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Why High p.?
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« Studying hard processes

\

~ Parton collisions with large

Q(~ p;?)
Hadron-Gas
* FaCtorization: Quark-Gluon-Plasma Initial hard
arton-parto
dzo'n J' ( 0) Pre-equilibrium zcatteriFrjlgs J:k-”->
= | PDFXpQCDXFF(g—T
dpd il = . o ‘
State” Nucleus A Nucleus B =~
* p+p
+ Fragmentation into QCD- * Quantifying the medium
vacuum influence (Step 1)
« Au+Au « Single particle (incl.) spectra
~ Early reaction-phase ~ Leading hadron carries large
fraction of initial parton
~ Probe for a later hot and BN

dense phase
N
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« Studying hard processes

\

~ Parton collisions with large

Q*(~ p;?)
Hadron-Gas
* FaCtorization: Quark-Gluon-Plasma Initial hard
parton-parto
dzo'n J' ( 0) Pre-equilibrium scatterings J:k-”->
= | PDFXpQCDXFF(g— T
dp,.d e = ..» ‘
State” Nucleus A Nucleus B =
* ptp
» Fragmentation into QCD- * Quantifying the medium
vacuum influence (Step 1)
e Au+Au

« Early reaction-phase

«  Probe for a later hot and
dense phase
TN
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How High is “High” p_?

* First year of RHIC (130 GeV Au+Au):

— . “Suppression of Hadrons with Large Transverse Momentum in
» P~ 4 GeVicwas high cengral au+Au Collisions at sqrt(s) = 130 Gev” (PRL 88,022301 (2002)

 Where hard scattering is the dominant source of
particle production (power law spectrum)

« Consider mainly p_> 6 GeVic

* Main source of information 1, n, y
~ |dentified particles
~  Test different aspects of the medium

* Mesons from parton fragmentation

e Direct photons also produced in hard scatterings

- And thermal radiation, jet-plasma interaction etc. (talk by Oliver
Zaudtke)
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T, n and direct y @ PHENIX
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Measurement with the
EMCal

~ Two different detector types
Reconstruction
« 1'(n) - 2y

» Invariant mass

m._ =+ 2E.E,(1- cos 6) = 135 (548) MeV

Combinatorial
Background:

« Determination via “mixed  Direct y more sophisticated
event” technique

. ~ Subtraction of all decay photons
~ Photons from different events a

priori uncorrelated « Tagging etc.
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 Remarkable agreement with
NLO pQCD

d’o

T

dp,.d

= [ PDFXpQCDXFF(g—")

~ Even sensitiv to choice of
fragmentation function FF(g - )

 Measured by the same
experiment!

N
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(Data-QCD)/QCD

The Baseline @ 200 GeV

PRL 91, 241803 (2003)

a)

I PHENIX Data
— KKP NLO
— Kretzer NLO

15
pr (GeV/c)
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PHENIX High p. Highlights
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® Central x° (0-10%)
B Peripheral n° (80-92%)

« Suppression of high p_
hadrons in central Au+Au
relative to scaled p+p

 Also seen in charged
hadrons

* |nitial state or final state?
d’o_

dp . dy

= [ PDFXpQCDXFF(g— ")

PRL 91, 072301 (2003)
N
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* No suppression in d+Au

collisions
d+Au, AutAu at Vs, = 200 GeV
* Initial state effects ruled 5 F bm charged hadrons
out as explanation for GF A @ nevtialpions

observed suppression
» No effects of CGC at y =0

 Difference between

charged hadrons and 1
at intermediate p_

Y
PH-ENIX

x Coalesscence/recombination

of quarks from thermal PRL 91, 072303 (2003)

source?
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PHENIX Au+Au {(central collisions):
WM Directy

e Direct Photons
e Ultimate test for hard
scatterings

d’o
= [ PDFXpQCD X6
dp  dy

® 200 GeV Au+Au Direct Photon
® 200 GeV Au+Au =°

L L L L 1 L 1 1 1 1 1 S | | | [ [ |
»
*

PRL 94, 232301 (2005)

100 150 200 250 300
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PHENIX Au+Au {(central collisions):
WM Directy

e Direct Photons
e Ultimate test for hard
scatterings

d’o
= [ PDFXpQCD X6
dp  dy

® 200 GeV Au+Au Direct Photon

* No suppression of direct @ 200 GeV Au+Au 1

photons in central Au+Au
e Strong final state effect

L L L L 1 L 1 1 1 1 1 S | | | [ [ |
»
*

PRL 94, 232301 (2005)

100 150 200 250 300
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Common Explanation
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&; 10
8 O p+p X Taal0-10%)
* Partons lose energy by 5 ® AuAu0-10%
(coherent) gluon iz
Bremstrahlung in the Blg,
medium: J
Ay 1 dN 1 el
<—>~ 3 8 L ln ‘l:,;

E “TRA 4y E 2L

~ Gluon density can be
constrained via multiplicity

 For power law:

 Average energy loss can

be determined from (Ap.)
spectrum shift (R,,) ) I/ _ ¢ =1_RAA(pT)1/n—z
T

~ constant above 4 GeV/c

loss

N
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Single Particle Spectra @ High p.
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p+p d+Au Au+Au

130 GeV

200 GeV

'v
La Jolla 2006 PH ENIX Christian Klein-Bésing



What else can be done at high p_?
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More differential studies of the (existing) data at high p_
« Finer bins in centrality (use of high-p_ trigger)

«~ Different particle types (e.g. n)
« Quark-mass dependence, heavy flavor (talk by Cesar Luis da Silva)
« Jet correlations (talk by Nathan Grau)

~ Reaction plane (L) dependence (talk by Dave Winter)
New Au+Au data

« Improve p_-reach

Vary the collision energy

Vary the system size
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Mass dependence at high p.

°* n same quark content as
T®

* Factor 4 heavier e
[20-60%)] 5

10° counts/(10 MeV/c®
o O O 9O

02 04 06 08 1
Invariant Mass {GeV/c?)

-1 d°N/dp,dy (GeV/c)™

/[2n p
q

1
qtn

S nucl-ex/0601037
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Mass dependence at high p.
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°* n same quark content as

1
- PHENIX Au+Au {central collisions):
 Factor 4 heavier E ek
@
° Same RAA as Tlo r(IBL‘q.’par‘mn(-:~ner'gy'lc:ss(dr\ﬂ'rjyr=1100)

»  Suppression does not
depend on hadron-mass

S nucl-ex/0601037
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n same quark content as
T®

Factor 4 heavier
Same R,, as T

»  Suppression does not
depend on hadron-mass

n/m° similar for all
colliding species and
centralities

x Suppression happening at
the partonic level

~ Fragmentation function not
strongly influenced by the
medium ———
PH ENIX

Mass dependence at high p.

yx° ratio at\[s,,, = 200 GeV:
®m A Au+Au cent., semi-cent., periph
d+Au min.bias
p+p
________ yr’ PYTHIA v6.131 (p+p)

7

s
¥,
le

cﬂ

nucl-ex/0601037
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System Size Dependence...
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e Variation of centrality

~  Onset of suppression:
N_ =50

pa

® 200 GeV Au+Au Direct Photon
@ 200 GeV Au+Au n°

» No good discrimination in
Au + Au

 r— Ny
B e PL
»
’
r

L L L1 L g 1 0 | IS [ 1| e | [ | | Ju | |

100 150 200 250 300

PRL 94, 232301 (2005)
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e Variation of centrality

~  Onset of suppression:
N_ =50

pa

® 200 GeV Au+Au Direct Photon
@ 200 GeV Au+Au n°

» No good discrimination in
Au + Au

e Cu+Cu (A = 64)

~ Finer N___ “resolution”
part

 r— Ny
B e PL
»
’
r

~ Different geometry

L L L1 L g 1 0 | IS [ 1| e | [ | | Ju | |

e Surface/volume effects 100 150 200 250 300

PRL 94, 232301 (2005)
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The Measurement in Au+Au
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=" py spectra
# min. bias 22

PHENIX preliminary 0-10% x 107

o AutAu Y5),=200GeV 10-20% = 107
20-30% = 10°
30-40% x 10°*
40-50% x 10°
50-60% x 107

* New RHIC Run4 Au+Au data > * 6070%x 107
 Sampled 241 pb-’

80-92% = 10
~ 1.5 B events

 Spectra up to 20 GeV/c

10 12 14 16 18 20

p, (GeVic)
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[ PHENIX preliminary
- Au+Au 200GeV 0-10 %

-

theoretical curves for »°

-------- |.Vitev dNdy=800
— | Vitev dNdy=1200

-------

L]
IIITlIIIIIT

Suppression stays nearly constant up to 20 GeV
Consistent with dN /dy ~ 1200 calculation

N
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The Measurement in Cu+Cu
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Cu+Cu at \sy,, = 200 GeV

1.9 M high-p_ triggered

« 2.2 B events sampled

o 102
% PHENIX PRELIMINARY M.mmum bias
- 10 % = 107
O 107 10-20% - 10°
™ : *n-anﬂum
2 30 - 40 % = 107!
> 40- S0 %10,
e RHIC Runb (2005) o 60 - 70 % = 107
£ R s
] [ ] ] il - R
* 59 M minimum bias events =
|
. S 10°
zl—
Q.
=
o
r

1013

 Spectra up to 18 GeV/c

-

=
L
=l
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The Measurement in Cu+Cu
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U PHENIX preliminary
- Cu+Cu 200GeV 0-10 %

theoretical curves for n®

| Vitev dNdy=370
—— XWang

Central Cu+Cu also suppressed
Consistent with energy-loss calculation d/N /dy = 370

N
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Au+Au vs. Cu+Cu
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Au+Au vs. Cu+Cu
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® Au+Au40-50% N =744
pan

® Cu+Cu10-20 % I\Lanz?S_B

Suppression pattern identical at same N__,

N
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Centrality Dependence
—— Integrated R, ,

—
&)

« Similar N__, dependence
part

T
-

 Hints for different slope

x Surface effects?

R,, (p,>7.0GeV/c)

rr.r 1~ r
PHENIX preliminary

e |[ntegrated FI 200 GeV

® Integrated H 200 GeV

La Jolla 2006 PH ENIX
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Centrality Dependence
_VVestfahsche I nteg rated RAA
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N

[ ®= * T T [ & & & ¢ [ ¥ 3
PHENIX preliminary

¢ |[ntegrated F{AuAu 200 GeV

® |ntegrated RCuGu 200 GeV

—1. Vitev In(R_ ) N°S,

-
N

 Path length and density
dependent

» Fixed to central Au+Au

T
-l

« No surface effects

* Fair agreement but
trend in Cu+Cu missed

R,. (p. > 7.0 GeV/c)
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Centrality Dependence
Westluco Integrated R,
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e Geometrical model with
“corona”’ effect

N

[ & ® ¥ T [ & & &% v [ 3
PHENIX preliminary

¢ Integrated F{AuAu 200 GeV

® I[ntegrated RCuGu 200 GeV

..V. Pantuev hep—-ph/0506095 -

~ More jets from surface

-
N

~ Correlated with ellepticity

e Minimal for sphere

T
-l

R,. (p. > 7.0 GeV/c)

-
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Centrality Dependence
Westluco Integrated R,
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e Geometrical model with
“corona”’ effect

N

[ & ® ¥ T [ & & &% v [ 3
PHENIX preliminary

¢ Integrated F{AuAu 200 GeV

® I[ntegrated RCuGu 200 GeV

..V. Pantuev hep—-ph/0506095 -

~ More jets from surface

-
N

~ Correlated with ellepticity

e Minimal for sphere

T
-l

Au+Au

30-40%
N =114

part

R,. (p. > 7.0 GeV/c)

-

Cu+Cu
0-10%
N =098.2

part
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Energy Dependence...
Going down!



Aut+Au @ 62.4 GeV
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 RHIC Run4
~ 40M Events
* T¢ production also
suppressed

~ Reasonable agreement with
theory (dN /dy ~ 650-800)

* Vitev: Phys. Lett. B 606 A Tl
(2005) 303 | v St S

~ N.B.: p+p reference not
measured at RHIC, large
uncertainties (shape)
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p+p Reference @ 62 GeV
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s~ 62.4 GeV
eV - CMOR [angehs&g]
AFS a esson

%naréﬁg?‘}f

usser?ﬁf

mmmmmmmmmg@

i
ISTSTAT ST AT STAY,

iﬁl—ﬂi—ﬂkﬁbﬁbﬁbﬁbﬁbﬁbﬁbﬁg

—
—
—
—
p—
—
—
5
—
—

0 2 4 6 8 1012 14 16
pr (GeV/c)

J.Phys.G31:5491-S512,2005

N
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- p+p Reference @ 62 GeV
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ISR pion spectra @ Vs ~ 62.4 GeV

=62. = CMORfangelis89j
= 63 GeV -- AFS [akesson89]
62.8 GeV -- R-806 [kourkou80]

62.4 GeV -- CCOR[ ngelis7 8]
63 GeV -- CS%E[C ark|78]
62.4 GeV -- CCRS [husseri6]

62.4 GeV -- C(DR [bussser7
nnery

62 GeV -- Saca b
62 GeV - usser76
63 GeV |- Brlt Scand. [alper75

ratio data/fit

3 4 5 6 7 8
J.Phys.G31:5491-5512,2005 Pt (GeV/c)

_ ﬁl-

’v
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Cu+Cu @ 22.4 GeV (Premiere)
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MinBias x 1.E+00
0-10% x 1.E-D1

10-20% x 1.E-02
20-30% x 1.E-03
30-40% x 1.E-04

* Go near SPS Energies i
~ p+p data at 21.7 — 23 GeV

~ Use of parameterization as

reference
3 days of RHIC Run5
~ 6.8M Events after quality cuts }

~  Centrality via PC1 multiplicity

4 6
70 P (GeV/c)

N
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pfp—»pi'l-x@\r ~22.5 GeV
p+p — w+X Y5 = 21.7 GaV -
p+p — nf+X s = 21.7 GaV -
p+p — n%+X s = 22.8 GaV -
p+p — n%+X s = 23.0 GeV -
p+p — n?+X s = 23.1 GaV -
p+p — n%+X s = 23.8 GaV -~
p+p — n%+X s = 23.8 GeV -
p+p — nf+X Y5 = 23.8 GeV -
p+p — n®+X ¥s = 23.3 GaV -
p+p_>nﬂ+x~r 23.5 GaV -

EHS-NA22 [adamus88]
FNAL E-063 [carey76]
FNAL E-063 [carey76]
CERN-WAT0 [bonesi89]
FNAL E-063 [carey76]
FNAL E-063 [carey76]
CERN-NA24 [demarzodT7]
FNAL-E-268 [donaldson78]
R-107 [lloydowen80)]
CCRS [busser76]

p+p — nP+X ¥s = 23 GeV — ACHM [eggert75]
p+p — rt+X ¥& = 23 GeV — Brit.-Scand [alper75]

p+p — m=+X ¥s = 23 GeV — Brit.-Scand [alper75]

PH ENIX

Christian Klein-Bosing
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ratio data/fit

La Jolla 2006

p+p Reference @ 22 GeV

N
PH ENIX

p+p — pi +X @ Vs = 22.5 GeV

p+p — w+X Js = 21.7 GeV — EHS-NA22 [adamus88]
p+p — x4 s = 21.7 GeV -- FNAL E-063 [carey76]
p+p —» n0+X s = 22.8 GeV -- FNAL E-063 [carey76]
p+p — n%+X ¥s = 23.0 GeV -- CERN-WA70 [bonesig9]
p+p — n%+X ¥s = 23.1 GeV -- FNAL E-D63 [carey76]
p+p — 19X ¥s = 23.8 GeV -- FNAL E-D63 [carey76]
p+p — n%+X ¥s = 23.8 GeV -- CERN-NA24 [demarzo87]
p+p — n%X ¥s = 23.8 GeV -- FNAL-E-268 [donaldson78]
p+p — n%X ¥s = 23.3 GeV -- R-107 [lloydowen80]

ptp — w4 X ys = 23.5 GeV -- CCRS [busser7a]

p+p — x4 s = 23 GeV — ACHM [eggert7s]

p+p — ni+X Y5 = 23 GeV — Brit.-Scand.[alper75]

p+p — n*+X ¥s = 23 GeV — Brit.-Scand.[alper75]

Christian Klein-Bosing



° R,, 40-50%
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E L L] L) I
- PHENIX Preliminary
Cu+Cu,\'s = 22 4 GeV, PbSc, 40-50%

R L ! T
- PHENIX Preliminary
Cu+Cu,Vs = 22 4 GeV, PbGl, 40-50%

Illllllllllllllll
Illllllllllllllllll
IlIl]IIIIIIIIIIII
Illllllllllllllllll

Ll L 1
LB
L 1 1

o
o

N,,=229t44N_ =231£33

(610)

Uncertainty in N_ and p+p param. (20%)

N
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° R,, 20-40%

L L] L) I
PHENIX Preliminary
Cu+Cu,\'s = 22 4 GeV, PbSc, 20-40%

L L ! T
PHENIX Preliminary
Cu+Cu,Vs = 22 4 GeV, PbGI, 20-40%

TrTrnorT ] | N B B I TIrnri l | B B
Ll L 1 l L L L. 1 I Ll L 1 I Ll 1 1
TrTrnorT ] Ty I L] l | B
Ll L 1 l L L L 1 I L L 1 I Ll 1 1

LB
Ll L 1
LB
L 1 1

o
(=]
o

N,,=48465N  =41+£3.6

(610)

N
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P D -
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° R,,10-20%

Illllllllllllllllll

L L] L) I
PHENIX Preliminary
Cu+Cu,\'s = 22 4 GeV, PbSc, 10-20%

LB

Illllllllllllllllll
IlIl]llllIIIIllllIl

L L ! T
PHENIX Preliminary
Cu+Cu s = 224 GeV, PbGl, 10-20%

Illllllllllllllllll

Ll L 1
LB

o

La Jolla 2006

L 1 1

o

N
PH ENIX

N,,=936+94 N _ =67.83.1
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°R,, 0-10%

Illllllllllllllllll

L L] L) I
PHENIX Preliminary
Cu+Cu,\'s = 22 4 GeV, PbSc, 0-10%

LB

Illllllllllllllllll
IlIl]llllIIIIllllIl

! T s T
PHENIX Preliminary
Cu+Cu s = 22 4 GeV, PbGl, 0-10%

Illllllllllllllllll

Ll L 1
LB

o

La Jolla 2006

L 1 1

o

N
PH ENIX

,—=140.7 148N =922 +2.2
part

(6]0)
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Excitation Function
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Suppression at p, = 4 GeVi:
Pb+Pb — n®+X 0-79% ocentral [WA98]
Pb+Au — nt+X 0-5% central [CERES]
S+Au — n°+X 0-8% central [WAS0]
Au+Au — 7°+X 0-10% central [PHENIX]

Cu+Cu @ 22.4 GeV
consistent with SPS
(NB: different system size)

X.N.Wang jet quenching:
Non-Abelian energy loss. AE/AE, = %4
"Non-QCD"energy loss:A E;=A E,

0'10 20 40 60 80 100 120 140 160 180 200 220

s w (GeV)

PHENIX/RHIC does SPS Physics

N
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WA98 vs. PHENIX
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™ PHE NIX {PbGh Cu+Cu 0-10% @ 22.4 GeV
& WASS (LEDA) Pb+Pb 24-47% @ 17.2 GeV

PHENIX Preliminary

Similar N__ . (WA98 : 132, PHENIX: 140)

same behaviour

N
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What's next?
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Cu+Cu @ 200 GeV Work in progress

X r] .
e Cu+Cu @ 62.4 GeV .°.‘,‘,’{,?§?G°V
® minb.n x0.1
+ nand 1 !
* ptp @ 62.4 GeV

x  Current RHIC run

»  Essential baseline

p+p @ 22.4 GeV
«  Hopefully this RHIC Run?

N
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Single Particle Spectra @ High p.
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p+p d+Au Au+Au

130 GeV

200 GeV
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Single Particle Spectra @ High p.

—l lﬁlll&l_llil
Wilhelms-Universita To d a

Muinster

p+p d+Au Au+Au Cu+Cu

22.4 GeV | Run6?

62.4 GeV | Runb6

130 GeV

200 GeV

<53

'v
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 Particle suppression in Au+Au
~ T R,, flatup to p =20 GeV/c
« n and 1 show same suppression pattern

 System Size Dependence

« Similar R, for Cu+Cu and Au+Au for similar Npaﬂ
» Hints for surface/corona effects
. vs,, dependence

~ Follows expectation from energy-loss models
~ RHIC/PHENIX able to do SPS Physics

» First systematic study of jet quenching from vs,,, ~ 20 — 200 GeV
within the same experiment

'v
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WA98 vs. PHENIX
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™ PHE NIX {Pb&c) Cu+Cu 0-10% @ 22 4 GeY
& WASS (LEDA) Pb+Pb 24-47% @ 17.2 GeV

PHENIX Preliminary

Similar N _ . (WA98: 132, PHENIX: 140)

same behaviour!!
—
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°s in d+Au
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C 0-20 % [ 20-40 %

<k,>= 0.52 GeV?
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Accardi, Gyulassy. Partonic Glauber-Eikonal approach: sequential multiple partonic collisions.
Phys. Lett. B 586 (2004) 244. Centrality dependence not very well reproduced
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°s in d+Au
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Kharzeev, Kovchegov, Tuchin, Phys. Rev. D 68, 094013 (2003):
Saturation scale can influence particle Production even for Q_< k.
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-4 p+p PHENIX Preliminary

* Directly sensitive to L MO
£ E EE e % W D

CTEQ6M p=0.5p+,p1,2p1

axa

N\
NG TN

« No effect at high p.. | Se

~ Large uncertainties

!
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Transverse N,

Au+Au and Cu+Cu

density for similar <N __ > i

.80-92.2%  60-80%  950-60%  30-40% centrality

oo a0s0v 5030% 0.10% centrality

S ellipticity different
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Single Particle Inclusive Spectra

What's New?

p+p d+Au Au+Au
130 GeV
200 GeV T
I y ] I
.
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Single Particle Inclusive Spectra

What's New?

p+p d+Au Au+Au
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200 GeV I
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Single Particle Inclusive Spectra
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p+p d+Au Au+Au Cu+Cu

22.5 GeV | Run6?

62.4 GeV | Runb6

130 GeV

200 GeV

<53
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Single Particle Inclusive Spectra
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p+p d+Au Au+Au Cu+Cu
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Common Explanation
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&; 10
8 O p+p X Taal0-10%)
* Partons lose energy by 5 ® AuAu0-10%
(coherent) gluon iz
Bremstrahlung in the Blg,
medium: J
Ay 1 dN 1 el
<—>~ 3 8 L ln ‘l:,;

E “TRA 4y E 2L

~ Gluon density can be
constrained via multiplicity

 For power law:

 Average energy loss can

be determined from (Ap.)
spectrum shift (R,,) ) I/ _ ¢ =1_RAA(pT)1/n—z
T

~ constant above 4 GeV/c

loss

N
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