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PHOBOS collaboration (June 2006)

—
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Wei Li, Willis Lin, Constantin Loizides, Steven Manly, Alice Mignerey, Gerrit van Nieuwenhuizen,
Rachid Nouicer, Andrzej Olszewski, Robert Pak, Corey Reed, Eric Richardson, Christof Roland,
Gunther Roland, Joe Sagerer, louri Sedykh, Chadd Smith, Maciej Stankiewicz, Peter Steinberg,
George Stephans, Andrei Sukhanov, Artur Szostak, Marguerite Belt Tonjes, Adam Trzupek,

Sergei Vaurynovich, Robin Verdier, Gabor Veres, Peter Walters, Edward Wenger, Donald Willhelm,
Frank Wolfs, Barbara Wosiek, Krzysztof Wozniak, Shaun Wyngaardt, Bolek Wystouch
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PHOBOS experiment
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PHOBQOS PID capabilities

PRC 70 (2004) 051901(R)
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Particle production at various p_ scales
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External parameters

e Collision centrality relates to
— #Participants (Npart)

— #NN-collisions (N 200 GeV

coll) 6 _
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External parameters (2)

* Collision energy controls

- Ratio of hard to soft processes

v Drees, QM ‘01
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External parameters (3)

e Collision energy controls

- Mid-rapidity particle density
5_ T T T T T

[ A AGS
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Usage of hard probes in different systems

formed in
collision

* System comparison

- To disentangle initial from final state effects (dAu)
- To study density vs geometry effects (Au, Cu)
- Needs a calibrated baseline (pp)

* Also peripheral A+A collisions are used
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Properties of the medium

E Au+Au, 62.4 GeV =, _ TKp
- () 0-15% central = [ (v+r) ,B-Efit PHENIX 5 o 5
% 10°_ S.we_ __ near midrapidity £ 107 TR
- \ ST, =
% - BWF fit % u BWF fit
g 10° S0t
Z 10 " T 10 (P+P)
o 10 ! = =
5 (PH) ag-- g e
“ t ) N - Au+Au, 200 GeV
c% 13 % Z 1= 0-15% central
~  t PHOBOS Preliminary LY T mlidrlaplicllilt‘glfl| o
10" 10" 1
p; [GeV/c] p; [GeV/c]
::tzgzzgiﬁg\; ZI;ST:n: ‘évreizlgxpects PHOBOS WhitePaper
the development of particles with
long wavelengths. No evidence of enhanced particle
production at very low p_ constra ntS<E>

200 GeV PHOBOS: PRC 70, 051901 (R) (2004)
200 GeV PHENIX: PRC 69, 034909 (2004)

For details and fit params, see

62.4 GeV PHOBOS prel. : QM05, nucl-ex/0510039 G.Veres, SQM'06
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Properties of the medium (2)

T T T T T T T T T T T T T T T T rrr L rrT trT | rrr | rrTT | trr | t
—PHOlBOS | 200 (l;eV | . 0.1- 1 ® Trackbased 200 GeV AuiAu-
0-6% e L L 7 B A  Hitbased 200 GeV Au+Au

600 Au +A,LI . | 0'08__ A A Hit-based 130 GeV Au+Au
- . m B T Hydrodynamic calculation ]
g . 0.06__ ). J ?' .g. Heinz et.al. __
S0 1ov2 | :
© . 0.04H _
L 4 B 7
200 - 7 0.02- N
— B . N
:-l 07 PR T T T T T T T T [ T YT Y T i
0 0 50 100 150 200 250 300 350
< Np art™
_ <E>x dN/dn x corr
mR? X (0.1 — few) fm)
PHOBOS WhitePaper

At 200 GeV:

>3 GeV/fm? Strongly interacting medium
€ eV/fm

with extremely high energy density

WhitePaper: NPA, 757 28 (2005)
v, AutAu: PRL 94, 122303 (2005)

v, Cu+Cu (prel.): QMO05, nucl-ex/0510042
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Charged hadron p,-spectra (near mid-rapidity)

0.2<n<1.4
62.4 GeV 200 GeV
10°F PHOBOS A centrality
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Au+Au: PRL 94, 082304 (2005), [
PLB 578, 297 (2004) 001 2 3 4 5 6 7
Cu+Cu: PRL 96, 212301 (2006) p, (GeVrc)

d+Au: Phys. Rev. Lett. 91, 072302 (2003)
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RAA iIn Au+Au and Cu+Cu at 62.4 and 200 GeV

| * PHOBOS Cu+Cu ]
1 * PHOBOS Au+Au 1

0.5 ] ]
62.4 GeV Cu+Cu: 35-40% ]
T 2 4 2 4 6 2 4 s 2 4 6 2 4 6
P, (GeV/c) P, (GeV/c) P, (GeV/c) P, (GeV/c) P, (GeV/c) P, (GeV/c)

—
Large suppression of leading particles wrt. binary scaling

Au+tAu: PRL 94, 082304 (2005), PLB 578, 297 (2004) tnel 2

Cu+Cu: PRL 96, 212301 (2006) RAA _ Upp d NAA/dPTdﬁ

p+Pp, 200 GeV: UA1 -2.5<n<2.5 (acc. correction with PYTHIA) T 2 )

p+p, 63 GeV: SFM 0.5<y<1 (acc. correction with PYTHIA) <NCO”> d O-pﬁp)/ dp T d??
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R, Vs centrality at 200 GeV

0.2<n<1.4
2 r , — —
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1.5F . 1 T S L
" AT T I} I e A ]
1 W”} iﬁf‘“‘” R
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< S ——
0T L 20-40% ) 0-20% central dAu
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; ettt et ST IR
0.5F ﬁ/:\ —
0 (PRUOL 72302008 % . . . . 0-8% AuAu
0 2 4 2 4 6
PRLO1, PHYSICAL p (Gevxc)
072302 Revev T
(2003) =P
‘ ~Jet quenching is - ,
final state effect Ryay = 224 Naau/dprdy
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R, as afunction of n

- all centrality bins together -

Room for CGC
might be at

forward n
(but beware of
backward n)

2
L 0.2<n<0.6 - 0.6<n<1.0 1.0<n<1.4
1.5} r.”ﬂ” I
| L
[ -H+++++ -
I S A ~nn+++ !
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m i p o - = ""'#.HUHUU”._.
o5 & I ﬁ"
J  PHOBOS| .  [PRC70,061901 2004)
1] 1 2 3 1 1 2 3 4

2 3
p; (GeV/c)

Gradual suppression with n

Jet quenching at mid-rapitidy

IS a final state effect
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Models for final-state suppression

PRIL 96, 21230|1 (2006)

iy , IR L o
Xfp =525 T | p=625 -
-+ _ 1 [ PQM (Cu+Cu) |
[ ] PaM iau+au) -

10F T | T
- Au+Au " CERES 8% centralx x o
[ | *  WAZE 73 central x
E 4 s"7=17 GeV, dN'idy=400
3 | —  '%52 GeV, no E-oss |

i — "5z Gev, aNidy=650
= |
- 11 = = 3"%=52 GaV, dNidy=800
RE<

®  PHENIX 10% central =

a"“=200, diidy=1150

RaaPy)

0-3_+++++:_1 +++I

Vitev ¢ T

o % o
b, [GeV]

Eskola et.al.: NPA 747, 511 (2005)

PQM: EPJC 38, 461 (2005)

Vitev: hep-ph/0603010, PLB 606, 303 (2005)
Wang: nucl-th/0511001

(plus many others)

Cu+Cu 0-10%

2 [N

0,

| Particapant scaling

Cu+Cu 10-20%

STAR, QMO05
prel. hadrons

Panticipant acaling

Panicapant scaling

Cu+Cu 30-40%

— X.-N. Wang et al
— POM. Dainese et al
T2 Vitev (', 0-5%)

TR [T S N T SO T T B R

1.2
1.1
1.0
0.9

4 6

8
p, (GeV)

Models describe suppression quite well

¥ STAR (0-5%)

©  PHENTIX (0-10%)
1 BRAHMS (0-10%)
PHOBOS (0-6%)

L= 50fm

~ Eskolaetal. -

Ve =200 GeV, (k' +k )2
A= 181 (0-5%)

4 [GeV/ifml=

Q, no medium
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Models for suppression at high p_

PRL 96, 212301 (2006)

g+ P, =525 p, = 6.25 o
- DPDM (Cu+Cu) LomEE. . e R e S

------------ They typically include (parts of) following features
ﬁ e Structure functions
L. e Glauber/multiple collisions/Cronin
* Nuclear shadowing
 QCD evolution (DGLAP, BFKL, CGC)
* pQCD cross-sections (+K factors?)
* Energy loss in medium (radiational/collisional)
* Parton fragmentation/hadronization
* Hadronic rescattering

Eskol
PQM. (@ Expansmn and collective effects
Wang: muclh/0511001 ng “ﬁ}:_

(plus many others)
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Maximal suppression in central collisions

< 1.6,
e 1 4F. ™ 0-10% Central ——"
" F Au+Au \ISN = 200GeV I. Vitev GLV d\F/dy = 800
1.2 PHENIX preliminary ——— 1. Vitev GLV dN\f/dy = 1200
1 QMOS  ——
0.8
0.6
0.4— ®&., T ke
02E ,é+§ ----------------------------- % ; = %i + i N 0
. E IIIIIIIIIIIIIIII'IH”I“’IHI“”I"IIlIlIIlIII |i|l|5|§|u|u|§m¢uu i |||||‘|||||| part Npart Scallng:
| I L 11 | L1 1 I | I . I 1 L . -
00 2 4 6 8 10 12 14 15 13 MAXIMAL jet quenchlng?
P (GeWc)
* ~
NcoII S / V Npart

|s approximate Npart scaling reached by accident?
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Scaling rules

Go back one step and see
If data gives us more constraints!
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Yields vs N _. at 200 GeV

15[ p, =0.25 (Gevic) | p. =055 Tp. =125 <ne
S,y = 200 GeV I ] 0.2<n<1.4

part

0.5 .. 1 e T
®op | *ap | @ PHOBOS AUtAu
1 [ * PHENIX Au+Au

'F;'T - 2'-5' ——H — !_“_! 'F;T - 3'-3'3' —-H — '_-_ p;'= 3-33 i — !__

AA

—
IIII|IIII—!_I
i

!

: >
L :
+

>

<

1.5°

0.5

150 p

0.5

11 1 1 IIIIIII 1 1 I--IIIII 1 1 IIIIIII 1 1 I“IIIII 1 1 IIIIIII
10 102 10 102 10 102
Npart Nnart
Au+Au: PRL 94, 082304 (2005), PLB 578, 297 (2004) inel 2
Phenix: PLB 561, 82 (2003), PRC 69, 034910 (2004) Opp A°Naa /dpTdn

Raa =
Cu+Cu: PRL 96, 212301 (2006) 2
p+p:  UAIT -2.5<n<2.5 (acc. correction with PYTHIA) (Ncou) d?opp/dprdn
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part

Yields vs N _. at 200 GeV

15  p. =0.25 (GeVlc) | p. =055 Tp =125 ]
sy = 200 Ge 1 ! I ! ] 0.2<n<1.4
N Cu+Cu |
K e I I .
o _ 1. ~ ! * ;!"Eﬁ ]
[ T *ea 1 g
0.5 1 ilmg. I & pHOBOS cutcu ]
B se [ *ap | @ PHOBOS Au+Au ]
Tt o CTENIX Ay
1.5 p =25 ~ fp,=338  1p =38
: 1 I - ] System-size
B "t o+ or e o, e, 1 scalin
© &, ] & ::+ t gé?ﬁ ] b 2 |
0.5 To 1 o 1 %% |  Observed!

1.5__HF;I1|'=4I.-2ISIIHH| +—t I____HF;I‘I|'=5I-2ISIHH.| +—t I_:Illll '} :F:er::é_zé t .__

0.5F

Au+Au: PRL 94, 082304 (2005), PLB 578, 297 (2004) inel 2
Phenix: PLB 561, 82 (2003), PRC 69, 034910 (2004) Tpp d*Naa/dprdn

Raa =
Cu+Cu: PRL 96, 212301 (2006) 2
p+p:  UAIT -2.5<n<2.5 (acc. correction with PYTHIA) (Ncou) d?opp/dprdn
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Yields vs Npart at 62 GeV

0.2<n<1.4

2p =055(GeVic) {p =125 Tp =25 ]
e et T SO
< | 1 Au+Au Tfte .
m{ 1_ ................................................................ [ I Eii._. ....................... N OO I - Ei_
i il ~ %88 | » PHOBOS Cu+Cu ]
0.5F LE u 3 ¥+ ] .
: *ees} { eproBosanas | System-size
2:_:|pr=3-33  — '_=Ipr=:3-:aﬂ::::::' —t :_::'|pT=:4:25':':HI — _ Sca“ng
T 1 T3 i _ observed!
1.5 ~ }ti_ i 1 H )
$ | Tteag IEF IR e
m 1__ ........................................... ._...!.'._.'..__ ............................ ___.. .................... ___H_#_._, ................... ]
i . $ ) 5
0.5} 1 ® :
u:llu 1||12 1Iu N ...“.]2 1Iu 1||12
N o N o N o
Au+Au: PRL 94, 082304 (2005) inel 32
Cu+Cu: PRL 96, 212301 (2006) Raa = Opp d°Naa/dprdn

ptp: SFM 0.5<y<1 (acc. correction with PYTHIA)

(Neou) d? Tpp/dprdn
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R/'jia” in Au+Au and Cu+Cu at 200 GeV

0.2<n<1.4

Toe%

-

1 * PHOBOS Cu+Cu ]
_, 1 ® PHOBOS Au+Au |
-+ 0-6%

2 4 6 2 4 6 2 4 6 2 4 6
P; (GeVic) P; (GeVic) P; (GeV/c) P; (GeV/c)

Yields normalized by N__. less centrality-dependent

part
el 2
Au+Au: PRL 94, 082304 (2005) RN\Npart _ Tpp d”N g4/ dprdn
utAu: , AA —
Cu+Cu: PRL 96, 212301 (2006) (Npart / 2) d2 Op / dprdn
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Npart

Factorization in bins of P

Normalized for central events

4-45-50%

= 200 GeV
° 62.4 GeV

|||||||||||||

"""" a 200 GeV
o 62.4 GeV

Wﬁ%%ﬁﬁ

IPHOBOS Cu+Cu |

Same shape evolution from central
to peripheral at 200 GeV and 62 GeV

Au+Au: PRL 94, 082304 (2005)
Cu+Cu: PRL 96, 212301 (2006)

R

Npa'r-t — <

0—6%
Npart

) d?Naa/dprdn

PC
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Yield, ;o6 4

L L L L L L L L L L L L L O S L
<p;>=0.25GeVic | <p;>=125GeV/c | <p;>=25GeVic | <p,>=3.38GeVic <p;> =3.88 GeV/c
: . ]
1w 1 4 -
] - AU+AU ; _ ;
£ E THPRE  UFX
1 Wi s - - -
'!‘. I B TR 0 ¥ & B T CU"'CU ]
| | | : | | LT 1 | | : I?re"mmaryl | PlHDBGS ?mliminall'yj
0 200 400 0 200 400 0 200 400 0 200 400 0 200 400
<N_> /
Energy/centrality factorization
up to p, =4 GeVic for N, > 40
Au+Au: PRL 94, 082304 (2005)
Cu+Cu: PRL 96, 212301 (2006)
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Factorization in bins of p_(2)

Ratio of charged hadron yields in 200 GeV to 62 GeV
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Factorization of energy and centrality

Ratio of dN/dn @ n=0 relative
to 200 GeV vs centrality

o L FL L L B B L B BN R 30—

al PHOBOS . - PHOBOS .

B ] " nucl-ex/0510042 HIJING ]

i o, A @ @® ] 2.5- e -

—~ I iy ] I ]

8 3 ikl _ — 4 200/19.61

= LA - - ) -

3 1k 060 o 20 %'Hi FRE s

< ) 4 11-_1 ; i ] i o Saturation i

=3 — 14 - '.*' .

S NCICRCIOIS ®® 1.5] ?'. oo o 200024

T [} j [ :

- & 200 GeV - ESgE E B E EgH

. 1- Cu+Cu Au+Au i3 GeV . 1.l]_—¥ . 20.0/130—_

arge _ i preliminary (QMO05) e 62.4 GeV i CU"‘CU AU+AU ]

systematic | op + 19.6 GeV [ pp  preliminary (QMO05) i

grlzgrcsufor 0 i | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 0 .5 i | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]
0 1 00 200 300 400 0 1 00 200 300 400

Npart Npart

Factorization of energy and
centrality due to initial state effect?

AutAu: Phys. Rev. C70, 021902(R) (2004)
62.4 GeV Au+Au: nucl-ex/0509034 (sub.to PRC)
Cu+Cu (preliminary): QM, nucl-ex/0510042
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Limiting fragmentation (Au+Au)

19.6 GeV 62.4 GeV 130 GeV 200 GeV

. PHOBOS . s00 | PHOBOS ]
600 [ - L h
-g [ e [ i Au+Au
= a00f 5 400 , 0-6%
-° [ =
[ .'-n‘ 200 G V k.
T 200 AN T 200 [130 cev
i i [ 62.4 GeV
[ 19.6 GeV M ]
[ 4 . Au+Au:
i n'ﬁd 0-400/0 1
0.04 0.04
> : =
0.02 n.nz ﬁ +
0.2F e e RS e e T T e e s 0.15. Au+Au ; +
: t 0-40% ]
0.1 ﬂ.1:- preliminary o
> 0 > 0.5} t ]
[ %
-0.1 i ] [
0 ke E
0.2 1 | nucl-ex/0510042 g
4 2 0 2 4 - 420 2 4 4 2 0 2
=nl -

beam

“Extended Longitudinal Scaling” of all longitudinal distributions
(same for Cu+Cu collisions)
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Factorization of longitudinal dynamics

Ratio of 0-6% and 35-40% centrality

Q} Au+Au 1 bins, each normalized by N __,

E. 0'60/0 o
g 3 = 4 200 GeV PHOBOS i-
= E_ (S %
ghz o0GeY zn:n. 10 H 130 GeV f i‘
z“ 130GeV
= 1E624Gev ® 62.4 GeV

19.6 GeV

f
¥ 19.6 GeV #ﬁ*{' AutAy

ﬂj Au+Au i -
233 £ . 35-40% | B 35-40%
4 o 7 0-6%
= 2 by, ",‘ - W
& [ 200GeV . 1 - ddag i
1 35 N Susdasstd oM,

19.6 GeV Tk B | | | | nucl-ex/051|0042

0= 20 2 -2 A 0 1 2
T] =Ir]l-ybeam n' =|r||'y

beam

R is energy independent!
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Summary

e Low-p_measurements (bulk)

- Strongly interacting system with non hadronic dof
e High-p_ measurements (probes)

- Opagque medium in Au+Au and Cu+Cu collisions

- At mid-rapidity, jet quenching is final state effect

- Magnitude, energy and centrality dependence are calculable
* Study of energy and system-size dependence

- Data at all p_ (PHOBOS range) have common features

- Factorization of energy and centrality dependence

* in transverse and longitudinal direction
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Backup
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Limiting fragmentation (Cu+Cu)

62.4 GeV

200 FPHOBOS  preliminary

brenminary

0.04] +++
S
S
LW
T

N

200 GeV

4% QM, K

preliminary

nucl-ex/0510042 ]

420 2 4

N

0.02 |

0.04 |

L, . PHOBOS
EZOOGeV Cu+Cu
3 0-6%
:.62.4Gev
Epreliminary
Cu+Cu
0-40%
tt} '
"y
H‘*
¥
- b 1} +
:prehmlnary

‘Extended Longitudinal Scaling’ also seen in Cu+Cu
Persists from p+p to Au+Au over large range in n’

QM, nucl-ex/0510042
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Anti-proton/proton ratio

1 I I I |
- 200 GeV |
08 4 - e S I
. e @ ® o
] e - ]
16-06__ .................................... T et __
y L 1
A u [ — S 62 GeV -
S04 * & . 26 o
0 2: o Cu+CuU | |
i 0.5<p.<3GeVic |
| AutAu PHOBOS Preliminary |
00 | | | | 100 | | | | 200 | | | | 300 | |
Number of Participants
Anti-p/p ratio very similar in Cu+Cu and Au+Au
QM, nucl-ex/0510042
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p+pbar(p) reference at 62.4 and 200 GeV
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Direct Photon RAA from PHENIX

PRL 94, 232301 PH-<ENIX
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Properties of the medium (2)
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At 200 GeV:
e >3 GeV/fm?3 PHOBOS WhitePaper
_ <E> x dN/dn x corr
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Strongly interacting medium
with extremely high energy density

WhitePaper: NPA, 757 28 (2005)
v, AutAu: PRL 94, 122303 (2005)

v, Cu+Cu (prel.): QMO05, nucl-ex/0510042
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