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Overview

@ 2 most significant experimental results at RHIC:
* “High p, ° suppression”
» “Anomalous” high p_baryon/meson ratio

@ Identified ® and p,pbar experimental results at high p.:

» Vs, dependence (17 GeV, 31 GeV, 130 GeV, 200 GeV)
» Magnitude and p, dependence of suppression
» Centrality dependence of suppression
* Flavor dependence of suppression
@ Theoretical descriptions of nuclear & medium effects at high p_:

* Nuclear shadowing. Cronin enhancement.
* Parton energy loss (BDMPS, GLV, HSW).
* Hadronic energy loss.

* Gluon saturation.

» Parton recombination.

@ Summary & conclusions

Breckenridge, Feb. 11, 2003 David d'Enterria



High p_particles @ RHIC. Motivation

@ Products of parton fragmentation (jet “leading particle”).
@ Early production in parton-parton scatterings with large Q.

@ Direct probes of partonic phases of the reaction I Sensitive
to dense medium properties: QGP energy loss, saturated CGC ...

@ Info on medium effects accessible through comparison to
nuclear- geometry scaled "vacuum" (pp) yields:

O-f;gfd_ /dzb [1 haa _J"\NTAB ] “"‘"/d‘zb O'hard TAB ) or

“pinary scaling” (Neou)(b) = owv-Tap(b) O oaz"® X (Neou)cy—co

@ Production yields calculable theoretically (next slide) ...
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High p_particles @ RHIC. Motivation (cont'd)

@ Production yields calculable via pQCD:

Og hW)dD fa/A(Xa’QZa) [ fb/B(Xb’QZb) [ O.b - cd [ Dh/c(zc’ch)

Parion
Distribution

Photon, W, Z elc.

“Factorization theorem”

Final Stale
Radiation

Parfon
Distribution

Fragmentation

. or via “classical” CD:

u : - on TSR det
Mueller diagram for 3 3 1“\
classical glue radiation” 3 3
g ?\f xxxxx '\5 \X_ ¢‘{'—| ktz b]
< g .
S 3
S 3 J
= __Q;-x/\ \/x/\b
’z -%’ _"1 K,
S
\,‘vx/“‘? L ¥ pt
;
é ’:zs P — kg
3 S
f -
i\/ g Galx, . (P,—k ) )
o s 4 .f
: s |
S 5 J
-
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High p_ neutral pion spectra

Au+Au Vs, = 130 GeV
N.r"'""‘u
..;'_ 102} o
e n
S 10 b
g ~ central
— 1 L.
.
o
o~ 1
< 10 B
L
'—
2
10§
5 . - peripheral
= 10k
> 4
Z 10 ¢
L PHENIX Coll.
2 PRL 88, 022301
10 ?—?iﬁiﬁi‘: N+MN reference
I L 1 | |
0 2
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Identified p,pbar high p, spectra

Au+Au Vs = 130 GeV

10

Breckenridge, Feb. 11, 2003
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High-p. ™ @ 200 GeV: AuAu vs pp

p+p—> X Au+Au— 1 X (periph)  Aut+Au— 1 X (central)

N
M

~ 10 o w10 ¢
o~ [l | E
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E 1 preliminary <z 3 Uncertainty in N _,, pp scaling c-": = - Uncertaintyin N _, pp scaling
(<) - C . :
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~ E E
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pp data agree with pQCD Periph. data agree with Strong suppression in
pp plus collision scaling central AuAu collisions
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Nuclear modification factor: Vs dependence

d*N , o /dndpr
(Neot) 2N, [dndpr

@ CERN: Pb+Pb (Vs ~ 17 GeV), a+a (Vs ~31 GeV): Cronin enhancement
@ RHIC: Au+Au (Vs ~ 130, 200 GeV): x4-5 suppression with respect to N__

Raa(pr) = Compilation of high p_ 1° central A+A

R, 7 0-10% Central:
! 2.5 I * Au+Au \s,,, =200 GeV
o | ~ 2.0 ¥ AutAu \s =130 GeV _
| AA \ ot B =31.0 GeV A.L.S.Angelis PLB 185, 213 (1987)
. gl = e v WA98, EPJ C 23, 225 (2002)
21— | +Ph Nsyy=17.3 Ge PHENIX, PRL 88 022301 (2002)
B o D.d'E. PHENIX Preliminary QM2002
- i + R .~ 15
- I &~ AA
15— T ; .
- ; i N . scaling
u _ / collision
| e e mmmmmmea———— O 4 ..............................
o5k / R,,~0.2 - Noa scaling
i »
: """"""""""""""""""" g ""Q""é””i""g """ ﬁ ""é """""""""""""""""""""""
ﬂ | | | | | | | | | | | | | | | | | | |
Q 2 4 C 8 10
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High-p_ suppression: Central/peripheral

PHENIX Preliminary
R,, for 60-80%
o High p, T peripheral consistent 12

R b

0.6 ?
— 161 0.4; IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
T N o1y 0-10% / N_ 1% X 60-80% | o2
%c, 1.2 0: | | L | | | |
© C Q 1 2 3 4 5 (& 7
B e Py (GeV/c)
IR PHENIX Preliminary
9200.3_—
306 ° Ratio central/periph ~ 0.2
20.4; + + + + ; {. P (confirms R, result without pp
02f- ¢ & ? 4 ; reference & part of the exp.
T T T T uncertainties canceled out,
o 1 2 3 4 5 %T (GaV/) but larger N_, errors)
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Centrality dependence of ° suppression

3 - PHENIX preliminary sSuppression vs N

a 15" R..(p;> 4 GeV/c) PP part

i @ Smooth suppression (no 1% order
f:i' iiiiiiiii phase transition-like behavior).
- ?{"‘ '
[ + : @ R,, <1 for 50-70% centrality:
0.5 —
., R N .~ 40+ 15

(coincidental agreement with parton
percolation predictions ?)
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................................................... @ E_measured in EMCal (s.
Bazilevsky talk)

-
[
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@ Suppression apparent up
to 50-60% centrality:

+ . \
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Hadron composition at high-p.: R,, (p) vs R, (1)

@ Protons (antiprotons) not suppressed for p.=1.5 - 3.5 GeV/c :

* If p, > 2 GeV/c particles = parton fragmentation products. What
makes such a difference between baryonic and mesonic products ?

2.5 L agm cent -

2 - Yield (0-10%) / Ny, PHENIX PRELIMINARY]
2 [ Yield (60-92%) / N}, Au+Au Y5 =200GeV ]
2 L o (P*+p )/2 -
g 15 .+ =
_-?-_.'f B binary scaling |
&) 1 a
- L _
% L _
st :
E‘ 0.5 : .'.I * :
A I ' I T
0 B ! | | |

0 1 5

# Start of proton quenching at higher p_ ?
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Hadron composition at high-p. : p/mtratios

@ Central colls.: Baryon yield = pion yield for p:>2 GeV/c

S5r 5

PHENIX PRELIMINARY F PHENIX PRELIMINARY
4.5 ;— 10 %% central 45 10 %% central
afb p/iat,p /in® 200 GeV afb pila,p/n® 200 GeV

more protons ssp P/n',p/n® 130 GeV as _ p/n,p/n° 130 GeV
@ 130 GeV than . 3F

t:': o
—~— 25 —25F
@ 200 Gey ——=""¢ e
S T 2
15F 15 f
1F gy TR T L "= U I "
05 0.5 F
0 F | 0 F
(0] 1 2 3 4 5
Py (GeVic) Py (GeVic)
@ Very different from jet fragmentation (strong non-perturbative production).
2r - 2 E
18 - : g:g ,y: 353:2 Line: p; independent systematic error ban d 18 - : g:g 4‘: gggm‘;:? Line: p; independent systematic error ban d
E | ® 60-91.4 % p/pio “E| ® 60-91.4 % pbar/pio
1.6 3 A 60-91.4 % p/pi+ p/piOA l . e 1.6 = A _60-91.4 % pbar/pi- pbar/pi0 e
14F - plpi+ - i 0 14F - pbar/pi-
1.2 sqrt(s_NN)=200GeV prR” 1.2 sqrt(s_NN)=200GeV " 4
1E ..F.‘.'.'.'.'.E.N.'.)S.RB.E&.'M.'.NABY-’}H } ................ T SO, S JE= PHENIXPRELIMINARY . + ..............
NI o ;
0.2F 3 0.2F 3 -
P =M I o S I S I S B SR oblo. . AR7 L g 1 e sz
0 0.5 1 15 2 2.5 3 3.5 4 0 X 15 4
py [GeVic] py [GeVic]

@ Periph. colls.: baryon/meson ratio ~ 0.3 as in p+p,p (ISR,FNAL)
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Hadron composition at high-p. : p/p ratios

@ Peripheral pbar/p: Decreases with p_ (perturbative behaviour)

14 1.25
C O 60914% :
12 60-91.4 % Systematic Error Band Central Au+Au @ s'° = 130 AGeV
- 1.00 } Soft+Quench, dNdy = 750
) O R + pQCD calculation
- a 0.75 [ =
0.8 — -
C 0O 5 _ "
C 0 2
0.6 a 050 | ‘ \ ;
0.4 :_ Anti-proton/proton Ratio | ] y \
~ sqrt(s_NN)=200GeV 0.25 | LVitev & M. Gyulassy agic
0.2~ PHENIX PRELIMINARY L hep-ph/0208108
0‘.|....|....|....|....|....|....|....|....|. 0.00 L . L ' 1 L .
0 1 2 3 4 5 6 7 8

0 05 1 1.5 2 25 3 3.1.5 e {};
evic

@ Central pbar/p: ~ 0.7 constant up to 3.5 GeV/c (as\ found in pp data)

14
- ® 05%
1.2 :_ 05 % Systematic Error Band 1.4 ;_ pp @ 53 GeV,ISR
- § 12f
L~ AR B C *
- 2 Uy +
. g 3
0.6 — W -E ' - + *+ *
- g W4Af
0.4 — Anti-proton/proton Ratio E 0.3 _
C sqrt(s_NN)=200GeV - .
0.2 — PHENIX PRELIMINARY 0 05 1 15 2 25 3 35 4 45
C Py PGeW ]
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High-p. @ RHIC: a theorist “guide”

@ APPROACH “A” (based on pQCD, factorization theorem):

Step 1: pQCD (NLO or LO+K-factor) = PDFs + scatt. matrix + FFs
Step 2: pQCD + nPDF (shadowing) + p, broadening (Cronin)

v So far one can explain peripheral data
Step 3: pQCD + initial-state nuclear effects + Parton energy loss

@ Energy loss 1: BDMPS (LPM, thick plasma)
@ Energy loss 2: GLV (LPM, thin plasma)
@ Energy loss 3: HSW (modified FFs), (g radiation + absorption)

v So far one can ~ explain central colls. (magnitude, p, dependence)

Step 4: pQCD + IS nuc. effects + Energy loss + parton recombination
v Tries to explain flavor dependence of central colls. ...

@ APPROACH “B” (based in “classical” CD):

@ Step 1: CGC (gluon saturated nuclear wave function: MLV, ...)
@ Step 2: (classical) glue + glue collisions: gg - @
@ Step 3: Gluon fragmentation (FFs)

v Tries to explain: suppression, N e scaling, flavor dependence ...
Breckenridge, Feb. 11, 2003 David d'Enterria




Magnitude of the suppression

@ Data vs. theory: What do we learn about the medium from
“let quenching” models ?

1.8

x High OpaCitieS: m:(( : e PHENIX 0 200GeV
<n>=L/A=3-4 I (Lri;/ecliiE/dx) ﬁi_l}/IEilciloII;I(st)ev;{ski
o o I nucl-ex/0210021 !
* Large initial gluon densities: L L N— e —
dN9dy ~ 800-1200 - Wang
| (no dE/dx)
* Transport coefficients: i o
(with dE/dx)
<q,> ~ 3.5 GeV/fm? 0-5__ Vitev (with dE/dx) |
* Medium-induced gluon
radiative energy losses: e
[\
dE/dx = 0.25 GeV/fm (expanding) OO — 5 — 4| — 6I - 8l | .10.
dE/dX|eff = 7 GeV/fm (static source)

p. [GeV/c]

Breckenridge, Feb. 11, 2003 David d'Enterria




p, dependence of the suppression (I)

@ All medium-induced (LPM) energy-loss models predict a smooth
decrease of suppression (o< \/pT) not seen in the data so far ...

n fleoating, L=

0.65} BDMPS 0.2 -- P
HEPJ 9, 33 (2001) -—-~ 5=200 GeV
/ 8 10 12 14 16 18 20 It O T2 4 6 83 0 12
| . . - r . ’ . i-\[ 5 "_::'"‘\, ‘-xl
| L=5fm  \ @ — Average AE ] E. Wang & XNW&ng
LI05GeV  Po(e) T Pacnating P PRL 89 162301 (2002)
0.8 r v ® PHENIX ,, 10% Cent. |
0.6 \0.4<AE1> 0.5<AE >
& _
u? 04
0.2
GLV
0 . PLB538, 282(2002)
0 5 10 18 20
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p, dependence of the suppression (ll)

@ Energy loss with LPM interference effect. (1) gives too much, suppression at
moderate p,, (2) does not give the observed ~flat p, depegdence of R,

@ Alternative 1: Let's test the Bethe-Heitler limit ...

Jeon, 0.8 Q)
Jalilian-Marian, ® PHENIX, QM2002 Pr) | 5. Mueller
SarceVIC 0.7 | u—a BH: Kk=6.1%., Q=1 in - | .
hep-ph/0207120 #——# BH: x=6.1%, Q=2.0p, 025 | nucl-th/0208038
P-p o 4 LPM: E,,=0.351GeV, Q=1.0p, | =
1 ¥—¥ LPM: E,,,=0.351GeV, Q=2.0p, [ .
ﬂﬂ_ t‘\ ,,/' 2
S 05 | i =
L] L — e
By PEESED L e 0.2 |
m§o4¢,__ e i : ———— =
< A -
= . |
=<
o - ] 0:18 BDMS
2 ——— ] Ts BH
B RwW
0.1 F s =200 GeV E l ‘
EKS98 shadowing
» " 0.1 !
4 B B 7 s e E 10 12 14 16
p; (GeV)

Pt
FIG. 8. Ratio of inclusive 7% cross sections in heavy ion

and p-p collisions at /s = 200 GeV, compared with PHENIX

4 Alterhétive 2: Let's add all other relevant nuclear effects ...

v Modified nuclear PDFs (aka "shadowing”)
v Initial-state p. broadening (aka "Cronin effect”)
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Parton shadowing does not seem to play a role (?)

@ (x,Q%) kinematical range relevant for RHIC (p, ~ 2-10 GeV/c, y = 0):
X, = (p,/Ns)-(e™*+e»?) = 2p /s = 0.01-0.2 (gluons dominant !)
Q*=p,>=4—-100 GeV?

Q" =2.25 GeV’ Q" = 100 GeV’
13 I e rrre i I LI} LI I Frrrre i Frrar 11 1]
N | Ik | - /] EKS98 (“state-of-the-art
S~ L1 /\\’ i v, SR nuclear PDFs):
Juop Lt e
il A >— R, ~1.0 @ RHIC:
o IR ] gluon
e —— EKS98
g g [ - - wpC
] HUING EKS hep-ph/0201256
sl ..T;l* PEPTTSY BRI TN L.
107" 10° 107 10" 1
T xT

R, VS p, due to shadowing: ~ 1

“Shadowing is a small effect «s]- i

at mid-rapidity” e PerOa1 1066
ep-p

Py (GeV)
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but ... what do we really know(*) about gluon shadowing ?

(*) = measured in lepton-A experiments

10 ® prrremy : .
. D@ Inclusive Jets | < 3, present measurement
o5L [ CDF/D@ Inclusive Jets n| < 0.7
{ | ZEUS 95 BPC+BPT+SVTX &
.- H195SVTX + H1 96 ISR
04l BE ZEUS 96.97 & H194.97
| E665
S | [ v
20 [ stac
10
l '.""""”""””""’":- ""’-"’J’"""
-1l A
10 L A
0°  10° 1wt w1t 17
i

10

- — Fixed target u-DIS

T II1II||

I I'III1|

Fixed target e-DIS
— Fixed target Drell-Yann p-A

nuclei

L llJllllJ . IIIIllJl L lJJJJJIl

e lIllUl

Ll LI

10

“propaganda”-plot for current dA run (and for eRHIC) ...
Nuclear (x,Q?A) plane is “terra incognita” compared to nucleon (x,Q?) !
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Cronin enhancement does seem to play a role

2

RAU/Q( pT)

1.4

.3

12 §

1.1

‘.-'D S—— R——— R ———. W e .o

08 I

o8 |

1.5

|.Vitev,

s'” = 200 AGeV

M.Gyulassy

PRL 89 252301 (2002)
'l A ' L i

e deAu, T -

Au+Au, ’

8

14

20

26

P, [GeV]

the apparent absence of Cronin enhancement

Expected k. broadening @ RHIC <
though ... are those predictions consistent with 1.5f

in peripheral Au+Au @ 200 GeV ?

0.5

Answer soon: d+Au 2003 ...
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7° Yield(60-70)/Yield(pp)

PHENIX Au+Au 200 GeV 1°
Preliminary
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Energy loss + Shadowing + Cronin =flat R,

@ Initial state p_ broadening provides: (1) the needed enhancement at
intermediate p,, (2) the small decrease at higher p_ so as to compensate
for the p, dependence of energy loss and give the observed ~flat R, (p,)

10

Raua(Pr)

0.1

0.01

Breckenridge, Feb. 11,
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@ |t seems that parton
energy loss can explain
the data ... vyet...
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High p. suppression explainable too due to hadronic

final-state interactions (*) !?

(*) “comovers”-like explanation (parentheses for the SPS J/Psi story “connaisseur”)

@ Dense hadronic medium:; <L/A> ~ 2-3

10"

1.0 N —
3
10 . Gallmeister, Greiner, Xu
— 107 < hep-ph/02012295
' o
2 10 g
0 . =
B » 0.5 =" =
510" 3 e se———
=10~ = o
© 10—3 -..;_..- *-..,___-:"-uu—""_ --_-____"“-H\IH:
Qp: : m T e g s T T T S e
~ 10 e S WL,
3 0.0 1 a . 1
10° 4 6 8 10
P [GeV]

P, [GeV]

@ Main justification: fast parton hadronization time (i.e. inside expanding fireball)
But, do T, , estimates in pp (vacuum) apply to hadroniz. in (colored) medium ?
@ Description of scattering in the hadronic phase realistic enough ? (“... our

calculations are at best semiquantitative ...").
Breckenridge, Feb. 11, 2003
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p-dependence of T suppression: N _ scaling ?

s R,, and R " (0-10% central collisions):

L A

ﬂ 1 2 3 4 5 III?IIIISIII 00 1 3 4 5 6 7 8
p; (GeVic) / P (GeV/c)

@ Approx. N__, scaling, R,,~ 0.16 (R,,"**" ~ 1.) , only for p,> 4 GeV/c
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Centrality-dependence of T suppression : N _ scaling ?

@ Integrated R, "*2"> above a given p_ (1.5 GeV/c, 4.5 GeV/c) vs. N
compared to gluon saturation predictions:

part

o 5: . . g 5:
= 45 PHENIX preliminary E 45E PHENIX preliminary
1= R,.\"P(p, > 1.5 GeVi/c) n  4F R,.\"Pa(p, > 4.5 GeVi/c)
~ 35F P
g 3= + + + £ e
ié 255 % + + E;E 2.5
¢ ot P AR
15 156 ¢
fEmmeemmeerm e e e e e e 1"+ ----------- L
055 0.5
O ———30——fo0— 150 200 280 300 350 400 0§ 5000 TR0 200 280 300 350
~ @ Bad agreement at low p_. ~ Qs 1? Reasonable agreement at high
& T T
s 6
;__-' p 1.5 GeV P, = 4.5 GeV
@
s 4 .
= W = 200 GeV W = 200 GeV
- 2
Z 0
S8 100 200 300 100 200 300
(*) Part. Yield/Part. Yield(periph) Npar‘l D.Kharzeev, E.Levin, L.McLerran Npaﬂ

hep-ph/0210332
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Parton recombination and high p_“chemistry”

@ Recombination/coalescence models: ~10 pre-prints in the last 2 months

Hwa & Yang
nucl-th/0211010

18 Greco, Ko, Levai
1.4 nucl-th/0301093

1.2
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@ Recombination dominates for p_ ~ 1- 4 GeV/c:
[p_(baryons)> [p_(mesons)[> [p_(quarks)U
(coalescence, thermal quark distribution ...)

@ Fragmentation dominates for p. > 5 GeV/c:
p.(hadrons)= z p_(partons) , with z<1

David d'Enterria



High p_ identified particles @ PHENIX: Summary (I)

@ Two most interesting physical “discoveries” @ RHIC:
1. High p. suppression.
2. High p_ baryon/meson enhancement.

“Clear signals of strong medium effects at work !”

@ What can we learnt about the medium properties ?

= Final-state partonic jet quenching + parton recombination ? (QGP)
= |nitial-state saturation of nuclear wave functions ? (CGC)
= Final-state hadronic absorption ? (very dense hadron medium)

@ Answers:

* Experimental: Detailed analysis of Au+Au (d+Au) suppression
pattern.

* Theoretical: Does scenario “X” consistently explains: the magnitude,
p, dependence, centrality evolution, and flavor behaviour

of RHIC high-p. suppression ?
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High p_ identified particles @ PHENIX: Summary (ll)

@ Experimental results:
@ Central AuAu collisions:

* Strong suppression (factor ~ 5) of 1’ with respect to N_ scaling (approx. N
scaling above ~ 4 GeV/c).

# Suppression sets in over 50-70% centrality class (N

part

~ 50).
part
%* No apparent suppression of (anti)protons up to ~4 GeV/c (*anomalous” p/m).
@ Peripheral AuAu collisions:

* Behave effectively as pp collisions (i.e. as pQCD) for all species.

@ Data vs. theory:

* Magnitude of suppression in agreement with parton energy loss scenarios
assuming opaque medium formation (dN%/dy~900, A/L~3-4, dE/dx~7GeV/im).
[But also with hadronic dense medium ?].

* Flat p. dependence (so far) of suppression not described with LPM energy
loss alone. Other effects (esp. Cronin broadening) needed at intermediate p.
% Parton coalescence proposed to explain baryon/pion~1 ratio at intermediate p,

# Gluon saturation prediction of N_.. scaling of R,, vs centrality seems to work

at high p_ (but not at p.~Q_?).
Breckenridge, Feb. 11, 2003 David d'Enterria



Backup slides
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Identified high p_particles @ PHENIX

1.Mesons — 1P, (T8):
@ 130 GeV (p,™= 3.5 GeV/c): PRL 2001
@ 200 GeV (p,™=10. GeV/c): Qm 2002
2. Baryons — p, p.

@ 130 GeV (p,™*= 3.5 GeV/c): PRL 2002
@ 200 GeV (p,™*= 4. GeV/c): Qm 2002

3. Particles ratios (p/t, p/p, p/h):
@ 130 GeV (p,™ = 3.5 GeV/c): PRL 2002
@ 200 GeV (p,™= 4. GeV/c): Qm 2002

4. Electrons: 130, 200 GeV (p_ ™= 4. GeV/c): PRL 2002, QM2002

Breckenridge, Feb. 11, 2003
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Summary of published high p_observables

1. Inclusive p. spectra (1°, p, p, .=2):
For different AuAu centrality classes (central — periph. + min. bias)
2. Nuclear modification factor vs p_:

- d*N , ,/dndpr
(Neonr) d? ' - [dndpr

=9 p, dependence of
medium effects

Raa(pr)

Numerator : Different AuAu centrality classes.
Denominator : - NN ref.: UA1 pp, PHENIX pp— X @ 200 GeV
- <N_,> from Glauber

3. Central/peripheral ratio vs p.: =9 p, dependence of
For diff. AuAu cent. class combinations. medium effects

=) Participant density de-
pendence of medium eff.

5. Particle ratios vs p.: =) Flavor dependence of
For different AuAu centrality classes. medium effects

4. R,, (p-Integr.) vs centrality (Npart).
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