter, " " { +
Fit data well with § = 3.1GeV/fm? : % A 1
Nothing won, effect no longer observable. | i

0.1

But the extracted strength of energy loss O
changes by 25%. Add to the list of uncertainties * *+ = & " = o« w® o =
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Probing the Spatial Structure

m Centrality dependence and P dependence:

m With inhomogeneities dependence stays the same after rescaling of q .

Results fit PHENIX pion data.

m  No signature.

.)/I Research Centar Rainer Fries

TIFR 2009

= RAA pi0b3 2 fluc 0

un RAA pi0b3 2 fluc 2

= RAA piObT4fluc 0
RAA_pi0b74fluc 2
RAA_pi0b11 fluc 0

e RAA piOb11 fluc 2

+ RAA_pil Phenix 0-
10%

# RAA_pi0 Phenix 20-
30%

@ RAA_pi0Phenix 50-
60%
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Probing the Spatial Structure

= Elliptic Flow v, “ " ThL }

) 012 .
S [
> 0.1 v
) ‘ \\'/' 0.08} | ]
] b
Y |-
u _____ \ ,12 VA 0.06 L | A

—v2_pi0 b3.2 fluc 0
wiy2 pi0 b3.2 flue 2
v2_pi0 b11 fluc 0
v2_pi0 b1 fluc 2
+ v2 PHENIX 0-10%
@ v2 PHENIX 50-60%

X 0.04 v

{52 N A
5407\ Y Resenian centor Rainer Fries TIFR 2009
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Probing the Spatial Structure

1.00E-008

m  Dipion spectrum: e ., P,=10GeV — pi0-pi0 pti=10
P.dP.,P.,dP., b3.2 fluc 0

Visible deviation with 1 D0E-009 PRI IT.Ba 2.0 2
inhomogeneities

1.00E-010

1.00E-011

1.00E-012

0 2 4 & g 10 12 14 16 18 20

0.5

04 P, =10 GeV
0.3
m Relative deviation on linear scale: o2 .

0.1 ——

m 10-20% reduction in correlation - =l mEa
-0.2 |

== (fluc-mean)fuc

strength after redefinitionof § . 7.4 pi1=10 Gov

-04

-0.5
0 2 4 & g 10 12 14 16 18 20
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Summary & Outlook

m Hadro-chemistry for hard probes
Flavor changing processes are present in jet-medium interactions.

Jet chemistry contains information complementary to jet quenching measurements.
Predict strangeness enhancement at high Ps.

m  Work progressing on a new framework for studies of hard and
electromagnetic probes.

m  Study of partons in inhomogeneous backgrounds:
Found 25% change in the extracted quenching strength to explain the data.

Even after adjusting the quenching strength, up to 20% secondary effect visible in elliptic
flow and di-hadron correlations.

¥ :N‘:. \. . .
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Pressure

m Finite impact parameter b > O:
Spatial anisotropy in the initial state

Momentum anisotropy in the final state

B Space <> momentum space

Bulk/soft particles

4 Test EOS
of the system

Force =-VP

Rainer Fries TIFR 2009
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Two Great Discoveries

m v, scaling for mesons and baryons

— PHENIX
A Kr4K™ PHENKX o A+A TR
i Kg STAR s = STAR
0.1 —
— :
8] &
K 4 *
o o%;‘;?" FS 4% + +
0.05 . ﬁ ] —
o A%
&
1] !
1 ] T e O —
] L ] | |
0 1 2 3
Transverse Momentum p/n (GeV/c)
—
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Instantaneous Coalescence

Simple realization of a recombination model

Recombine valence quarks of hadrons (0 — M qqq — B

Dressed quarks, no gluons _ _
Meson Wigner function

Py
[nstantaneous projection of quark EN
M _
states on hadron states: P Cy _[Wa ®w, D,
2

[Fries, Muller, Nonaka, Bass] . ,

[Greco, Ko, Levali] Production hypersurface Product of quark distributions

[Hwa, Yang]

Recombination itself does not make absolute predictions. If successtul, it
predicts the difference between hadron species — chemistry

Rainer Fries TIFR 2009 49



Eartlc‘e composition in “jet” and ridge

251 2.9 >0 5
p + pr' +1T e AuAu 200 @ inclusive P 0-5% Au+Au M ridge, 0-10% Au+Au <_:|_ f_ o
_ = dAu 211 inclusive P, 20-40% Au+Ay jet, 0-10% Au+Au >0 %
o0 2__th”9 > 4.0 GeV/C A pp 1 8__ inclusive pT‘ p+p ° A jet‘ 0-54% Cu+Cu C C E
S | - = ol A P i <« OF
S 15 2.0 <pys0e< pge o m1'6: % . e @ 5
o X 1.4 ® .1 ¢ BE2
o r N ’ a9 =
g o1 & . . 38 =
S 1 e F 4 N T
= . F = < 0.8 L ® o SHF8
— 8- |
0 d 0'5_|-|- e T L [ ‘ I . E puNe)
< - 0.6- e® |- Z<= 3
- L - * I 1 1 DO
\(3/ 0— " L 0.4 .. I ,.[\ ‘ . 3 Z@
[ 0.2 A - Ly N
§  Faemmoctmn Y ...l ... STARpreliminary 83
(/3) _0.51II-+!5II:2I'I2I‘5II I3 il3‘|5I'II4III4I..|5IIII$III5I-|5IIII6 % 1 2 3 a4550c 5 6 (n
8 P, (GeVic) P3¢ (GeVic) 2
Au+Au: 2<p,"9<3 GeV/c,Cu+Cu:3<p,"9<6 GeV/ic &
06 B Near Side E
g _—o—_ 20{;2400 ’:/0’0 r}; % 0.8 __PHENIX Preliminary |
0 L —&— 70-90 % e | v = 1N, dNZdp, ) . .
§ 1 e omen |2 E T oo 1 Baryon/meson ratios:
> (PP 4K 020% |8 @ L e e *‘iet”: smaller than inclusive
Q x 9 - !
—_— < - - - -
S | S 8 04f - and similar to p+p
|—\ 2 - - - - .
80.2¢ * N E e © | eridge: similar to inclusive
> 5|8 @ 02t - .
(®) ] w [ 1
0 (P O O LV W [ e VI |
| é | A | | 0
0 — ' S 0.5 1 1.5 2
0.5 1 1.5 2 ¢ Pt assoe (GEV/C) o
P, (GeV/c) @ Jana Bielcikova, Hard Probes 2008
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Hard Probes

m Hard processes & QCD jets
m  Our hope: this is a well-calibrated tool.

[ perturbative calculations available

O p+p baseline experiment

0
T
m Description of initial hard process based on QCD

. . I PHENIX Data
factorization. — KKP NLO

----- Kretzer NLO

E*d’c/dp’ (mb-GeV *.c?)

A+B—H>C+X __ a+b—c+x 10° |-

a,b,c
Parton g .

PDF | | €ross PDF | | FF
section

........

Aclo (%)
o

m p+pindeed well under control:

(Data-QCD)/QCD

i 5 10 15
pr (GeVic)
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Higher Twist Fragmentation Functions

Rescattering of the final state partons oft | ¢ |
the nucleus. \q m q/‘j

|
Twist-4 = double scattering or interference @ | P +:kr§ : %wL bro o
between single and triple scattering S0 wm | v T
Hadronic tensor W in lowest order in o, |L |C |R
, |
dw # N - ,
] L A7 ST LX) eI Y w o
h q ¢
xp *3p+ krE %xzp +hr § 1P
Modified fragmentation function

2
~ di2 o, fdz

DQ/h(Zh'luz)z Dq/h(zh"uz)—i_ I[Fith ¢ % Q/J
: Z, |

TIARa2BOFries
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Numerical Results: Photons

m Real photons (RHIC): [Liu, RJF]

T T 2.0 T L} T T T T N ' T T 6 T T T T
N --- frag I — with conv — with conv
§ 10 ---= jet-conv : 16l - = w/o conv ] 5 — — w/o conv
@ 10° initial i e PHENIX prelim | Au+Au
1/2
e | o PHENIX 1ol | <4 s!? = 200 GeV
g 10 o -~ total - lll l L | o
Q'__ 107 0.8+ = :E 3r d
o with conv _ L _J.l_i R N 4 o aion B
x}- 10-3_ A#]Q-FAU t . _:\“h_ 04} AU+‘AU i 2 b o o T |
=2 o0 Sw=200GeV T - s? = 200 GeV
" 1 L 1 L 1 . 1 . 1 0.0 " 1 . 1 R 1 N ' N | . 1 L 1 L I 1
4 6 8 10 12 14 4 6 8 10 12 14 4 6 8 10 12 14
p, (GeV/c) P, (GeV/c) P, (GeV/c)
m Real photons (LHC):
,,,,,,,,,,,,, T 1.6 6 ——
o 10°} — with conv — with conv
S M - - - fragmentation — — W0 con gl
S 100K -=== jet-conversion + 1.2¢ w/o conv - = = w/o conv
5 initial Pb+Pb Pb+Pb
S I 12 <4
= 40° s..=55TeV K s2=55TeV
~ < 08 NN o NN
T A 4 %3
a 10°F  with conv 4 == =
g -7 P1tar)2+Pb T 0'4 — - - i 2 _\~ . —
%* 107 §'® =55TeV : _ _ _ ——— e ___
4 6 8 10 12 14 16 18 20 0.0 R 1 . . : : :
p- (GeV/c) 4 6 8 10 12 14 16 18 2 - 6 8 10 12 14
! p, (GeV/c) p; (GeVic)
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Numerical Results: Strangeness

m Kaons (RI—HC); 10 Re(:'ombination region
1 —with conv
G.E B _—
See expected enhancement A Awfn conv
u+Au
. o -
Outside the recombination region! . 06| §'% = 200 GeV
vy
10 ' ' ' ' 1 04
T, mj;r\, + STARK] ‘
s 107 AKK NLO 1 02L o o o o= o= = = e
o o1 E
= 10 r 1 0.0 | | | | |
g 10 "4 8 8 10 12 14
o 107k 1
% 10°} p+p 1 P, (GeVic) [Liu, RJF]
A S 1.0
10 0 2 4 6 8 10 12 14 L — With conv
K LHC): p, (GeV/c) 0.8} - — w/o conv -
m Kaons ( ): | btPh
g 0.6r S =55TeV _ _ =
No enhancement % '
Too much initial strangeness!
Maybe it works with charm?

0.04

A 1 " L A 1 " L A i i L "
2005 5 10 15 20 25 30 35 40 L
) AEnEIy oL i i TIFR
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Numerical Results: Heavy Quarks

Have to take into account threshold effect

At RHIC: additional heavy quark production marginal

0.3 0.008
— dN°__/dN°_ ooosl — dN°_/dN°_
= 0.2 =
< K =4 € K=4
g-.> ""“‘E 0.004 +
I g
O olr 0.002 -
RHIC
vl P 5 2 R 10 15 20 [LIU RJ F]
p, (GeV/c) P, (GeV/c) ’
B [HO. Lo an i suangendss au kg, aaaiuond yieiu small
Reason: small gradient between jet and medium charm
Threshold effect
0.12 0.010
0.09 - dNCccnv/chini ] R - dNbconv/dNbini
- K=4 C’F oosl K=4
5 0.06 _— s
8 S 0.004 | 1
(&) O
083r | LHC 0.002 | ]
0.00 S S D S 0.000 e o
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Rainer Fries pT (GGV/C) pT (GGV/C)
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Propagating Particles in a Medium (PPM)

m Developing flexible code to simulate N jets in a fireball.
Part of a NSF project; authors: R. Rodriguez, R.]. Fries, E. Ramirez

m [nput:

initial phase space distribution
background (aka fireball)

specifics of dynamics (energy loss model, fragmentation)

m What it should do:

Evolution of particle distributions; (modified) fragmentation and hadronization; analysis
of results in terms of experimentally relevant observables

m FE.g leading particle energy loss + fragmentation:

Propagation of phase  Resample particle distributions,

space cells fragmentation
( N\ ( N\
d 2X d 2 pinitial N d 2 p final e
ﬂ - : : : J \§ J &
Initial distribution p N - N
fy (xi, pi) = | (2%, d2pli s (2p, il | — ==»  Computing Observables
£ = ~ ' : ~7
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