Systematic Study of High p. Hadron and
Photon Production with PHENIX

¥

Christian Klein-Bosing
CERN

SQM 2007 PH ENIX Christian Klein-Bésing



) Why High p._ Hadrons?

X/~

 Studying hard processes

Parton collisions with large
Q*(~ p,?) = Jets

\

b3

Hadron-Gas

~ Factorization: OuarkCluonPlasm Initial hard
dz o Pre-equilibrium zjgtt?;ﬁ;:ﬂ@- " >
"_— [ PDFXpQCDXFF(q—m°)
de d “Initial ‘_><_‘
State” Nucleus A Nucleus B
* ptp
»  Fragmentation into QCD- - Quantifying the medium
vacuum .
influence
° = ; ; :
AutAu « First step: single particle
~ Early reaction-phase (incl.) spectra
«  QCD probe for a later hot ~ Leading hadron carries large
and dense phase fraction of initial parton
momentum
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) Why High p._ Hadrons?

X/~

 Studying hard processes

Parton collisions with large
Q*(~ p,?) = Jets

\

b3

Hadron-Gas

» Factorization:

Quark-Gluon-Plasma Initial hard
- parton—partO@.
dzo'n 0 Pre-equilibrium scatterings "->
= [ PDFxpQCDXFF(q—m°)
dp,d “Initial ‘_><.‘
State” Nycleus A Nucleus B
* p+p
« Fragmentation into QCD- * Quantifying the medium
vacuum :
influence

 AutAu

« Early reaction-phase

» QCD probe for a later hot
and dense phase
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@) High p. Direct Photons

X/~

* Direct: Non-decay photons (e.g. n° — vy)

e Also produced in early hard scatterings
« No strong interaction: QED probe

LO

o X o qg-Compton o X Ol Annihilation

* In situ control in A+A
« In LO not influenced by fragmentation

X p

But also photons from fragmentation and jet-plasma interaction

23
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@) How High is “High” p_?

X/~

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

= 4 GeV/c was high “Suppression of Hadrons with Large Transverse Momentum in
’ pT 9 Central 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 GeV/c

xMain source of information n° n, vy

* |dentified particles

» Test different aspects of the medium

- Mesons from parton fragmentation
— Direct photons produced in hard scatterings
~ Heavy Quarks (talk by DongJo Kim)

« Correlations (talk by Hua Pei)

’v
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&N 70, 1 and direct y @ PHENIX

N/

e Measurement with the
EMCal

~ Two different detector types
 Reconstruction

+ '(n)—> 2y

~ Invariant mass

m. =\ 2E E,(1- cos 0) ~ 135 (548) MeV
« Combinatorial background:

+  Determination via “mixed
event” technique

« Photons from different events a * Direct y more sophisticated
priori uncorrelated

«  Subtraction of all decay photons
« Tagging etc.

’—v_
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X/~

« Strong suppression of
hadrons (QCD probe)

« Similar for tf°and n
« No suppression in d+Au
« PRL 91, 072303 (2003)

* Direct photons (QED probe)
« R,,with pQCD reference

« Ultimate test for hard scatterings

2 2 —fPDFX QCDXé
— p
dp,dy

o)
-
[
U]
=
@
A
g
3
o

« No suppression of direct photons

Strong final state effect
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@Y  PHENIX High p, Highlights

PHENIX Au+Au (central collisions):
m Directy

p; (GeV/c)

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

100 150 200 250 300

PRL 94, 232301 (2005)
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y Common Explanation:

>~ In-medium Energy Loss
PHENIX Ag+l-\tuy(central collisions):
« Partons lose energy by A
coherent gluon bremstrahlung: GLvparton snrgy oss Ny = 110

« E.g .Gyulassy et. al nucl-th/0302077

(AE)
E

3 1 dN, 1, 2E
~.Cp,— 91 —|
0(5 RAT dy E nﬂzl_

« Main parameter gluon density

p; (GeV/c)

«  Other models: e.g. transport
coefficient O p+p X Tan(0-10%)

« Average loss related to S
spectrum shift (R, )

~  Power law
(Ap;)

Pr
« ~20% above p.=4 GeV/c

=1- RAA(pT)”n_z
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What else can be done at high p_?

More differential studies of (existing) data at high p_

~ Quark-mass dependence, heavy flavor
« Jet correlations
~ Reaction plane (L) dependence

New (larger) data-sets
~ Improve p_-reach in Au+Au and p+p refererence

Vary the system size
Vary the collision energy

’_v_
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@) Run04 Au+Au ° Data

X/~

=" py spectra
# min. bias 22

o PHENIX preliminary 0-10% x 107

o o AutAu Y5),=200GeV 10-20% x 1072
* 20-30% » 10°
30-40% = 107

40-50% x 10°°

50-60% = 10°°

* RHIC Run04 Au+Au data . v OT0% x 10,
+ Sampled 1370 pb- 4 bag, 00210
+ 1.5 B events (15 x Run02) |
 Spectra up to 20 GeV/c

 p+p reference also
improved

10 12 14 16 18 20

p- (GeVic)
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) Run04 R,, in Au+Au

X/~

theoretical curves for »°
|.Vitev dNdy=800

— | Vitev dNdy=1200

Suppression stays nearly constant up to 20 GeV
Consistent with ng/dy ~ 1200 calculation
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SQM 2007

New p+p reference Run05

New Direct Photon Data

PHENIX Preliminary

—NLO pQCD
{by W.Vogelsang)
CTEQ 6M PDF

u=1/2py,pr,2pr

0 2 4 6 8 10 12 14 16 18 20 22 24
pr{GeVic)

PH ENIX

Au+Au Run04

PbSc direct photon p; spectra

Au+Au\s,, = 200GeV

L PHENIX preliminary
QE%OWHW‘H“‘““-‘W ® min. biss x10°

@ o O 0-10%x10°

W 1020%x10°
O 2020%x107
T & 8040%x10”
& 4050%x10°
* 5060%x10"°
* 6070%x 10"
¥ 7080%x 107

T B0R%x10""

III]II[[IIIl]lIIIIIIIII|III|III|III

I
6

8 10 12 14 16 18 20 22 24
p;(GeV/c)
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@) New Direct Photon R,

X/~

e Run02 result confirmed
« R,=1uptop =14 GeV/c

Direct Photon Au+Au ST 200 GeV, 0—-10%

- PHENIX PHENIX preliminary
~  Now measured reference ; preliminary
o _ AN,
AT ad
A9 O pp
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SQM 2007 PH ENIX Christian Klein-Bésing



@) New Direct Photon R,

X/~

e Run02 result confirmed
« R,=1uptop =14 GeV/c

Direct Photon Au+Au ST 200 GeV, 0—-10%

- PHENIX PHENIX preliminary
~  Now measured reference ; preliminary
o _ AN,
AT ad
A9 O pp

« Highest p_

~ Decreasing trend
« Trivial isospin effect?

X X — 2p; _ Pr
T \/sNN 100
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System Size Dependence...
RHIC Run05 Cu+Cu



D) System Size Dependence

X/~

e Variation of centrality
~  Onset of suppression:
N .~ 30

pa

« No good discrimination in
Au+Au

e Cu+Cu (A =64)

« Better N “resolution

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

 r— Ny
B e PL
»
’
r

~ Different geometry

!
.
-
i

o Surface/volume effects
100 150 200 250 300

PRL 94, 232301 (2005)
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V The Measurement in Cu+Cu

N/~
Minimum bias « 2
0-10%=10"
10 - 20 % = 107
L 20 - 30 % = 107
30 - 40 % = 107
40 - 50 % = 107
A 50 - 60 % = 107

RHIC Run5 (2005)
~  Sampled 0.52 nb-*

59 M minimum bias events
1.9 M high-p_triggered

&0 - = 107
s 70 - 80 %
BOD -

=k

<
-
L

l'q-“
=
Q
Q
37 ]
Q2
S’
.
s
=
——
=
T
|-
zl—
o
=
o
-—

~ Correspond to 2.2 B events

Spectra up to 18 GeV/c

-

=
L
=l
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theoretical curves for n®

| Vitev dNdy=370
—— XWang

Central Cu+Cu also suppressed
Consistent with energy-loss calculation ng/dy =370
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V Au+Au vs. Cu+Cu

® Au+Au40-50 % Npan=?4.4

® Cu+Cu10-20 % Nﬁf?a_a

15

Suppression pattern identical at same N _,

TN
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y Centrality Dependence:
s Integrated R, ,

N

PHENIX preliminary

e |[ntegrated FIA = 200 GeV
® Integrated R’ " 200 GeV

Similar N __ dependence
part

Hints for different slope
» Surface effects?

T

o
O
S
-
Q
O
Q
-
A
Q.
g’
<{
>
oc

200

SQM 2007 PH ENIX Christian Klein-Bésing



y Centrality Dependence:
s Integrated R, ,

e Geometrical model with

2
) T
“corona” effect o PHENIX preliminary
» More jets from surface % e Integrated RMAU 200 GeV
«  Correlated with ellepticity O e Integrated Hc . 200 GeV
) . o uCu
Minimal for sphere ~ ...V Pantuev hep-ph/0506095
A
Au+Au Q_I_
30-40% s
N_ =114 B
oc
Cu+Cu
200
0-10%
N =98.2

part
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e Collision asymmetry
~ Studying angular dependence

 Same energy density

 Different paths

- L-dependence
- Surface emission

« Strong angular dependence
Angle Ap {degrees) . R,,(0°)=0.5 x R,,(90°)

AA

A¢ = 90° » Less medium, less suppression?

Ad = 0°

TN
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V A more detailed look

2.5<p;<3.0 GeVic ‘ 4.0<p;<5.0 GeV/c

" %‘PHENIX Preliminary % PHENIX Preliminary

s 'ﬂﬁ% "i"‘?%

5.0<p;<6.0 GeV/ic

PHENIX Preliminary

e

changes with angle
and centrality

TN
SQM 2007 PH -ENIX

« GLV
’ AEocpoLmax

* Consider expansion p(t)
Lt
" R,,oc| dL 0 2
AA f p0L+T0

« L__ from Glauber MC
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V A more detailed look

g 2.5<p;<3.0 GeVic ‘ 4.0<p;<5.0 GeV/c

& PHENIX Preliminary ., PHENIX Preliminary ° G LV
.z' 31 “‘:‘1 .
% ¥ Aﬁ-'% g AEocpoLmax

5.0<p,<6.0 GeVlo oyl < Consider expansion p(t)
PHENIX Preliminary ' PHENIX Preliminary X L TO
50-80% Y - ?
Yo, oo ﬂ R A °Cf dL p, é
e P L+,

« L__ from Glauber MC

* Universal curve above
7 GeVlc
~  Simple geometry dependence
~ Parton energy loss dominates

changes with angle R
and centrality AA

Important constraint to theories
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Energy Dependence...
Going down!



Au+Au and Cu+Cu @ 62.4 GeV

e Cu+Cu 14 days RHIC Run05

~ 197 M minimum bias events 0 CusCus,, = 62.4 GeV

: PH“ENIX o 0.10% x 1E+05
10-20% x 1E+04

* Au+Au 9 days RHIC Run04 20:30% « 1E+03

30-40% x 1E+02

. ; ° @ 40-50% x 1E+01

x40 M minimum bias events S0-60% x 1E+00
® 0-88% x 1E+06

 Problem up to date
~ Poor p+p references
* ISR Data
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ISR p+p Reference @ 62.4 GeV

; —CMOR fangeli
63 GeV -- AFS [akesson89]
= 62.8 GeV -- R-806 [kourkou80]

- 62.4 GeV -- CCOR [angelis78]
= 63 GeV -- CSZ [clark78]

= 62.4 GeV -- CCRS [husser{6]
= 62%6{3\! -- CCR [busser7

= 62 GeV -- SachSy banner7
eV - CCFF usser76

ISR pion spectra g Js ~ 62.4 GeV

= 62
i 63 GeV |-- Brit.tScand. [alper75

ratio data/fit

1

J.Phys.G31:5491 (2005)
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y PHENIX Reference
>~ p+p @ 62.4 GeV

7° from p+p at\s=62 GeV,

e 12 days of RHIC Run06 PHENIX Preliminary
. 400 nb-' sampled _ {by W Vogbisang)
CTEQ6M PDF; KKP FF
+ 210 M min. bias + 22 M high- : T u=p/2
p- triggered _ N M=,

» Crucial for interpretation of
Energy loss (R,,)

19% scale uncertainty
is not included - '

TN
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New R, in Au+Au @ 62.4 GeV

PHENIX preliminary

vertical normalization error on p+p ref. not shown:

> La rge SuU ppreSSion . 25% (fit world data), 19% (PHENIX data)

X Already at IOW pT . @ 62.4 GeV (world p+p fit ref.)

® 62.4 GeV (p+p data ref.)

~  Apparent with PHENIX reference - e s ;

. 50% difference to R, , with ISR | REREX t +
| ¢

r° Preliminary, 0-10 % central ¢

reference

e Gluon density GLV
' ng/dy - 650-800 vertical normalization error on 62.4 GeV p+p ref. not shown: 1994
PHENIX preliminary

o VlteV PhyS Lett B 606 (2005) []GLV parton E. loss (dN°/dy = 650 ~800)

® 62.4 GeV
200 GeV
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@)

I | I I I | 1 ) I
Syy = 62.4 GeV PHENIX Preliminary _|

* 1° Cu+Cu 60-88%

SQM 2007

New Cu+CuR,, @ 62.4 GeV

1 | I I I | 1 I 1
Syn = 62.4 GeV PHENIX Preliminary _|

* PbGI ° Cu+Cu 0-10%

Also clear suppression in Cu+Cu

TN
PH ENIX

Clear effect when going from peripheral to central
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V Direct Photons?

e At high x quark distributions
become dominant

~ Difference for em-processes in
n+p, p+p and n+n scattering at

high p--
xmx.=2P1
! VSNN

At lower energies
~ Study SAME effect at lower p_-

«  Systematic uncertainties smaller
In this domain

A+A: Superposition of pQCD (p+p. p+n, n+n  Better separation of decay
PACD (p+p) photons

Mock-up R,

Data @ 62.4 GeV essential to separate isospin effect

TN
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@Y  Direct Photons @ 62.4 GeV

e Au+Au Run04

PbSc direct photon p; spectra ® min. biasx 10’

Au+Auys,y = 62.4GeV ® 0-10%x 10’ .
PHENIX Preliminary ® 10-30%x10° Same run as 200 GeV data

® 30-60%x107"

—— NLOpQED X Tg * Comparison to pQCD

M =0.5py, 2py

calculation (W. Vogelsang)
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D) Direct Photons @ 62.4 GeV

X/~

e Au+Au Run04
~ Same run as 200 GeV data

« Comparison to pQCD
calculation (W. Vogelsang)

. R,,with pQCD

~ Need p+p reference

@
<
-
X
o
Q
&
o
O
—l
=
[
et
i
(]

~ Now we are limited by statistics
« Also look in Cu+Cu
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&) Cu+Cu @ 22.4 GeV

X/~

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

e 3 days of RHIC Run5 40-50% x 1.E-05

50-60% x 1.E-06

« 6.8 M events after quality cuts

« Centrality via PC1 multiplicity
 Go near SPS Energies

« p+p data at 21.7 — 23 GeV

« Use of parameterization as }
reference

4 6
70 P (GeV/c)

TN
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S

O m° R,, WA98 vs. PHENIX

We can do SPS Physics

. PHEMNIX (PbGN Cu+Cu 10-20% 22 4GeV
. WASS (LEDA) Pb+Pb 48-66% 17.2 GeV

Similar Npart: same behaviour

TN
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&N R, from 22.4 to 200 GeV

® \E, =22.4GeV
® \E,  =624GeV

® \5,, =200 GeV

7-[:O
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D) Summary

X/~

« Systematic study of jet quenching
+ p,dependence
« 1° R, flatup to p.= 20 GeV/c

«  System size dependence
« Similar R,, for Cu+Cu and Au+Au for similar N__,

e Hints for surface effects
~  Ap tomographie
* Universal behavior above 7 GeV/c

. Vs,, dependence

 First systematic study of jet quenching from \/SNN ~ 20 — 200 GeV within

the same experiment
« RHIC/PHENIX able to do SPS Physics

* Direct photons
+ No suppression over a wide p_range
« Deficit at high p_.

» Possibly due to isospin effect
« First measurement in Au+Au at \/sNN= 62.4 GeV

’v
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V Outlook

~ PHENIX Detector

o R A « Many things not covered

F & » New methods for low p, photons
/v N e Internal and external

( (/g)\) conversions
\}' e, 4 * v-h correlations

RxNP

~  Direct photon flow

- '  Many more things to expect
Beam View from PHENIX
Central Magnet ~  Major detector upgrades
« Hadron Blind Detector
“BB  Reaction Plane Detector
ZDC South . ZDC MNorth

_— = A - » Run07 Au+Au ends tomorrow
| HED
w\]“,,{ RxNP : (more than 2 x Run04)

South Side View
’_v_
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@Y  PHENIX High p, Highlights

X/~

 No suppression in d+Au

collisions
. d+Au, Au+Au at Vs, = 200 GeV
* Initial state effects ruled < T
out as explanation for R 18 T @ neutial pions

observed suppression
« No effects of CGC aty =0

 Difference between

charged hadrons and =°
at intermediate p_

x Coalesscence/recombination
of quarks from thermal
source?

TN
PH-<ENIX

PRL 91, 072303 (2003)

TN
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B

e hve :

Period Species 15,,(GeV)
62000-9/2000 AutAu 130
9/2001-112001 AutAu 200
A | phy 200
11/2002-3/2003 d+Au 200
412003-6/2003 pHp 200

112004-312004 AutAu 200 624
SONS | pho 200
1/2005-3/2005 CutCu 200 62.4 22.3
0SS0 | php 200
3/2006-6/2006 pHp 200 624
412007-6120077 AutAu 200
A



D) Measuring Direct Photons

X/~

Inclusive photons

N, =N, ..+ N,

direct decay

e Challenge to separate
signal from decay

background
« Mainly ° — yy
* Direct separation

« Event-by-event isolation cuts

« Statistical separation

~  Compare measured inclusive
v to expected decay y

Ngirect=N2— N3

direct decay

TN
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@) Direct Photon R,

PHENIX Au+Au (central collisions):
[ | Direct ¥ (pp from pQCD)

Reference: pQCD
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@) Direct Photon R,

PHENIX Au+Au (central collisions):
[ Direct vy (pp from pQCD)

° Direct y (pp Data)

Reference: pQCD

SQM 2007 PH ENIX Christian Klein-Bésing



Direct Photon V,

e~
PH ENIX

+

centrality 00 - 20 % £ B centrality 20 - 40 %
J5__=200GaV Au+Au collisions | \s__=200GeV Au+Au collisions
PHENIX preliminary - PHENIX preliminary

L It
l p, [GeVic

l1ll[|ll¥]l||l':!ll[|l11

Z
B th
= [

ENIX PH ENIX

a B oa
L
L
[~

=1
—a
ol
=&

Direct photon v
B

Direct photon v
g

5
CAETTITTREATITTIRRRQATTN TS

il .

centrality 40 - 60 % R centrality 00 - 92 %
{E=200GeV Au+Au collisions o [ -{— =200GeV Au+Au collisions
PHENIX preliminary - e PHENIX preliminary

II]I!!I!J1I1IIIIIIIIILIIJlLl!llIIIJII

&

¥

3 4 |

" p, [GeVic]
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V But...

e ... Shouldn't we see some
calculation by W. Vogelsang suppression.

-
(=]
o

NLO pQCD:
direct y in p+p at \s = 200 GeV

2
2—2 o X O Bremsstr.

 Consider also multiple
scattering and formation
times

2
S
c
o
=
=
0
=
it
c
Q
Q

o
C
2
-
(1]
.
=]
0
L)
£
Q
|
m

« Jet-plasma interaction

' qhard+gthermal — q+?/

e Thermal

TN
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D) Theory Comparison

X/~

Direct Photon Au+Au \Js = 200 GeV, 0—-10%

* Turbide et. al g e

preliminacy %

~, == Turbide et al.

~  Shadowing 3 PRC 72 014906 (2005)

~ Fragmentation, energy loss

« PHENIX preliminary

~  Thermal photons and
medium induced photons

» No isospin effects
 Arleo

~  Shadowing, energy loss 8F. PHENIX PHENIX preliminary

preliminacy

~ |Isospin considered

» No medium induced photon
bremsstrahlung

Isospin likely explanation e ks Arleo JHEP 0609 015 (2005)
Experimental confirmation needed ‘oE_ T AutAU EKS cnergy logs (072025 GeV)

TN
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y PHENIX Reference
> p+p @ 62.4 GeV

-
o

\ PHENIX 62Ge V-Runpp

e
\ ISR fit
\.\\

\l

—

* 12 days of RHIC Run06
+ 400 nb'sampled

» 210 M min. bias + 22 M high-
p - triggered

—
Q
(g% ]

l.'cl_‘
=
b}
o
]
£ 10"
o
o
L]
e
B
P
L

e Considerable difference
to ISR fit

« 50% difference

« Crucial for interpretation of 2L 19% ffjf?ft; H;H}ermfnﬁf
15 nNor inciudaed
Energy loss (R,,)

(Data-ISR)/ISR
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@)

ratio data/fit

SQM 2007

p+p Reference @ 22.4 GeV

TN
PH ENIX

p+p — pi +X @ Vs = 22.5 GeV

B pp > X Js = 21.7 GeV — EHS-NA22 [adamus88]

® p+p - 2%+X¥s = 21.7 GeV -- FNAL E-D63 [carey76]

® p+p - 29+X¥s = 22.8 GeV -- FNAL E-063 [carey76]

® p+p - 2%+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]
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