Hadron production at highi p-:

experimental survey

“QUARK MATTER 2004’
17t International Conference on
Ultra-Relativistic Nucleus-Nucleus Collisions

Oakland, CA, Jan. 14, 2003

David d’Enterria
Nevis Labs, Columbia University, NY



Overview

1. Introduction:

@ The goal: study Quantum Chromo many-body Dynamics: QGP, CGC.
@ The means: compare hard scattering production in diff. colliding systems.

2. "“QCD vacuum” production — high p, spectra in p+p:

@ Baseline reference data of hard scattering in free space.

3. "Hot QCD medium” production — high p. spectra in central A+A:

= Light-flavor (u,d,s): Suppressed (compared to free space).
Vs, p;, ¥, centrality, and particle species dependence.

QGP ?

= Heavy-flavor (c): Unsuppressed (?).
= Colorless particle (y): Unsuppressed.

4. “Cold QCD medium” production — high p. spectra in d+Au:

= Light-flavor (u,d,s) : Enhanced at y < 0 (mid-rapid. & high x, in Au)
p,, centrality, and particle species dependence.

Suppressed at y =2 1 (small x, in Au) } CGC ?

5. What have we learnt ? Data vs. theory.
6. Summary
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Hard QCD probes. Motivation ()

@ Hard probes: High-p., jets, direct y, heavy-quarks (D, B), ...

[1] Early production (T ~ 1/p,< 0.1 fm/c) in parton-parton scatterings with large Q-:
Closest experimental probes to underlying QCD (q,9) degrees of freedom.

[2] Direct probes of partonic phase(s) L1 Sensitive to QCD medium properties:

QCD probe out

CD probe in
Q P Modification?

QCD medium
(possible quark-gluon plasma?)

q: fast color triplet Induced
gluon
: fast color octet iation ?
9 —— radiation ~
Q: dow color triplet Energy
Loss?

QQbar: dow color o
singlet/octet Dissociation ?

Virtual photon: colorless
Controls

Real photon: colorless

\4

Unknown QCD Medium

dO-AB — hard (b) = TAB (b) . do-pp — hard
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[3] Incoherent processes: Direct comparison A+A to p+p yields via " N_ scaling” :

Nuclear overlap:
T ON_ (b) :number of binary inelastic NN colls.
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Hard QCD probes. Motivation (l)

[4] Production yields theoretically calculable via:

perturbative-QCD or ... classical-field QCD:

dUAB—* hX = Al B .fa.l'A(xa-'Q2ﬂ) ®I‘fth(thQ2h) @ dUah—-nd ® Dhl'c(zc’ch).

Photon, W, Z etc.

Parton
Distribution

Initial State
Radiation

Hard Scattering
Final State
Radiation

Palxs . (P— kD)

Parton
Distribution

Fragmentation
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Hard scattering in A+A collisions
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Hard scattering in A+A collisions

p, broadening
(Cronin enhancement)

[Experimental handle: p,d+A]
Initial-state effects / L

[Experiment. handle: e+A, p,d+A]

Leading-twist shadowing -
or 2. o =
Gluon saturation (CGC) 5 € ©
i e
\ 2y
‘¢“ = ..5 f/ T T
V4 “
' mrmznl'
. m,.‘-n-:r’ I
Y .
0. "
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Hard scattering in A+A collisions
p, broadening

(Cronin enhancement)

Initial-state effects

[Experimental handle: p,d+A]

Leading-twist shadowing ‘_
or

Gluon saturation (CGC)

[Experiment. handle: e+A, p,d+A]

Final-state effects

r‘ﬁ“

[Experimental handle: A+A]

medium-induced
parton energy loss:
“jet quenching” in QGP

possible
hadronic
rescattering
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Hard scattering in A+A collisions
p, broadening

(Cronin enhancement)

Initial-state effects

[Experimental handle: p,d+A]

=

Leading-twist shadowing |
or

Gluon saturation (CGC)

[Experiment. handle: e+A, p,d+A]

Final-state effects

r‘ﬁ“

[Experimental handle: A+A]

medium-induced
parton energy loss:
“jet quenching” in QGP

possible
hadronic
rescattering
@ Approach: Study modifs. (incl. spectra, partic. composition) of high p.production
in A+A with respect to p+p, p+A to learn about QCD many-body dynamics:

@ “Quark Gluon Plasma” (final-state A+A) and/or
@ “Color Glass Condensate" (initial-state A).
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High p. spectra @ RHIC
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High p. spectra @ RHIC
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High p. spectra @ RHIC
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High p. spectra @ RHIC
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High p. spectra in Au+Au @ 200 GeV
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Transverse Momentum p, (GeV/c)
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High p. p*+p @ 200 GeV: “baseline” data

ptp > T°X
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@ Well calibrated (experimentally &
theoretically) p+p references at hand !

Good theoretical (NLO pQCD) description
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AutAu vs. p+p @ 200 GeV (1)

Au+Au— 1° X (peripheral)

e pp - 1X @ 200 GeV (N,_,[80-92%] scaled)
¥ AuAu > 70X @ 200 GeV [80-92%]

Au+Au— 1° X (central)

o pp - %X @ 200 GeV (N_,,[0-10%)] scaled)
¥ AuAu - %X @ 200 GeV [0-10%]
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Peripheral data agree well with
p+p (data&pQCD) plus collision scaling
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Strong suppression in
central Au+Au collisions
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Nuclear modification factor (1)
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Nuclear modification factor: \/sNN dependence

R, (1°) compilation in nucleus-nucleus collisions:

@ CERN: Pb+Pb (\s,,, = 17.3 GeV), a+a (\s,,,= 31 GeV): Cronin enhancement.
@ RHIC: Au+Au (Vs = 130, 200 GeV): x 4-5 suppression.

3
3
"
2.5
2
1.5

1

0.5
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Au+Au @ Vs, = 130 GeV
AutAu @ Vs, = 200 GeV
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................................. e lriasd

L L |
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A.L.S.Angelis, PLB 185, 213 (1987)
WA98, EPJ C 23, 225 (2002)
PHENIX, PRL 88 022301 (2002)
PHENIX, PRL 91, 072303 (2003)

D

N_, scaling
/ (“hard” production)

+«— N_,, scaling
(“soft” production)
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High p. @ CERN-SPS: “Cronin” or “quenching” ?

@ However ... how does one reconcileR  ~ 0.8 with R,,>> 1. for m°at SPS ?!
Pb+Pb (0-10%) @ Vs, = 17.3GeV /. \
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WAQ8, EPJ C 23, 225 (2002)
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High p. @ CERN-SPS: “Cronin” or “quenching” ?

@ However ... how does one reconcile ch ~0.8

with R, >> 1\.for mat SPS ?!

Pb+Pb (0-10%) @ Vs, = 17.3GeV /.

;E 1.4 | ) = 2.5 \
E Small suppression | = PosPoE,=17.3 GV
—_ 1.2 . ﬁ_%ﬂ
= 2
% 1 S - ” -
= + 157 - %
= o8} -+ ~E . 2
= PRSI S S
£ osf S S 1T 1) - S
;g 0.4 - :ﬁﬁ:;w:_u -
= LN, (central) =~ B51 s = ety !
E " N oy (Peripheral) = 30 T H?Jge|enh|anc|emelnt ..
- O T os 1 1s 2 25 3 35 4 % 05 1 15 2 25 3 35 o (gew;.s
= ‘ fe T T
Both figures in the same paper: KB M R aE= e < 3
WAQ98, EPJ C 23, 225 (2002) o E B Pb+Pb — n° 10% central [WAQ8]
2'5; ® Pb+Au — n* 8% central [CERES]
2: b
a|Better p+p — 10 ref. @ Vs, = 17.3 GeV| = NewR,,
B 1.5 -
[details in D.d'E. poster S26]. - +
17 " : E +++ % + T
@ No "Cronin” effect ! (but N_ scaling) = o3 »
0: |||||| |||||||| ||||||||||| |||
0 05 1 1.6 2 25 3 35 4

45 5
pr (GeV/c)

@ Look for onset of suppression at RHIC Au+Au,p+p @ \/SNNz 20 GeV ?
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High p. suppression: centrality dependence (l)

back to RHIC energies ....

@ Smooth evolution of suppression w.r.t. N_ scaling
(in agreement with pQCD+parton energy loss expectations):
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High p. suppression: centrality dependence (li)

@ Approx. N

scaling (in accord with CGC predictions too):

PLB 578, 297 (2003)
nucl-ex/0302015

D.Kharzeeyv, E.Levin, L.McLerran

PLB 561, 93 (2003)
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High p. suppression: centrality dependence (li)

PLB 578, 297 (2003)
nucl-ex/0302015

D.Kharzeeyv, E.Levin, L.McLerran
PLB 561, 93 (2003)
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CD expectation
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@ Approx. N, scaling (in accord with CGC predictions too):
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High p. suppression: (pseudo)rapidity dependence

@ Similar high p, suppressionatn =0andn = 2.2
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@ "The quenching medium extends also in the longitudinal direction.”

@ Additional initial-state depletion at work too in this kinematic range
(given the new d+Au results at forward rapidities).
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High p. suppression: particle dependence (l)

@ Inclusive charged hadrons suppressed a factor ~ 4 — 5 at p,.= 5 GeV/c

< 1
X 0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0 | | | | | |

Au+Au — h™ @ \)s, = 200 GeV

)% STAR (0-5%)

® PHENIX (0-10%)

® PHOBOS (0-6%)
BRAHMS (0-10%)

~15% overall normalization

errors not included

o
N
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High p. suppression: particle dependence (l)

@ Inclusive charged hadrons suppressed a factor ~ 4 — 5 at p,.= 5 GeV/c

< 1
X 0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

@ ... butless than m in the rangg/p, =2 - 5 GeV/c.

)% STAR (0-5%)
® PHENIX (0-10%)
® PHOBOS (0-6%)

Au+Au — h™ @ \)s, = 200 GeV

BRAHMS (0-10%)

~15% overall normalization
errors not included

10
p, (GeV/c)

@ Universal (PID-wise) suppression above p. =5 GeV/c

Quark Matter 2004, Oakland,

Jan. 14, 2003
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High p. suppression: particle dependence (lI)

@ R (ratio central/peripheral) at intermediate p.= 2 — 4 GeV/c:
1. Baryons: p, p, A, A NOT suppressed in central Au+Au.

2. Mesons: 0, kK°, n equally suppressed.
, Au+Au —> baryons @ Sy, = 200 GeV N Au+Au — mesons @ \sy, = 200 GeV
m“ - ®  PHENIX pp (0-10%/60-92%) | | o 1.4 | ® PHENIX n(0-10%/60-92%)
1.8:— m STAR A,K (0-5%/60-800/0) B m STAR Kg (0-5%!‘60-80%)
1.6 1.2— | O PHENIX[n (0-10%/60-92%) prelim.
- PHENIX Collab. -
1.41-pRL91:172301(2003) L] RCCITTTFEIITIRS
1.2 + ® -
o, Hi_}_ e 0.8
08k ?,;{- + 0.6 ++++
P SR BB
VE 0.4
. : b h%;é s
A & STARCollab. . - i " 6 +
0 2:_ L subm. to PRL, 0.2 $
r nucl-ex/0306007 -
0_||||||||||||||||||||||||||||||||||||| 0_|||||||||||||||||||||||||||||||||||||
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
pr (GeV/c) pr (GeVic)

@ Particle composition inconsistent with known fragmentation functions.

@ Different production mechanism for baryons and mesons in the intermediate
p, range (e.g. fragmentation vs. g recombination in dense partonic medium).
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High p. suppression: particle dependence (lil)

@ Central colls.: p/tr~ 0.8 (at pr =2 - 4 GeV/c) at variance with perturbative
production mechanisms (favour lightest meson).

@ Periph. colls.: p/Tr~ 0.2 as in p+p,p (ISR,FNAL) & in e+e- jet fragmentation

o
=
|
-
—

o =
S - & Au+Au (0-10%) PHENIX 200 GeV =
-'N':' 14— B Au+Au (20-30%) PHENIX 200 GeV _\\\///-__ Cﬁ 3E
I:; - V¥ Au+Au (80-92%) PHENIX 200 GeV PH%\\<ENIX =, C
£ 120 M p+pIsR53GeV " -
o - = nnn g*e gluon jets DELPHI Z decays ot 2 5 __
— - — gte quark jets DELPH| Z decays .|- ’ B N
R I ersicbdasiactesilctaan I N S + '
prer) r o s
2 = 2 C +
0.8 - + + + + + % N
i + + 1.5 = n
0.6/ + + -
- ]

«w [ PHENIX Collab.

—~——
- PRL91:172301(2003) Y
e L F nuclexvosogoss | .,  PH:ENIX

()_IIIb-5||||1IIIJI-5||||2|IIII2-5|III3IIII3-!-I)III4IIII4--5||||5 00 1 2 3 4 I 5 6 7 8 9
p; (GeVic) pr (GeVic)

@ Charged hadron and 1° equally suppressed above p, ~ 5 GeV/c:

h/1m ~ 1.6 as in p+p (perturbative ratio).
@ Since h* = * + p(pbar) + K* O baryon enhancement limited to p. < 4.5 GeV/c

o
N
|
«
4
~
4
—
e
o
on

amaT
alnm®

o '
I
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Unsuppressed (?) hard heavy-quark production

@ |ndirect measurement via semileptonic open-charm decays: D —> e*X.

@ Within uncertainties, single electron Au+Au central spectra and x-section(*)
consistent with N_ scaled p+p charm production:

'
-

IR
o

Au+Au (0-10%) |@e+e)2

—— Non-photonic

1

-
(=]

(*) Charm production is intrinsically hard:
N_, scaling expected down to low p..

coll

— Systematic error
—— PHENIX pp fit

[ Sean Kelly QM'04 ]

E do¥/dp’ [mb GeV?/c?
o

@ Possible reduction (10) at high p, ?

10 / factor ~2 less suppression expected
10° | for D than for 1t (R,,=0.2) in models of
. - medium-induced energy loss
W e E
,- PROENIX 12 Wait for results from hi-stat. Run-4.
10 0| | ||0.5| 11 |1| L1 |1.5| L1 |2| | ||2.5|| | |3| | ||3.5| L1 |4| | ||4.5| L1 |5
p; [GeVic]

@ Strong(*) medium effects on heavy flavor production precluded so far.
(*) at least as strong as for light-quark mesons.
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Unsuppressed hard colorless production

@ “Control” observable: direct photons are clean, penetrating (directly coupled
to partonic vertex, no fragmentation) non-hadronic hard probes.

5

e . o
4.5 PHZ"ENIX preliminary AuAu 200 GeV 0-10%
4F_ = YNLO pQCD xN_,, Vogelsang/CTEQ6 (M =0.5-2.0 p,)

3.5

3

2.5

2

1.5

1

“ vy (direct+decay) / y decay ”

[ J.FrantzQM'04 ]

I | I I | | I I I | | I I | I | I | | I I
0.5 2 4 6 8 10 12

@ Probes insensitive to colored final-state do show collision scaling at high p_:

pQCD incoherent parton scattering holds for hard processes in central Au+Au !
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High p. in d+Au (“control™ experiment)

A+Au collision p,d+Au collision
Ld vk | |
& 0
- H— H)
. U U U

hot & dense medium cold medium
(initial+final-state effects) (initial- state effects only)
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d+Au nuclear modification factor (n=0)

251 _ed+Au FTPC-Au 0-20% @ R, >1inmin. bias, central d+Au
i ——d+Au Minimum Bias )
S ‘ZQT;AH SETRSRS g and p+Au (neutron-tagged) colls.
~ @ High p, d+Au unquenched:
b o reminiscent of p+A “Cronin
. = enhancement” (initial-state soft &
- i semihard scattering).
051 — @ No Au gluon saturation effects in
- : kinematic region probed (n= 0).
% 2 4 B Y ST
pr (GeV/c)
2c ! A I L -
1.8 PHENIX Preliminary =
= d+Au~s = 200 GeV -
1.6 =
1.4?— —f
1.2?— —f
= -
o.sf— —f
o.sf— —f
1= R, 0-20%/60-88% =
" e identified i by TOF -
0.2 : !gent!ﬁed 11:3 by EMCAL =
— identified =* by RICH and EMCAL —
Cooo oy oo o e b e b e b e e Ly T
0

2 4 6

8 10 12 14
Py (GeV/c)

-
()]
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d+Au nuclear modification factor (n=0)

2.5

—o-d+Au FTPC-Au 0-20%

i%ﬁ'ﬂ —— d+Au Minimum Bias

e

@ R, >1inmin. bias, central d+Au
and p+Au (neutron-tagged) colls.

@ High p. d+Au unquenched:

reminiscent of p+A “Cronin
enhancement” (initial-state soft &
semihard scattering).

@ No Au gluon saturation effects in
kinematic region probed (n= 0).

0
pr (GeV/c)

= o=
A O

Y
N

O o © ©
N B O O a
||||||\|||||||||

T | T T T | T T T | T T T
PHENIX Preliminary
d+Auvs = 200 GeV

3 el o EM'] _____ __________________________________

R.p 0-20%/60-88%
- identified ©* by TOF
- identified n° by EMCAL
- identified =* by RICH and EMCAL

Cronin effect disappears
(R,=1) above p.=8 GeV/c

O

2 4 6 8 10
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12 14 16
Py (GeV/c)
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R,.Vs. R (n=0): centrality dependence

q S s R S S e B G S i G
q = ’_\\Z/F—— -
o - Au+Au 80-92% PH--ENIX -
- Mcharged hadrons -

- ®neutral pions

15 - =
1 I I ?’. #4‘ ............................. .
Pl lh 5
05 - + =
0 i PR ] PR T TN WY TR (N S W i
0 2 4 6 8 10
p; (GeV/c)

@ PERIPHERAL Au+Au & d+Au

Quark Matter 2004, Oakland, Jan. 14, 2003

RdA

L] I L L] L]

- d+Au 60-88%
- Wcharged hadrons
- @ neutral pions

I i
IPH>>/\<<IT:NIX pr?liminary-

4 6 8 10
p; (GeV/c)
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RAA

R, (n =0): centrality dependence

2 R . R (R L D T g 2 1 I 1 I
e —_\V’F—— - o -
- Au+Au 40-50% PH--ENIX - o - d+Au40-60%
- Mcharged hadrons - - Wcharged hadrons
L @ neutral pions - - @ neutral pions -
15 - 15 - N

l

1 ........... Y l L} ............ 1 /{? ot ﬁi+}1+++

b ST + P

o _
L __ PHFENIX preliminary -
0 2 4 G 8 10 0 2 4 6 8 10

p; (GeV/c) p; (GeV/c)

@ MID-PERIPHERAL Au+Au & d+Au
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RAA

R, (n =0): centrality dependence

r s R G e e B s G R e g 2 1 T T G R
b —_\V’f—— — e - -
- AutAu 20-30% PH--ENIX - o - d+Au20-40% -
- Mcharged hadrons - - Wcharged hadrons -
L ®neutral pions - - ®neutral pions -
15 |- g 15 |- + ||. ? l s
[ =y H ; :
T

) - N ”m ++l+

P AR TN ?
B . . | | ] b . | P?>>><?<TT:T~IIX preliminary -
% 2 4+ & 8 10 % 2 4+ & 8 10
p; (GeV/c) p; (GeV/c)

@ MID-CENTRAL Au+Au & d+Au
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RAA

.R_,(n=0) : centrality dependence

2 L T L] I T L] T I L L] L] I L] T L ! L) L] L < 2 1] 1 L] I T L} L] I 1 L) T I L] T L] l ¥ L] L
- —_Y_‘ - .u -
- Au+Au 0-10% PH--ENIX - o - d+Au 0-20%
- Mcharged hadrons - - Wcharged hadrons
L ®neutral pions - L ®neutral pions +
15 - 15 it

0.55-’0... - 0.55— _
24 “’h"“"ﬂ“,ﬁl*HH? : o -

ol ' ' ! ] F | | PH>>X<<IT:NIX pr?liminary:
L PR —" R e ol SO S L 0 L o —— X | minar
0 2 4 6 8 10 0 2 4 6 8 10
p; (GeV/c) p; (GeV/c)

@ CENTRAL Au+Au & d+Au
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RAA

Quark Matter 2004, Oakland, Jan. 14, 2003

.R_,(n=0) : centrality dependence

2 L L] L] I L L L I Ll ] T I L] L] L] [ L] L] ¥ < 2 L] L] L] I L) L) L) I L) L] ) I L] L] L] l ¥ L] ]
- \fo_‘ - o) -
- Au+Au 0-10% PH--ENIX - o - d+Au 0-20%
- Mcharged hadrons - . Wcharged hadrons
L ®neutral pions - L ®neutral pions
15 . 15 wt!t

05 —'m... . 05 -
T ¢ Pl i Qi’j* & * +” : —~— :

[ | [ PH-ENIX preliminary-
0 T | R SO O | ISR O OO e FoNRY U SO TN I O O 0 e g1 4 9 o+ 1 5 4+ 4 1 4 4 4 1 4 4 4
0 2 4 6 8 10 0 2 4 6 8 10

p; (GeV/c) p- (GeV/c)

@ Opposite centrality dependence of d+Au nuclear enhancement
compared to Au+Au nuclear suppression.

@ (Model-independent) conclusion: Au+Au suppression at y = 0 not
due to a “cold” (initial-state) nuclear matter effect: gluon saturation
effects not relevant, final-state (QGP) interpretation favoured.

David d'Enterria (Columbia Univ.)



Nuclear attenuation factor in e+A

Rh HERMES Collab.

v 1.4 F PLB577 (2003)37

. W ™N HERMES

1.3 | ® Kr HERMES
O Cu EMC

1.2 |

P.,—27.6 GeV e+A

1.1 B

wl ® 2 '¢'5¢'¢"¢?’

0.8 | ¢« ® o °

0.7 |

@ Cronin-like p, broadening observed in nuclear DIS too.
@ Nuclear attenuation ratio is free from modified nPDF effects:

Nh(z)y)pf)Qz)
N [wf)?) A

Nh (z)y)p?)Qg)
N (12, %] D

R_?W(ZJ Vﬂpgi Qz) —
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The quest for gluon saturation effects @ RHIC ...

x_=p,. s (ev+eY)| (2 2)
T =In(1/X) 2 4
T 2
. QM /A
Non-linear - ~ Linear
Color Glass/AColor Quntum
~ Condensate Fluid"
Y Parton Gas

Quark Matter 2004, Oakland, Jan. 14, 2003

RHIC kinematical regime:

@ High p. @ midrapidity:

y =0, Q?=1-100 GeV?/c?
- pQCD collinear factorization
- DGLAP evolution (g splitting)

- small (~20%) nuclear effects
in PDFs (LT shadowing).

@ Moderate p_, rapidities:

y=1-3, Q%= 10 GeV?/c?
- k., factorization

- linear BFKL evolution (g splitt.)
- “moderate” nuclear effects.

@ Low p. @ large rapidities:

y>3, Q*<Q2=5 GeVc?

- pQCD factorization breakdown

- non-linear evolution (g fusion)

- strong nuclear effects in the
initial-state

David d'Enterria (Columbia Univ.)



d+Au nuclear modification factor (n = 3.2)

"

BRAHMS ' preliminary

- — x. = p./\s (ev+eY)

] _ « dAun=0 Min. Bias PRL 91 072305 (2003)

1 ";_ * dAuNn<~32MinBiag i+ for p.=2 GeVi/c:

12 S0l C—
a Sk n=0. (x=10%?)
e e e R
E o n=3.2 (x=510%
T 0.6 .J‘dm + + /

“-"f— : ‘} i {' +

02F §+

n:| Ll | | | ]

“35 4_ 45 5
p; [GeVic]

Q
o
en
-
s
en
[N
[\
o
W

@ Significant suppression (factor ~2-3) of moderately high p_ hadro-
production at n = 3.2 (small x, in Au).

@ Qualitative agreement with gluon saturation / strong shadowing effects.
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d+Au nuclear modification factor (other results @ n#0)

d+Au — h* — 1 (y=1.8_north) @ \sy\ = 200 GeV

a 2r g [
o 1_33_%")( + <I’]> - '1 . 7 o 1.4 ® hadrons from stopped u (0-20%/60-88%)
1.6F pre"minary 1.2 | ® hadrons from decay u (0-20%/60-88%)
1'4:_ | PP
1.2 C
g 0.8
0.8 0.6
o.6F d+Au — h" > u (y=-1.7_south) @ \[syy = 200 GeV -
- - | ® hadrons from stopped p (0-20%/60-88%) 0-4:_
0.4F n I
O.Zf— B hadrons from decay p (0-20%/60-88%) 0_2:_ < r] S = 1 . 8 PH>/A\<EN|X
0: 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 : | | | | plreIImI?ary
0 0 TS 2 28 eviay %05 1 15 2 25 3 35
Pr p, (GeV/c)
2 =
BT I 0.2<n<0.6 -~"_ | 0.6<n<1.0 L 1.0<n<1.4
1.50 ~ 41 +_ ~ L
: re gt : - -
L -—ml"l,“+ ._"‘—"u O .—.Hﬁﬁﬁ+++' — ﬁ._---+
= 1L e o — e b N - o]
<T X PSRl o ...--"¢++++
m‘a E H___-r':__'-.._. Hﬁ,_:f'._._.-- = "' ﬁﬁ£:::___u - o
o5 3 ; ﬁéﬁﬁ : 444t T
rPHOBOS Preliminary | - ¢++ pg-32
d+Au 200GeV Preliminary
D 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 1 2 3 1 2 3 1 2 3 4

pPr (GeV/c)
= Increasing suppression with rapidity: R , (n=1)=1, R, (n=2)=0.7, ...
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why so much excitement ...

@ Take the predictions of a standard “leading twist” approach ...
@ NLO DGLAP global analysis of nuclear PDFs (fit to ~450
experimental points from e+A, p+A Drell-Yann data):

R (X) ST A o o = D. de Florian & R.Sassot
G ! RT Q*=10 GeV = hep-ph/0311227
1
U-S i __F_r_r-"'# \IIDSg N

_.ulq-u 1111l a3 sl _.:_:_}I L1l L1 1
10 \ 10 « |1

@ Maximum gluon shadowing at x~10* (indirectly) constrained by all
available DIS data on nuclear targets is ~0.8

@ IF indeed R (x=10*) = 0.2-0.4 (as suggested by BRAHMS), this could
be an evidence of breakdown of QCD factorization at high p. (due to
high twist effects at small-x).
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but (1) ... soft production is also suppressed in d+Au

L T N B B B B L B I B
e d+ Au Minimum Bias a  Au+Au (cent. 6%)
= P p NSD (UA5)

o

5 — PP
<

=

R~

= d+Au
o

|I|Il||||||
05 4 -3 -2 1

@ Particle multiplicities (low p.) in d+Au well below expectations from N

scaling compared to p+p at forward rapidities (d fragmentation) !
Well known from p+A at lower sqrt(s). How this affect high p_ production?

part tot

@ Bottom line: Be careful with blind application of “usual” scaling laws for
particle production at forward rapidities in asymmetric systems !
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but (2) ... valence q (not g) dominate BRAHMS data

I

o e
d Au invariant yields at 4 degrees d Au positives at 4 degrees ::EleHTE;' preliminary
10 10
= = ¢
C ¥ . C ¥ oy
1= ¥ ¢« Negatives Hijing 1 % + Hijing h
E ¥ = ¥
C ¥
b . d-AUR Sl v, o dAut
i - ‘Jt i **_'_
H -U S F
0l + 10°L +
g A d v
C + C
B 3 E 3 -
_ -+ N10” b
§10 . __‘10 2 &
2 — < ' 3
T'L Y T10' L e
E - ¥
L ——
10° L * T 10° L '
105_....|....|....|....|....|....|....|.*... 0% b e
0 05 1 15 2 25 3 35 4 0 0.5 1 15 2 25 3 35 4
p; [GeVic] p; [GeVic]

@ h+>h-: deuteron valence quarks (high x,) dominate over “wee” gluons
from Au (small x,).

@ (Personal) Conclusion: |It's premature to claim R _ (x=10*)=0.2-0.4
It's premature to claim CGC at RHIC.
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What hard scattering data at RHIC

tell us(*) about the properties of the
underlying QCD matter ...

Summary of possible physical scenarios:

1. Dense final-state partonic medium: Parton energy loss +
quark recombination.

2. Dense initial-state partonic medium: Gluon saturation.

3. Dense final-state hadronic medium: hadronic energy loss.

(*) via confronting data to theory

Quark Matter 2004, Oakland, Jan. 14, 2003 David d'Enterria (Columbia Univ.)



Final-state “QGP” effects vs. data (l)

@ Dense medium properties according to “jet quenching” models:

* Initial gluon densities:
dN9/dy ~ 1100 |vitev & Gyulassy]
* Opacities:
<n>=L/A =3 -4 [euiectal]

* Transport coefficients:
<q,> ~ 3.5 GeV/fm* [Bowmps, Arieo,]

* Plasma temperatures:
T~0.4 GeV

* Medium-induced radiative
energy losses:

dE/dx = 0.25 GeV/fm (expanding)

[G. Moore]

dE/dx|_. = 14 GeV/fm (static source)  x.N.wang]

<
<
a

1.3
[ Levai
(no dE/dx)
X Wang
(with dE/dx)
0.51 Vi
- \.n:}t?dEfdx) o g
: : Leval *
ol La i Ly o, g (with dE/gx)
0 2 4 6 8 10
pr (GeV/c)

@ Large opacities imply fast thermalization.
@ All these values imply energy densities well above €__ ..,

in thermalized syst.

Quark Matter 2004, Oakland, Jan. 14, 2003
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Final-state “QGP™ effects vs. data (ll)

@ Quark recombination (coalescence) mechanisms provide a simple

explanation of anomalous chemistry at intermediate p.'s (2-5 GeV/c):
| |

Hwa & Yang
PRC 67, 034902

Lo ]

N

1.8 . V H V V
Greco, Ko, Levai AUu+Au@200 AGeV

4 PRL 90, 202302

5 (central)

1
0.8

0.6

p/m ratio

0.4

0.2

@ By quark momenta addition, recombination
dominates for p. ~ 1- 4 GeV/c:

p.(baryons) > p.(mesons) > p_(quarks)

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

High parton densities in a thermal medium

charged hadrons @ 200 GeWV
— recombination+frag mentation
—— fragmentation
recombination

-
=}
kL

1125Py) ANIgPy [GeV )
I3

-
o o o =]

are required.

@ However... is recomb. consistent with

Frieé, Mueiler, Ncr)naka,rBass
RL 90, 202303

p/r ratio
ohbonohb b

goppoo=<4d

(p+p-like) Au+Au dN/de near-side widths ?

2 3 -3 5 (=] ra 8
P [GeV]
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Final-state effects in a dense hadronic medium ?

@ Assumption: fast parton hadronization time implies rescattering of “pre-
hadrons” (colorless but not fully formed) inside expanding (hadronic) fireball.

@ Nuclear modification factor: [expanding system with €. . =1 GeV/fm®(*) ]

= STAR, 0-5%

1.0 = PHENIX, 0-10% (*) NB: Such a dense hadronic medium

- g should have gone first through an

: E (even) denser partonic phase
T ] of course ...
o i -
0.4 .
0.2 ot e, -
oo L—+ . v v ] Cassing, Gallmeister, Bratkovskaya,
0 2 8} 6 8 10 12 14 Greiner, Stoecker, nucl-th/0312049
p; [GeV]

@ State-of-the-art hadronic models (HSD, UrQMD) produce suppression but ...

AutAn collisions at /s = 200 GeV for pr > 6 GeV/e and the large suppression seen experimentally
15 attributed to a large extent to the mteractions of leading” pre-hadrons with the dense environment,

which shonld be partly ol partonie natnre m ovder to explaim the laree attenuation seen m central
AutAn collisions,
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#* High p, central Au+Au vs p+p at midrapidity at RHIC:

= Qbservation 1: Light-flavor (u,d,s) spectra suppressed by a factor 4-5.
(possible suppression already at Vs = 20 GeV).

= Observation 2: Intermediate p_ light-flavor composition inconsistent
with known fragmentation functions in free space.

= Qbservation 3: Heavy-flavor (c) spectra unsuppressed (?).

= Qbservation 4: Direct photon spectra unsuppressed.

#* High p. d+Au vs p+p at midrapidity at RHIC:
= QObservation 5: Spectra enhanced by a factor ~1.3

% “Explanation” (1,2 via 4,5): pQCD hard scattering + final-state parton
energy loss + parton recombination:
[1 Dense thermal QCD medium.

* High p. in d+Au at forward rapidities at RHIC:
= Qbservation 6: Spectra suppressed by a factor ~2-3.

% “Explanation” (6): possible evidence of high twist effects at small-x.
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High p. @ CERN-SPS: “Cronin” or “quenching” ?

p+p - n” fit: WA98 Collab. [EPJ C23, 225(2002)]

2
;-;_, 10° e p+p - 1 fit: E. Wang & X.N.Wang [PRC 64, 034901(2001)]
E 10 e 04p - 7 fit; R. Blattnig et al. [PRD 62, 094030(2000)]
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High p. @ SPS: “Cronin™ or “quenching™ ?
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electrons from non-photonic sources in min. bias Au+Au collisions
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