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High-p suppression phenomena

In nucleus-nucleus collisions within
the Parton Quenching Model (PQM)

Constantin Loizides
MIT
(loizides@mit.edu)

based on work in collaboration with:
N.Armesto, A.Dainese, G.Paic, C.Salgado, U.Wiedemann
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* High-pt suppression at RHIC

* Phenomenology of Parton Energy Loss

* Details of the Parton Quenching Model
- BDMPS-Z-SW quenching weights
- Glauber geometry

- Parton-by-parton approach
* Confrontation with RHIC data

* Heavy-Quark energy loss at RHIC (*)
* Opacity problem

(*) if there is time
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g-particle suppression at

Compare p; distributions of

leading particles in pp, dAu and
AA (for different centralities)

N

uclear modification factor

1 dN,g/dpy

R = X
AB(!pT’r’) NCOII dep/de (stn)

Control measurement

/ in d+Au no suppression
(Rga = 1)

Central Au+Au collision

/ up to factor 5 suppressed
(Rayay = 0.2)

E [ Mid-rapidity PHENIX high p_ =°
"E ol d+Au @ 200 GeV [min. bias]
u. =
8 T ® Au+Au @ 200 GeV [0-10%]
£ 150 1
(o) - 1
£ E L B S l
S A .,.;.f.al.i .E.L{Ll. .......
o Lk [
3 T Y %
0.5 e 4 ~
[ e
- ..".'o'.§+++ T
R e e e
nucl-ex/0403059 p, [GeV]

(plus many other refs, of course)

=) Final-state effect
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nce of away-side correlati

e Trigger: highest p- track with p.>4 GeV

o Apdistribution: 2 GeV < p; < p,tgger

» Normalize to number of trigger particles ~ SUPPression factor
= | dN,g/ [ dN,,

away away

e d+Au FTPC-Au 0-20%

g i k- —— p+p min. bias Measurement in pp and
g C U % AusAu Central d+Au not suppressed
© - t (Iaa= 1)
s 0.1 .
s |
E L, .
- L o T — Central Au+Au collision
tred S s &0 NP S S strongly suppressed
" near S|de . away S|de ] (Ixa=0.1)
I-1 0 1 - 2 3 4 III
nucl-ex/0403018 A ¢ (radians)
(plus many other refs, of course) ‘ Final-state effect
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rticle production in A+B

* Proton-Proton baseline (pQCD)  fP>/fp | L /

e |nitial-state effects

- Nuclear PDF (anti-/shadowing)

- K; broadening (Cronin)

e Final-state effects a2
0.5 LHC RHIC SPS

TR <1, 71 P
105104103102101 100

- Energy loss

- In-medium hadronization
(coalescence)
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obes In nucleus-nucleus ¢
Probe-In )’\

Probe-Out

time

>

* Large virtuality Q leads to
small “formation time” At ~ 1/Q and small o

o [nitial yields and p distributions in A+B may be predicted by

pp measurements + pQCD + collision geometry (Glauber)
+ additional “known” nuclear (initial state) effects (e.g. nPDFs)

* Deviations from such predictions are attributed to the medium
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n energy loss inspired by p

* Partons travel a few fm in the high color-density medium
* Bjorken ('82): energy loss due to elastic (collisional) scattering

* Successive calculations ('92++) revealed/suggested that medium-
induced gluon radiation (QCD bremsstrahlung) dominates:

Coherent wave-function gluon acummulates k; due to multiple

Inelastic scatterings in the medium until decoheres and is radiated
off the original hard parton

path length L

- gﬂu k.
© osaeedT

hard
parton

Bjorken, Gyulassy, Pliimer, Thoma, Wang, Wang, Baier, Dokshitzer, Miiller, Peigne’, Schiff, Levai, Vitev,
Zhakarov, Salgado, Wiedemann, ...
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energy loss in pQCD (BDM

‘oz & . 446‘):4 ~
% i \ i (mee) BDMPS-Z formalism 6\0/0 70
> 175 2 44
R=40000 A ar) o
‘ '- 9= transport coefficient
Radiated-gluon energy distrib.:
wi % 076 Vw, / w for w<w,
w (w, /| w)* for w=w,
Cr Casimir coupling factor: 4/3 for q, 3 for g
w,=qL*/2 determines the scale of the radiated energy
R=w,L related to constraint k< w and
controls shape at w << w,

Baier, Dokshitzer, Miiller, Peigne‘, Schiff, NPB 483 (1997) 291.
Zakharov, JTEPL 63 (1996) 952.
Salgado, Wiedemann, PRD 68(2003) 014008.
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alculating the energy loss

<AE>Nfcdooood—olU oc g Cg g oc g Cp q L7
0

(AE)cqocp [ dorqr do/dg; e

(gluons volume-density and Probe the
interaction cross section) medium

Finite parton energy (qualitatively)
o If E<w, (e.g. small p; with traversing large L) :

E
<AE>Nfdwwdd—loco<SCR\/Ewoco<sCR\/E\/EL
0

w

- Introduces dependence on parton energy
- Reduces sensitivity to density

- Leads to linear dependence on path length
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_ Expanding medium _

&
Ti d d ity of tteri Q(//
e Time-dep. density of scattering S
centers . Oé}l,'q/\/%\/l/,\
q(7) = G, x |2 a =15, 1.0, 05 0 '?/o
/ /

If not explicitly mentioned,
same spectri all va_Iu_es for the transport
for an equiva  coefficient are for the

. . . R=
transport coe  €quivalent static scenario. @

* Dynamical sc

2 L+,
g =— dT(T—T ) q(T 04 F /A A A
TO -
1E7 AL

B fha

Fed £ T
0 5 = " r". ;'-\

, LA

mmm) Calculations for a static = o =

10‘?0 ) "io 1070 "1 10" 10° 102 10"

scenario apply for also w/(@L/2)  w/w=w/EL/2)
for expanding systems

Salgado, Wiedemann, PRL 89 (2002) 092303.
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Quenching weights

* Compute energy loss probability distributions

ﬁfdwi% AE — Zw

exp

dl
fdwdw]
e Calculated from w dl /dw in the E - o approximation (no E dep.)
P(AE;Cg,d,L) = p,(Cg,4,L) + p(AE;Cqg,4,L) [as=1/3]

s L=3'Of"f . %é —q—100GeV2/f E
: — quark projectile ° 2 . —— §=5.0 GeV?fm -
e gluon projectile ] 8 14 —— §=1.0 GeV?fm |
& . b i 1.2 1 —f
0sH: discrete part : = continous part E
0.4 _: 0.8 é —i
Y ] 0.6F —
ool . 1 i 4 Gluons
T ] 0.2F =
0— T T L e LT 1 0 = BT EE i in: FETEREY s

0 2 4 6 8 10 0 50 100 150 200 250
q [GeV ffim] A E [GeV]
BDMS, JHEP 0109 (2001) 033 ‘ Constrained weights

Salgado, Wiedemann, PRD 68 (2003) 014008
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strained quenching weig

Construct constrained weights from quenching weights

P(AE;C,q4,L,E) with AE<E

a) non-reweighted weight b) reweighted weight

(thermalize for AE>E) (truncate + renormalize at AE=E)
’LI'J“‘ L L ﬁ"j S LA L D A
g B e quark projectile E ;Ili R e quark projectile E
Z —— gluon projectile - g —— gluon projectile -
%10-1 non-reweighted  _ 101 E reweighted

_ E=100 GeV

10-2 __ E=100 GeV E s
- A 2 by -
L=6fm & - L =6fm By
L1 g o L L PR e P R T RS U L1 L1 PR |
0 2|0 4|0 GIO 8|0 100 0 20 4|0 6I0 8|0 100
A E [GeV]




ting unquenched particle s

Standard pQCD + collinear factorization + vacuum fragmentation

- dF dz. d’o
ab

y~0 a,b,] | dp; ; dy

ab—jX

y~0

Monte Carlo approach:
Verify shape with PHENIX

—— PHENIX h*,h’

1f
parametrization for pp ' (parametrization)
—— PQM h',h
1 &N po (PYTHIA + KKP)
n. d =C +r(pT) 10
Pr 4Py pT

1/p;dN/dp; [a.u.]
o o o o o 8
YU B h A
O‘l‘rrrrmrrrrrmrrmwrrrrmq—rmmq—rrmm]—rrmm T
L)
e I
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YTHIA + KKP fragmentatio

PYTHIA p; parton distributions + relative ratio of quarks-to-gluons
at 200 GeV cms energy using CTEQ 4L + KKP at LO

KKP Fragmentation Functions KKP Fragmentation Functions
2
ﬁ 10 1 | 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 % E 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
-cco- 10 ; -cco. 900_— p:\adron 5 GeV/c —
: u/d quarks - 800 B
1 E 700 -
4E . i u/d quarks,

10 £ L <z>=0.66 4

2f gluons

10 | _

-3 - / gluons,

10 3 <z> =0.54 _
More than 70% high p; hadrons 300 i
originate from quarks (quenching 200|- 5 -
increases this to up to 90%) 100L —f-- ]

107F L 0___|__,L._.l';_: | I N T AN T NN T N TR J___

010203040506070809 1 0 01020.30405060.7080.9 1
z = phadron/Eparton 7 = phadron /Eparton
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lating quenched particle sp

Factorized pQCD + final state quenching + vacuum fragmentation

d20'h d2 ab— jX
wenched | = %" [ dF,,dAE,dz,—— X
de dy y~0 a,b,] de,j dy y~0
ini A D,,(z)
5(pT,tj_pT,j_AEj>P<AEj;Cj,qj,|—japT,j) hlzjzj
j
Monte Carlo approach:
PYTHIA D Z A
CR! pT !

Geometry

uolnejuswbel) dUM

>

Dainese, Loizides, Paic, EPJC (2005) 461. pT
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In central Au+Au at 200

1.2 1o rr7r T TTT
Need CL:E B STAR h',H 0-5% i
“ 5 - PHENIX h*, h 0-10% _]
q = 1 GeV /fm B PHENIX n° 0-10% ]
08__ §=0.75 GeV¥fm, L = 6 fm, quarks only |
to describe the measured 5 i DR | = S Shio0s 50 )
suppression in 0-10% Au+Au (Y (ron-reweighted) B
for fixed length of 6 fm oaf -
_ 0.2 .
No initial-state effects and R et L S ]
in-medium hadronization: p; >5 GeV - | - | | | e

3
0 2 4 , 6 ) [&ev]
PYTHIA > A
C Pt
r Pr

uonejuswbel) UM

>

Dainese, Loizides, Paic, EPJC (2005) 461. pT
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central Au+Au at 200 Ge

|
ale —E
=
e
-
~B— ’
=T
Lo o :'
O 1
—wt
[= 1
e
—— if_D.
o )
t =
— :g'
— 0
{

I
* STAR h',h 0-5%
=  PHENIX H,H 0-10%
o PHENIX®® 0-10%
[ ]13=15GeVm

T |
/ non-reweighted
1 1 1 1 | 1 1 1 | 1 1 1 | 1

4 6 8

pt1[93eV]

1.2
Need o= f
A 2 1 :_
g =15GeV"/fm -
0.8
to describe the measured :
suppression in 0-10% Au+Au 0.6~
for Glauber-based length . e
distribution s
|
Band represents systematic
(theoretical) uncertainty introduced
by the constraints for finite (and
small) parton energies
PYTHIA
CRJ pT 0151

0.1~

\ 0.05—

L J i p(x,+1,y,+15b]
J dip[x,+1,y,+1;b)]

0 2 4 6 8 10 1

2 14
ansverse path length, L [fm]

and FIXED 6]

uolneuswbel) JMHM

>

Dainese, Loizides, Paic, EPJC (2005) 461. pT
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Role of collision geometry

* Parton production Wood—Saxon dens1ty profile
according to p_,/x,y;b j

* Parton absorption
according:

f=expl—k I ; loc [ f(1)p(1)dl

independent on p;

where | is line-integral over
density-profile for different
expansion scenarios

* Results relatively
independent on detailed
modelling of matter (not

shown) and absorption L* and static
patterns
L* and longitudinal exp.
mmm) Opaque medium: L and longitudinal exp.
geometry (volume)
dominates Drees, Feng, Jia, PRC 71 (2005) 034909.
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M parton-by-parton approa

* Define “local”’ transport coefficient
Q(E;X, Yo Po;b| = kXT,T (x0+§coscl>0y0+§sm¢0,

III‘II\l\II‘III|\II|III|III| \I|\II|I\I|II\|II
3
Ny _ — 0-10%; <q> 14.1 GeV°/fm -
- Definition of matter: oCp (note% | [ ........... 10:20% <4 =114 GeVFl
. . I A = 10. = - 20-30%; <q>' 8.8 GeV /fm -
- With |. = fdg £q(g) onegets F ' [ @ ... 30-40%; <§>= 63 GeV¥m -
0 S —— 40-50%; <G> = 4.2 GeV¥im |
S o U 50-60%; <4>= 2.3 GeV?/m
= o oL S 2 7
parton-by-parton dependent  ¢* %, % b= tooin
Ll %, 80-92%: <> = 0.1 GeV/m
* Definition of L independent of k 107578 E
TR M T ... central -
* Parameter k must be tuned by data (once) IR - ]
- Single parameter to setthe scale |+ .t A7 | '
- Implicitly depends on systems and energy e T |
(see later) - ;
1;‘ i | EIIIJE:fl\lII:‘\IIJ\II
- Use Glauber to scale to other centralities 0 é | éll_ é é 10 12 114 1|6 1‘8 2|0 29
A . . ~ 2 2
- Report (q/occk for a given centrality range q=1/(21) [GeV /m]




central Au+Au at 200 G

: 1.6
Find . ;4 ™ 0-10% Central
Al 7 "'t PHENIX preliminary
<q> = 14GeV/fm 1.2 (Quark Matter 2005)
to describe the measured 1; """"""""""""""""""""""""""""""""""""
suppression in 0-10% Au+Au 0.8
for the parton-by-parton 0.6
approach Bl
0.2
0: Ll b b b b b B
0 2 4 6 8 10 12 14 16 18 20
PYTHIA =] > P (Ge¥ie)
7 \ A
C E pT )
R’ pT = 8 — 3
: P(AE’CR’qiLapT) a
ok " N Q
12 =
“ E
°f Pr— 3
8 >
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central Au+Au at 200 G

T T i) | T T T
1.1 — |
10 e s g s B 6w E g e P A I R 8§ 8 B & e IS 0 R 8 5§ B & 6 BN e RN R W e s 8 8§ B & §E ]
09 i w STAR (0-5%) 7
9 O PHENIX (0-10%) . g
B O BRAHMS (0-10%) 4 [GeV /fm]= 1
O /. PHOBOS (0-6%) . 0, no medium
0.7 — \/SNN =200 GeV, (h +h )/2 -
§ O 6 i Aeff: 181 (0-5%) __
R L.,=5.0fm 1
0.5 = |
0.4 1 -
0.3 & N
0.2 =

ol -_O(S=0-5 — 151w == 15 |

0.0 ] l ] | | ] | | ] l ] | | ] | |

0 5 10 15 20 25 30 35 40 45 50




Glauber:

dep. of R,, for Au+Au at

O

(b) — kAuAu,2OOGeV % TA

y [fm]

o N & (o)) [00]
T

' ' | '
[o0] (o)) S \V]

o
D.

y [fm]

8 -20-30%,

Ts(b)

1.4

-

1.2

—

0.8
0.6
0.4
0.2

0-10% 3
" (STAR 0-5%) ¥

1.4
1.2

—

= 0.8
0.6

0.4
0.z

# (STAR

40-50%% 3

A0-B0%)

B (STAR 40-60%)3

S0-b0%% 3

1.4

1.2

j—

0.8
0.8
0.4
0.2

[STAR 0—80%);-

(STAR

60-80% )%

- S - S T

T e

R [GeV]

ET

0.8

0.6

0.4

0.2

.8 60-80%
— = 8 e e e
1 >4 .
- - ]
E 4 ]
: 2F ¥ ]
; of 1 :
] 2F . ]
: +E :
- of L .
Y _8'. 1 I..;...I | 1 I..-
6 8 8 6 4 2 0 2 4 6 8
x [fm] X [fm]
LI L T T T T T T T T T 1T T T T T L T T T T 1
[T | | | ]

0 b0 100 150 200 2B0 300 350
: .. : N
Dainese, Loizides, Paic, EPJC (2005) 461. P
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ep. of R,, for Au+Au at 2

B, [Gﬂ‘ﬁﬁ

- Pl

§1-i

1.2-f

1

0af
0B
0.4 F

o2f

10-20 %

b
EC‘I“'

12

1

o8P
e[

New TP R data for 200 GeV Au Au from PHENIX

20-30 %

o S

| PHENIX
QM 2005

PRI
i 18

n Gﬂ*ﬁﬁ




trapolation to other syste

The transport coefficient is ERS R T o
. . A <0.
proportional to the gluon density, Z L e ey Ay =170 ] -
. . . g )
which according to the saturation S [ ® PHOBOS 56GeV /
model (EKRT) scales with ‘ZI: R an
) /
luons 0.383 0.574 /
(q) o< N oc A \/SNN ! /
/
/_/
3 i -
. i RHIC y
Using the extracted value _ e _
at Au+Au 200 GeV gives : ot :
(for 0-1 Oo/o COIIiSiOnS) 1 il | L1 IIII|| | 11 IIIII| 1 L1 IIIIII | 11 !II_I

(q) = (A7197*% (s /200] " x 14|GeV?/fm]

mmm) Scale with 0.5 for 62.4 GeV Au+Au;

with 0.63 for 200 GeV Cu+Cu
(Factor 7 for 5.5 TeV Pb+PDb)

Eskola, Kajantie, Ruuskanen, Tuominen, NPB 570 (2000) 379.
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polation to other system

< A 200, CUCU> 9 Gevz/fm

Cu+ Cu \sNN = 200 GeV PHENIX prellm

m B T I T I I I T T T T I I I ] | ﬁ _| T T | 1T | T | 1T | T | T | T T | T T I_
< - 1 - .
am 5 :_ » Measured z° Cu + Cu 0-10% ] 1L PQM k = 8405 fm: ]
I o (h*+h)2 . ]
I " E i
I M 2005 1 08 f@. . S v
15F Q i ; gﬁ%- | = <G> = 9.1 GeV?ffm
[ e ]
i 065 E.. .
:5 .'??ﬁ?é&-.-.,-,................_.............. B
04/ : R
L ___.a-'-'——'_"'—'_'—_—_i ]
0.2 .
- Phobos h prehmmary g
Lo b Py g Iy
pe> , % 2 4 6 8 10 12 14 1 G1§v
p, (GeVic) P 1GeV]

mmm) species/energy extrapolation works reasonably well
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Cu+Cu and Au+Au vs ce

< - T T T - < - =
bl E Cu + Cuy[s,, = 200 GeV PHENIX prelim. 3 << = 3
o 2 — @ I\’;gasured 70 Cu + Cu 0-10% — oc 2 - @ Measured 1° Cu + Cu 10-20% _— M Van Leeuwen) QM05
- Il Loizides et. al hep-ph/0406201 — = [ Loizides et. al hep-ph/0406201 —
e — X.N_. Wang - = — X.N_. Wang o
1.5 :_ — . Vitev _: 1.5 :_ — |. Vitev _:
Ll e R LR R = L TR CEEEEEEE PR 4 N e ______]
- . r - — 2l —
® —‘-—ﬁ A TV Y LI NP Raa =A-BN,,,,a=0.2720.16
o 7 = 3 w=21/3
F t t } - F } t t - - POM: AutAun
o = = 3 - III PQM: Cu+Cu
2 - @ Measured r° Cu + Cu 20-30% — 2 — @ Measured ° Cu + Cu 30-40% —
- [l Loizides et. al hep-ph/0406201 3 E [l Loizides et. al hep-ph/0406201 3 — i -
15 :_ == X.N. Wang _: 15 :_ == X.N. Wang _: L
4 B L 3 ST R = | & AulAu M -
g #‘Z g = | @ CulCu
0.5 | —] 0.5 .
- . - a D 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
5 : : ; E g E 0 100 200 300 400
2 b 3 2 b part
E @ Measured 1° Cu + Cu 40-50% ] @ Measured 71° Cu + Cu 50-60%
1.5 - P oizices et al h/0406201 — 1.5 [l Loizides et. al hep-ph/0406201 =
[ | » ] T T 1 T T | I B B | T T T T | I |
10 W B J A i = TE Ny E® 1=~ § g~~~ -~~~ = < ! ! ! !
05 [ 3 05 [ — <
NI | ] .E_prel, PHENIX, QMO05] c 1
5 10

o
()]

10 15 20 (1] 15 20
P, (GeV/c) P, (GeV/c) B

0.5

0 100 200 300

part
Drees, Feng, Jia, PRC 71 (2005) 034909.
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Raa prediction for LHC

(§P"7) ~50—100GeV?/fm

Pb-Ph, E 55 TaV i i Ir?tereSting(?)
v g RS difference
In predictions.

R2OO GeV

2

RS.S TeV ~

g: f PQM| Au-Au, \sy, =200 GeV

0.2 B oo, Vo= 5.5 Tev

0.1

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
pr [GeV]

mmm) PQM predics a rather
pr-independent R, ,

(for central collisions)

Vltev and Gyulassy, PRL 89 (2002) 252301.
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ap prediction for LHC (2

77 s = 5500 GeV, (b +h )2
Ay = 193 (0-5%)
Loy = 10.0 fm

.O 50 100 150 200 250 300 350 400 450 500
pr[GeV]

Eskola, Honkanen, Salgado, Wiedemann, NPA 747 (2005) 511.




Why is R,, flat?

é :—I T T T T T I I T T T T T I T T T I T T T I T I T I T I—:
o 981 Nl —— =12 GeV®/fm =
®E B 0-10% —— < =24 GeV*/fm =
0.6 — ~ —
= — <G> =98 GeV- /fm =
0'5;_ -------- §G=10GeV>/fm,L=4.4fm _
0.4 non-reweighted R
0.3 E T e
0.2 =
0.1 - =
n ] 1 1 ] ] 1 1 ] 1 ] ] 1 ] ] ] I 1 1 1 I 1 1 ] I 1 :

0 20 40 60 80 100 120 140
pr [GeV]

* The larger the parton energy the longer the possible explorable path length

- For very large medium density R, , flattens because all partons pay
about the same prize for traversing the medium (AE/E~E® a >0.5)

- Check: For fixed geometry R,, rises as expected

Dainese, Loizides, Paic, EPJC38 (2005), 461.
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Why is R,, flat? (2)

F oo Linp T L aeim |2
Qs ;_ 0-10% — <ip>=24 GeV*/fm _;
0'5;_ — < =98 GeV® /fm _;
0'5;_ -------- G=10GeV’/im, L = 4.4 fm _;
0.4 non-reweighted e O
0.3 S - e
02 _ - =
0.1F — =

0 E I P T I I RS [N DS RN [N R[S R E
0 20 40 60 80 100 120 140

.
[o
®
=

dN/dp-(p
dN/dp

Raa(pr) = [ dAEdH P|AE,p;+AE;H|

Raa(pr) = | dAEdH P[AE,p;+AE;H|exp|AE| = const
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Limited sensitivity of Ry,

1'::' T T T T T [} []
b ] “Leading-particle
L | . 9
0.8 — ‘\/SMV= 200 GeV, (h++h_)f2 _ prObeS are fraglle!
D o7 L A = 181 (0-5%) b
I Loy = 5.0 fm
E 0.6 — —
o5 — rw - \S\n = 200 GeV
E %, == NON-rw .
= 04 = —
(=1 L i
T03F S -
“oal TTSee i
01F o =1/2 )
ool 1oy
2 4 6 8 10 12 14 16 18 20 10 10
& [GeV/im]

e Strong suppression requires very large densities

e Opaque medium leeds to surface emission More differential

observables?
 R,, determined by geometry rather than by density

Miiller, PRC67 (2003) 061901.
Escola, Honkanen, Salgado, Wiedemann, NPA747 (2005) 511.
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Azimuthal asymmetry

dN/dcl>OCI—|—2v2cos(i
-4 20-30% 0.3 03
<4 : — : —
) 0.2 0-10% o2k . 10 - 20 %
| - - —
i C C “—+ -+
i 01F _|_++++-|-—|-__ 01 + -+
f of ok
y L T e e O
8 6 4 2 0 2 4 6.8
o 0.3 0.3
3 =,
02 g, X L
o1 ¥ ' 0.1F :IZ—|=—|—
> E I — A |

- 120-30%] [30.40%]
0Y"T 2 3 4567 89140 00T 234567 8 910
0.3 0.3

0.2F ++ipt+ -+ n.zg— i+t

0.1 i '|'+ _I_ | 0.1F t ++——__
S : —%
0 0 |

- [40-50% 50 - 60 %

VT 7 3 a5 6T E e 06T 7 3 a b e e e 0

p_(GeVic)  Cole, QM 2005




data of R,, vs @ appearin

- Further handle on L-dependence* e 20:30%

ET
= ¢ gp Tl?’z!
4 i ”
PHENIX 1€ prel. vs PQM £ i g,
) 12 AutAu 10-20% s % Au+Au 20-30% ok :.':. i g
e -'-; P - ¥ T <
O o8t O osk 2F ; . 7
f&u.a;— El_-:r.s;— af 3 '_I_-.-'q) ~r g)
?u_.;;_N ‘5“'4;‘..3%*\."**:. < -
Euz_ | . muz;_ [ 1 | IS ISP AT AT AP A
2 X B E BT B R A N €
) -2 Au+Au 30-40% ) 12 AusAu 40-50%
R B
O osf Q osf
A u.az_ .:.‘\‘*'l-—gﬁ__:. A u.a;_ \
= 0.4t = 0.4
o Fo Data show stronger @ dep.
TR TN R B WL G R R R P K y; than PQ|\/| model
1.2 T . )
33”1;_ Tt I vy Note: model is not AE [1L2,
:‘;“:5; rt @ EHENIX Praliminary R, (4) rather AE |:|L
Foal okl * Beware: effect of collective
”ﬁ“a'-_;'au'a'e'a'a"'1"'1'2"1"4'[1; flow on RAA VS @ 1?1

D. d’Enterria (nucl-ex/0504001)
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ct the extreme case of ab

P(AE,E;H|~ p,[E,H| 5|AE|+(1—p,[E,H||6|[E-AE]

1.4 1T 1T 1 1T T 1 T T 1 T 1T 1 T T 1 T T 1 T T 1 |
< RN ! ! | | | |
m( Xy “.\.
1.2

0.8

0.6

Interesting region 0.4
which needs full '
quenching weights

2

O|||||||||||||||||||||||||||||||||||||
0 50 100 150 200 250 300 350
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Imple(r) models challenge!

< [T SN
M. van Leeuwen, QMO05 < Drees, Feng, Jia, PRC 71 (2005) i

(0

Rays =A-BN. . a=0270.16

a=2/3
— POM: AutAu
- S - 222 POM: Cu+Cu I ‘\
\.“H—‘ _q_: i 1
& AultAu w ] 0.5 |
200 300400
'Ipan
PR I R T T T N S T S TN N N SO SR S T TR T
Need to refine our scaling with EKRT? 0 100 200 300
part
() =9GeV’/fm [Beip=a (q) = 6GeV’/fm
i Cu+Cu, 0-10%  Foss Au+Au, 30-40%

0.015[-
0.01F

0.005F

o
=]
R

||ll|||ll||\I‘I\I\l\l\l‘l\\

0.015

0.01

0.005

QQ

L e e
14 16 18
§ [GeV?/ fm]

NI T N
18 20
§ [GeV2 / fm]

Au+Au




uppression of the away-

= [ dNpg/ [ dN_,
Trigger 4 <p, "< 6 GeV avay away

Ap distribution: 2 GeV < p, < p,meeer

: E——— § 1_I T UL LI LI LI LI T 1T T I_
_ 02—_ — p+p min. bias g > : STAR -
= = z L . i
% : * Au+Au Central Sﬁ'ﬂﬂ ] = 0.8 4 ¢ pEtHQ B Ge‘u‘“—_
) i | _t C ]
= L ] 0.6F- N\ Teeeeeeo % ]
8 0.1 — B i
E | 1 0.4 | ]
= I ] B * i
= - - , L P o _*— 0.2'—. -
Ot o oeeees i e cat B 3
*“near S|de % aWay S|de 1 oF E
| -|1 - [I] T ‘II T é 3 4 | :I | I< q > I: |1I ﬁ\l/l I/|flml | | 1 1 11 | 1 1 11 | | I:

: 0 50 00 150 200 2560 300 3560
A ¢ (radians) N,

STAR Coll., PRL 90 (2003) 082302
STAR Coll., nucl-ex/0501016
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rgence of true Di-jets In A

Au+Au Run4 allows jet-like two-particle OM 2005,
correlations with much higher statistics Dan Magestro
d+Au Au+Au, 20-40% Au+Au, 0-5%
-_; 0.1 xh 0.1
‘ T | [ STAR Preliminary 8 < p,(trig) < 15 GeV
E - - 5 p.(assoc)>6 GeV

.05+

No background /

substraction!!!

mmm) For the first time clear jet-like peaks seen on
near + away-side in central Au+Au collisions
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ombined di-jets observati

Dijets more suppressed from Away-side fragmentation
d+Au to central collisions pattern unchanged
Near side, [A0| < 0.6 Away side, A)| > 2.5 .
g [ T T o <a G Away side, [A¢| > 2.5
50.1 #/S\I\'AR prellmlnary 1o O pr(assoc) >6 GeV Nl- T T I T T T | T T T l T T
E,' l E SeTAR limi
E T Z 1 | ‘?A‘. preiiminary N
= o =)

T

—O—
X
—

I—@—l

0.05

D e T T oo Il
O™ ioo a0 S0 0 100 20 800
NPart NPaﬂ
. . o 107 4

Away-side widths similar for

central, noncentral R%et -

Au+Au,I4D-BI]‘}'EI., awayl-sida Au+£|lu, I]-E',:“'u, awag-side B “..‘ t}\

[ I o,=025:003 _:-F g) i
1= R
|8 !
12 T R R i '

- 0.4 0.6 0.8 1
Z. = p{(assoc) / p,(trig)
OM 2005, '

courtesy Dan Magestro



Ras(Pr)

t assoc. yields (l,,) vs. R

STAR, Phys. Rev. Lett. 91 (2003) 072304 OM 20035,
s -»-d+Au FTPC-Au 0-20% b courtesy
i -4 d+Au Minimum Bias i Dan Magestro
| #Lﬁ =
- STAR
I s 1] il . - N -
1.5_— | prefiminary | 7
| WO —— —— e
u - 8 < p;(trig) < 15 GeV/c
= N = Near-side |,
0.5} = = Away-side |,,
- *Au+Au Central : ]
oL—— S S TR NN TS T N SR SN SN NN l
0 2 4 6 8 10
pr (GeV/c)

* Near-side yields consistent with unity

|, = Yield(0-5% Au+Au)
Yield(d+Au)

e Away-side associated yields similar to R,, values

Note: Very different quantities are being compared
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QM: prediction before PQ

Density (g) still "tuned” to match R,,
in central Au+Au at 200 GeV

I | 1 | I | I | I | I | I ] I I I I 1 I I
40-80%

= [ dN,g/ | dN_,

away away

—

S
20.9

0.8
E,o.?
206
0.5
0.4
0.3
0.2

0.1

8 < p:"gg‘” <12 GeV

_____

5 rewel ghted

(q) = 14GeV?/fm

Star prel.

non-reweighted
| 1 1 | | 1 | | | I 1 I |

. | |
2 4 5 6 8 10 12
pflssnclated [GEV]
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. Tangential di-jet emissi

- = What is the phase space E
of parton pairs which yield
hadrons that contribute to

transverse plane the away-side IAA?

Gluons: BGev-:p‘T"“-ﬂ 2GeV and ﬁﬁevcp’f‘casev

<g> = 14 GeV?/fm
reweighted
'

6
Unphysical

4 20 behaviour of
reweighting!!!




. Tangential di-jet emissi

Parton emission points and direction 5 < L o A B e E
v . radial -
= 8 - - E 08, - tangential -
> 6:_ - 0.7¢ 3
ac E o6 v sum -
2_ E 05, .
C ] 04 E
oF E 031 :
2 F
4 E 0.1F E
o E N R B BT RTe
-10-8 6 4 -2 0 2 4 6 8 10
Xq [fm]

‘ Large medium density biases
dijets towards edges of surface

(“tangential emission”)
Miiller, PRC67 (2003) 061901.

Dainese, Loizides, Paic, QM 2005 Poster.
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M: Putting pieces togeth

> _' I U T T 1 T T T 1 |_ o -
8 s — non-reweighted | _S 15 T §
o [ . i 0.9F * radial E
S 438 - s reweighted b 0.85 o
o [ ' E - tangential 1
-8 i - 0.7¢ -
o 06 - o6F 5 T sum E
= b i 05, =
© [ A ", i \ :
§ 04__ ......................................................... _.. 0'4:_ ]
= i a 0.3¢ =
) ] 0.1- E

0_ P T SN AN T T R T N SN S A TR SR ST T S N ] O: T S T T I e '1:'| 1_

0 5 10 15 20 25 0 2 4 6 8 10 12 14 16

<> [GeV2/ m] @ [GeV2/m]

m) (q)=06—7GeV’/fm H

Constantin Loizides



for non-reweighted ba

< 1.2 1 I I | | I I I I | I I I I I | I I I | I I [ | I I I | I I I I

o - ]
- *  STAR h*,h 0-5% -
1— =  PHENIX h',H 0-10% —
- o PHENIX © 0-10% .
08 0 0200 e =4 GeV/im —
) —— § =14 Ge\f/fm -
0.6 4 -
T N =
0.2 =
oL L 1 | | | S AT | | | ¢ |

0 2 4 6 8 10 12 14 16




er E loss for heavy quark

e In vacuum, gluon radiation suppressed at 8 < m /E,
Gluonsstrahlung probability

5 gjzgﬂ cone” effect
‘M

Q

2,

Courtesy by
A.Dainese

N 2

* Dead cone implies lower energy 0SS (Dokshitzer-Kharzeev, 2001):

energy distribution wal /dwof

radiated gluons suppressed by

angle-dependent factor
suppress high-wtail

Detailed massive calculation
confirms this qualitative feature

Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602.
Dokshitzer and Kharzeev, PLB 519 (2001) 199.

m dl/dm

=3

(Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003)

1

_ﬁl:l 2 242

[0° +(m,/Ey)"]

aF m/E= ]
: —0.001---0.1 ]
31 --0.01 ~-0.3 -
—0.05 --0.5

1 R=10° ]
n: ]
C ool I||||nuJ .ll||||||| [T AT BN ARTE T B R ERTIT
10% 10° 10° 10" 1 10 10°
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Implementation in PQM

Tuned pythia, CTEQ4L, EKS98
or FNLLO, CTEQ6L

Input
a -10% p
Cr, P+ T ; T

y [fm]

P(AE;C,m,q,L,p;)

/

6|
4
2
[ w25 i
0__. - .
2
4
6

pr—AE

_8-

uop,eJ,ueuJﬁeJ,l dMM




Charm R,, at RHIC

Courtesy by
A.Dainese
g=4+14GeV’/fm (extracted from light-hadron data)
%4 II"'I"'I"'I"'I'_ﬁ.:i2_"'I"'I"'I"'I"'II
i )
o2 10 |
O F 1 81.5+ :
— 1_ 10 i
s | 1E |
0.6} jo
: 1a. I .
0 2:_thermalized __ a : |
"~ component 1 -
:...|...|...|...|...|.‘E PPN BRI PRI B PR B
%z 4 e 8 10 30 2 4 6 8 10
electron p, [GeV] T electron p. [GeV]

Small effect of mass for charm (~50% for D, ~30% for e) at
low p; [large uncertainties!]

Basically no effect in “safe” p.-region

Armesto, Dainese, Salgado, Wiedemann, PRD 71 (2005) 054027 .
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Role of beauty at RHIC?

o (mb/GeV?)

dy |,

2
T

1/ do/dp

c + b (?)decay e*R,, at RHIC

FONLL:

Electron spectrum may be
~50% charm + ~50% beauty
for 3 < p; <8 GeV

D

10772 1.2
solid: total
104 dashed: D - e RS
dotted: B - ¢ o
1078 dot—dashed: B> D > e
0.6
108
0.4
10—10
0.2
10718 FONLL pQCD v .
Cacciari, Nason, Vogt, hep- ph/0502293
10_14— | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

7.0 15.0

(GeV)

10.0 12.5

ey
foas]

2.9 5.0

electron R,
(mass uncertainty also studied)

Courtesy by
A.Dainese

ue to larger mass of b quark
iIncresed by x2

FONLL at 200 AGeV, u=m;, CTEQ6M

q=14 GeV*/fm, 0-10 %, variable length
coe

wp T T ]

|Il]|ll||l[1|ll]|

mc—1 3 GeV m,=5. 0 GeV

T
-
=3
O

~

0

I th|n mF—1 g GeV mb 4 5 GeV
2 4

i | l
6 B 10 12 14 16 e 18(Gev)

Armesto, Cacciari, Dainese, Salgado, Wledemann,
in preparation,
Armesto @ Quark Matter 05
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-flavour data in Au-Au 200

Courtesy by
[ systematic error A.Dainese
Au+Au @ Vs = 200 GeV, 0-10% Centralify |~ “ate el )
o 4 PHENIX PRELIMINARY ] uncerainy 0 T, Reminder: FONLL@Tevatron:
- —— ——1 D production underpredicted
1.2 (1) q_hat = 0 GeV2Hm B, instead, is OK
= _— | 1|J‘E
1[' = . : 1ot T
0.8 ;.1.: - — l:f;_} ':ENH ay :___,_____L g ’ };— -
& N 1000 g 10 ¢
0.6 N ~ FEI_‘ % v E o(py(1/9)>125 GeV) BR: | E
B , g ks 19.973% nb (C
0.4-C Only i L $ 02 18.3*23 nb (FONLL)
] = Lss 10:_ _Sldhtgam MC@NLO, 17.2 nb,
- ¢ + b (FONLL predict.) e | D i o, 040
D'E—_ (3) q_hat = 14 4 6 8 10 12 14pT1? 1arzln 4 G0
ﬂ_ll|-|.-||||||-|-|||||--|||GE‘|I'{||||| T
0o 05 1 15 2 2. o [ ¥ 5 4 45 5

P, [GeVic]

R,, down to 0.3 for p, > 4 GeV/c! Heavy-quark quenching.

Similar to that of light! Small room for mass effect ...
Comparison to predictions: compatible, provided the
charm fraction is higher than predicted by FONLL

Armesto, Dainese, Salgado, Wiedemann, PRD 71 (2005) 054027 + w/Cacciari, in preparation
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The opacity problem

* To what extent do we probe the medium?
And to what extent do we control the probe?

« Need to relate extracted G to energy density €
e QCD estimate for ideal QGP: ¢P¥“P=7

§ [GeV/fm]

—_
©
o

1.0:—

G =2xe (1)~

q(TO)
4/3

e Estimate c =

* using  g(r)=q,x

and
L 5

e Fore|t,|]<100GeV/fm’
and 0.75<a<l1

R.Baier, Nucl. Phys. A715 (2003) 209

01 7”7
r 7 m Cold matter

— — Pion gas
— QGP (ideal)

0.01c

L L T T R | L s PR R A AR | L L PR A
0.1 1 10 100
£ [GeVAm?]

mmm) cC=38..20

The interaction of the hard
parton with the medium is much
stronger than (perturbatively)
expected

Escola, Honkanen, Salgado, Wiedemann, NPA747 (2005) 511.
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Qp))

0.5

The opacity problem (2)

03 |~

0.2 —
| Mustafa, Thoma,
- Acta Phys Hung, A22, 93 (2005)

1 ., 1 , 1
12 14 16

1 I ] I ] I '] I ]
6 8 10

0.1
0 2 4
p, [GeV]

* Collisional energy
- Boltzmann Transport
- Bjorken Expansion
* Cylinder geometry used

- Path lengths ?

— ¢ =10, Bjorken expansion, w/o flow
i 2

. 1
— = ¢ =2, acc. expansion, Vo~ T

- Renk, Ruppert, hep-ph/0507075
20

O 5 10 15
py [GeV]

e Transverse flow
* Local transport coefficient
<€I>: C €3/4 (—I—nT-I—n—T)

Fireball model for
expansion (transverse and

longitudinal)
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* PQM combines the BDMPS framework with Glauber geometry
for calculation of high-p; suppression phenomena in nucleus-

nucleus collisions

* With a single parameter adjusted to central Au+Au, 200 GeV to
we consistently describe most RHIC data at high-p;

e Recent data shown at QM 2005 constrains

- 6-7 GeV2/fm
- 4-14 GeV2/fm
* Opacity problem:
- Need to include collisional energy loss?
- Need to include transverse flow?
- Need to include hadronic rescattering?
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Change to larger og

é 0_8 : I I I I 1 I 1 I I I 1 I I I I I I I I 1 I I I I 1 I 1 :
T 47E 0g=1/3; k=5€+06 =
06 = — <G> = 14.1 GeVZim 7
F 0s=1/2; k=3e+06 3
0.5 — <> =85GeVm
0.4 ;— —;
0.3 ;— —;
- —— ]
0.1 ;— _;
0 - | | | Ll | m

0 5 10 15 20 25 30
p, [GeV]




