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Why Direct Photons?

= Direct Photons = p+p:
» Definition (heavy-ion flavor): » Late 1970’s:
Photons not coming from Direct Photons suggested presence of
hadron decays point-like charged objects within
» Definition (particle physics flavor): hadrons
Isolated Photons » Test of QCD

» Difficult measurement:
Large Background from

i —>y+Hy, N oYY

» Focus now on constraining gluon
distribution functions

4+ Quark-Gluon Compton scattering

» Exp. problem at high pr contributes at leading order (LO)
(calorimeters, E(ri°) > ~20 GeV):

merging of T° (n) decay photons 4+ This is in contrast to Deep Inelastic

Scattering and Drell-Yan where
gluon is involved only at NLO

q y » However, direct photon data often not
Direct photon used in global fits due to discrepancies
between data and theory

g q
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Why Direct Photons in Nucleus-Nucleus Collisions?
Because They Escape the Medium Unscathed!

= Direct photon yields at low p;(< 5 GeV/c) ;Tf’;;gfnf;?meracﬁom

» Measure thermal photons
— initial temperature of the fireball
» Find further photon sources related to presence of

the QGP (e.g. photons _
from jet-plasma interaction)

qhard T gQGP — Y t q

= Direct photon yields at high p-

» Confirm point-like scaling for hard processes v-h azimuthal
correlations

= Direct vy - hadron azimuthal correlations

» p+p: measure fragmentation function —

» A+A: E, = E,, — study parton energy loss

for partons with known initial energy transverse

plane
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Direct Photon Measurement: Methods

= [solated photons + shower shape cuts

= Statistical subtraction Method

» Measure inclusive photon spectrum and subtract
photons from hadron decays

» Inclusive photon spectrum via
4+ Electromagnetic calorimeters
4+ External conversion

= Hanbury Brown-Twiss (HBT) Method

» Bose-Einstein correlation expected for direct photons
» Direct photon yield from correlation strength
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Direct Photons in p+p
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p+p(p bar) Direct Photon Data and pQCD —
Status as of ~ 2006 (l)

5
. 107 .
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Q - i- CE,’FZl ppVs= 663300666\/
a 107 WAZ pp V=020 GeV = Substantial deviations between
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Aurenche et al., Phys.Rev. D73 (2006) 094007
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Is k- Broadening Needed to Describe Direct Photon Data?

4 .

- o = Data from E706 fixed target

3 I ° ° .

g 10 Y production on Be target experiment can be explained with
o 102 -2

g 800 GeV/cp beam (x 10 ) <k-|-> ~1.3 GEV/C

10 Yo, -

2 L e VSNN = 38.8GeV
°.'> 2N B N

8 102 T

o 10° p NLOTheory ™35 parton

o 4 E _ i TN ./ - . Standard
Z 10 !. u = pT ''''''' pQCD
M_U 10—5 b

S —— (k)= 1.3 GeV/c

_g r

s

10 |

S F e (k) =0.0 GeV/c . o Krbroade-
10 { ning

"'8 aa o B o o o o 0 . . . . 0 . . . . 0 . . . . oo o o o B o o o o 0 . . . 4
10 4 5 6 7 8 9 10 11

E706, Phys.Rev.D70:092009,2004 Is there evidence for
k; broadening in
p+p at larger Vs ?
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p+p(p bar) Direct Photon Data and pQCD —
Status as of ~ 2006 (ll)

)]

INCNLO or JETPHOX

MeyoMF=pt/2

CTEQSBM A=326 MeV

WA70 pp

UAG pp
E706 pp/530
E706 pp/800

UAG
R11 ng;)p
R806 pp

AFS ﬁr
PHENIX preliminary pp

DOpr
CDF pp—> ¥vX vs=1.8 TeV

data/theory

S5 — frag BFG I

<00 %o »[OD «nm

FaN

| ;@%%éﬁﬁﬁ 43%@#% Ejj{x L

0o

\QJT = 2pr/V/'s

Only E706 data show strong deviation from NLO QCD.
Probably need new data at low Vs to settle the issue.
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Isolation Cuts

Transverse plane (Momentum)

Compton ;i/ py
v

Annihilation

Py
Bremsstrahlung / Fragmentation

N py
——
Py
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|SO|aﬁOn Cuts Isolated direct photons:

Limit on transverse energy
in a cone around the photon

Transverse plane (Momentum)

Compton

m | py
—
—r
Annihilation
) Py
N py

Bremsstrahlung / Fragmentation

—

Px
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An Example of an Isolated Photon Measurement (CMS)

SILICON TRACKER
c M s DeteCto r Pixels (100 x 150 nm¢)
~1m? :

~B6M channels
Microstrips (60-160um)

pﬁxeﬂs ~200m* ~9.6M channels
- / CRYSTAL ELECTROMAGNETIC
Trac [’i‘f::: I CALORIMETER (ECAL)
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HCAL
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le < \ PRESHOWER
Steel YO ke //' »‘ : ‘ ' ~~ Silicon strips
Al 16018 / ! : , | : ~16m’  ~137k channels
AL S8 ]-t‘\‘ ‘/‘/ \ \ . —  /
/
/7
1/‘/ -
L
STEEL RETURN YOKE
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SYSTEM SUPERCONDUCTING | p
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[ co\ e Y CALORIMETER
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HADRON CALORIMETER (HCAL ' Ek ek
Total weight : 14000 tonnes Brass + plastc santi Iaxorf ( ‘ MUQN CHAMBERS
Overall diameter :150m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7 m Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers
Magnetic field 138 T
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Isolated Photon Measurement (CMS):
Isolation Cuts

R* = (7 =n")"+ (¢ —¢7)°

= Photon candidates must satisfy three isolation requirements that reject
photons produced in hadron decays

» 1IsoTRK <2 GeV/cin 0.04 < R < 0.40, excluding a rectangular strip of
An x A® =0.015 0.400 to remove the photon’s own energy if it converts into
an e+e-

» |ISOECAL < 4.2 GeV (transverse energy in ECAL in 0.06 < R < 0.40, excluding
again a central region for the photon)

» IsoHCAL < 2.2 GeV (transverse energy in HCAL)

= These conditions remove the bulk of the photons from neutral meson
decays

CMS, Phys.Rev.Lett. 106 (2011) 082001
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[Minimum Opening Angle of m® Decay Photons]

i - |
i 0. = 2arctan <E> )
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Miniumum opening angle in the lab (rad)
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Isolated Photon Measurement (CMS):
Signal Extraction

5 B | | | | | | | | | | I | | | | l | | | | L

S 3000 —

g — E w(ﬂ_n) E 0 » - L=29pb- i
l l l . - -

;7;/] ._1 ._1 8 2500 — —
1= 1= 2 - .

S 2000 45 < E; <50 GeV -

w; = max(0,4.7 +In(E;/E)) : —— Data :
1500 - — Fit result ]

I N Background N

5 component ]

1000 — e -

AT e :
0 :l | | | o il | | | | | | | | | | + | | | | [:

0.005 0.01 0.015 0.02 0.025 0.03

Om

= |solated photon yields extracted by fitting signal +
background templates to measured shower width

Y
WY distribution

= Signal template from MC (Pythia + Geant)

= Background template determined in a data-driven way
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Isolated Photon Spectrum in p+p at 7 TeV (CMS)
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CMS, Phys.Rev.Lett. 106 (2011) 082001
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= The photon
reconstruction and
selection efficiencies
are determined from
PYTHIA:
€ =0.916 £ 0.034
(rather independent of
photon energy)

= Spectrum corrected for
finite energy resolution



Isolated Photons in p+p at 7 TeV:
Agreement with NLO pQCD
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P. Aurenche et al., Eur. Phys. J. C 13 (2000) 347 (http://lapth.in2p3.fr/PHOX FAMILY).
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http://lapth.in2p3.fr/PHOX_FAMILY
http://lapth.in2p3.fr/PHOX_FAMILY

Direct Photon Search in p+p at the LHC at Low pr:
A Tough Job

> 1 .4 | | | | | | | | | | | | | | | | | | | | | | | | | | |
m pu—
oo _
gl B ==, _|
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£ A ALICE Performance, 16—May-2011
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ALICE
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— @® Measured Direct Photon Signal (Combined n?) B
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Possible signal much smaller than systematic errors

17 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction



Direct Photons in A+A:
Overview
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Photons in A+A

rd N

Direct Photons Decay Photons

/
/ N\

direct fragmentation
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Known and Presumed Photon Sources in A+A

Photons in A+A

rd 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

rd N

Direct Photons Decay Photons
hard
direct| fragmentation
Hard direct photons:
direct component Compton Annihilation
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Known and Presumed Photon Sources in A+A

Photons in A+A

rd N

Direct Photons Decay Photons
hard
direct| fragmentation
Hard direct photons:
direct component Compton Annihilation
q+tg—>7+q qtq—>7+g

20 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction



Known and Presumed Photon Sources in A+A

Photons in A+A

rd N

Direct Photons Decay Photons

/

hard

/ N\

direct fragmentation

Hard direct photons:
bremsstrahlung /
fragmentation
component
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Known and Presumed Photon Sources in A+A

Photons in A+A

rd N

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
/ \ photons / \ / \
direct fragmentation Hadron gas jet-y- Medium induced
conv. vy bremsstr.
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Known and Presumed Photon Sources in A+A

Photons in A+A

rd N

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

Preequillibrium photons

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

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

hard

Photons in A+A

pd

Direct Photons

N T~

— 7/

Preequilibrium

/ \ photons

direct

fragmentation

Thermal photons
B Reflect temperature of the system, produced over entire evolution
m Significant direct photon source only at low p+

thermal

/" \

QGP

Hadron gas
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N

Decay Photons

hard+thermal

/" \

jet-y- Medium induced
conv. vy bremsstr.



Known and Presumed Photon Sources in A+A

Photons in A+A

rd N

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
/ N\ / \ / \\
direct fragmentation Hadron gas jet-y- Medium induced
conv. vy bremsstr.
Hard+thermal: Interaction of parton from hard
Jet-Photon- scattering with soft parton Qpara T 8ocp 7 tq
Conversion 5 _
Cjet—y—conv ~ 0" (Djet — D) OQpara T Qocr — 7V Tg
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Known and Presumed Photon Sources in A+A

Photons in A+A

rd N

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
/ \ photons / \ / \
direct fragmentation Hadron gas jet-y- Medium induced
conv. vy bremsstr.

Medium induced photon bremsstrahlung
B Due to multiple scattering of quarks in the medium
B Different theoretical predictions, likely rather small contribution
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Summary: Direct Photons in A+A Collisions -
Hard, Thermal, Hard+Thermal

Hard photons Thermal photons Photons form jet-plasma
interaction
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Schematic Photon Spectrum in A+A

Central Au+Au at RHIC

log scale

A

. —ET
9 thermal: e .
o | /
>-
-
S
o |
-
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H
—I—>

p; (GeV/c)
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Thermal photons expected to be

significant contribution below
pr~ 3 GeV/c

Hard photons dominant direct

photon source for
pr>"~6GeV/c

Jet-photon conversion might be

significant contribution below
pr~ 6 GeV/c

Experimental challenge:
Subtraction of decay photon
background



Schematic Photon Spectrum in A+A

Central Au+Au at RHIC

log scale
A

—-E,/IT
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/
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Thermal photons expected to be

significant contribution below
pr~ 3 GeV/c

Hard photons dominant direct

photon source for
pr>"~6GeV/c

Jet-photon conversion might be

significant contribution below
pr~ 6 GeV/c

Experimental challenge:
Subtraction of decay photon
background



Schematic Photon Spectrum in A+A

Central Au+Au at RHIC

log scale
A
o thermal: e_EY/T .
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Thermal photons expected to be

significant contribution below
pr~ 3 GeV/c

Hard photons dominant direct

photon source for
pr>"~6GeV/c

Jet-photon conversion might be

significant contribution below
pr~ 6 GeV/c

Experimental challenge:
Subtraction of decay photon
background



Direct Photons in A+A: Realistic Calculation

101 t vvvvvvvvvvvvvvvvvv ]
ST ‘ Central Au+Au (s °=200AGeV) ]
> : ;

Q 4o ’ <N, >=800 ‘

2. 10 ! y|<035
o 10° | -
O o
\‘ -4 E ‘,j‘-“‘:“
Z 107}
O {0° | = Hadron Gas
LLI | = QGP (T=370MeV)

10°® ’ s jnitial pQCD (pp)

‘ —SUM

Turbide, Rapp, Gale, Phys. Rev. C 69 (014902), 2004

Window for thermal photons from QGP in this calculation:
pr=1-3GeV/c
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Photon Rates in HG and QGP

-2
N: 10 l‘ L} ) ) l L} L) L} L} I L} L} ) ) I L} L} L} ) I L} L} ) L} I L) L} L} )
(T
&
¢
.E 1074 - —
N
=i
N’
&
'S
o 1078 |- -
>
<
O
~ T =180 MeV
% 1078 - —
mh 'l 'l 1 'l I 'l 'l 'l 'l I A 'l 1 'l I 'l A 'l 1 'l 'l 'l 'l 'l 'l
0.0 0.5 1.0 1.6 2.0 2.5 3.0

E, (GeV)

QGP rates:  Arnold, Moore, Yaffe (2001)
HG rates: Turbide, Rapp, Gale (2004)

30 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction

= Final thermal photon spectrum:
QGP and HG photon rates
convoluted with space-time
evolution of the reaction

= Very similar thermal photon rates
for QGP and hadron gas at same
temperature T



Measurement of Direct Photons
in A+A Collisions
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Measurement of Direct Photons with the
Subtraction Method

= Get clean inclusive photon sample Pocket formula:
s Measure p; spectrum of ¥ and 1 1 dNno 1/p"
cC

mesons with high accuracy pr dp; T
= Calculate number of decay photons ydf)cay 0)

per ¥ = = =~ (.28 at RHIC

T n—1
» Done with Monte-Carlo

» m; scaling for (n), N, o, ...

= Finally:

Subtract decay background from Ydirect = “inclusive — “Ydecay
inclusive photon spectrum
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Measurement of Direct Photons with the
Subtraction Method

= Get clean inclusive photon sample Pocket formula:
s Measure p; spectrum of ¥ and 1 1 dNno 1/p"
mesons with high accuracy pr dp; T
= Calculate number of decay photons ydf)cay 0)
per ¥ = = =~ (.28 at RHIC
T n—1
» Done with Monte-Carlo

» m; scaling for (n), N, o, ...

= Finally:

Subtract decay background from Ydirect = “inclusive — “Ydecay
inclusive photon spectrum
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Direct Photons: Statistical Subtraction Method

™ =+, n=y+7, ..

/ ﬂ)/backgr/ﬂ-o )

“Ydirect — "Yinclusive = "Ybackgr — (1 0
Vinclusive/ﬂ-

— (1 o 1/R) * Yinclusive

* Yinclusive

0
. “Yinclusive | Ydirect ’yinclusive/ﬂ- )meas
with R = — 1 4 = =
“Ybackgr “Ybackgr “Ybackgr / 7T )calc
/

-~
Calculated based on Systematic errors
measured n° and 1 spectrum (e.g. energy scale non-linearity)
(includes o, 0%, ... decays) partially cancel in this ratio
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Pocket Formula for Decay Photons

dN decay vy /dp T
Decay photon pr distribution
9/ for n%s with a given trans. momentum
L pT,TCO :
i 2/pr0s  PT < PT,70
; 9(pr.pr.70) A { 0 s
1 dNV
For ™ x P
pr dpr
O
dN
f g(pTapT,WO) deWOO de,WO 2 - f pT 0 de 70
Ydecay —n© pPT " _ prT _ 2
0 pT p;nJrl p;n+1 n—1
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Decay Photon Calculation

M) 10 | | | | | | | | | | | | | | | =
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= Simple Monte Carlo code

= Pure kinematics (no detector
simulation needed)

= ~96% of the background photons
from t° and 1 decays



Background Photons from K% — mt%+ 1t

Probability to miss a ° from K.° —>ml+m’
in the ¥ reconstruction due to displaced decay vertex
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10 E z i
S — 0
0 0.2 0.4 0.6 2(_).8
m. (GeV/c))
mnv -
p
K. :ctg =2.67cm Liagpb=v-v-19=08-7-70"¢C By=-"—
mc
p 1 GeV 5 GeV 10 GeV
(Ll |9,37 cm 26,9 cm 53,7 cm
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Formula for Fully Corrected
Inclusive Photon Spectrum

| dzNy B 1 (1 —)(nﬁ) ' (1 _Xch) . ANluster
2 ptNin dprdy

2TCPTNm 8‘\{ * (I'\{ * CCOI]V ApTA}; |

incl

37 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction



Formula for Fully Corrected
Inclusive Photon Spectrum

Fraction of
charged clusters

/

| dz]\fy B 1 (1 —)(;1ﬁ) ' (1 _Xch) . ANluster
2Ttp TN dP Tdy

2T pTN in €y vy Ceonvy A pTAy |

incl
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Formula for Fully Corrected
Inclusive Photon Spectrum

Fraction of
neutral background

(neutron, anti-neutrons) Fraction of

charged clusters

/

| dzNy B 1 (1 —)(nﬁ) ' (1 —Xch) ANluster
ZTCp TN dP Td,,V

2TcpTNln 8‘\{ * (1'\{ * Ccon\; APTA)’. |

incl
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Formula for Fully Corrected
Inclusive Photon Spectrum

Fraction of
neutral background

(neutron, anti-neutrons) Fraction of

charged clusters

/

: dzNY = : : (1 —)(nﬁ) ' (1 _XCh) . ANluster
ZTCPTMI] d‘D Td}/’ incl 2TCp ™V, i11/' €y Uy Ccony APTA) |
efficiency
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Formula for Fully Corrected
Inclusive Photon Spectrum

Fraction of
neutral background

(neutron, anti-neutrons) Fraction of

charged clusters

/

2
: d NY — 1 . (1 —)(nﬁ) ' (1 _XCh) . A]vc:luster
ZTCPTMH ded); el 2TCpTNin/v 8,\{ . (1,,{ * Ceonvy APTA_)” .'
efficiency /
acceptance
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Formula for Fully Corrected
Inclusive Photon Spectrum

Fraction of
neutral background

(neutron, anti-neutrons) Fraction of

charged clusters

/

2
! d Ny — I . (1 _)(111_1) ' (1 _Xch) . A]Vclus‘[er
21t p1Nin dprdy incl 21 pTN in/' Cy -y Ceony AptAy
efficiency / T~
acceptance conversion
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Charged Background: X,

= X, >0 at high p; largely due to

PbSc |
= 1 — photon conversion
< [ PIDO 1 = Artificial decay photon-charged
08T ® Eigé hit (PC3) correlations at high p;:
P @® PID3 h
0.6 [3 :
® i
0.4 @ PC3 -
- | -
.’ @ -9 EmCal
0.2 _‘%‘..:.—.—" ~ PC3

<
O
o
>
<
D
=
4
o
>

el A . A | A a A
"0 5 10 Y

pr (GeV/e)

final correction
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Charged Background: X,

PbSc = X, >0 at high p; largely due to
= 1 — photon conversion
< [ PIDO 1 = Artificial decay photon-charged
08T ® E:Bé hit (PC3) correlations at high p;:
P ® PID3 h
0.6 [ :
[ i
0.4 @ PC3 -
- | -
> e " EmCal
0.2 %‘..:.—.—" ~ PC3
conversion
y i
TCO

final correction
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Charged Background: X,

C

PbSc = X, >0 at high p; largely due to
= 1 . — photon conversion
< [ PIDO 1 = Artificial decay photon-charged
08T ® E:Bé hit (PC3) correlations at high p;:
P ® PID3 h
0.6 [ :
[ i
0.4 @ PC3 -
- | -
- 9 E EmCal
Fake F—conversion
0 - correlat'lonY Y
pr (GeV/e) \,

final correction
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Neutral Background: X, |

= Background from neutrons and antineutrons needs to be simulated
(GEANT)

= [nput neutron and anti-neutron spectra “determined” from
measured proton and anti-proton spectra

&N | &N

dprdy|;  dprdy|y’

&N | &N | [ EN &N | \4-Z
dprdy|, — dprdy|; (dmdypdmdy p>z
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Result: Double Ratio

0-10% p

ooty ¢

(Y/nO)Measured / (y/no)Background
O=NWLOIO

0 2 4 6 8 10 12 14
p; (GeVic)

Multiply Inclusive Photon Spectrum by the double ratio to obtain direct-
photon spectrum (and add sys. errors of the inclusive photon spectrum which
cancelled in the double ratio)
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Systematic Uncertainties of the
Subtraction Method

[talk by Andreas Arend]
= TV measurement

» Peak extraction
» Yield correction (acceptance + efficiency)
» Energy scale

= Inclusive photon measurement

» Non-photon background
» Yield correction (acceptance + efficiency)
» Energy scale
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Systematic Uncertainties of the
Subtraction Method

[talk by Andreas Arend]
= TV measurement

» Peak extraction
» Yield correction (acceptance + efficiency)
» Energy scale

= Inclusive photon measurement

» Non-photon background
» Yield correction (acceptance + efficiency)
» Energy scale

Non-linearity in the EM calorimeter is also crucial. It is vital, for instance,
that two 3 GeV photons have the identical response as one 6 GeV photon.
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Systematic Uncertainties of the
Subtraction Method

[talk by Andreas Arend]
= TV measurement

» Peak extraction

» Yield correction (acceptance + efficiency)
» Energy scale

= Inclusive photon measurement

» Non-photon background
» Yield correction (acceptance + efficiency)

» Energy scale _ o
Many systematic uncertainties

of 1° and photon measurements
are highly correlated!

Non-linearity in the EM calorimeter is also crucial. It is vital, for instance,
that two 3 GeV photons have the identical response as one 6 GeV photon.
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Systematic Uncertainties
(Example: PHENIX, Run-2 Au+Au)

PbGl PbSc

m error source | 3.25GeV/c 8.5GeV/c| 3.25GeV/c 8.5GeV/c
Yield extraction 8.7% 7% 9.8% 7.2%
Yield correction 12% 12% 12% 13.3%
Energy scale 13.8% 14.1% 10.5% 11.4%
Total systematic 20.3% 19.5% 18.8% 19%
Statistical 10.6% 32.5% 3% 13.1%
~ error source
Non-~ correction 2.4% 2.4% 3.2% 3.2%
Yield correction 10.2% 12.0% 10.4% 12.3%
Energy scale 15.7% 13.7% 12.4% 10.8%
Total systematic 18.9% 18.4% 16.5% 16.7%
Statistical 1.2% 14.1% 0.7% 7.9%

v /7" syst. 10.4% 10.4% 10.6% 10.6%

v/m" stat. 10.7% 37.7% 3% 16.5%
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Systematic Uncertainties
(Example: PHENIX, Run-2 Au+Au)

PbGl PbSc
m error source | 3.25GeV/c 8.5GeV/c| 3.25GeV/c 8.5GeV/c
Yield extraction 8.7% 7% 9.8% 7.2%
Yield correction 12% 12% 12% 13.3%
Energy scale 13.8% 14.1% 10.5% 11.4%
Total systematic 20.3%) 19.5% 18.8% 19%
Statistical 10.6% 3% 13.1%

7~y error source

Treating photon and r°

Non-v correction 2.47% measuments as independent

Yield correction 10.2% 4~ would yield a 28% systematic

Energy scale 15.7% %, uncertainty for y/n’

Total systematic 16.5% 16.7%

Statistical 1.2% 0.7% 7.9%
/70 syst. @0.4) 10.6% 10.6%
/70 stat. 10.7% 3% 16.5%
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Measuring Photons via Conversions

0 200 400 ST At - .

- fiducial ~ o

zone

osa -

P ALICE: photon conversion probability

~ 8% up to the middle of the TPC

Advantage of the conversion method:
Better resolution and higher purity of the photon sample at low pr
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Direct Photon Measurement via yy-HBT

Background effects

= Two-photon correlations observed
and attributed to Bose-Einstein
correlations

= Direct photon yield extracted from
correlation strength:

C2(Qinv) — A[l + )‘inv eXp(_RjznVsznV)]

Ndireet /Nl = (/X = |8 Ay Ky Ro/ /7 EXf (2K R )

N :T 4 1’ decay photons
1.004 |-, ; $
ﬁ v
1.002 ¢ ¢
¢ s
sttt b
L . s |
_ R ST SR
- 100 < k; <200 MeVic +*+-+++I ﬁ’#w lﬂ
ot
1.004 _‘% genuine yy correlations
_ | ¢
1.002 - ¢ )
1L "¢"¢
. b
I %. tou
0.998 | 200 < kr < 300 MeVic b sty it
o B0 100 150 200 . 250

Q, ., (MeV/c)

WAS9S8, Phys. Rev. Lett. 93 (022301), 2004
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Direct Photon Measurement via yy-HBT

Background effects

B y ; /
1.002 |- ¢ . 9

0.998 — 200 < ky < 300 MeVic %#M%%#ﬂ ; M

0 50 100 150 200 250
Q.. (MeVic)

:)oo A '_T [/// by 1’ decay photons
. | |

= Two-photon correlations observed
and attributed to Bose-Einstein
correlations

= Direct photon yield extracted from
correlation strength:

C2(Qinv) — A[l + )‘inv eXp(_RjzanjznV)]

Ndireet /Nl = (/X = |8 Ay Ky Ro/ /7 EXf (2K R )

WAS9S8, Phys. Rev. Lett. 93 (022301), 2004
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Results on Direct Photon

Production in A+A Collisions
(Measured With Real Photons)
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Early CERN SPS Results: Upper Limits

13|

(Y/no)0bserved / (Y/no)Background

0.9

on Ydirect / g background

12}

1.1}

09}

32
200 A GeV "“S + Au

n 1] 1] ] I 1 1 i I | i ] 3 ] I 1 | 1 ] 1 ’ | 1 1 I I 1) I
- @ All Showers (Final Result) % i

O Shower Size Cut Central |
[ A Veto OR Cur (4% Opp )
- O Veto AND Cut 7

8 Indep. Analysis (no CPV) _

12}

1.1}

0.8 FH+++++
1.3}

l 1 !
IIIII

Peripheral
(31% o, )

$i Ogyst.

l 1 | l | I 1 l | - — 1 Il

WAS80 7

|

Experiment | PT (geVl System\S Ulmlo ﬁr

HELIOS 2 | 0.1-1.5 p-vg_ev-w, 13%
WAB802 04-238 O-Au 15%
CERES? 04-2.0 S-Au 14%
WAS80+ 0.5-25 S-Au 12.5%

0.8 .

05 1 15 2 25 3 35 4

p; (GeV/c)

1.Z.Phys.C46:369-376,1990
2.Z.Phys.C51:1-10,1991
3.Z.Phys.C71:571-578,1996
4.Phys.Rev.Lett.76:3506-3509,1996

Early fixed target experiments at the
CERN SPS only gave upper limits
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WAS9SS8 Experiment

WA98 Experimental Setup highly segmented Lead-Glass Calorimeter
158 A GeV Pb+Pb Collisions (identification of photons, =® and 77 -mesons)
at the CERN SPS ¥

(1996)

e Forward-
S N Calorimeter

N
2,
.
0.

Time of Flight (#2)
(PID of positive hadrons)

13

Had.-Calorimeter
(transverse energy)

highly segmented Photon-

Streamer Tubes Multiplicity-Detector

-
-

~
"~

Pad Chambers

.
e

Goliath Magnet Charged Particle

Veto-Detector

& © Time of FI_ight (#1)
(insi dggrfs‘:tc_Ba”) AN (PID of negative hadrons)

Start \ Multistep Avalanche Chambers
Counter with CCD-readout (tracking of

Q¥ charged particles)

AL =

3> : S~

Plastic-Ball )

(*, p, ... He in Silicon-Pad and

Silicon-Drift Detectors Pb+Pb at \/SNN =17.3 GeV

target region)  (pseudorapidity-dist. of
charged particles)
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WA9S8 Result on Direct Photons

18 |
16 |

1

1.6

(Ny) Meas / (N'y) Bkgd

14
1.2

1
0.8
0.6

- 158 A GeV 2°8Pp + 2%8pp
] Peripheral Collisions
- ®
:_ """" E '.".'".'.'.""" '#"' N i o ST e e
.. *
18 |
. Central Collisions
_ K _ .00°‘0’0’¢*++ ++ *
-8 ;‘;."o‘wf‘ ) S
0 05 1 1.5 2 25 3 3.5 4

14 |
12 |

08 |
06 |

Transverse Momentum (GeV/c)
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" No signal within errors in
peripheral collisions

= 20% direct photon
excess at high p; in

central Pb+Pb collisions
at CERN SPS

Phys.Rev.Lett.85:3595-3599,2000



WAO98 Direct Photon Spectrum:

Hard Scattering + Nuclear k- Broadening ?

< 10
S 158 A GeV **°Pb + **°Pb
) 7L Central Collisions
(D E B WA98 This Result
mo ; pA Results ats'? = 19.4 GeV
~ - scaledto s"%=17.3 GeV
mo- 10 3 _ O E629
s LE Y g
> 107 )
oo_o : Vv TT*
LLI ]0-3 E vv ***
- vv *
z P [ v **
= 107} b fé
| ? I t
107k s &b
1o
10°} Ik
| 1
]0’7 e b b b bt N N
0 1 2 3 4

Transverse Momentum (GeV/c)

49 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction

= Better p+p and p+A
measurement desirable

= Very unlikely that Pb+Pb
spectrum is just hard scattering

Cronin-effect:
Multiple soft scattering in p+A
prior to hard scattering (“nuclear k;”)
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= Better p+p and p+A
measurement desirable

= Very unlikely that Pb+Pb
spectrum is just hard scattering

Cronin-effect:
Multiple soft scattering in p+A
prior to hard scattering (“nuclear k;”)




WAO98 Direct Photon Spectrum:

Hard Scattering + Nuclear k- Broadening ?
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mO I pA Results ats'? = 19.4 GeV
S— -1 scaledto s"%=17.3 GeV
mQ_ 10 3 O E629
S O E704
~ ]0_2 A NA3
Z
™ [ .
O 3t .
LIJ ]0 ) 3 "o"
o"\
Z "s‘%“'i.
~ 4
T ]0 :— 0.
ST pPQCD with é I 1-1,
5T <kZ> = 0.9 (GeV/c)? \
10 3 (Wong and Wang, 1998) A".‘ ¥
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= Better p+p and p+A
measurement desirable

= Very unlikely that Pb+Pb
spectrum is just hard scattering

Cronin-effect:
Multiple soft scattering in p+A
prior to hard scattering (“nuclear k;”)




Interpretation of the WA98 Data

10 —
208 208 |
10° Pb(158AGeV)+ Pb .
107 10% Central Collisions
% o 2.35<y<2.95
o, | |
0 WA98 Data -
<. 10" | \
% [ —— Hadron Gas N Fhy i, 5
& ° -—— QGP (T=205MeV) >[4, .
10° | initial pPQCD RN Y g
; sum RN |
e S
0 1 2 3 4

Ch. Gale, arxiv:0904.2184 G [GeV]

Interplay between T ad k7, contribution from QGP small
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Turbide, Rapp, Gale, Phys. Rev. C 69 (014902), 2004

Direct Photons at CERN SPS: T or k- ?

10 T r
— 208 208
o 10° } Pb(158AGeV)+ Pb |
> .
8 10 10% Central Collisions
—  {p° : 235<y<295 4
o .
) 107§ WA98 Data
O
E" 10* 1 1
T i | (T=205MeV)
sum <Ak, >=0 -
L 10° } sum <Ak, >=02GeV’
wemmes SUM <AI<T2>=O.SGeV2

0 1 3 4

P [GeV]
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Direct Photons at CERN SPS: T or k- ?

el 2551 58AGEV)+Pb = QGP + HG rates convoluted with
% 10" } 10% Central Collisions 1 Simple ﬁreba” mOdeI pIUS pQCD
O | 235<y<295 hard photons
g | WA98 Data
\" 10" 1 1
< T.=205M
O 0° } (Ti=205NeV) .
um <Ak, >=0 R

L 10° } iuﬂ <ikT2>=O.ZGeV2

=—emmee SUM <AkT2>=O.SGeV2

0 1

P [GeV]

Turbide, Rapp, Gale, Phys. Rev. C 69 (014902), 2004
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Turbide, Rapp, Gale, Phys. Rev. C 69 (014902), 2004

Direct Photons at CERN SPS: T or k- ?

10 T r
T e | 8Dp(158AGEV)+ 7 Pb | = QGP + HG rates convoluted with
D : 10% Certral Collisions | simple fireball model plus pQCD
O . [ 235<y<295 hard photons
Q. .
m_o 10" } WA98 Data
\ 10* 1 1
< T =205M
O 5 { (T= eV) ,,
um <Ak, >=0 RS

L 10° } iuﬂ <§kT2>=O.2GeV2

w—emmes= SUM <AkT2>=O.SGeV2

0 1 3 4

P [GeV]

“*Ppb(158AGeV)+ "Pb |

10% Central Collisions

2.35<y<2.95 ]

10° | —_— TI=205MeV
— T=250MeV
107 F —emeee TP=270MeV

E dN/dp [GeV"]

0 i g 3 4
p; [GeV]
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Turbide, Rapp, Gale, Phys. Rev. C 69 (014902), 2004

Direct Photons at CERN SPS: T or k- ?

Al 2°8pb'(158AGe\'/)+208pb 1 = QGP + HG rates convoluted with
D : 10% Certral Collisions | simple fireball model plus pQCD
O [ 235<y<295 | hard photons
m_g' 0% ¥ WA98 Data | . o
> 10 | | = Data described with initial
5 | (T=20sMeV) b temperature 7;,= 205 MeV
o S EEE %E%gggﬁ ¥ + some nuclear k; broadening
0 i 2 . (Cronin-effect)
P, [GeV]
10' T r
i} “*Pb(158AGeV)+"Pb |

10% Central Collisions

2.35<y<2.95 ]

: ’ 'SQWA% Data !

E dN/dp [GeV"]

10° | —_— TI=205MeV
------- TI=250MeV
107 f memeee TP=270MeV
S
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Turbide, Rapp, Gale, Phys. Rev. C 69 (014902), 2004

Direct Photons at CERN SPS: T or k- ?

=y
o
(=]
e

E dN/d'p [GeV]

10 1

(T:=205MeV)
1

sum <AkT2>=O
sum <AkT:>=O.2(3er
=eme= SUM <Ak, >=0.3GeV"
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10% Central Collisions 1
2.35<y<2.95

-

WA98 Data

0

1
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3 4
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| — TI=205MeV
------- TI=250MeV
e T™P=270MeV

“*Ppb(158AGeV)+ "Pb |

10% Central Collisions

2.35<y<2.95

: ’ _&QWA98 Data !

0 1

2 3 4

pr [GeV]

= QGP + HG rates convoluted with
simple fireball model plus pQCD
hard photons

m Data described with initial

ﬁb temperature 7,= 205 MeV

+ some nuclear k- broadening
(Cronin-effect)

= Data also described without
k- broadening but with high initial
temperature
(T, =270 MeV)
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WA98: New low-p- Points

— = Two-photon correlations
L 10° Correlation method .
% v Most probable yield observed and attributed to
S 1o ¢ Lowestyield Bose-Einstein correlations of
o Subtraction method .
U o data direct photons
2 ‘ Upper limit,
NECH , Predictions = Correlation strength used to

2 v I e extract direct photon signal at

0 11t

YUIH e, pQCD low p-
107 VVW’ gy T Sum
= Possible explanation:
10™ $
. photon bremsstrahlung from
107 H hot hadron gas
o .
e II (Lui, Rapp, nucl-th/0604031)
10'7 s o . . 08 . . . . 8 . . . .} A
0 1 2

WAS9S8, Phys. Rev. Lett. 93 (022301), 2004
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WA98: New low-p- Points

—~ = Two-photon correlations
Y102 x Correlation method .
> ' I v Most probable yield observed and attributed to
S 10§ ¢ Lowestyield Bose-Einstein correlations of
o Subtraction method .
U o data direct photons
2 ‘ Upper limit,
° 10" | Predictions = Correlation strength used to

2 v an . 22’;' o extract direct photon signal at

WH M, low pr
107 VVW . = Sum
w7 = Possible explanation:
107 R <
-, % photon bremsstrahlung from
10 o e hot hadron gas
.’%’,.'. . .
(0 II (Lui, Rapp, nucl-th/0604031)
10'7 2 g . . 8 . . . . B . . . ’ 4 AV
0 1 2

WAS9S8, Phys. Rev. Lett. 93 (022301), 2004
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Direct Photons at CERN SPS: Conclusions

Data can be described under a variety of different assumptions, e.g.:

Turbide, Rapp, Gale

(Phys.Rev.C69:014903,2004 )

QGP + HG + T. = 205 MeV,
pQCD with k; 1, =1 fml/c

QGP + HG + T, = 250 - 270 MeV,
pQCD without k- 1, = 0,5 fmlc

Renk (Phys.Rev.C67:064901,2003)

QGP + HG + pQCD

250 < T, < 370 MeV,
0,5<71,<3fmlc

Svrivastava (nucl-th/0411041)

QGP + HG + pQCC
(Bjorken hydro)

T, = 335 MeV,
1, = 0,2 fmlc

Huovinen, Ruuskanen, Rasanen

QGP + HG + pQCD
(Non-boost inv. hydro)

T, = 214 - 255 MeV

(Nucl. Phys. A 650 (227) 1999)

Pure HG + pQCD
(Non-boost inv. hydro)

T, =213 - 234 MeV

m Data consistent with QGP picture, but also with pure HG picture

m Large variations in extracted initial temperature T,

(however, most models give T, > T )
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PHENIX: Photon and Electron Detectors

—~—

PH=4ENIX

i
g TEC

west beam view east

Pseudorapidity coverage : |n| < 0.35
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EMCal:
PbSc (6 sectors) + PbGl (2 sectors)

PbSc :

¢ Highly segmented lead scintillator
sampling calorimeter

¢ Module size:
55cmx5.5cmx37cm

PbGl:
¢ Highly segmented
lead glass Cherenkov calorimeter
* Module size:
4.0cmx4.0cmx40cm

Ring Imaging Cherenkov
Detector (RICH):
¢ Electron identification

(together with E/p matching
in EMCal)

* No signal for charged pions
with p < 4.6 GeV/c



How Do We Measure Direct Photons
in PHENIX?

m Intermediate and high p:

Real photons with EMCal yim®'
» Statistical Subtraction 2
(typically no isolation cut) calculated based

on measured
n°® und n spectra

'Ydirect - Yinclusive o Ydecay
L |
Yinclusive

0

Yinclusive

m|ow p;:
Virtual photons (y* = e*e’) with
RICH (internal conversion)

. Y ir ’y*ir
¢ Assumption: et — et

‘yinclusive 7inclusive m <30MeV
ee
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» /7" data

— v/x" decay photons

statistical method
PbGl, Minb, PID 3

E

18 20 22
photon P; [GeV]



Direct-Photon Spectra in Au+Au

Au+Au at Vsyy = 200 GeV (RHIC run 2)
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S Fi,
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Phys.Rev.Lett.94:232301,2005
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Direct-Photon Spectra in Au+Au

Au+Au at Vsyy = 200 GeV (RHIC run 2)
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TaB = Neol/0yy | (Neoy) =145+ 4




Direct-Photon Spectra in Au+Au

Au+Au at Vsyy = 200 GeV (RHIC run 2)
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Direct-Photon Spectra in Au+Au

Au+Au at Vsyy = 200 GeV (RHIC run 2)
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Factorization: . //2{'

_parton
distribution

hard
scattering

Tag : increase in parton-luminosity
per event (p+p — Au+Au)

0-10%:
(N, =955 94

o 60 — 92%:
TaB = Neol/0yy | (Neoy) =145+ 4

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

B No indication of nuclear
effects



Centrality Dependence of the Direct Photon and 1t° Raa
in Au+Au Collisions at 200 GeV
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Direct photons follow Tag scaling
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Direct-Photon Production in p+p at Vs = 200 GeV

°'?:' - (a) PHENIX Data
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= Direct-photon data in p+p at
Vs = 200 GeV consistent with
NLO pQCD

= No need for additional
k-broadening



Hadron Suppression: A Final State Effect!

I:{AA

PHENIX Au+Au (central collisions):
3
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2.5 (Taa) x do/dpr(p + p)
2
1.5}
L R e b e
0.5 w.
. [
i Nl V S SN S
) PRSI IS AT SIS AR AN SR RIS I S W
0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

59 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction



Hadron Suppression: A Final State Effect!
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Hadron Suppression: A Final State Effect!

PHENIX Au+Au (central collisions):
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dN/dpr(A+ A)

(T'aa) x do/dpr(p + p)



Hadron Suppression: A Final State Effect!

PHENIX Au+Au (central collisions):
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Hadron Suppression: A Final State Effect!

PHENIX Au+Au (central collisions):
<« 3 Direct y
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dN/dpr(A+ A)

(T'aa) x do/dpr(p + p)



Hadron Suppression: A Final State Effect!
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PHENIX Au+Au (central collisions):
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Hadron Suppression: A Final State Effect!

PHENIX Au+Au (central collisions):
<« 3 Direct y
ﬂ:< ) 4 7°Preliminary R dN/dpr(A+ A)
- AA p—
2.5 ° (Taa) x do/dpr(p + p)
e 5 GLV parton energy loss (dl\f’/dy = 1200)
2| .
BN O energy i
I | loss for y's *
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Hadrons are suppressed whereas direct photons are not:
Evidence for parton energy loss (as expected in the QGP)
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pQCD: Bremsstrahlung/Fragmentation Component

calculation by W. Vogelsang

—

& 8883888
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NLO pQCD:
direct y in p+p at\s = 200 GeV

direct

N
o

Bremsstrahlung/
Fragmentation

—
o

e ——————————————————————————————————————
8 10 12 14
p; (GeV/c)

o

Bremsstrahlung contribution (%)

o
N
=
(o))

= Bremsstrahlung/fragmentation contribution large

= Suppression of bremsstrahlung/fragmentation contribution
expected in A+A
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pQCD: Bremsstrahlung/Fragmentation Component

calculation by W. Vogelsang

—~ 100p =

X g .

< gof NLO pQCD:

-g sof direct y in p+p at\s = 200 GeV

é 70 direct |,_ ;\’\\M );f::
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= Bremsstrahlung/fragmentation contribution large

= Suppression of bremsstrahlung/fragmentation contribution
expected in A+A
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pQCD: Bremsstrahlung/Fragmentation Component

calculation by W. Vogelsang
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NLO pQCD:
direct y in p+p at\s = 200 GeV
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= Bremsstrahlung/fragmentation contribution large

= Suppression of bremsstrahlung/fragmentation contribution
expected in A+A
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Effect of Parton Energy Loss

- ‘ 0
R lSOSpln Tc R

== isospin + shadowing
LS| = isospin + shadowing + E-loss

0

0 5 10 15 20
F. Arleo, hep-ph/0601075 Py (GeV)

AA
1.5

direct y

e PHENIX

== isospin
= jisospin + shadowing
== isospin + shadowing + E-loss

5 10 15

20

P (GeV)

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

m Consistent with PHENIX data
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The Puzzle of the Preliminary Direct Photon Raa
at high pr (PHENIX, Run 4 Au+Au data)

18
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1.2

0.8]
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0.4

0.2

PHENIX Au+Au, \s,, =200 GeV, 0-10% most central

E}Jdirect v (prelim.)
§ ° (PRL101, 232301)
¥ (PRC82, 011902)
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Interpretation of the Direct-Photon Spectrum at RHIC
(pr >4 GeV/c) (I)

-3
10 ' | ' | ' | ' |
Au+Au at RHIC :
— 4 _
. 10 0-10 % Central — Sum
> - — « prompt-direct ]
8 5N, T — - = 1et-QGP (non-coll)"
=~ 10 ¢ . = =« jet-QGP (coll)
o - '\’\, . = - prompt-frag. :
= 107k S — = Thermal QGP
a— - N R
I SN
~107F N
o - \ .
3 \ . :b. .. . ~
10 3 \ ~ ‘e 2 . E
\ ~ . '\{ 3\. .
9 1 . N\ | . | . N
10 4 6 8 10 12 14 16
Ch. Gale, arXiv:0904.2184 P [GeV]

Indication for relevance of photons from
jet-plasma interactions for pr< 6 GeV/c ?
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Interpretation of the Direct-Photon Spectrum at RHIC

(b7 >4 GeV/c) (Il
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Interpretation of the Direct-Photon Spectrum at RHIC
(b7 >4 GeV/c) (Il
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Pb+Pb at the LHC:
Test of Taa Scaling With Prompt Photons (and Z Bosons)

2 T T T T RAA: dN/de(A—I_A)
- PbPb\s = 2.76 TeV i <TAA> X dO‘/de (p + p)
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o, SMepRIsEo 223 are not suppressed:

0 20 40 a VE/50 80 100 Strong Evidence for Parton
Pr (GeVic) Energy Loss Picture

66 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction


http://arxiv.org/abs/arXiv:1201.3093
http://arxiv.org/abs/arXiv:1201.3093
http://arxiv.org/abs/arXiv:1202.2554
http://arxiv.org/abs/arXiv:1202.2554

v-Triggered Away-Side Correlations:
Basic Idea

v-h azimuthal
correlations

" p+p:
(Effective) jet fragmentation
functions can be extracted from -

hadron azimuthal correlations

:/yl Lr,aar,',zverse (modulo initial k; effect)
= A+A:
with initial k; (solid) . . .
10 without initial k; (dashed) I\/Iodlﬁcatlon ?f frafgmental?on
no energy loss function provides information on
1 parton energy loss
XN = Variables:
< -l .
-~ <10 p
- 7 =T
-2 T ¥
10 pT
with energy loss
-3
1 dN(z
0 6~02 04 06 08 1 D(z,) = (z,)
£ trig dzT

Wang, Huang, Phys.Rev.C55:3047-3061,1997
67 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction



v-Triggered Away-side Correlations:
Jet Fragmentation Function in p+p and Au+Au

1/N,,;,dN/dz;
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Fit effective FF’'s with

dN _
—— = Ne "

dzT

p+p: b =6.89 £ 0.64
Au+Au: b =9.49 +1.37

Difference reflects
influence of the medium



y-Triggered Away-side Correlations: Results

Ian = DAA(ZT) [ Dyp(27)

i Run7Au+Au020‘/ Dlrect'yh B ZOWW NLO o= 05p o - Di.ﬁ.‘erent 7-re ions
Head Region (JA ¢ - 7| < 71/5 rad) : = 148 1.68. 1.88 GeV/fm . T g |
L | | probe different regions
- 1t I of the fireball
1l = | (arXiv:0902.4000v1)
.
i |
7<p;<QGeVIc | _
e 1w Agreement with
it {  NLO pQCD +
1w 7Tl parton energy loss:
_ PH ENIX .
. & ' Indication that energy
' 1 -_;é | | loss in different regions
or I | | | of the fireball is
! 9<p <12 Gewc 1l u 12<p;<15 GeVic | understood
0 05 0 105 1
z; zZ,

NLO calculation:
Zhang et al. (ZOWW), arXiv:0902.4000v1
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The Internal Conversion Method
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Direct Photons via Internal Conversion

= Motivation:
Measure where thermal photons are expected and calorimetric
measurements are difficult

= |nternal conversion

¢ Any source of real photons also emits virtual photons

¢ Well known example: 0 palitz decay *

Y e
Y MV

e-l-

¢ Rate and m_, distribution calculable in QED (Kroll-Wada formula)

® Hadron decays: m_.< M, _4on

B Essentially no such limit for point-like processes

Improve signal-to-background ratio by

measuring e*e” pairs with m., > ~ M,
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Kroll-Wada Formula

Number of virtual photons 1 dN > ) 2
a 1 4m 2m
per real photon (in a N = = 3 1 5 (1 | 26)5
given An Ad Ap; interval): y UMlee T Mee Mee Mee
Hadron m2 Point-like S~ 1
decay: S = |F(m?.)|?(1 €€)3 rocess:
| ( '<e)| ( Mz) P (fOI’p—ci—e > mee)
form factor
1/Ny dN../dm,, (MeV-)
0.001

About 0.001 virtual photons

Direct photon with m,, > M, for every

1077
real photon

— Avoid the t® background

at the expense of a factor
1000 in statistics

10 '

1095

m,. (MeV)
0 50 100 150 200 250 300
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Extraction of the Direct Photon Signal:

Two-Component Fit

f(mee) — (1 — I’) ) fcocktail(mee) +r- f(lirecr(/nee)
A

Separately normalized
to data at m_, < 30 MeV

/)

010

‘g‘ Au+Au (MB) 1.0<p_<1.5 GeV/c

§ i cocktail components — f dir(m)
- T

810-2 == ,r] fC(m)

<10 E — (1-n)f (m)+rf_(m)

pd =3 -0 ir

w — - n’

T L r =0.128+0.015

S10° . %2/NDF = 13.8/10
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% I", 2
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m... (GeV/c)

Fit range: 80 < m_, < 300 MeV
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= |nterpret deviation from
hadronic cocktail (i, n, w, n’,
&) as signal from virtual
direct photons

m Extract fraction r with two-
component fit

X
fydirect
X

'Yinclusive Mee <30 MeV

I =

= Fit yields good x?/NDF
(13.8 / 10)



Direct Photon Fraction
in p+p and Au+Au at Vs, = 200 GeV

= Lowest p; ever measured

PH ENIX T : In p+p
(a) p+p 1 (b) Au+Au Min. Biaf s

.
N
LI L

= Comparison to NLO pQCD
(colored lines)

o
e
($]]

direct y/inclusive y

= p+p: Agreement

e
—

r=

= Au+Au:
Strong enhancement
at low p;

0.05

PHENIX, Phys.Rev.Lett. 104 (2010) 132301,
(arXiv:0804.4168)
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Comparison Between the Internal Conversion Method
and the Calorimeter Measurement

i —
mz: 3.5 - o real photon PH:4ENIX
= - e virtual photon
~ 3 -
<. 2.5F ?
Z ¢ & :
IL 2 " o O

o -

1.5

10

o
N
=

6 8 10 12
P_ [GeV/c]
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Low pr Direct Photon Excess at RHIC:
A Handle to Measure the Temperature of the QGP

10* B ip: : "
Ydirect := Yall = Ydecay p+p: spectrum described wit
3 —n
10 © * AuAu 0-20% x10° f,. (p,)=A-(1+ p’ /b)
102 oo v p+p

" Au+Au:
Enhancement above p+p
described by an exponential
(as expected for a thermal
source)

Internal
conversion
\ method

—t
Q
N

N
-3 _ coll
10 I s fAu+Au (pT) _ Gine] X fp+p(pT)
104 i EMCal NN »
Liee measurements S
+Bxe T

Ed®N/dp®(GeV3c?) or Ed’c/dp? (mb GeV3c?)

—t
Q
3

—h
o
IIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|-LI IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| [ TTTTm

. ® Slope parameter (0-20%):
T=(221+23+18) MeV

10®

4
s
PHENIX i ity

1 2 3 4 5 6 7 .
Phys.Rev.Lett. 104 (2010) 132301 p_ (GeV/c) Expected to be a lower limit

for the initial temperature!
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Low pr Direct Photon Excess at RHIC:
A Handle to Measure the Temperature of the QGP

10* B ip: : "
Ydirect := Yall = Ydecay p+p: spectrum described wit
3 —n
10 © * AuAu 0-20% x10° f,. (p,)=A-(1+ p’ /b)
102 oo v p+p

" Au+Au:
Enhancement above p+p
described by an exponential
(as expected for a thermal
source)

Internal
conversion
\ method
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Liee measurements S
+Bxe T

Ed®N/dp®(GeV3c?) or Ed’c/dp? (mb GeV3c?)

—t
Q
3

—h
o
IIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|-LI IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| [ TTTTm

. ® Slope parameter (0-20%):
T=(221+23+18) MeV

10®

4
s
PHENIX i ity

1 2 3 4 5 6 7 .
Phys.Rev.Lett. 104 (2010) 132301 p_ (GeV/c) Expected to be a lower limit

for the initial temperature!
76 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction

10~



Critical d+Au Check: No exponential excess in d+Au

1€
= Direct photon spectra at\(sNN = 200GeV
"= —e— T,/ x d+Au (RUNS)
107 e TpAIT,, X d+Au (RUN3)
E —a— Au+Au (MB, PRL104 132301)
102 R T % p*p fit result
qu B "i.”\ E
210°F
O ¢ .
a [ LS
B, a4l R
210 = @
E PHENIX preliminar f %
05L P y 12131
-7_|IIII|IIII|IIII|IIII|III“I|IIII
05 2 3 4 5 6 71
P, (GeV/c)
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Model Comparison

10— ———— = Model space-time evolution
. Au+Au at RHIC with ideal hydro
N
RS 19 X : 0-20 % Central SUM = This calculation
Q RPN . — . iet- :
2l oY 1e-QGP arXiv:0904.2184v1
O 10 = .-« HG ( )
= : + — - prompt : ¢ Hydro starts early
a 10°F ~ S gﬁ%ﬁf‘;{QGP‘g (T, = 0.2 fm/c) to take pre-
N—g i NN - el -
= O equilibrium photons into
Z 10 ¢ account
10-5; =~ ¢ Thermal equilibrium
~ N - T~ expected at 1,=0.6 fm/c
10 6 | | | ™ (Tinitial = 340 MeV)
1 2 3 4 )

C. Gale, arXiv:0904.2184v1

¢ Photons from jet-plasma
interaction needed

/-' o> T.~170 - 190 MeV

Similar conclusions for essentially — evidence for the formation
all hydro models on the market of a quark-gluon plasma
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PHENIX Low p; Direct Photon Data:
Comparison with Different Hydro Models

Tt (MeV) T 11 1T 1T 1
700 T '33;5:,:228 -
i D.K. Srivastava | 7
- S. Turbide -
600 “ F. Liu
i J. Alam 7
>00 _ 1 hydro calculations —
400+ -
- o _
300 -
_ Slope parameter (221 MeV)

100+ T. from lattice QCD _

1 | 1 | 1 | 1 | 1 | 1 | 1
% 01 02 03 04 05 06
Time until equilibration (t,) in fm/c

Initial temperature above T in all models
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Direct Photon Flow
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Direct photon v, further constrains T.

Vz(pT)

Hydro after 1,

0.08

0.20llllllllllllllllllllllll,/‘P,‘ll
//// —
" Thermal Photons e _
////// —
0.16 AutAu@200 AGeV e’
. ) s ]
h=61m S’ -
)4 —
P
N/t —
//////
7, Y -
s |
012— ______. OM //://:/// -
___-((;.fl.\l:.l\il 7, 1.0 fm/c —
M+H! —

0.04

0.00

0. 0 1.0 2.0 3.0 4.0
. . Py (GeVie)
Chatterjee, Srivastava

PRC79, 021901 (2009)
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= expected v,:

» prompt photons: 0

(time zero)

» thermal photons

early

late

small
(flow not built up)

large
(like hadrons)




Significant Elliptic Flow of Direct Photons
Found in Au+Au at 200 GeV for pr< 3 GeV/c

025  * v, (®;0)

- (a) = o dir. \, (pBBC (b)
02F " YTV )

. ; deca
- Inc y
B dir R’VUQ — Ug

0151 R7 — 1

0.1F

0.05

005F Min. Bias 3 Vdecay

0.255— () |E (d)

no, Yinc., ,Ydir. V2

0.25 - v>'"¢ from calorimeter
0.151 3 measurement
0.1F B

0.05

0.05F 0~20[%]

_IIllIIllIIllIIllIIllIlllI I-IIlllllllllllllllllllllll

o 2 4 6 8 10 12 0 2 4 6 8 10 12
PHENIX, arXiv:1105.4126 P, [GeV/c]
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Direct Photon v, at pr =2 GeV/c as larger as for Pions

N

R, =" v,)/(7°v,)

-05 :_ = EpRXN (Inl=1.0~2.8)
Rl BBC
- ¢ E.P. 7 (Inl=3.1~3.9)

0 2 4 6 8 10 12
P [GeV/c]
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Theory Comparison: A Big Puzzle (!?)

S e Hydro. Thermal y Hendrik van Hees, Charles Gale, Ralf Rapp,
£ Hydro.Thermal+Hard v Phys.Rev. C84 (2011) 054906
. 0.25 o ydiry (@) 05
—— " [ PHENIX dir y (BBC) o
0.2 PH:“ENIX - model (a)

0.2 T model (b) -

0.15

0.1

0.05

_ AuAu 0-20%

lll|llllllllllllllllllllllll

1 2 3 4 5 €
P [GeV/c]

Slope of low prdirect photons spectrum
points to early emission, v, suggests late

Holopainen, Risinen, Eskola emission from mixed/hadronic phase
arXiv:1104.5371v1

Theory calculation:
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http://inspirehep.net/author/van%20Hees%2C%20Hendrik?recid=922903&ln=en
http://inspirehep.net/author/van%20Hees%2C%20Hendrik?recid=922903&ln=en
http://inspirehep.net/author/Gale%2C%20Charles?recid=922903&ln=en
http://inspirehep.net/author/Gale%2C%20Charles?recid=922903&ln=en
http://inspirehep.net/author/Rapp%2C%20Ralf?recid=922903&ln=en
http://inspirehep.net/author/Rapp%2C%20Ralf?recid=922903&ln=en

Expected Thermal Photon Signal
(from ALICE Physics Performance Report Il)

'g.. 1 6 B I (B E—— I I I T
@ - _
= - _|
< o Hydro + NLO pQCD N
= 1.5¢ High Estimate —
I FE R TE YT Most Probable Estimate 7
— 0000 aeasEsEsEmEm Lﬂw Estimate ]
1.4__ ...................... NLO pQCD only B
1.3 —
1.2~ -
1.1 .

11 )

Stay tuned for low pr direct-photon data from the LHC!
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Extra Slides
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Direct Photons in A+A collisions — Why?

Photons escape the medium unscathed

=
High p; photons Low prphotons
= test hard scattering = reflect the initial temperature
predictions of the thermalized fireball

= measure rate of hard (T;> T. = QGP)

processes = could indicate jet-plasma
interactions

Control Measurement Thermometer
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RHIC: Relativistic Heavy lon Collider
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RHIC: Relativistic Heavy lon Collider
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'Au+Au at RHIC

100 & 0-20 % Central E
‘ A .\ — SU%GP :

- S n L n et—
10 2 3 ) ¢ . " m i'—IG —=

- = « prompt -
— = Thermal QGP_
« PHENIX (1) 3
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i N
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Limitations of the Different Methods
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O data
‘ Upper limit,
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'''' Hadr. Gas
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Limitations of the Different Methods
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Limitations of the Different Methods

Subtraction method at low p; largely
limited by uncertainty of 1 measurement:

B Energy Scale

B Reconstruction Efficiency

B Peak Extraktion
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Limitations of the Different Methods

Low p; limitation of

HBT method:

Huge charged particle

background

(pr for MIP’s ~ 100 MeV)

Subtraction method at low p; largely
limited by uncertainty of 1 measurement:

B Energy Scale

B Reconstruction Efficiency

B Peak Extraktion
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Limitations of the Different Methods

Low p; limitation of
HBT method:

Huge charged particle
background
(pr for MIP’s ~ 100 MeV)

High p; limitation of

HBT method:

Hit distance cut of D > 20 cm
(cluster splitting!) limits usable

Qiny range

Subtraction method at low p; largely
limited by uncertainty of 1 measurement:

B Energy Scale

B Reconstruction Efficiency

B Peak Extraktion

90 K. Reygers, Direct Photons in p+p and A+A Collisions: A Short Introduction

\\

’
v
)

Correlation method
¥ Most probable yield
® Lowest yield

Subtraction method
O data

‘ Upper limit,

Predictions
----- Hadr. Gas

’
v
‘2
)




