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Direct Photons in A+A collisions — Why?

High p; (> 6 GeV/c): Low p;:

= High-p; direct photons = Low p; thermal direct
produced in initial hard photons expected to reflect
parton-parton scatterings the initial temperature of the

fireball

= Photons leave the
subsequently produced = Temperatures above T,
medium (quark-gluon indicate quark-gluon plasma
plasma !?) unaltered phase

= Test hard scattering
predictions

= Measure rate of hard
processes
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Known and Presumed Photon Sources in A+A

Photons in A+A

7~ N\

Direct Photons Decay Photons

—

hard These mechanisms are

also present in p+p
/ \ & collisions and are

calculable within pQCD

direct fragmentation
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Known and Presumed Photon Sources in A+A

Photons in A+A

e N\

Direct Photons Decay Photons
hard
direct | fragmentation
Hard direct photons:
direct component Compton Annihilation
qtg > Yy+q q+tq - Y+g
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Photons in A+A

e N

Direct Photons Decay Photons

—

hard

/' \

direct | fragmentation

Hard direct photons:
bremsstrahlung /
fragmentation
component
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Photons in A+A

e N

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
/ O\ Preens / \ /7 \
direct fragmentation QG Hadron gas jet-y- Medium induced

conv. Yybremsstr.
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Known and Presumed Photon Sources in A+A

Photons in A+A

e N\

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
J O\ Lphetens / \ /7 \
direct fragmentation QG Hadron gas jet-y- Medium induced

conv. Yybremsstr.

Preequillibrium photons

B Produced through rescattering of the primarily produced partons prior to
thermalization

m Difficult to treat theoretically
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Known and Presumed Photon Sources in A+A

Photons in A+A

e N\

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
/ \ photons / \ / \
direct fragmentation QGP | | Hadron gas jet-y- Medium induced

conv. Yybremsstr.

Thermal photons
B Reflect temperature of the system, produced over entire evolution
B Significant direct photon source only at low p;
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Known and Presumed Photon Sources in A+A

Photons in A+A

7~ N\

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
J \ Photens / \ /7 \
direct fragmentation QG Hadron gas jet-y- Medium induced

conv. | Yybremsstr.

Hard+thermal: Interaction of parton from hard q.. +g L y+q
Jet-Photon- scattering with soft parton hard * SQGP
Conversion

a-jet-'y-conv - 53 (pjet o P7) qhard + qQGP - V + g
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Known and Presumed Photon Sources in A+A

Photons in A+A

e N\

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
/ \ photons / \ / \
direct fragmentation QG Hadron gas jet-y- Medium induced

conv. |ybremsstr.

Medium induced photon bremsstrahlung
B Due to multiple scattering of quarks in the medium
m Different theoretical predictions, likely rather small contribution
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Schematic Photon Spectrum in A+A

Central Au+Au at RHIC = Hard photons dominant

log scale direct photon source for
{ p; >~ 6 GeV/c

- thermal: ¢ "
Ko = Thermal photons expected to
> Decay photons be significant contribution
= (Y4, N+, ) below p; ~ 3 GeV/c
te ~10 GeV/c
C | = Jet-photon conversion might
O 1 be significant contribution

hard: — below p; ~ 6 GeV/c

Pr
-
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PHENIX: Photon and Electron Detectors

= PbSc:

+ Highly segmented lead
scintillator sampling
calorimeter

¢ Module size:
55cmx5.5cm x 37 cm

pC3 central PC3
magnet

= PbGI:

+ Highly segmented lead glass
Cherenkov calorimeter

¢ Module size:
4 0cmx4.0cm x40 cm

west Deam view east
= Ring Imaging Cherenkov
Detector (RICH):

+ Electron identification

+ Insensitive to pions with
p <4.6 GeV/c

Pseudorapidity coverage : |n| < 0.35
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Direct-Photon Spectra in Au+Au

Au+Au at Vsy, = 200 GeV (RHIC run 2)
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Phys.Rev.Lett.94:232301,2005
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p; (GeV/c)

Nuclear overlap function (T,g)

Measures increase of parton
luminosity relative to p+p

Calculated with a simple
geometrical Glauber model

<TAB> — <Ncoll>/ a'il:;)

High-p; direct photons
scale with (T,g)



Hadron Suppression: A Final State Effect!

PHENIX Au+Au (central collisions): dN / de‘

g m  Directy B R — A+B
(14 10 | f EC' Preliminary AB <TAB > > da‘ / de
- GLV parton energy loss (dN%dy = 1100) ptp
E SR No energy v
1 w-'%HHHH**% L ______________________________ loss for y's-
- Ml o §Fact r 5%§suppressi n
: %ﬁﬁﬂﬁx%#&&#% SEALR ? % % —>
10" ’ﬂ %ﬁ %
- | | | | | | | s

[ I S I S A S A A I S S N A I M | I|III
0 2 4 6 8 10 12 14 16 18 20

p; (GeV/c) forgand g

Hadrons are suppressed whereas direct photons are not:
Evidence for parton energy loss (as expected in the QGP)
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Bremsstrahlung Component

calculation by W. Vogelsang

—
Q
=

4

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

direct

v
y

Bremsstrahlung

Bremsstrahlung contribution (%)
=

o . . Y

' D T
0 2 4 6 8 10 12 14
pr (GeV/c)

= Bremsstrahlung contribution large
= Modification of Bremsstrahlung contribution expected in A+A
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Effect of Parton Energy Loss

2
— i ; 0
RAA }snspfn _ T
== isospin + shadowing
LS| = isospin + shadowing + E-loss

0

F. Arleo, hep-ph/0601075 py (GeV)

AA

1.5

0.5

direct 'y

* PHENIX

== isospin
== isospin + shadowing
== jsospin + shadowing + E-loss

5 10 15

20

Py (GeV)

= 20-30% reduction of direct photon R,, expected due to

parton energy loss

= Consistent with PHENIX data
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New High-Statistics Data (Run 4)

5 — : = Run 4: factor ~10 increase in
450 ey oY S statistics compared to run 2
af YEw=200GeV /L = Direct-photon signal up to
3_55_ 0-10% ,'+, p; ~ 13 GeV/c, reduced

’ statistical uncertainties

w

= Consistent with N

-on-Scaled
pQCD calculation

Yall I Ybackgrou nd
N
1))

—
- 1N

ptp
1 _I_ N coll 7pQCD
Aut+Au

il I R TR PR PR ’ybackground
2 4 6 8 10 12 14

p.(GeV/c) Calculated based
on measured
T° and n spectra

ot . !
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Centrality Dependence

5, : 5. 5 5. 5¢
4_5%_ PHENIX preliminary _f / 4_5%_ PHENIX preliminary 4.5; PHENIX preliminary 4.5; PHENIX preliminary 4. 5 PHENIX preliminary
g _ Au+Au i S| € _ Au+Au o g _ Aut+Au g _ AutAu g : AutAu
& 4 Y = 200GeV :’}%/} £ 4 {Som = 200GeV ViR 4 {Sm = 200GeV A 4 S = 200GeV £ 4 = 200GeV
2% 040% 341 ZF 10-20% | 4 /{f =35 20-30% =35 30-40% | 235 "q0.50%
z 3 } z 3f {,{ z 3t ‘ANz 3 A2 s
i e c c . o , £ "
=j2.5;— HH {' =.,E:!.S;— { ’{ ajz.s;- H { jz.s;- % i jz 5¢
% L " . i B F i [ A . A :; [ “ 2 E r -
S 4 s A 5 gl 15 2 ,{;H/
245 ﬁ;/ Z45 ﬁiy SES. Z45 ﬁgiﬁ'ﬂ Y 245t K{;ﬁ.{f ’
1@ I 1 gt 1 g™ a1
0-5:||||||||||||||| Lol 0-5 NI RS N N 0.5:|||||||||||||||| Lol 0.5_|||||||||||||||||||||||||| 05_|||||||||||||||||||||||||||
0 2 46 8101214 0246 8101214 0 2 46 8101214 0 2 46 8101214 0 2 46 8101214
pT(GeVic) pT(GeVic) pT(GeV/c) pT(GeV/c) pT(GeV/c)
S 5 5¢ 5¢ 5
4_5 PHENIX preliminary 4_5%_ PHENIX preliminary 4.5; PHENIX preliminary 4.5; PHENIX preliminary 4.5; PHENIX preliminary
g 4 Au+Au g 4_ Au+Au g 4_ Aut+Au g 4_ AutAu g 4_ AutAu
£ [ {sun=200Gev £ F Y5y =200GeV £ F {sun=200Gev £ F {sun=200Gev £ F s =200Gev
235 50-60% 2350 60-70% 235 70-80% 235 80-92% 35 min.bias  / /]
z 3 z 3t z 3 z 3t z 3 { /{«
25 | d2sf 25 ' 25 25 ,{}ﬁ'
33 W 5.2 L 5 2 %5 P
£1.5; ;ﬁﬁﬂHﬁ { S1.5; . i{ HT £1.50 }/ £1.5 B s g
1_§;§{§§ﬁ 12_%§§§§_§§§ h‘? - 1_§!!{§§E¢i§? 1:_§!§i§ 1 1_E;§,E
U-E:I RS RN T N R N 0-5:”||||||||||||||||||||||||| 05 1l 1y 05 v liraly ||;|| 0.5_|||||| | Lo b bl
0246 8101214 0 2 46 8101214 0246 8101214 0246 8101214 0 2 46 8101214
pT(GeVic) pT(GeVic) pT(GeV/c) pT(GeV/c) pT(GeV/c)

No significant deviation from N__,-scaled pQCD for all centralities
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Direct Photons from Jet-Medium Interactions?

5¢ — = Model parameters (QGP
A.5F paony o iminany evolution, parton energy loss)
b Vo = 200GeV adjusted so as to describe the
: 0-10% pion suppression
3.5 0- (

= Bremsstrahlung component
reduced due to parton energy

Yall beackground
N
A N O W O

_ loss
= Direct photons:
1.5} Better agreement with data if
1t jet-photon conversion is added
05||||||
024638 zg 1\,21 1)4 Jet-photon conversion:
Turbide, Gale, Jeon, Moore, P ev/c + N +
pﬁ;s'. Rev. C 72, 014906, 2005 ! Uhara T 8ocr = ¥ T4
== Prompt + QGP, T = 447 MeV Uy + QQGP S y+g

=== Prompt+ QGP, T = 370 MeV
=i =1 Prompt, T =370 MeV
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Direct Photons via Internal Conversion

= Any source of real photons ”Y* e-
emits virtual photons with Y MWWV~
small invariant mass /? e

= The distribution of the virtual Different
photon mass depends on invariant mass
the emitting source distribution

= Phase space at higher inv. Jl
masses limited for virtual e
photons from hadron decays q '8 et
= Signal/background for
virtual direct photons
significantly improves with
increasing mass
g q
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Internal Conversion: Kroll-Wada Formula

Kroll-Wada formula:
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Virtual photon phase
mass distribution space

10°

0 Dalitz Direct photon internal
n Dalitz conversion:
direct v internal conversion — Described by QED

: part alone
girect Y (as long as p; >> m_,

-
L=
]

=
o

-
[=

@ and n Dalitz decay:
— QED part dominates
form_ /M — 0

ee
. — meson mass |

6 ee

1072

dN_/dm,, (arb. units)

10

0 0.1 0.2 0.3 0.4
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Internal Conversion: Analysis Method

L) B A
Measured quantity: R, = N_/N_
10 =° Dalitz
signal ‘
2 _— ~1 alitz
" background L

direct v internal conversion

-t
[=]

dN_/dm,_, (arb. units)

0 0.1 0.2 03 04
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05 06
m,, (GeV)

Without direct photons:

R _ RKroll-Wada
data — “ “hadron

input: n/m° ratio

R, > R translates into

hadron

fraction of virtual direct photons:

* R . RKroll-Wada
7direct - data hadron
* RKroll—Wada . RKroll-Wada
7all direct v hadron

Direct photon spectrum via
inclusive photon spectrum
from EMCal: from

7* EMCal
_ direct .
7direct _ * 7all

7all




Direct Photon Spectrum in Central Au+Au

Yareet INV. Yield (GeVe)H

107

10*

10°

10°

0 05 1 15 2 25 3 35 4 45 5

108

Yairect AUFAL (0-20%)

® Ydirect = Yincl " Tdirect’“f{incl.

= w7y PRL94 232307

"

PHENIX Preli

&

minary

'I'TT
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p;(GeV.L)

Direct photon spectrum for
1 < p; <4.5 GeV via internal
conversion

Systematic errors

¢+ Small! (~25 %)

+ Dominated by uncertainty of
n/m ratio

A breakthrough!

Agreement with
conventional method



Comparison with Scaled pQCD

S 10:
N@ - Yairect AUHA L (0-20%)
E B @ Yarear = Yina* T:;iirect’lﬁncl.
e 1F
= E
[T ¢
= 10k
= -
C i - M
= F ® PHENIX Preliminary
S0k .
= E ¢
10°F f
?Different
104 | parton-to-photon
Efrag. function (BFG)
C pQCD: T,y
’IOEE— NLO pQCD by
- | Werner Vogelsang
10—‘3-IIIIIIIII|IIIIIIIIIIIIIIlIIIIIIIIIIIIIIlIIIIIIIII
0 25 1 15 2 25 3 35 4 45 5

pr(GeV )
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Contribution of hard processes
estimated with scaled pQCD

pQCD uncertainties

¢ Arbitrary scales
+ Parton distribution function

+ Parton-to-photon frag. function

Scale uncertainties dominate

Cold nuclear matter effects
(“k; broadening”) likely to be
negligible

Excess above pQCD
possibly due to
thermal photons



Comparison with Hydro-Models

1O var AUTAL (0-20%) = Hydro models:
L — QGP and HG photon rates
W - ® Y direct = Yincl * Tdirectfﬂfincl. = =
S kb convolved with fireball
= E evolution
T | . .
= il = Data can be described with
z pQCD + hydro
= [ N PHENIX Preliminary
£10°L |
e = Ti,max (MeV) Tj (fmic)
10% Alam et al. 400 0.2
1oﬂ; 2+1 hydro, Chaudhuri 400 0.6
= d’Enterria, Perresounko d’Enterria
[ | —— pQCD- Ty Perresounko S70 0.15
10° thermal
: pQCD + thermal e
| T W Temperatures above critical
o s § U & 95 3 45 & 45 & temperature T_ for QGP transition

P (GeV.)
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Conclusions

Direct Photons in Vs, = 200 GeV Au+Au

High p; (> 6 GeVI/c): Low p;:
= Unlike pions high-p; direct = Direct Photon measurement
photons are not suppressed via internal conversion

i.e. they follow T, scalin
( y AB 9) = Excess above pQCD possibly

= Thus, pion suppression is a due to thermal radiation
final state effect, consistent
with parton energy loss in a
quark-gluon plasma

= Data only described with
initial tempartures above T,
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Backup
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-4
10 € | ' | ' | ' |
| Photons at RHIC
— 10> ¢} 12
o107 Au+Au s =200 GeV
O B ]
O 10°F T.=370 MeV -
E: :
107 F 3
NE E .\
Z:—-~10-8§_ ___N_N'..
o Y = 0 — Jjet-th .
9 7Y — - jet-fragmentation ]
10 - - « jet-bremss.
10 [ th-th
10 4 6 8 10 12 14
PT [GeV]

Turbide, Gale, Jeon, Moore,
Phys. Rev. C 72, 014906 (2005)
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'y _ o AutAuat RHIC

0- 20 % Central

= prompt+QGP+HG
» == prompt (no E-loss) + HG
— = prompt (no E-loss)

= PHENIX PRELIMINARY
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PHENIX Au+Au (central collisions):
< ] Direct v (pp from pQCD) [ |
- 10 — ®  Direct y (pp Data)
- W
B m

T \
N
vl

—&— -
\ \‘\
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FY::Ikirecll yi{;lcl.
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0.3

0.2

0.1

-0.1
0051152253354455

Au+Au 200 GeV (0-20)%
[ PHENIX Preliminary

pT(GeV/ic)

Yakirecll yﬁlcl.
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d+Au aty/s = 200 GeV

“F dN/d N
o - \. 4-p+p PHENIX Preliminary Rap = <T > / de/’(‘;\—FB <TAB> — M
> L \g — NLO-pQCD X do ONN
G \_\. CTEQ6M u=0.5p_,p,,2p; AB PT|p+p
=107 W -e d+Au PHENIX Preliminary
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FHENEE Pealiminary
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£ 105 " PbSc
e F — NLO pQCD
w® b CTEQ6M PDF
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- (by W. Vogelsang)
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_isolation cut
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no cut

" includes underlying
_ event

B

NLO pQCD calculation
by W. Vogelsang

|
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