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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

- Analysis of trigger biases

* Opacity problem




bes In nucleus-nucleus ¢
Compare
Probe-In )’m

Probe-Out

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

e Initial yields and p distributions in A+B are predicted by

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

e (Observed deviations are attributed to the medium




g-particle suppression at

Quantification via the
Nuclear Modification Factor

Comparison of p; distributions at
high pr measured in pp, dAu and

: " 1 dN,./dp
AA (for different centralities) Ras(sPr )= XdNAB/de<pT’”)
coll pp T

E " Mid-rapidity PHENIX high p, r’
4] i i
s T L .
& F ® AusAu @ 200 GeV [0-10%] / "I‘?d f“; NO Suppression
E 15 i / (Rga=1)
& [
- L 1 % | ] |

B H | & ! 1I' L] ! .
5 1_+Jf|.14|.lL...J,T ....... Central Au+Au collision
5 | &7 : 1 i / up to factor 5 suppressed
< 0.5— | ']'f / (RAuAu = 02)
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PHENIX, PRL 91 (2003) 072303; p, [GeV]

STAR, PRL 91 (2003) 072304,
many more (see eg. RHIC white papers).

=) Final-state effect




on of away-side correlatio

Comparison of azimuthal distributions rel.
to high p trigger particle measured in pp,

dAu and AA (for different centralities)

Away-side suppression
quantified via
o Trigger: highest p; track with p;>4 GeV e = J' dN g/ f dN,,

away away

» Associated particles: 2 GeV < p; < p,oger

I « d+Au FTPC-AU 0-20%
—  D.2]- .
3 - p+p min. bias Measurement in pp and
% g AULAL Cantral d+Au not suppressed
=l - (lan=1)
g o b4
- A R
= ;ﬂt ﬂ"k +L+* ks -H_,-;_ 54 — Central Au+Au collision
u‘tﬂu -- #;ﬁ% e 218 ey strongly suppressed
- near side . away S|de | (Iza=0.1)
1 0 T 2 3  E—
STAR, PRL 93 (2004) 252301. A ¢ (radians)

mm) Final-state effect




rticle production in A+B

Proton-Proton baseline (pQCD)

Initial-state effects

— Nuclear PDF (anti-/shadowing)

- K5 broadening (Cronin)

Final-state effects

- Energy loss

— In-medium hadronization
(coalescence)

fPo/fp

1.0

_I | T | ; II| T
Q2 =5 GeV? . |
f"ﬂii _"I"..II_
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__—-——"'_fr-’ ,r;
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L Ry < ~ >
"Ry <1 T >
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Parton energy loss

* Partons travel a few (~4) fm in the high color-density medium

* Bjorken ('82): energy loss due to elastic (collisional) scattering

High energy quarks and gluons propagating through quark-gluon

plasma suffer differential epergy loss wia elastic scattering from

guanta in the plassa.

An lateresting sigoatupe may be eventa in whieh the hard

agilision oaoure near the edge of the overlap regicn, WiTh one Jet

sspaping witnout absorption and the other fully absorbed.

Bjorken, FERMILAB-Pub-82/59-THY (1982).
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energy loss inspired by p

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

di 1 q(g)r (multiple soft)
O aK s Cr/w’ F(n(€)a(r)) <: 2 |
* In(g)o(r (single hard)

Coherent wave-function gluon acummulates k; due to multiple

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

Bjorken, Gyulassy, Pliimer, Thoma, Wang, Wang, Baier, Dokshitzer, Miiller, Peigne’, Schiff,
Levai, Vitev, Zhakarov, Salgado, Wledemann




energy loss in pQCD (BDM

: " TG

‘Jzs6 i .

% i \ BBNPE (o BDMPS-Z formalism @O/OZO
"5 F Redo000 (q7)

q= A transport coefficient

Radiated-gluon energy distrib.:

wd_oco(S Vow, l w for w<w,
w (e, /w) for w=w,
Cr Casimir coupling factor: 4/3 for g, 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.

Constantin Loizides (MIT). Nuclear ph



alculating the energy loss

dl
dw

|AE| fdww oc g Cp g oc g Cr q L7

(AE)c G p [darqr do/da;  mep

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

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

AE, fdwwdd(l) &g Cr VE w oc g Co VE VG L

- Introduces dependence on parton energy
- Reduces sensitivity to density
- Leads to linear dependence on path length

Constantin Loizides



Expanding medium

centers

q(t) =q, X

* Dynamical sc
same spectrt
for an equiva

transport CO€
L+,

_Q>|

* Time-dep. density of scattering

To

&
K
S, <
; %4,4/\/ /N
a =15, 1.0, 0.5, 0 '?/o
/ /
If not explicitly mentioned, / L4 o
all values for the transport " /;/—> -5
coefficient are for the - o ﬂ)\
equivalent static scenario. é> /
. , i,
Sas S ENY N Re=ddDo \

-5 [ arenlam => N

1g-— "\--..-"..L

mmm) Calculations for a static
scenario apply for also

5- SRR YN RetoDoD R
RS STy kN
N :{ZJ
-‘\ =47 5 | | i Ll

,J ..j_[i__LuI.-r"fl |_u| ||j el o

1w ig oo e i gt e g o
ALY wiwe=w LAY

for expanding systems

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

* Compute energy loss probability distributions

f[fdwidlj(zi) AE — Zw

dl
Idwdw

exp

e Calculated from w dl /dw inthe E - c approximation (no E dep.)
P(AE;Cg,a,L) = py(Cg,Q,L) + p(AE;Cg,a,L) |axg=1/3]

- —— e .7 . T T ar——
5 L = 8 5 2z L =23.0fm g
= - A —— g =10.0 GeV3/fm ]
5 — quark projectile g 0 —— g =50 GeV'im
| ¥ H = ¥ ) b
i gluon projectile B 1 —— Gq=1.0GeViim _

. o4,z 1
0.6 discrete part 2 continous part
- | .8
£.6 ]
o2l .| (4 GIUDHE _
B R -
I..:l- i i i | “ul b I:. AL SRR ek 2 I:'J— | Y 3 | It ] -l_\_\_-_l_l_l-
0 2 4 & E. 'ID C La 100 R 200 2hL0
q1 e #fim] A F iG]
BDMS, JHEP 0109 (2001) 033 ‘ Constrained weights

Salgado, Wiedemann, PRD 68 (2003) 014008




strained quenching weig

Construct constrained weights from quenching weights

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

a) non-reweighted weight b) reweighted weight
(thermalize for AE>E) (truncate + renormalize at AE=E)
m | L ! m'“ | A ! |
ﬂ ~=----- Quark projectile : _ELU.; ~=----- Quark projectile :
5 n —— gluon projectiie = —— gluon projectiie
g e non-reweighted  _ 107 reweighted
I Liss '_*—u_L“ s -
s :
1072 E=100 GeV o 1072 E=100 Gelf G
oA 1GeV2/f l_l_'—nﬁ_ : T ,
q=1GeVi/im ., q=1GeV /fm .
" L=6fm i 1  L=6fm g
L B giig | ] i PRI U | 1 1[:“:..




ting unquenched particle s

Standard pQCD + collinear factorization + vacuum fragmentation

d2 " d? 520X
=Y | dF, dz, v
dpr dy |y~o ap), dp; ; dy |y~
Dh/j<zj)
2
Z]
Monte Carlo approach:
Verify shape with PHENIX 3 + | MR A T -
parametrization for pp 50 (parametization) =
AR i — F":}H |'I+,h -
2 : o (FYTHIA + KKF) °
L AN_clj4P +rlp;] . :
Pr dp; Pr :;5?
9 pp 200 GeV :
i ”2 -‘I1 rl3 IEI”1IEI 1I2”‘|f1 10
p-[G24]

Constantin Loizides



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 Fragmentaticn Functions KKP Fragmentation Functicns

_.i':‘b., 1[]2 I I 1 I I I I I I I I I I I I I _g .ﬁ L I I I I I I I I I 1 I I I I I I
= = 3 =4 900 gdron —
= 10 : _; ] u P,:' N = 5 GeV/c i
; 5 uid quarks E 800 B
p 3 E 00 u/d quarks, ]

10 600 <Z> = (.66
10° gluons j I i
. 5 3001 gluons, ~
10 <z» = 0.54 _
More than 70% high p; hadrons 3001 _
originate from quarks (quenching 200 ! |
increases this to up to 90%) 1001 —f- =
107 I T i R R T B R B T R
D1ﬂ203ﬂ4ﬂ5ﬂﬁﬂ?ﬂﬂﬂﬂ 1 %D1DEUEU4UEDEU?DBDQ i
7 = phﬂl:lr-i:lnnI|I|E|:|E|rl:v|:|-n 7 = phﬂdr"” I|'E|:'E“";":"”

Constantin Loizides



lating quenched particle sp

Factorized pQCD + final state quenching + vacuum fragmentation

d2 h 2 _ab-jX
O_Quenched :Z J'dFabdAEdejd — %
dpr dy |y~0 ap,j dps; dy |y~
i A D.,(z))
5(pT,tj_pT,j_AEj>P(AEj;CjaqjaLJ‘apT,j> hlzjzj
j
Monte Carlo approach:
P\éTI—FI)IA D % > A
R Pt
Geometry PIAE:Cr.Q.Lopr) | g
CBD
p;—AE 5"
I

Constantin Loizides



In central Au+Au at 200

Need
q=1GeV’/fm
to describe the measured

suppression in 0-10% Au+Au
for fixed length of 6 fm

No initial-state effects and

w1

in-medium hadronization: p; > 5 GeV

STAR R 9 aerm =
PHFERIX B b0,

FHEMI® o C-104

E— 0TS Gey hm L — B e, qusirks anly
0.7 Ge L - & Ffm. gluons only A

E— | GavTfn, L-¢"m il
(non-reweighted) 1

PYTHIA

CR! pT

Constantin Loizides




central Au+Au at 200 Ge

| T T I I B R

gea e
Need = |

§ = 15GeV>/fm 1

= STAR h, |5 0-54%
u1 PHFRIE h H 0-1 0
PHEMI¥ 3% &a-10%

| 3= -5 GaVWm

0.8
to describe the measured ]
suppression in 0-10% Au+Au 051 =
for Glauber-based length . o eweighted
distribution | " - -npk | = s

-1 R
Band represents systematic 2t A + jil' =
(theoretical) uncertainty introduced non-reweighted
by the constraints for finite (and — tls — 5 e i
small) parton energies ;:ﬂ[%e

PYTHIA > A
Pr
Cr P; (L)~4.4fm

\

i p[xy+1,y,+15b)
[ dip(x,+1,y,+1;b)

o B 0 g A4
Tromlseise path ki b L D]

and FIXED q

uolnejuswbel) dMUM
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Role of collision geometry

* Parton production Wood-Saxon density profile

according to p_,[x,y;b] sfa 1 b/ -
* Parton absorption 5 1

according: oS

0.5

f=expl—k I]; lec [ f(I)p(1)dl _

independent on p; 15}

where | is line-integral over |

density-profile for different ol

expansion scenarios a5t
* Results relatively S

independent on detailed
modelling of matter (not
shown) and absorption L? and static
patterns ”

L? and Iongitu/dinal exp.
mmm) Opaque medium: L and longitudinal exp.
geometry dominates

Drees, Feng, Jia, PRC 71 (2005) 034909.
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M parton-by-parton approa

* Define “local” transport coefficient

Q(E;Xo,yo,fbo;b) KXT,T (XO+§COS¢OyO+§Smc])O, )

HU—QU:EGGGEU.G—E% N AR ERRERRRNERRRRERE RN

I ey 24 (noteg | —— 00 f.q,~-14.||35‘l.|"l:“ﬁ'|‘|
et RN 22 = N 10-20%: <> = 11.4 GeV'ifm
i T e B = | ¢ 20-80%: <f>= 688V im |
gifﬁ;' N =18 = R S - 30405, <G> 3GV
S . L e |18 2 } 40-60%, <f>= 42 GeViim -
,%15: . T 4 F__f__,--*""- e =14 i o ';.ﬂ --------- B0-60%, «f== 24 EEU_?."fm ;
P | o et @t T8 e 6070 <@ 1.0 GeV i
é ] ' =10 —hY "*?ﬁ """" - 70-80%, <q0»= 04 GoV5itm
z 9 IR oS ——— anoms <= 01 GeVTim
: %- ' 8 i} s Ll “:'-‘I,-r"
* Defi 5% 5 10 47 % -
4 1 ,,a-”f: \ .. central
* Par: ) > nce) T R e
_ g T 0

- Implicitly depends on systems and energy
(see later)

— e ; 1:| i ||I||||:|||||||I.||I|||-
Use Glauber to scale to other centralities 0 E 4 5 8 10 12 14 16 18 EIJ 55

- Report (q/occk for a given centrality range (= IIJ (21 [GeVim]
Dainese, Loizides, Paic, EPJC (2005) 461.




central Au+Au at 200 G

: <16
Find < [ x°0-10% Central
Al 2 “'E PHENIX preliminary
<q> = 14GeV~™/fm 1-2: (Quark Matter 2005)
to describe the measured 1f
suppression in 0-10% Au+Au 03—
for the pﬁrton-by-parton 0.6 PQM (§) = 14GeV?/fm
ap.proac L | 0.4k
Dainese, Loizides, Paic, EPJC (2005) 461. =
0.2 -
ﬂ_|-||-||||---||||||||| ||I|||||
0 2 4 6 8 10 12 14 16 18 20
p (GeV/c)
PYTHIA D > A
CR; pT % !

uonejuswbel) JUHY




central Au+Au at 200 G

1.1

0.9 -

O x

L7

0.3
0.2 o
0.1 -
00!
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STAR 0 5%)

PHINIX (105

HEATIRS (G-T055:)

PHOBOS (0 6%)

Vi = 200 GeV, (B +1)12
A= 181 (0-5%)
L.:=3501fm

) nomedium -

§ [GeV im]=




dep. of R,, for Au+Au at

Glauber: qlb| = KM%V T To (b

20-30%

o0-80%

v [Ir1]

1
T
I'.E'-':":"""U-x;hmm
U | L EL B ) ELLEL B I e |

w I

= | [ L=y iz
T T T T

S M & S
W T

0.E

0.6

0.4

0.

- pr > 4.5 GeV E

[T T T B | | T T T
¢ N 60 100 130 200 2H0 300 330
r-..‘

Dainese, Loizides, Paic, EPJC (2005) 461. "1




ep. of R,, for Au+Au at 2

New 11° R, , data for 200 GeV Au Au from PHENIX

oS TEF = e : BN 3o 3
] B-10"% ] = LE R ] : 2030 % ]
1Tk = =3 = 1.2 -3
"! ] 1 ] i ]
1'||'|-_— — H fn, = l'la_ —:
ank - D6 - aal -
uip - U RS B
- | 2 -
ozl 1 a2 ] aaf
ﬂ-_ljuu =| 1 1||||1|E II.;:|I i "-I'I PE | PR N L1 1 |- -'.I‘ |-
i - | z ] el 5 0 15 Al . S C 5 0 1= 20 5
7 Enﬂ-f] PR i e
L s & -
< = e |
1T&f ]
o TEE b &S50 % 1
: -
X 3
i, e
4
] <
11 -
i A5 ™ 3
- 12. -
- 14 —
- a4 -
f PHENIX
=F - QM 2005
|]‘ P N ] Ll L

11 1 i L 1 1 L 1 ]
Al . S C 5 i 1= 20 ndl
fi. e i et




trapolation to other syste

The transport coefficient is - DA g e
; : o PHOBOS 200 GeV y <08
proportional to the gluon density, 2 & RHICcomb 130GeV  Agg= 170 y
which according to the saturation S T = PHOBOS 36 CeV /
model (EKRT) scales with ;a R 7
i L /!
gluons 0.383 0.574 I A
(Q) cn VSNN P
!
5 | ..-";

Using the extracted value

at Au+Au 200 GeV gives j o B ‘\ f
(for 0-10% collisions) T g S R

10 14 \ T ) I":]I
Wy (e
) — 0383/ ) 074 2 CuCu/AuAu=1,
<q> (A/197) ( SNN/zOO) ><14[GeV /fm} PHOBOS, nucl-ex/0510042

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, Kajantle Ruuskanen, Tuominen, NPB 570 (2000) 379.

Constantin Loizides



polation to other system

<q200,CUCU> — 9 GeVZ/fm

= = i i - = T 3§ T -
o § - Cu + Cua = 200 Se'v PHEMIX prelim. 1 E I~ 7]
c -1 4 Wcasursd at Cu o« Co 0 10% - = oo -] . i Micasurs-d 70 Cu o« Cu 10 Dy =
= ! nirdes vl Wl hepphTHER ~ |- B i ml oWl hapephd s -

- M. W " = R Flg e ] =

1.8 ~ — | WEER = 1.5 = e L =]

e :*ﬁ’ 05 | s p—

= B Keanur=d 2" Cu | Cu 2020 = o |— & Weasursd 77 Cu 1 Gu K- giks Bbs

- -| wirirles 1l sl happhTAnEmI = = -| 1 rirkee= 1l Wl s p TR =

4\ = L =] 4.8 = AL AL ] =

8 . e e O e Ll Mg R b a1 3 e e g . =

: [ :.Ii' 1 L 1 :

0.E [— 0.5 — = —

z |- = 2 | 5
@ Mledsured 0 Co o Cu dD-50% 3 2 & NMeasured ' Cu g Cu S0-60%:
18 | .Lnlﬂﬂeg et al Ngp-phda0E201 15 | .Lnlzlﬂes &l al hep-phA406200




Raa prediction for LHC

(§P" ) ~25—-100GeV?/fm

ool [l TR E LRt Interesting(?)

0.7 ANty = 2000 - 380 _ : difference

b = A E in predictions.

0.4 Be - a-"f . 1 =

0.3 I = . : R 200GeV

D2 = RS.S TeV o %44
EORE SR e T s 3 A4 - )
is F ) o ;

0.8 4050 % ol 7O-B0 9%

0.0 E . .

E Similar results:

:; p— ':-"-_ E Eskola et.al.

oSk h™ NPA 747 (2005) 511.

g; P - FaM] su-au, 5 = 200 Gey :

n2f ¥ R TR

0.1 _

15 B0 a0 40 50 AN 10 80 40 10 2D A0 40 50 BO 70 80 £
pr [Gel]
mmm) PQM predics also for large p-
a rather p;-independent R, ,
(for central collisions) Vitev and Gyulassy, PRL 89 (2002) 252301.

Dainese, Loizides, Paic, EPJC38 (2005), 461.
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ap prediction for LHC (2

Tl e,

o el g 1 CGeV Tim)= -

.0} _II._f.___________ ﬂ nnmedjm__

0.9 - =
— l.w

0.8 _ o - - =] i

(.7 — T

Toel 7 Ve =5500GeV. (B +h )2 1
x i A= 193 (D-5%%)
05 /4 Loy =10.0fm i
.4 —:':.' —— _ —— 10 _
0.3 T
(.2 —_;7*'— =3

L -
o
o i o
(11 =
: H

{].[} 1 | 1 | | i | | | | |
[ 30 100 1500 200 250 300 350 400 450 300

pr[GeV]

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




Why is R,, flat?

ﬁ _— 1 ] I ] I ] ] I I 1 ] ] ] I ] ] ﬁl I I 1 1 I_
o OB N ——— < =12 GeV: /Tm .
¥ 0=10% ——— <> = 24 GeV* /fm =
R =88 GeVE/fm —
e SERE R d=103eVeitm, L=a4im =
0.4 — non-reweighted e s
= ez e ——
0.3~ T =
— R et o s e -
o2~ - _
= __--'"- - =
' B e -
g

ﬂ == 1 1 | 1 1 1 1 i | 1 1 1 1 | 1 1 | i 1 1 .

O 20 40 (518 80 100 1211 140
P [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.

Constantin Loizides



ited medium-sensitivity of

LB

D&

0.4

1.2

0}

- 0

I 1 ] I 1 1 ] 1 ] I 1 I 1
- — nen-aweiqitad
"R, at 10 GeV :
" (0-10% central collisions) =~ evcighted 7
[ C.L., hep-ph/0507018 |
i A 10 15 20 23

<> [GeV* / fm]

Strong suppression requires very large densities

Opaque medium leeds to surface emission

R, determined by geometry rather than by density

Miiller, PRC67 (2003) 061901.

By =

“Leading-particle
probes are fragile!”

200 GeV

11

Study peripheral
collisions or/and
more differential
observables

Escola, Honkanen, Salgado, Wiedemann, NPA747 (2005) 511.
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ruct extreme case of abso

g 1.4 _I -.L:%%%%; 1 - I_I I | L | I 1 -I _| | -I 1 I 1 | 1 1 I_
{2 - _ et * STAH h h _
=T T Te= m PHENIX h*, h
1 =
L e = PHENIX =
DE_— 0 r 3 e P e S et g T B T _—
L7 Full P(AE) |
0.6| Only P(AE=0) |

Interesting region 0.4

which needs full E
quenching weights (3. 2

Dainese, Loizides, Paic, EPJC38 (2005), 461. 5
D I | 1 I | | | I | | | | I | | | I 1 | | I | | | 1 | I 1

0 20 100 150 200 250 300 350

Construct modifed quenching weights to reflect pure absorption:
P™!AE,E;H|~P(AE=0,E;H| §(AE|+(1-P,(AE=0,E;H||6(E—AE]
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(r) models are quite succ

g ' M. van L MO5 i TR
3 -van Leeuwen, Q < |Drees, Feng, Jia, PRC 71 (2005) -
® o 1
T i
£ J Aoy —A-BH L a-CIT=LIE
2 on e I: ‘r::j a4
® ' .::L:"*i] ST a0M Cucu
0.5 -I e - AutAu
L IR TR ) - = -—'-:-' - ! ] 0-5 i
W Lwiiiy T
% ' 10 '200' e ' ano
Mpart S o
0oL

Need to refine our scaling with EKRT?

100 200 300
N
part

(§) = 9GeV>/fm

) A 2
kB2 1) = 4 kg2 1) = 4] <q>:6GeV /fm
#oas| 3 = ¥ s
i S CutCu, 0-10% e p AutAu, 30-40%
LTpaz . Ju.uz 2
1.5 ._i:l_._.-'f' e |l o e
b e =5 ] == 8
e 201
I = ll I 1]|
k- [ Y :.' |
T e N T - T T B s et - ’-li




Imuthal asymmetry at high

dN/d cl>oc1+2vzcos(2</>)

— 3 i 0.3

E] ] - PQM: 0-10 %
; 2 025 —4.5.6GeV |
u 0.1’

eom kb w

DR iR 4TS e 7R o

D
i | 20 - 30 %

-t H =
-

0.3-

0.2_
— =} | 1
0.1 ) | —F

1 2 3 4 5 6 7 B 8 10

D.Er:
0.2- ++-|._._++ —|—+
0.1_ I

0- —

40 - 50 %

YT 273 4 576 789 o

p, (GeVic}  Cole, QM 2005

m° — v, 200
0.3¢ =\
- sy 10 - 20 %
E.EZ— b
oaf 4+ T
I}_ -

AFTE 3TAE 67 e 8 o

E 30-40% | |
95T 2 3 4 5 6 7 8 3 10

0.2 +4
y i S ‘

ﬂn— . 1
m-snﬂlm 1
Y"1 2 3 4 5 6 7 8 9 10




with data on R,, vs emis

— Further handle on L-dependence*

E g
P
i
PHENIX r° prel vs PQM £
g 2 RarkAd 10-20% 2 O F Althu 20-30% e
e e g B e O ) ol - 3
E LA E l]-.,Eu:— <= :.::_, ! . i
posk 5o <k
> e Sodf M N iy ol ;
n:ﬂ.i! - II:E.I: -_:!:...|...|...|...|...|...|...|...:
a0 B bl ol b aE AR GER TN A S A
T R+ 046 r] Al -5
] i .
& oul S g ¥
:LU.EL% E_n_é 3 “":_-i'uu'____t
&= - = I
3 = I ’ Data show stronger @ dep.
r I 0 e

T TP 0L B BF 7 13 14 5 T eT T AE AR T 332 e than PQM mOdel

: :4%%’15 o e Note: model is not AE L2,

im : ““*:i::‘_{';! B PN Py B rather AE 1L

34 —_— * Beware: effect of collective
TR T T LT, flow on RAA VS 1?21

D. d’Enterria (nucl-ex/0504001)
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-side suppression within

Back-to-back « <
partons in PQM: no k;

= | dNug/ [ dN,

transverse plane away away

Trigger 4 < p,"eer< 6 GeV

A@distribution: 2 GeV < p; < p,fioeer 7 Ny
2 - i
N i I Tt B ] =
- — p-p min, bias e = -8 ¥ ST’![_H “ ]
= 02 = Z 0B- 3. 4{|:]IH=:EGE"U’ .
=, : £ Au+Au Central i@f’m E _F .
5 E
= i -
T } :

& 01— [ — -
F Ly it : :
= [ _gléar ide gk)vay ] E;, g ] |

fcker oo B *g 0= (§) = 14GeV?/fm -
I T e e T oS TR 26 08"
A o {radians) rait

STAR Coll., PRL 90 (2003) 082302
STAR Coll., nucl-ex/0501016

Dainese, Loizides, Paic, EPJC38 (2005), 461.
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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%
e 0 0.4- o4
'ﬂ‘ % : [ STAR Preliminary : 8 < Pr(tfig) <15 GeV
- = p.(assoc)>6 GeV
)05 I oy ¢
o] - [| — g - QLo -| — P na—:-lr_l_‘ll:l-r'_-lz_ni-ilc.m
0 Ad . 0 T’ﬁ"h i 0 Al iL
No background /

substraction!!!

‘ 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
d+Au to central collisions

Meat zide, A < 0.6

Away side, 4 = 25

= I | |
m A o d o poinanm o B AT
o Tar | aceliminsn T
T 12T =y O [eiRssred) w A SR
[ ]
o
[ =8 1
= 1
[ . -
- e LAY

! : | S N R
nas(; , | T

J, o | "

| : ‘%1-,,% i

1 - T s,
. .|:|. H I “-Hlt___h;
b e P
ol i 1 i i i | ' i i [l | i
a 100 200 3030 a 100 Ha 3aa
NF:l't IhJF?.l'I

Away-side widths similar for
central, noncentral

AutAu, 40-80%, away-sics

00E|

Auvhu, 0-5%, away-side

7, =0.25=0.03

g < (aosse)'d

Away-side fragmentation
pattern unchanged

Away side, |A®| > 2.5
| 1 ] | ] ]

| ; J
pEiAn preliminary

dN/dz.

10"}

TR THRRY | TOS: ERE AR R NN G0N THS (A TR G |

0.4 0.6 0.8 1
OM 2005 z; = p{assoac) / p,(trig)

courtesy Dan Magestro




jet associated yields (|

STAR, Phys. Rev. Lett. 91 (2003) 072304 OM 2005,
5 o d+Au FTPC-Au 0-20% Dan Magestro
& d+Au Minimum Bias
E 1.5:— _: 8 < p-(trig) < 15 GeV/c
C B " = Near-side |, ,
1: d = Away-side |,,
IAA:O.2_O.3
0.5 -
; |, = Yield(0-5% Au+Au)
i ; ,, . ; i Yield(d+Au)
O 2 F 6 8 10

* Near-side yields consistent with unity

e Away-side associated yields similar to R,, values
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M prediction before QM 2

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

— 1|_

D

-D -
20.9F

=0.8
En.?
206

0.5

0.4

=
N W

&3
o L

= | dNug/ | dN_,

away away
E l | I 1 I 1 | I I | ] | ] I ] I ::
----- one ]

~ B<p™ <1200y TR -
= i 0-5% =
-
- b
;_ | A— reweighted i
I (q) = 14GeV*/fm | | Reweighted
. 1 approach
E Star prel. 4 leads to large
! | systematic
i _ ] error (see
= non-reweighted 3 v next slide)

[ | .y N pe B g g g | L |

2 4 5 6 8 10 12

pflssﬂciated [G EV]
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. Tangential di-jet emissi

= = What is the phase space
of parton pairs which yield
hadrons that contribute to
transverse plane the away_side IAA?

Glucns: afsewp:'“cﬂﬁev and 6GeV<p " <@GeV

<g> = 14 GeV2/fm
reweighted
“pll

&
-

wa)

radius of production point [im]

6 30
Unphysical
4 20 “second
channel”
introduced by
2 10 D
reweighting!!!
% 02 04 06 08 1 12 14 J

A ¢. Dainese, Loizides, Paic, nucl-ex/0511045




for non-reweighted ban

Constrained quenching weights fulfill:
limg , P™(AE,E|=lim._, P™[AE,E|=P[AE

For dense medium: o 12— —_ —_——
= > ‘ »  STAR K% h D-5% 2
. nrw ! PHEMNIX W, H 0-10%
thord—mo P (A EZO,E - L PHENIX & 0-10% 2
- R g = 4 Ge\vim
However 3 : —— Q=14 GeWifm ]
’ (0 fr— i_ T
. rw 'i'

11m|_0rd—>oo P (A E ) E)> BA i #-_&_i:# --"lll:-r"'l - et AR 25
nal= 1_”_-'."'#% = HE 5
D: | ' 1 i | | 3

0 e B ) 1 12 14 16

mmm) Use non-reweighted only
() =4 — 14GeV*/fm
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. Tangential di-jet emissi

Parton emission points and direction s o o B I A B I B A A
By en el 20aN - i . |
lg! 1'D_ PP 11 1 te e e I::I_gE . radlal :
= 8- ’ - 0.81 .
L 8 - 3 + tangential
g . 0.7F % -
&
4: R LY - 0.6 e SUM =
- URRVERN | Lo ';.'._: :_'..._,'_.__ . = ST AT ¥ W " ] . 1'._ =
0. '?Lﬂﬁﬂ*’ e F"‘i: - - pr >0GeV
Wt i 03
= sl 1 o
4 e - 0.1]
-E: I ma-;-"'-‘u'".:- : I::|-|||||||||||||||I|||||||i||.l.-||
- A e . 0 2 4 B g 10 12 12 16
B <> =14 GeVm @ [Gev2im
_1{] [ I [ 1 [N [ A R |
108 6 4 -2 0 2 4 6 8 10 : :
X [fm] Radial (black): one jet crosses

inner core of R=2.5 fm

Tangential (red) lines: none of

mmm) Large medium density biases the jets crosses inner core
dijets towards edges of surface

(14 : : s b
(“tangential emission™) Miiller, PRC67 (2003) 061901.

Dainese, Loizides, Paic, QM 2005 Poster.
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scenario vs. Bjorken exp

* Define time-dependent “local” transport coefficient

X

= 14 [ [ .
N - . . 0 E n::..- =
G(E; %0 Yo, P03 b| = KX T, Talx, £ 5 %

4.
: : : : 2
e Sofar,a =1inone-dim Bjorken expansii
S
T -4
* SThZh boogn _: 5
SRR e -8

ST P 1IN L (B
— e - BEE OV

Quwras dig
1 i 1
H H
T T
s -
(=9 (=9
- -
- -
L L
- -
= =
i i
b bl
A o
H o
b b
£ £
=) '\l1 -7 =) .': r= qa4 av ni E i

I qn T1H I 21

o, ok el tne predoclkon 1) Tog” i1, ok romnbssdse Tre precuzlior Bazh o




scenario vs. Bjorken expa

Static 1-dim Bjorken a =1
Medium 7 GeV?/fm 58 GeV?/fm
Raa (10GeV) 0.25 0.25
IAA (highest cuts) 0.13 0.16
dE/dx (all partons) 2 GeV/fm 4-5 GeV/fm
dE/dx (all survivors) 200-300 MeV/fm  200-300 MeV/fm
dE/dx (away jet) 20 MeV/fm 40 MeV/fm

Away side, || > 2.5
[ T L |

h
%i- i | premenen | _
“‘Away-side
fragmentation
pattern
mmm) Due to the trigger bias, the energy unchanged”
loss the surving partons suffered i b T
Dijets essentially smerge in vacuum. ov 2005, .
J y 9 - Dan Magestro '

0.4 06 0.8 1
2z, = prlassos) | pyling)

Dainese, Loizides, Paic, nucl-ex/0511045
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M: Putting pieces togeth

1 B | I T 1 T T 1 e |_ | T T T
- R.. at 10 GeV — non-raweigied | 3 F _ :

- AA 1 08 * radial
pg|  (0-10% central collisions) i a8k . -
w, ! A - tangential
o.7c =
05 il 0.8F e SUM -

UIE_ \\\_\-‘__R-%ZIAAZO.ztO 0.3 3 ﬂgf

I e 0.1[

5, | e b >8GeV -
A \ ﬂ.ﬂr:_x pTass>6GeV —;

i I:::I-llll|||||||||||I|||I|||i||.'.-||

|:|H5'H1DIH15HIEG'I '25 b 2 4 & 8 10 12 14 18
@y [GeVEim]

<> [GeV* { fm]

mmm) Consistenly R,, and |,
(q) = 4 — 8GeV’/fm
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The opacity problem

* To what extent do we probe the medium? EN A N Ao N
And to what extent do we control the probe? E ' Q(T ) =2XE (T
» Need to relate extracted ( to energy density € »
e QCD estimate for ideal QGP: cP¥“P=2 _
-
1| J'"f
Ll w Cold matter
CI(T ) - —— Fioh gas
e Estimate c= T - — QGP (ideal)
€T, U'.J::,} 1 10 w0
£ [GeViin
° i A ~ Ty :
USINg 4 =dy x| mm) C=3...20
and :_2 ¢ . _ _
4=13 | drlr-rj)a(r) The interaction of the hard
3 parton with the medium is much
* Fore(t,|]<100GeV/fm stronger than (perturbatively)

expected
and 0.75<ax<1

R.Baier, Nucl. Phys. A715 (2003) 209
Escola, Honkanen, Salgado, Wiedemann, NPA747 (2005) 511.
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The opacity problem (2)

Lip )

b
0

e \
- ea——

M _\_‘_‘_‘_\_\_

_ Mustafa, Thoma,
- Acta Phys Hung, A22, 93 (2005)

|'J|.I.II‘.|.|..,||_
n = a4 BB B "N 12 1 1B

P Khev]
* Collisional energy

- Boltzmann Transport

- Bjorken Expansion
* Cylinder geometry used

- Realistic geometry ?

¢ STAR duly
y: ks 11, Bjor ke expans o, who o

! i 2
‘ —— = 2, ] [ {'.':'i.ll‘.:J'I'IHIl:IrI, '-'T =T
n
[ ]
— e ol
‘_r.'

Renk, Ruppert, hep-ph/0507075

l""|

5 LI 13 il
plGeY|

Transverse flow

Local transport coefficient
<€]>:C €3/4(—|—nT—|—n—T)
Fireball model for

expansion (transverse and
longitudinal)
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* Parton Quenching Model

- BDMPS framework with Glauber geometry
- Simple model with one single parameter
— Quite consistently describes most high-p RHIC data

- Reveals trigger biases in Ry, and |,
* Dijets emerge in vacuum; its fragmentation properties are unaltered.

* Recent data shown at QM 2005 constrains

- Lightprobes () = 4 — 8GeV’/fm

- Heavy probes <q> — 4 — 14GeV?/fm (see Armesto et.al,
e Opacity problem: hep-phi0511257)

- Need to include collisional energy loss?

- Need to include transverse flow?

- Need to include hadronic rescattering?

Constantin Loizides



Backup Slides
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Change to larger a g

ﬁ [}_B B | 1 T T T T T 7T T T 1T T & T 1T T — T 3
S [}? f_ {IE=1 -"'31 k=5&+ﬂﬁ _f
o6F = <G = 141 GeV¥im =
Tk te=1/2; k=3e+06 -
0.5 — <>=85GeV¥m 3
04 =
0.3 =
01 =
1’:] = i i | i | P ; | | i i |

0 5 10 15 20 05 30
p, [GeV]
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er E loss for heavy quark

Courtesy by
A.Dainese

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

- y cone” effect ﬁ 0= : 22
q  Znaes [0 +(mqy/ Ey)’]

* Dead cone implies lower energy l0SS (Dokshitzer-Kharzeev, 2001):
- energy distribution w dl /dw of

radiated gluons suppressed by = af T TME =TT
angle-dependent factor = - 0.001 0.1 3
- suppress high-w tail ° 4 ST o o 3
Detailed massive calculation j> of —0Q.05 ---0.5
confirms this qualitative feature : £
(Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003)

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

Tuned pythia, CTEQ4L, EKS98
or FNLLO, CTEQ6L

Input

P
CRJ pT !

P(AE;CR7m,a’LapT)

i

uonejuswbel) JUM
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Charm R,, at RHIC

Courtesy by
A.Dainese
g=4+14 GeV?/fm (extracted from light-hadron data)
:1;1-4,_ L "I"'I'_UE_"'I" I"'I"'I"'I'_
(C ~F 14 :
:1 2r B E i
o I — 19150 .
1- Jab=r
I S £ | ffect of the mass
mﬂ.ar: 12
E\ o |
0.6F 1= 1
™ Q
04:_ lllll |q....-..-|-_: EDS; -
0 Eithermalized E E A
"~ Fcomponent m -
:,,,|,,|,,,|,,|,,,.,—E PP B B B B
%246 & fo s0 2 4 6 8 10
electron p, [GeV] & 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?

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

FONLL:

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

Courtesy by
A.Dainese

Due to larger mass of b quark
electron R,, incresed by x2
(mass uncertainty also studied)

FONLL at 200 AGeV, u=my, CTEQEM

— :J - I | LI | L L] | | E L 'IE

A [ B ~ i
I, = 2 -

Ky = selid' tatal : g=14 GeV'/fm, 0+10 %, vanable length

i oK dashiod. |V = " Rbass :

iy L0 2 ARNCA. - ALAu

e r\ datted B < & = L

= 1p7" = ""-H‘H‘f:?xh gl e = 2 o =

T I .ﬁ.:..\:'\.H. 1 .G

W - e g

R } e = o4l

s ! AeE z

U ' 3 . “_ s L

= = L, = - thick: m-1 3 Ge‘l..-' nL_EDGeU

;; i1=12 ; FONLL pQCD - f D‘ thin: rnF =1.7 GeV, rnh-ﬂrEGe"u' L

“ N Cacciari, Nason, Vlogt herl) ph/0502293 R R S TR T 1"p$'3{GEW

NI _ 3 e T e T ; Armesto, Cacciari, Dainese, Salgado, Wiedemann,

1.0 Lo A it K 120 150

Py el

in preparation,
Armesto @ Quark Matter 05




-flavour data in Au-Au 200

Courtesy by

| o wsiznons core- A.Dainese
Ausfiu @e — 200 GaV, 0 10% Centraliy — TWt=lem

% [ PHENIX PRELIMINARY e A Reminder: FONLL@Tevatron:
- — ' D production underpredicted
12- (1) q_hat = U Gav¥im B, instead, is OK
g 3 i i m‘:".; r?
'1-— == 3 -l 1ak = I T
L _ — i, o i, FUA < U
06— ay —_-_-_-_- & 1 iy : 1’ e
| % 10 - L E‘ e P M E RK._H%
0.6— = & ey =iim ; - = o _ul'-:1|'4.-.'.=-]:-1.'.'|.- -:;:.'.'; th:"“«i-a..uf F
04 C only S~ — 3 T O
" 2? Cc + b (FONLL predict.) ™ . . “”.“‘“."“'u‘".“'“.“ ’“35““’: e
. Ij_ (3)q hat=14 +'s 50w 1{"@;—.11;? R L]
n!-lll i ||--||||||-|.|||I;_:'|E-UT”|"1|||---|||||I-|||
0 05 1 15 2 25 3 35 4 d5 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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