


e QGP strongly interacting

e EM radiation not
¢ Once produced, leaves

collision region unscathed

¢ Carries information about
early times

¢ Serves as reference for
other probes
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Mass Landscape of EMR

n’,m Dalitz-decays v
0
p.® T et
,Y*

dN__ / dydm

¢ thermal radiation from real
and virtual photons

e light vector mesons and
low-mass continuum

¢ mass shifts, broadening,
excess yield?

e open heavy flavor
¢ thermal radiation _
¢ medium modification - B

mass [GeV/cz]
Quarkonla see Wer's talk

Di-leptons via charged particle tracking & PID

Drell-Yan _

Low- Intermediate- High-Mass Region j




p+ Landscape of EMR

BRI e provons:

¢ Temperature of QGP “ 1075}

®
3 *

= Sum

« == jet-th

= = jet-bremss.
pQCD

— =— Th-Th
HG

F10 s

. iaﬁiﬁ%‘@md fow rhess
hotons 10

o P
.roifpgacst(a§.L(xhernm rladiatmﬁ =

modification of jets 16

¢ measurement (V|a dlleﬁ)tﬁhs)sa.e ouos

Direct photons via EMCal

Thermal photons also by internal/external conversion!
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One of two fundamental properties of QGP
(besides deconfinement)

Low-mass dileptons most sensitive probe

Primarily through p meson decays

¢ 1=1.3 fm/c (fireball 10 fm/c)
¢ Most decays in medium

No centrality selection
CERES/NA45 Pb-Au 158 A GeV all p,

Preliminary O/ o= 7 %

?

p,>200 MeV/c
0,>35 mrad

dN/dM per 20 MeV/c?

2.1<1<2.65

2
@
=
=
S
=
A

£
7
—
A
@
£
5
=z
T
v

| | \:|r 1 L ¥ |\ 1 || AW
02 04 06 08 . 1.4 . . 0 ] "'__'"'
Nucl. Phys. A774, 43 (2006) me. (GeV/c?) Phys. Rev. Lett. 96, 162302 (2006) M (GeV/c?)
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e Promise:
Initial temperature of QGP

Data

NA50 Pb—Pb _ Prompt: 2.24:0.08
<Ny >=381 ] Charm : 0.90 (fixed)

iy

-
o

Fit 72INDF: 0.8

-
o
w

R. Shahoyan, QMO06 NAG6O, In+In

ol

N

-
o

Lol

central
collisions

Ll

|| : R. Shahoyan, QMO06

II|IIII|IIIIllll-rll[-rllllllllllll
L IIII|IIII

1 2 3 4 5 6 0 i 5
M (GeV/c?) A, Weighted offset
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Raw Mass Distribution

Converter run Systematic error
e bg 2.5x larger 0.25% B/S (bg substraction)

e spectra consistent 9% S (cross pair subtraction,

5!104 , J T T T1 | L | L | FrTT T T T T T TTTTTTT T T TT T T 1T 1713 beIOW 600 MeV/CZ)

= 5 Au+Au BN -
N% 10'5 ; . 200 GeV =

: 1 Small S/B

Z -6

~10°¢2 E

2 E =

5 L .

g 10.7 §_ T - d) —§

N
PH ENIX

a
B

submitted to Phys. Rev. Lett
arXiv:0706.3034

e -

107 ; o all e'e pairs ]
E — combinatorial baciground (B) 3
10710 [ = signal (S) ‘J/\IJ B
; O signal from cgfiverter runs | | | | 3 | Run-4
0 0.5 1 1.5 2 25 3 3.5 4 : .
m,_ [GeVIc?] (improved analysis compared

. . . to previous preliminary result)
Continuum, o, ¢, J/y visible
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Low-mass: Comparison with theory

minimum bias Au+Au @ \ls = 200 GeV

10

1072

1073

dN/dm,, [c?/GeV] IN PHENIX ACCEPTANCE

0 0.2 04 06 038 1 1.2 1].4

| . . Broad-range enhancement:
e A i """"""" 150 < m, < 750 MeV
| 5 . 3.4%0. 2(stat ) +1.3(syst.)£0.7(model)

____________________________________________________________________________

newes dropping mass scenario +— |ncludes chiral symmetry restoration
' ' ' ' ' ' .
L, | | | : : | “calculations for min bias,
e . T g T QGP thermal radiation
T 5 ' ' “included

- R.Rapp, Phys.Lett. B 473 (2000)
R.Rapp, Phys.Rev.C 63 (2001)
R.Rapp, nucl/th/0204003

________________________________________

T N
PH ENIX

submitted to Phys. Rev. Lett
arXiv:0706.3034

L




Centrality Dependence

0 production ~ N

— _I T T I T T I T T T | T T I T T T T T T I T T T T l_ . . part
o 4w(Q) AutAuatysy, =200 GeV E * |If in-medium enhancement from nx or
8 F  veldI(N2) E gq annihilation
S wf e DATA(tS0m.<Ts0Nvc) + E —yield should increase > ~ N,
E : [ R 7 :
> 2[R cooxmai 1socm<7s0 v = PHENIX
20k / submitted to Phys. Rev. Lett
- = arXiv:0706.3034
15E- Low mass E
10 ’ = » charm follows binary scaling
sF E - yield should increase ~ N,
: =
D__I ! 1 ! ! ! ! ! ! ! ! ! 1 ! ! ! ! ! ! ! ! ! 1 ! ! ! ! 1 ! ! 1 ! 1 I_!: \
‘r: 4| (b) ’ Wz‘:‘:‘:‘g::::::,::3:1:';::::::gt:::::::::::::2:::2::::3::::2:::::::::::::3:::::::::2::: — —_
o SR N = [ Au+Au at \|s,,, = 200 GeV
8, i , S o Yield /N_,,

e DATA (0<m,<100 MeV/ — 801 co .
2 ° DI z f Intermediate mass
= 1= ] COCKTAIL (0<m,.<100 MeVic®)  — 3 L
E 0 1 1 1 1 1 1 1 - 4_

g 0 50 100 150 200 250 300 350 i %
part —_7

«O o
peripheral  central O"O ’

o DATA (1.2<m,,<2.8 Gelic?)
(777777 PYTHIA(1.2<m, <2.8 GeVic®)
ey random cE (1.2<m,,<2.8 GeVic’)

50 100 150 200 250 300 N350

part

Q

=



hadronic cocktail except
for intermediate-mass
*N.B.: PYTHIA known to
be softer than p+p data
from single e analysis

» Good agreement with
region

|

iminary

=

(PYTHIA)
not included in sum
Stefan Bathe

L T
" cC— ee

PHENIX Prel
- 5um

— J¥ —ee

. p—ee
- ee & n'ee

— 1 = vee

Hi 1 = vee

=200 GeV

<0.35
p; > 0.2 GeVlc

p+p at\s
® DATA

|yl

9 2
e =)
-~ -~ -—

JONVLdIDOV XINIHJ NI [A29/,9] °wp/Np N/
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p+p normalized to m,,<100 MeV/c?

|||||||||||||||||||||||||||||||||||||||||||| .p+pandAu+Au
g AutAu & prp at\s, =200 GeV normalized to n° region
vl < 0.35 e min bias Auru (Rund, arvi0706.303%) « Agreement at resonances
p. > 0.2 GeVic ocktail min. bias Au+Au
T [E] p+p (Run5, PHENIX Preliminary) (o, d)
— Cocktail p+
one Bh « Au+Au enhancement for
0.2 <m, < 0.8 GeV

-
<

107§

both normalized to m,, < 100 MeV/c?

>
[
TTHT

o Agreement in
intermediate mass and J/¥
just for ‘coincidence’

(J/Y happens to scale as n°
due to scaling with N, +
suppression)

)
t

)
&

—
<
-

© T

wl
Q
=
|—
o
L
3
<
%
=
L
a
= 10
>
Q
Qo
3]
L,
S
-
©
=
z@
=

1 15 2 25 3 35 45
m,, [GeVic?]

Users’ Meeting 2007 Stefan Bathe




The Future: Hadron Blind Detector

e Dalitz & Conversion rejection via opening angle

¢ ldentify electrons in field free region
¢ Veto signal electrons with partner

signal electron . minimum bias Au+Au @ \s = 200 GeV
k." i\{g@_éx"-f ;‘ g T T -I T . T 'I T ‘ .I T T T | T T T T | T T T T g
. Cherenkoy . 55 3 +- field Econflgur§tlon : 5 ]
........ o ; hadron cocktail -
T R e —
partner positron - %; background w/o HBD 3
needed for rejection -
j T 10 ts
i <
i ©
l 1
: 1073 R e e I A 1™ o S
i N
5‘
g 10" £ VU R e USRNSSR
=]
E! .
i i
: 107
i T '|
| I ' DYy | .
: I | | Nl}l"‘h | ]1 Lol | J ‘ I\‘I | | | | | 11 | 11 i
—— o i 0 0.5 1 1.5 2 5
PHENIX from Run-7 e m.. [GoVic?
14
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pQCD or Photons in A+A

prompt photons B / \

(as N+N, but modified) _
Direct Photons Decay Photons

~

Non-thermal thermal Hard+thermal

/' \

Initial hard\ / Pre-equili- QGP Hadron gas
scattering brium \
hotons

from medium

Interaction of hard parton with QGP

1) Qpara + aQGP —>v+9 and qu,q+8qe 2714

2) Medium induced photon bremsstrahlung
Users’ Meeting 2007 Stefan Bathe




Measurement

e Large background from v | & 3:Isolation
decay photons  7° < « Can be applied in p+p and

e Three methods Y very-high-p; Au+Au

¢ 1: Statistical Leading Particle

* Measure inclusive photons

e Measure main sources of
decay photons (% n)

« Calculate spectrum of decay
photons from measurement

» Subtract decay photons from q
Inclusive photons

 applied at all p;

¢ 2: Conversion

« similar to dilepton
measurement

e Low p;only




o PHENIX Preliminary
=
8 ¢ e ___NLOpQCD
B (by W.Vogelsang)
. CTEQ 6M PDF
-g 16° n=1/2py,pr,2pr
5
w

10

1 =
10 p+ pat Vs = 200 GeV .
E ] | | iy | | | | | |

.
HE
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{Data-Theory)/ Theory
=] )

|

E :

0 2 4 6 8 10 12 14 16 18 20 22 24

p+[GeV/c]

p+p \'s = 200GeV direct photon fit check

24
22

2
1.8

—=— data(Run5 preliminary)/fit
—a— data( Run3)/fit
——— pQCD{W Vogelsang BFG VL] Mo

1.6
1.4
1.2

a.s
0.6
LTSN o 0 L L R——— TN e
u_z. ................................................................ H ENIX .
uz s v s v v v bvvw bvv o b ww o bvvw bvw s bwg o bwgy
4 6 8 10 12 14 16 18 20 22 24

pT (GeV/c)
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3 1.8

i
1.6

1.4
1.2

1
0.8
06
0.4
0.2

0

Users’

Au+Au\[s,,, = 200GeV, 0-10%

Direct y Ry, With measured
p+p reference data

PHENIX preliminary
-o-7°
=1
-=dir. photon

llllIIIIIIIIIIIlII“IIIIIl

s
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Direct Photons in 62.4 GeV Au+Au

— 3 " .
3 "F it 200 e (Runs) p+p data” to NLO pQCD e Modification of structure
X 250 .y N function can be tested at
y : P “a{ Y 200 *rscaling inspired) smaller p; (20 GeV->~10 GeV)
5 r } g‘;:i’jn“dﬁ‘i‘afev by going to smaller collision
Q -
T e L energy (200 GeV->62 GeV)
g r }}1 """"" e Advantage: independent
R R 1 detector systematics (no cluster
=] N I - i
0.5 - PH TENIX L m=05p e mergmg) .
E PHENIX Preliminary = i) e Caveat: other direct photons
% 4 5 8 7 8 sources come into play
pr(GeVic)

e Result still suffers from large uncertainties

e Needs higher-statistics run and p+p measurement at
same energy

e |deally structure function measurement in p+A



e Jet-photons and induced
photon bremsstrahlung:

e Jet-quenching - less
fragmentation photons:

Elliptic flow helps to disentangle various contributions
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contribution

1 compton, annihi.
2 jet-thermal

3 fragmentation

4 induced. brems. v

T T

Photons at RHIC _
Au+t Au s'* =200A GeV !
T =370 MeV -

- -« jet-bremss.
\  — - jet-fragmentation
Y~ = th-th
) J
8

10 12
PT [GeV] Gale, NPA 785, 93¢ (2007)




Towards thermal photons:
conversion measurements

e L] =
2] = . . . 2
@ E Ydirect A U+A u (0_2(}%)) CO n fl rm atl O n f C Direct Photons in Au+Au collisions at 200GeY
E S ey 218
% B ® Ydirect = Yincl ) Ydirectf'}'incl. fro m eXter n aI - C - External Conversions (PHENIX preliminary)
& 1F . 1.6 , o
~— E C O n VerS I 0 n - - Internal Conversions (PHENIX preliminary)
% B 14 } %
> 10" 12— { $ }
= 5 o C *f o )
= PHENIX Preliminary e
A C PHENIX preliminary
S 10 = 08— — )
b = r TN
o C PH -ENIX
[ D_g||||||||||||||||||||||||||||||||||||||||||||
| 5 1 1.5 2 2.5 3 3.5 4 4.5 5
5 p; [GeVic]
107
- S F Minimum Bias, Au+Au,5,,,=200 GeV o erlon
4 (&) — scaled <M =
10 =3 ‘;:40'1 = f [ d+Awu. int. conversion,
E s 3 scaled <N =
g C
B . =) B
[ | —— pQCD: Ty Z107F i
& =
10° thermal ® F —
3 pQCD + thermal 10° E i |
106||||||||II|||II||III||||III||||||||||||I||||I|||| 104;_ * %!
0O 05 1 15 2 25 3 35 4 45 5 5 %
pr (GeVv i) - f i:
10°F h
Internal conversion in Au+Au
g5 1 15 2 25 3 35 4 45 _ 5
b, (GeV)

Needs p+p reference measurement —
Internal conversion in d+Au

Still too large uncertainties to make a conclusion



Trigger particle

Because of energy loss, di-jet
measurement suffers from
surface bias

No trigger surface bias for direct
photon tagged jets

Direct photon is measure of jet
energy
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= EtTr::LB;S to 8.5 GeVic associated h'™ p;[2,5/GeVie, trigger pyel7,9]GeVic
= — Photon Bin e S e
R Zxen < 92 pHTENIX V5 200GeV
£ 3 L e AutAuy,, . h Cent=0-20% |
= 2 | epep PHENIX Preliminary 1
= Zﬁ‘ 0.1 -
2,8 EY: 8.5 to 10.5 GeV/c 2 0
_: 2 g STAR PRELIMINARY E ‘ :
i '2 n _
= -
§ ;3 -0.1 :‘
%‘_ ‘0 A (rad)
z —
- ]
5 @F} 0.4 C —— Auhu 0-20% direct v-n  PHENIX preliminary
45— " L —— p+p
3E S 0.3 Frrigger pre(5.7)(7,9)(9.121Gevic
1= = [ asso. py[2,5]GeVic
= 2 p2F
0= O e =
A1 0 1 p C
o 01F & |
§ Away-side charged hadron yield - - B
%1_ p+p Vs = 200 GeV o C i -
- STAR PRELIMINARY g 0 | | | | : | |
z E 99" from 8.5GeV/c to 10.5 GeV = 4 5 6 7 8 9 10 11 12

e Both STAR and PHENIX have first y-jet results
e So far more proof-of-principle than precise measurements
e Need higher-statistics run

® v9™tevents
—— Hijing p+p
|

TN T T T IO B B A
1.5 2 25 3 3.5 4

10‘2 Ll

P, (GeV/c)




Electromagnetic radiation in HI collisions comprises
two subfields

¢ Dileptons
¢ Direct photons

Coupled at low mass by physics and measurement

techniques

EMR provides enormous physics potential, but
measurement and its interpretation extremely
challenging

Future high-luminosity runs combined with detector
and machine upgrades will allow great advances
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Extra Slides



\ | 7 decay Y direct >
Y - Ydecay—h A E— Ydirect—h

inclusive—h —
7/inclusive 7inc|usive

n+p collisions at 200 GeV

e
@

PH_.}I::.EENIX ...... P

=
X

.
gﬂl
S

g
£
-

Inclusive y-h

1N, dNIdAG

Decay y-h contribution
(via n%-hadron)

ha

Direct y-h !

1N, dNIdAG
=

&
ha
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L
=

1/N . dN
a'h.% IdA¢

r 5<p.rm<?GeV
_1<p.rm=<2Ge\f

(5]

# p+pdata

—PYTHIA

°Ad [rad]

dN/dA¢
=]
. -

o9
INI T

1/N

[ 5<py,, <7 GeV

e
o
T
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e
=

dN/dAG

"

1/N

r 7<p.rm<BGeV
K <p1m=<269\f

e
=

dN/dA¢
=)
(5]

trig

e
(]

1N

dN/dag
=1
-9

"

1/N

dN/dA¢

trig

1/N

Stefan Bathe

“Ad [rad]

e
=

1N, dN/da)

5]

'5<me<1OGnV
(1< Py usac <2 GEV

PHENIX Preliminary

04

dN/dAg
=]
n

o9
T INI T

1/N

[ 5.<pp <10 GeV




associated h™ p,€[2,5]GeVic, trigger p<[7.9]GeV/c associated h" pre[2,5]GeVic, trigger pre[7,9]GeVic

~— Au+Au Y5, =200GeY L T~ AutAu s, =200GeV
PH | ENIX Cent = 0-20% | PH ENIX @un-m%

-h

Preliminarv

Iad
w

+ ™ ?decay

FHENIA

It
[N}

i
1
"

N,q dN/dAG

ot
tn

1
r
i
I

15
-

i
§
i
i
]
il
|
L
b
B

p=]
"R L LU L

ZYAM subtr. 1N, dN/dA

,:iHr h igﬁ}w*w*

KR E
Ad (rad)

TT

=

=
=
o

=

7]
z
)_
N

assmlated h' pTe[2 5]GeWc, 1r|gger Pt e[? 9]GeWc
T I I

PH-_ENIX F200GeV -
Cent=0-20% |

=)

A
o
-

—— Auhu 0-20% direct 1-h  PHENIX preliminary
—— pip

T trigger pr€(5,7).(7,9).[9,12)GeV/c
[ asso. pre[2,5)GeVic

R

Pr directy (GeVic)

(=
W

ZYAM subtr. N, dN/dAg
o
o -
I I N R

_|r|||r|||1|||

S
—

Integrated Yield (n/2 - 3n/2)

£
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systematic from R,

systematic from subtraction method

<p <12 <p' <5 0-20

: o% S .. Cu*Cuy5,,=200 GeV -
11:" r

g

B

H

£

“E.

H

9<pi<12, 2<p} <3, 204

o] = B T Lo i A U P R mn
%ilg _ ....................... G *Gu.ﬁ":z{]ﬂ -GE'H'—: Cu+Cu m:mﬂ GeV E
vq!f - u.s: ......................................... _:
: : -
: ;
£ C
2 O
£ :
E Al B R
1.5
[
-1 L]
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Ygirect AU+AU (O-20%)

® Ydirect = Yinal " Tdirect’wincl.

Yairect INV. yield (GeVeY)

— pQCDE- T,4

thermal

—— pQCD + thermal

PHENIX Preliminary

0 05 1 15 2 25 3 35 4 45 b5

Users’ Meeting 2007

Compare to NLO pQCD

 L.E.Gordon and W. Vogelsang
 Phys. Rev. D48, 3136 (1993)

» above (questionable) pQCD
Compare to thermal model

« D. dEnterria, D. Perresounko
 nucl-th/0503054

2+1 hydro
To?ve=360 MeV(TyM4*=570 MeV)

TO:O.15 fm/c

« data above thermal at high p;

Compare to thermal + pOCD
» data consistent with
thermal + pQCD




Fit measured
mass spectrum
with function:

Min. Bias, d+Au, ys,,,=200 GeV, 1.5<P <2.0 GeV
PHENIX preliminary | ™
a - absolute "
normalization . ~— e becay
b — fraction of direct B PH ENIX o
photons: ", — Sum
= [ ] Conversion
v Bg.removed

Stefan Bathe

Beam View



Direct Photon Au+Au \|3NN = 200GeV, D-10%
2

—e— PHENIX dir. photon preliminary e Turbide et al.

PHENIX — Turbide et. al. . = 0.
preliminary B ¢ Jet photons + pQCD + thermal

¢ AMY formalism for jet-quenching of
fragmentation photons

¢ Data systematically below theory

R
PH ‘ENIX

Illlll
4

preliminary e F.Arleo
pQCD photons only

High-p; suppression due to isospin
effect, shadowing, and energy loss

BDMPS for jet-quenching

- Arleo EKS
Arleo EKS 20 <®_<25 GeV

NP R AN ENUTEIN RN AP
8 10 12 14 16 PTT&WC?
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centrality 00-20 % HEN centrality 20-40 %

PHENIX preliminary
direct photon v,
sqrt{s_NN} = 200 GeV
Au + Au collisions

PHENIX preliminary
direct photon v,
sqrt{s_NN} = 200 GeV
Au + Au collisions

II|IIII|IIII|IIII|IIII III|-|'IIII|IIII|IIII|IIII

II|IIII|IIII|IIII|IIII III|-|'IIII|IIII|IIII|IIII

=
=

centrality 40-60 % centrality 00-92 %

PHENIX preliminary
direct photon v,
sqri{s_NN} = 200 GeV
Au + Au collisions

PHENIX preliminary

direct photon v,
sqri{s_NN} = 200 GeV
Au + Au collisions

E

_Il|I||III||II||II|I|I||I |III||III|II|I]I||I||III

L1 | Ll I Ll
8 9 10
P, [GeV/c]

&
&7

||7||

&
&7

Systematic errors mostly from R: : :
large background of decay photons at low p; V, consistent with zero
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Caveat: different
acceptance cuts than in
Au+Au and p+p, so not
directly comparable

x
=
L
T
o
£
>
D
o
N“ll-
L,
8
£
S
—
=
T

Users’ Meeting 2007 Stefan Bathe




£ Au+Au, Cu+Cu & p+p at \[s, = 200 GeV
- Iyl < 0.35 [%] min. bias Au+Au (Rund, PPGO75)
pr>0.2GeV/ic [ min. bias Cu+Cu (Run5, PHENIX Preliminary)
[@] p+p (Run5, PHENIX Preliminary)
Cu+Cu and p+p normalized to Au+Au at m,, < 100 MeV/c?

Caveat: different
acceptance cuts than in
Au+Au and p+p, so not
directly comparable

1]
Q
E
[
o
w
3
=
x
=
w
I
o
<=
3
O
o~
<
8
£
9
=
T
S
S—
-

Mg [GeWcZ]
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both normalized to m_,<100 MeV/c?

p+p multiplied by Npan/2 p+p multiplied by N,
{rll""I""I""I""I""I""I""I""IIIII ‘p+pandAU+AU
i AutAu & ptp at \s,, = 200 GeV normalized to n° region

£ wi<oss IS0 in. bias Auviu (Rund, arXv:0706.3034) - Agreement at resonances
p, > 0.2 GeVic — Cocktail min. bias Au+Au
(o, §)

[@] p+p x N, (Run5, PHENIX Preliminary)
— Cocktail p+p x N,  Au+Au enhancement for
0.2- m, < 0.8 GeV

hi=
b3
a

102

2 ©
A e

)
: tn
| I IIIIIII| I IIIIIII| I IIIIIII| [ TTTT

o Agreement in
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In everyday life,
forces get weaker
when one pulls
things apart

i

e Not so for the

strong force . . .
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