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® Partl:

® |ntroduction
® Direct Photons in p+p and A+A
® Measuring Direct Photons
e Part I
® Results in p+p Collisions
® Results in A+A Collisions
® Measurements with “real” photons
® The internal conversion method
® Using conversion in the detector material

® Direct photon flow



® Direct photons are

® Photons not coming from decays (experimentalists view I)
® Photons that are isolated (experimentalists view II)

® Photons that are created directly in hard scattering processes (a
possible theorists view)

® The measurement is challenging q ¥ Direct Photor
® | arge background from decay photons
e TI°—vYy, N—YY, and more g q

® Finding isolated photons in large background in A+A

® Experimental problems due to small opening angle of decay photons,
1Y () decay photons merge into one detector signal



® In the late 1970’: direct photons suggested .
point-like charged objects within hadrons \ﬁ@ \ﬁ

¢ Different production processes

® Top row: Quark-gluon Compton

scattering (a), quark-antiquark
annihilation (b) @@6@6@\ /%%%

® Bottom row: bremsstrahlung (a), jet

fragmentation (b) q q q\@m
® Test of QCD, processes well described

® Current focus: Constrain gluon distribution
functions

® Quark-gluon Compton scattering at @66666666 \

leading order, unlike DIS and Drell-Yan
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Photons from

. :
Photons do not interact strongly and leave the jet-plasma interaction:

medium (mostly) unaffected
¢ Different pt regions give different information

® | ow p7 (< 4 GeV/c): thermal photons,
measure the temperature of the fireball

® |ntermediate pt (between ~2 and 6 GeV/c):
are there other sources from within the Qyara T 8ocr W 74
QGP (e.g. from jet-plasma interaction)?

v-h azimuthal

e High pt (> 6 GeV/c): Point like scaling for correlations
hard processes?

® Measure direct-Y - hadron angular correlations

® |n p+p access to fragmentation functions

transverse
plane

® |n A+A, photon defines parton (jet) energy
5



® Measure to quantify nuclear effects in
A+A collisions

e Compare A+A with scaled p+p
collisions

® Number of binary nucleon-nucleon
collisions (Ncoll) from simulations

® Raa ,,contains’’ both initial and final
state effects

® |nitial state: Cronin, nuclear
shadowing, ..

¢ Final state: Jet quenching

Nukleare Uberlappfunktion
"Nukleonen-Luminositat”

R,,

d°N,."/dydp,

N
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d’N_ "/dydp,

coll
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Photons in A+A

rd N

Decay Photons

Direct Photons

These mechanisms are
also present in p+p
collisions and are
calculable within pQCD




Photons in A+A

rd N

Direct Photons Decay Photons
hard
direct| fragmentation
Hard direct photons:
direct component Compton Annihilation

(“prompt” photons) q+e—y+q q+tqo y+g



/

hard

/ N\

direct [fragmentation

Hard direct photons:
bremsstrahlung /
fragmentation
component

Direct Photons

Photons in A+A

pd

N

Decay Photons




Photons in A+A

rd N

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

conv. vy bremsstr.



Photons in A+A

rd N

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
/ \ = / \ / '\
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



Photons in A+A

rd N

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
7/ \ / \\ / \\
direct fragmentation QGP Hadron gas jet-y- Medium induced
conv. vy bremsstr.

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

rd N

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
7/ \ / \ / \\
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 + gocpr 7 tq

Conversion

3 —
Ojet—y—conv ~ O (p|j3et — Py) UQhara TAoer 7 Y T8



Photons in A+A

rd N

Direct Photons Decay Photons
hard Preequilibrium thermal hard+thermal
7/ \ / \ / \\
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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./1F

Hard photons Thermal photons Photons form jet-plasma
interaction



Central Au+Au at RHIC

log scale

Photon Yield

A

—EY/T
thermal: €

Decay photons

(TTO—=Y+Y, N—2YHy,...)
=10 GeV/c

® Thermal photons expected to be
a significant contribution below

bt ~ 3 GeV/c

® Hard photons dominant direct

photon source for
bt >~ 6 GeV/c

® |et-photon conversion might be

1 significant contribution below
hard:—, bt ~ 6 GeV/c
T

® Experimental challenge:
Pr (GeV/c)  Subtraction of decay photon
background
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Turbide, Rapp, Gale, Phys. Rev. C 69 (014902), 2004

® Window for thermal photons from QGP in this calculation:
pr =1 -3 GeV/c
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QGP rates: Arnold, Moore,Yaffe (2001)
HG rates:  Turbide, Rapp, Gale (2004)

® 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



® Calorimeter measurement with isolation and shower shape cuts

® Works best in p+p and at high pr
® Statistical subtraction method

® Measure inclusive photon spectrum and subtract decay photons from
hadrons

® |nclusive photons can be measured directly with calorimeters or
indirectly through conversions into e*e" pairs

® Decay photons come from simulations
¢ Tagging method

® Remove decay photons by tagging decay photons, i.e. calculate if it can
come from a decay









Isolated direct photons:
Limit on transverse energy
in a cone around the photon

Transverse plane (Momentum)

Compton

X | py
=
Annihilation ):
Py

Bremsstrahlung / Fragmentation

"
= | <
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SILICON TRACKER
M D r Pixels (100 x 150 umé)
~im?  ~B6M channels

Micrestrips (60-160um!

P)iixellg ~200m* ~9.6M channels
L - | - / CRYSTAL ELECTROMAGNETIC
Tracke / CALORIMETER (ECAL)
EC AL ‘ / ~T8k scintillating FoWO, crystals
Solenoid
S I Y, k / | PRESHOWER
tee OKe / . ~~ Silicon strips
Rl A AS / 1 ~16m’ ~137k channels
.‘/ - A
/ - .
L :
STEEL RETURN YOKE
~13000 tonnes
TWO-LEVEL TRIGGER /
SYSTEM SUPERCONDUCTING |
(Level-1 High-Level trigger) SOLENOID s
Each provide ~10°reduction  Niodium-tizanium coll / e ‘ |
carrying ~18000 A / /,/ FORWARD
/7 -. CALORIMETER
;/ Stesl + quartz fibres
, HADRON CALORIMETER (HCAL ‘ K o
Total weight : 14000 tonnes Brass + plastc santillator (HCAL MUQHN 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 23



R = (1 =n")*+ (¢ —¢")°

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

® |soTRK <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 ete-

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

® |[soHCAL < 2.2 GeV (transverse energy in HCAL)

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

24



o

¢ At high momenta, the opening angle gets so small that decay photons
might be reconstructed as one cluster on the calorimeter

3
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Miniumum opening angle in the lab (rad)

A
-

Momentum (Ge
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® Calculate shower width, use towers in a 5x5 window around
highest energy tower

® |solated photon yields extracted by fitting signal + background
a F a R E \ F \ Y templates to measured shower width distribution
® Signal template from MC (Pythia + Geant)
® Background template determined in data-driven way
CMS Collaboration 26







Get clean inclusive photon sample

® Understand detector effects,
calibrations, geometry

® Subtract non photons

Measure p; spectrum of 10 and 1
mesons with high accuracy

Pocket formula:

1 dNV
—oc1/p”

Pr dp;
,Yd((e)cay 2

=~ (.28 at RHIC

n—1

Calculate number of decay
photons per stV

® Done with Monte-Carlo

® m; scaling for (n),M’, , ...

Finally:
Subtract decay background from
inclusive photon spectrum

28
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PH-“ENIX | " EMCal:

PbSc (6 sectors) + PbGl (2 sectors)
" PbSc:

¢ Highly segmented lead scintillator
sampling calorimeter

d TEC

¢ Module size:
55cm x5.5cm x 37 cm

" PbGl:
¢ Highly segmented
lead glass Cherenkov calorimeter

¢ Module size:
40cmx4.0cm x40 cm

" Ring Imaging Cherenkov
Detector (RICH):

¢ Electron identification

(together with E/p matching
in EMCal)

west beam view east

Pseudorapidity coverage : | |
* No signal for charged pions

In| <0.35 s with p < 4.6 GeVi/c



WO%”)/—I—’)/, n—y+ty, ..

/ "Ybackgr/ﬂ-o

"Ydirect — “Yinclusive — “Ybackgr — (1 ) * Yinclusive

/Yinclusive/ﬂ-o

— (1 — 1/R) * VYinclusive

inclusive /7TO ) mea

with R — Yinclusive —1 | Ydirect
Ybackgr Ybackgr

- Systematic errors

Calculated based on (e.g. energy scale non-
measured n® and n spectrum linearity)

(includes w, n’, ... decays) partially cancel in this ratio
30
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Simple Monte Carlo code

Pure kinematics (no detector
simulation needed)

~96% of the background
photons from 70 and 1 decays

Simulation based on measured
n¥ input spectra

Decay photons from other
mesons are based on mt scaling
to the itV spectrum



Probability to miss a t® from K. —m0+50

in the 70 reconstruction due to displaced decay vertex

S N ) L ] l ' L 1 I ' ) | I 1 1 — ().2 ' I ] I 1 I ] 1 1 1 I
- - k) -
S 0 =) - 1
> 10 F Y _
~ I 4 . —Smgle KOS x 0.15 F (~0.065+ 0.016) + (0.012 £ 0.002) p; | —
0 ! i
~ 0 | ®.
E ——n’s from K 5 _ P
10 E 12GeV /e < pr < 16GeV /¢ : ‘T-)’ 0.1 _ /‘ _
2 : .H"‘\:; : J— i )
f : 0.05 | .
10 E 3 i :
. M B 0 . |
0 0.4 0.6 0.8 15
m. (GeV/c ) p; (GeVic)
K?:ery = 2.67 Liab = = S
5 - CcTp = 2.6/cm lab =V Y - To=0 -7 Ty C By=—"—
mc
p 1 GeV 5 GeV 10 GeV
( 5,37 cm 26,9 cm 53,7 cm
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Fraction of
neutral background
(neutron, anti-neutrons)

Fraction of
charged clusters

/

2 ‘
1 d-NY __ 1 . (1 _)(ﬂﬁ) ' (l _Xch) . ANcluster
2TCp TNin dp Td}/' incl 2TEPTN iﬂ/' €y - dy - Ceonv A]) TA)’ |
efficiency photon
acceptance conversion

33



Xch
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PIDO
¢ PIDI
® PID2
® PID3

PC

3
I

5

final correction

10
pr (GeV/c)
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e At low prt, mostly hadrons
that are reconstructed in the
calorimeter

e X > 0 at high p; largely due to

photon conversion

e Artificial decay photon-charged
hit (PC3) correlations at high

P

Fak
correlation

EmCal
PC3

onversion




® Background from neutrons and antineutrons needs to be simulated
(GEANT for detector response to neutrons)

® |nhput neutron and anti-neutron spectra not measured, but
“determined” from measured proton and anti-proton spectra

&N | &N

dprdy|; ~ dpydy l’?’

&N |  d&N| [ &N &N | \4-Z
dprdy |, ~ dpydy 5 \ dprdy ) dprdy 5 V4

35



Ydirect (”)’inclusive/ﬂ())meas

“Ybackgr “Ybackgr “Ybackgr ¥ ) calc

Yinclusive — 1

remember R =

Calculated based
on measured
r°® und n spectra

-2
—
=

o

[

* y/n’ data
— i decay photons

statistical method

PbGl, Minb, PID 3 +
. bl

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
nl] 2 4 6 8 10 12 14 16 18 20 22

photon Py [GeV]

1.5

0.5




0-10% p

e

('Y/ no)Measured / (YI T[O)Background
O=NWOHLOO

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

PHENIX, Phys.Rev.Lett.94:232301,2005

Multiply Inclusive Photon Spectrum by the double ratio to obtain direct-
photon spectrum (and add systematic uncertainties of the inclusive photon
spectrum which cancelled in the double ratio)

37



e 1V measurement

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

® |nclusive photon measurement
® Non-photon background

® Yield correction (acceptance + efficiency)

® Energy scale 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.

38



PbGl PbSc
7 error source | 3.25GeV/e 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 20.39) 19.5% 18.8% 19%
Statistical 32.5% 3% 13.1%

7y error source

Non-~ correction
Yield correction
Energy scale

2.4%

Treating photon and n®

measuments as independent
would yield a 28% systematic

uncertainty for y/x°

Total systematic _ 16.5% 16.7%
Statistical 1.2% 14.1% 0.7% 7.9%
~ /70 syst. 10.4% 10.6% 10.6%
~ /7 stat. 10.7% 37.7% 3% 16.5%

PHENIX, Phys.Rev.Lett.94:232301,2005
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® Motivation:

Measure in low p1 region where thermal photons are expected and

calorimetric measurements are difficult

® |Internal conversion

® Any source of real photons also emits virtual photons

® Well known example: T1° Dalitz deca Y e
P " yannwann<

*

e-l-

® Rate and mee distribution calculable in QED (Kroll-Wada formula)

® Hadron decays: mee< Mhadron

® Essentially no such limit for point-like processes, such as direct photons

Improve signal-to-background ratio by
measuring e+e- pairs with mee > ~ Mpion

41
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per real photon (in a =

Number of virtual photons 1 dN.. 2a 1 Am?> > m?2
_ 1 (1+55°)s
Nydmee 3™ Mg,

given An A ApT interval): e il
invariant mass QED phase
of Dalitz pair space
Hadron ¢ _ (0 vy _ Meeys Point-like 9 R 1
decay: < M? process:  (for pT°= > mee)

form factor

/Ny dNee/dmee (MeV-')

0.001

About 0.001 virtual photons

Direct photon ~ With Mee > Mpion for every
real photon

1073

]O?g

— Avoid the 110 background
at the expense of a factor
Mee (MeV) 1000 in statistics

]09§'




f(mee) — (1 — r) ’ fcocktail(mee) +r- fdirect(/nee)

acceptance
i
<

—
=
N

dN/dm,... (c¥GeV) in PHENIX

—
S
(&

—

Separately normalized
to data at mee < 30 MeV
/)

Au+Au (MB) 1.0<p. <1.5 GeV/c

cocktail components — f dlr(m)
h f] —— f(m)
- . — (1-n)f (m)+rf  (m)
) == r = 0.128+0.015
= 0 v2/NDF = 13.8/10
2 D
7.“ ‘. ¢
s ) ,.,‘% s
- '
-
El 1 | 1‘\1.1'1—‘]:4 T 1%, "y “fofey’ 5 1* Y. J.
0.05 A 0.3 0.35 0.4 0.45

m,.. (GeV/c)

Fit range: 80 < mee < 300 MeV
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PHENIX, Phys.Rev.Lett. 104 (2010) 132301

® |nterpret deviation from
hadronic cocktail (1T, n, W,
n’, ®) as signal from virtual
direct photons

® Extract direct photon
fraction r with two-
component fit

x
’Ydirect
o
'Yinclusive

I =

Mee <30 MeV

® Fit yields good X2/NDF
(13.8/710)






® Use Y—e"e conversion (pair production) and get photon properties
(energy, momentum) from pair

® Use of tracking detectors for electron reconstruction allows better
energy resolution

® Experiments use different methods for finding converted photons,
depending on their detector capabilities

® ALICE: use displaced vertices

® Tracking detectors find displaced vertex of e*e" pairs, pair is
reconstructed as photon

e PHENIX: alternate track model

® | ook for e*e” pairs from conversion plane, then reconstruct photon
properties for these pairs

45
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0 200 400 (ALICE)

-~7  fiducial ~T~«_
zone

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

46



® Photon conversions of interest originate from the HBD shell ( r=60cm)
® Reconstruction assumes event vertex as origin
® Can exploit this misreconstruction

® Can correct for this with an alternate track model assumption

T WO R MC simulations of photon conversions |c  HBD shell
vy " anet T'EC %sc .
C2 O beam pipe
\ /- s CF,gas
» outside HBD shell

¢ HBD shell (ATM)
=  beam pipe (ATM)

\ s+ CF, gas (ATM)
N *  outside HBD shell (ATM)
Ca = ; Q
"‘ E [E] ' i %)Q
: / o TN (PHENIX)
MPC HBD < 10 J*lll : ' 1'5} ;“ l| ¢ * *II* W |
- 4 3 iilill ij.lh,, : ' lﬁ % T ’lrl Jl
| ik T u |
1 ﬁ ““I ||||ln| ] P |
0 002 0.0 “0.08" 014

pair invariant mass (GeV)

Beam View Fast
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Transverse plane (Momentum)

® Photons from hard scattering are
“isolated”, i.e. not surrounded by other Py
particles

® To remove merging decay photons i
from high pt T1%, apply shower shape
cuts

Px

VWWWWWW\~

Px

CMS Collaboration



Difficult (or impossible) to remove
decay photons on an event-by-event
basis, therefore do a statistical
subtraction with all available data

Ydirect = Yinclusive - Ydecay

For inclusive photons, remove PHENIX

contribution from hadrons and

electrons, correct for detector effects

Decay photons from simulation based
on measured meson (TT%) spectra

To minimize systematic uncertainties,
use double ratio for subtraction,

systematics between TT° and inclusive with R =

Y measurement partly correlated

Vdirect = Vinclusive — Vbackgr = (1 —

6
i5
t 4
\g 3
;2
21
= 046§ 1012 14
Phys.Rev.Lett.94:232301,2005 P (GeV/ C)
Yoackgr /T

) * Yinclusive

Yinclusive /770

— (1 - 1/R) * Yinclusive

_ (’Yinclusive/ﬂ'o)meas
(f)/backgr/ﬂ-o)calc

Ydirect
Ybackgr

“Yinclusive

Ybackgr

=1+




Each source of real photons
also emits virtual photons that
decay into e’e” pair

Invariant mass shape described

by Kroll-Wada forumula

Measured dielectron spectrum
fit with function composed of
cocktail and direct photon

shape (from Kroll-Wada)

Fraction of direct photons and
inclusive photons from fit:

*
deirect
*
Yinclusive | me.<30 MeV

I =

Kroll-Wada-Formula

1 dNee 22 1 \/1_4mg(1+2m§)5

Nydmee 3T Mee m2, m2,
invariant mass hase
o QED P
of Dalitz pair space

f(mee) - (1 - f) * fcocktail(mee) a0 fdlrect(/nee)

N d

Separately normalized
to data at mee < 30 MeV

f PHENIX, Phys.Rev.Lett. 104 (2010) 132301
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g. i cocktail components —_—f dlr(m)
S, | T —— f¢(m)
!0 E 1 — (1-0)f (m)+rf_ (m)
> = RN ()] r
z [ =M r = 0.128+0.015
£10° 0 ¥2/NDF = 13.8/10
=
> B
G
o

a0t e
£ -
S N :
= '
© B .

10° SO

- | ™ N o Bl N
0 0.05 0.1 0.15

) 04 045
m,.. (GeV/c)

Fit range: 80 < mee < 300 MeV
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DO ppvs=1.96 TeV

CDF ppvs=1.8 TeV

DO ppvs= e\

CDF ppvs=630 GeV

UA2 pp vs=630 GeV

0 PHENIX pp 200 GeV prellm
& ﬂr\FS pp Vs=63 G

JETPHOX
M= iy bl py/ 2

O 3 a4 0

4 I-E:ZOS pp vs=238.8 GeV
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Q UAbp
o > pPp Vs=24..
WA7O pp Vs= 2296eV

' . '-.
+ I .,
" ¢10™ .

1y
\] *
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10 10

Aurenche et al., Phys.Rev. D73 (2006) 094007 Pr GeV/c
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e Decent agreement at large Vs

e Substantial deviations
between data and NLO
pQCD at small Vs

e Questions:

® |s there a systematic pattern
of deviation!

® If so, can the introduction of
additional transverse
momentum (k;) of initial

partons improve the
agreement!?

® Are the data sets mutually
consistent?



E\ 104 M D D B B .
c 10° Y production on Be target
T 2 -2
2 10 800 GeV/cp beam (x 10 )
g a9 Vsny = 38.8GeV
o, |
c\ -1 te,,
| oty e
> O T
S
o 107 NLOTheory ~  ™"na
8.‘ 10-4 u:ple aaaaaaaaaa
o a
T (i
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------- -_— . e C
0 107 kr
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E/06,

Phys.Rev.D70:092009,2004
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e Data from E/06 fixed target

experiment can be explained with
(kt) = 1.3 GeV/c

o e Krbroade-
ning

Is there evidence for
k; broadening in

p+p at larger Vs ?



g - INCNLO or JETPHOX *
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R110 pp

R806 pp
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CDI—Ppb—> X ve=1.8 TeV

0.2 0.3

Aurenche et aI Phys.Rev. D73 (2006) 094007

Only E706 data show strong deviation from NLO QCD.

Probably need new data at low +/s to settle the issue.
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® Analysis includes a TOF cut to
remove contamination from
cosmics at very high pr

Data compared to pQCD
calculation at three different
scales

Good agreement between
theory and data over whole

pT range

pQCD dominated by directly
produced photons (in
contrast to fragmentation
photons) at high pr
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Ed’c/dp® [pb GeV2c?]

(Data-Theory)/Theory

—h -t
R <

=
o
T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T TTTT

—p+p \s=200GeV 2006 data

NLO pQCD
(by W.Vogelsang)
CTEQ 6M PDF

u=1/2p_,p_,2p_



http://arxiv.org/abs/1205.5533

® Higher precision PHENIX pp — y X at {'s = 200 GeV with lyl <0.35

data at low pT available 1030 0
® using internal conversion 1%L
method

® pQCD calculations depend
on fragmentation component

® Data can further constrain  |o107
. o -O
fragmentation functions |-
>10"°
: : 4
® %2 test of available FF against _=
[Q\
-9
data 10 CT10 withw_=u =0.5p_,u =2 p_
. — — BFG |
® high pr part as control 107 —BFGI
U0 Ut g ~— GRV NLO
reglon n +| PHENIX wit|h stat. error | |
10-11|||||||||||||||||||
5 10 15 20 25
® Data favor BFG Il FF 0. (GeV)
Klasen Konig: arXiv:1403.2290 "7



® Applying isolation cut to photon candidates: most photons are isolated
(~90% at high pT)

® Theoretical calculations agree with the data, low pt photons have larger

fragmentation component

14

1.2

1

Isolated/all ratio

0.8

0.6

04

0.2

0

Illll

p+p Vs=200GeV 2006 data

lllllll[lllllll]l

... GRV *

- — BFGII + 4

- l‘-p I 2
2p 7
pt
P .0

qlmlboo¢+

® Direct photons
O n° decay photons

1 l 1 1 1 | l | 1 1 ] I | | |

5 10 15

PHENIX, arXiv:1205.5533 59
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http://arxiv.org/abs/1205.5533

; | I 1 ] I I 1 | I I |

L "U“ .
)
S g T CMS\s=7TeV =
~ = — = -
o F — L =2.9pb’ =
— L e 'l <1.45 B
= .
A - ET° <5 GeV .
~=10"E T |
I = ey :
o = =
102 = —
- —}— Data =
B Stat. + syst. uncertainty —— :
10° = + 11% lumi. unc. not shown —
- 0 NLOpQCD JETPHOX 1.1 =
— CT10 PDFs / BFG-Il FFs G -
4| B
10 E_ IJF:l-l::uﬂ:E; =
[ I ! R R N
2

| | |
30 40 50 60 7080 100 200 300

CMS, Phys.Rev.Lett. 106 (2011) 082001 Er[GeV]

o

60

® The photon
reconstruction and
selection efficiencies
are determined from
PYTHIA:
e =0916 +£0.034

(rather independent of
photon energy)

® Spectrum corrected for
finite energy resolution



as :I | | | | | | | I | | :
e —

_QC-’ 16 - CMS\s=7TeV —=— Data/JETPHOX 1.1 —

': 15 :_ L=29 pb" CT10 PDFs / BFG-Il FFs ~

% E Inyl <145 Stat. + syst. uncertainty E

O 14~ is0 + 11% lumi. unc. not shown ~

E E’ <dCGev. .. Theory scale dependence E

13F—--- E//2<u<2E; .

E ‘.- --;.-.- wowennas PDFs uncertainty E

1.2 el -

1.1 s 4 E

g » -

1 - Hh-i-r ............... =

g ............. L= i .. Cﬁ%-—}—. otesnsemggen e somemnn o svmmn s seese e g

0.9F s g {, , -

0.8 o= -

0.7 -
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20 30 40 50 60 7080 100 200 300

1
CMS, Phys.Rev.Lett. 106 (2011) 082001  E![GeV]

P.Aurenche et al., Eur. Phys.]. C |3 (2000)6.'347 (

http://lapth.in2p3.fr/PHOX FAMILY).



http://lapth.in2p3.fr/PHOX_FAMILY

5107 E
(@] - -
PP vous ooy  Direct phOton (y~0)
30 =, e p+p (p bar) plotted vs. xT
O oL Yy n=4.5 {Exp. (\s)}
Q = . . .
2ol Ty L ATAS oo ® Data scaled with empirical (+/s)"
:\é 101; 33? " el with n=4.5
o =
LL =
S10"°E ® Pure vector gluon exchange:
0} = A PHENIX (200) ® ZEN%Q%J 0) This report _ . .
S10ME A unz 630 n=4 as in Rutherford scattering
= = ou UA1 (546)
13 .
107 ® However, scale breaking effects
10" 3 x R806 (63) In QCD, the)’ empirica”y taken
10"E  oor s - into account for by assuming
10'° %— o e 624 ;70273%8(73)1 5) n-4 — 05
= v E704 (19.4)
109 ;_ m NA24 (23.8) )
i: . UAG (24 ® All data are on one universal
108 * AT @29 curve
1075?
(o°C % =) QCD works
- [ 11| | [ 111 | I I?I I

PHENIX, 19 arXiv:1205.5533 10" v —TT = 2p7 /S


http://arxiv.org/abs/1205.5533

(Yinc/no)/(ydecay/no)

2.0

1.8

1.6

1.4

1.2

1.0

0.8

ALICE

PRELIMINARY

—¢— Direct photon double ratio
—— NLO prediction: 1 + (y

foru=0.5,1.0,2.0 P,

/
direct,NLO ydecay)

o

—
N_Illll

Possible signal much smaller than systematic errors
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(_Y/no)Observed / (,Y/no)Background

1.3

1.1}

0.9 |

12}

1.1}

200 A GeV ¥%8 + Au

LI I

- — -
- @ All Showers (Final Result)

O Shower Size Cut

| A Veto OR Cur
- O Vero AND Cur

12}

Indep. Analysis (no CPV)

Central

—

on Ydirect / Ybackground

N\,

0.8 |+
1.3}

Peripheral
(31% o,y )

: Upper
Experiment | p System limit
_ p-VV, O-VV, o,
HELIOS 2 0.1 - 1.5 S 13%
WAS80 04-28 O-Au 1 5%
CERES 04-20 S-Au 1 4%
WAS80 0.5-25 S-Au 12.5%
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




ohted-Lead-Glass Calorimeter
of photonsi~g” and 77 -mesons)

WA98 Experimental Setup
158 A GeV Pb+Pb Collisions
at the CERN SPS
(1996)

Forward-
alorimeter

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

Streamer Tubes

Pad Chambers _

\“.

Goliath Magnet

Target
(inside Plastic-Ball)
P
Start Multistep Avalanche Chambers Fixed-target experiment:
Counter & with CCD-readout (tracking of T
e o | " charged particles) Forward rapidity
e T
2% / -
Plastic-Ball \S'I' Pan d
+ i ilicon-Pad an _
SRS Silicon-Drift Detectors Pb"'Pb at VSNN =17.3 GeV

target region)  (pseudorapidity-dist. of
charged particles)




(Ny) Meas / (Ny) Bkgd

1.8

16 |

14
12
1
0.8
0.6
1.8
1.6
14
1.2
1
0.8
0.6

' 158 A GeV ?°°Pb + 2®Pb
Peripheral Collisions
L J
f ¢
s - |
""" '0'.'.".'.'.'0'.'.'0" '*‘" L o i o Bl i D
: — I L
5 + .
i |
5 Central Collisions
:_ K .0...0.0.¢*++++l +
E— """" ;"'.".'U.‘“’"'.""""’"""""""""""""J """" =17
WA98
- Phys.Rev.Lett.85:3595-3599,2000 4
0 o5 1 15 2 25 3 35 4

Transverse Momentum (GeV/c)

® No signal within errors
in peripheral collisions

® 20% direct photon
excess at high pT in
central Pb+Pb collisions

at CERN SPS



1/N Ed°N /dp® (c® GeV?)

10

10

107

| N
i ", E’F%
4
J— pQCD with { 1 y

10

10

10

10

]I - scaledto s'% = 17.3 GeV

158 A GeV 2°®°Pb + 2%pp
Central Collisions

B WA98 This Result
pA Results at s = 19.4 GeV

- 0O Es29
Vv T O E704
A NA3

-J

5t <k?> = 0.9 (GeV/c)? \
3 (Wong and Wang, 1998) &". ¥
f eeeme= p+p parameterization ; ..‘
-0 | cSrivasta\./aj 2001) ’ \?
+ Kr-smearing T N
(Turbide, Rapp, Gale, 2004) "'., So
14 PP IPIPEPIPY UL PP AR PRI PR 4
0 / P 3 4

Transverse Momentum (GeV/c)

® 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;”)




10

-2

10

10

10

10

do dN,/d3q (GeV ]

10

----- Hadron Gas
e QGP (TI=205M3V

initial pQCD
sum

10% Central Collisions
2 35<y<2.95

N

““Pb(158AGeV)+ " Pb

0

1

i 1 2

Ch. Gale, arXiv:0904.2184 d, [GeV]

Interplay between T ad kr, contribution from QGP small




10

““Pb(158AGeV)+ “Pb |

-t
o
=]

-h
o
—

10% Central Collisions ]

w0t | 235<y<2.95

10 {

WA98 Data

10° 1
(T;=205MeV)

{ e

sum <Ak, >=0

10° } sum <Ak, >=0 2GeV
—eme= SUM <Ak, >=03GeV"

10°

E dN/d’p [GeV"]

0 1 2
P_[GeV]

Turbide, Rapp, Gale, Phys. Rev. C 69 (014902), 2004
10 - -

¥

0

10r

““Pb(158AGeV)+"Pb |

| 109 Central Collisions 1
V] i 2.35<y<295
WA98 Data |
: ]
| Tl=205MeV
T=250MeV

[ —ememe T°=270MeV

10' 1

E dN/dp [GeV"]

0 1 2 3 4

pr [GeV]

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

e Data described with initial
temperature 7, = 205 MeV

+ some nuclear k; broadening
(Cronin-effect)

e Data also described without
k; broadening but with high initial
temperature
(T. = 270 MeV)



Correlation method
¥ Most probable yield

-
o
N

10 ® Lowest yield
Subtraction method
1 O data
‘ Upper limit,
10'1 Predictions

........
,,,,,
UT

E dN/d°p (GeV™)

+ Hadr. Gas

0 1 2 3

WA98, Phys. Rev. Lett. 93 (022301), 2004

e Two-photon correlations
observed and attributed to
Bose-Einstein correlations of
direct photons

e Correlation strength used to

extract direct photon signal
at low p-

® Possible explanation:

photon bremsstrahlung from
hot hadron gas
(Lui, Rapp, nucl-th/060403 1)



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

QGP + HG + T
Turbide, Rapp, Gale pQCD with Yo
(Phys.Rev.C69:014903,2004 ) QGP + HG + T
pQCD without T
250 <
Renk (Phys.Rev.C67:064901,2003) QGP + HG + pQCD 0.5 <
. QGP + HG + pQCC T
Svrivastava (nucl-th/0411041) (Bjorken hydro) -
QGP + HG + pQCD T
Huovinen, Ruuskanen, Rasinen (Non-boost inv. hydro) |
(Nucl. Phys.A 650 (227) 1999) Pure HG + pQCD -
(Non-boost inv. hydro) |

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

e |arge variations in extracted initial temperature T,
(however, most models give T, > T,)






Au+Au at Vsyy = 200 GeV (RHIC run 2)

N 10°F
E 1E =  (Tas)x p+p pQCD

o 107
> 10$;_ ‘r,:,‘,o

[ 107 F
© 5 sl 0-10% x 107

~ 107°F
zd>> 10-10:: 10-20% x 10
Q'_- 10-12:: 20-30% x 10"
B a4 o
N 10 i 30-40% x 10
107'°F 40-50% x 10°

18f
10 i 50-60% x 10"

20[
: 2_22 :':f 60-92% x 109
I-lllllllllllllllllllllllllllllllllllll
— 0 2 4 6 8 10 12 14 16 18
PH ENIX p; (GeV/c)

Phys.Rev.Lett.94:232301,2005

T g : Increase in parton-luminosity
per event (p+p — Au+Au)

0-10%:
(Neon) =955 94

" 60 — 92%:
TaB = Neott/0yw | (Neoy)=14.5% 4

B High-p; direct photons scale
with (Tag)
B No indication of nuclear effects



@ photons
0 NLO pQCD used

as pt+p reference
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participant

Direct photons follow Tag scaling



RAA

PHENIX Au+Au (central collisions):
3 o Direct y
4+ 7° Preliminary P dN/dpr(A+ A)
AA —

2.5 _ (Taa) x do/dpr(p + p)

. GLV parton energy loss (dr\f’/dy = 1200)

2 A No energy

loss for y‘s

1.5

0.5 ’“IV

|
1 \L ..... !}‘l ...... { ........................ N
| Il F4ct0r|5 suppressionI —>

*Aﬁ**“*‘+AAAtl‘és"éi ; } T /
00 2 4 6 8 10 12 14 16 18 20 energy loss j \
p.(GeV/c) forgand g

Hadrons are suppressed, but direct photons are not:
Evidence for parton energy loss (as expected in the QGP)



calculation by W. Vogelsang

—
o
o

a0
o
IIII]IIIII1T]IIIllII1I1I]ITIII1l1lll1l1l]lfl[l1l1

oS

direct |« X ):
Bremsstrahlung/ | _ —
Fragmentation
14

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

011.11‘L11.l11L.11111L111Y11.

0 2 4 6 8 10 12
p; (GeV/c)

Bremsstrahlung contribution (%)
S

® Bremsstrahlung/fragmentation contribution large

e Suppression of bremsstrahlung/fragmentation contribution
expected in A+A



RAA - §808pfn+ . e RAA direct y
= isospin + shadowing

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

== 1sospin
= isospin + shadowing
== isospin + shadowing + E-loss

0 0 5 10 15 20 0 0 5 10 15 20

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

e 20-30% reduction of direct photon R,, expected due to parton energy loss
e Consistent with PHENIX data



1.8
1.6
1.4

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

E}Jdirect v (prelim.)
§ «° (PRL101, 232301)

¥ n (PRC82, 011902)

N



Au+Au at RHIC

— AN
S 10N, 0-10 % Central — Sum
> N + = « prompt-direct
L SN N — « = 1et-QGP (non-coll)
5 . J
O 107N + « + jet-QGP (coll)
% ’\\, ) . = - prompt-frag.
= 1 0-6 B SRR . — = Thermal QGP
NQ" ? \\ . ." ., T = PHENIX
= : AN W =~
o -7 - \ N .\‘ - ~
Z. 10 z \ . \‘.‘ ., ~
o - ~ & e e -
-8 ] \ ik ~ . Lo . —
10 E \ ~ e <.
- \ T ’ \{ DA =
9 1 1 L\ | . | l S
10 4 6 8 10 12 14 16
Ch. Gale, arXiv:0904.2 184 P [GeV]

Indication for relevance of photons from
jet-plasma interactions for pr < 6 GeV/c!?
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14
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0.4
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1 I |

pr — — —
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_—
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S —

® PHENIX PRELIM.
—— - prompt (with shadowing, no 1sospin, no E-loss)
prompt (with 1sospin and shadowing, no E-loss)

| I | I | l | I |

Ch. Gale, arXiv:0904.2 184

8 10 12 14 16 18

p (GeV)



® PHENIX PRELIM.
— prompt +QGP

= = prompt + QGP (no jet-plasma)
— - = prompt (Q=pT)+QGP
« = « prompt (no-isospin) +QGP

Ch. Gale, arXiv:0904.2 184

10 12 14
Pr (GeV)




Looks like statistical quctuations\

s 2'25 Isospin effect
m 2 :_ semmmnnie EPS09 PDF
1.8— = m= === prompt+qgp
1 6:— == == = coherent+conversion+A E
1.4:—
— N\
1.2 N
1: . ;ilfl;
0.8—
0.6—
0.4 Au+Au,Sy,=200 GeV
0.2 direct y RAA, 0-5%
0 :l | | I | | | | | | | I | | | | | | | I | | | I | | | I | | | |
0 2 4 6 8 10 12 16 18 20
PHENIX, PRL 109, 152302 (2012) p. (GeVic)

The effects from the QGP appear to cancel



I:{AA

o O O O - =t
nN A~ OO 00O O DD B~ O 0 DN
Il:mll|lll|llllII|III|III|III|II

o
o

I I I I | I

I I |
PbPb\ s, = 2.76 TeV

I I I | I I I

—@— Charged Particle 0 - 5% (CMS) |

—@— Charged Particle 0 - 5% (ALICE
—o— lIsolated Photon 0 - 10% (CMS)

—f=— Z° 0-10% (CMS)

+

CMS, arXiv:1201.3093
CMS, arXiv:1202.2554
CMS, PRL 106 (2011) 212301

|
Rt

@

) _

III|III|III|III|II

+
+

II|III

20 60 80
p. (GeV/c)

Raa =
(T'44) x do/dpr(p + p)
No energy v
loss for y‘s \~
T —

energy loss
forqandg

Prompt Photons (and Z%s)
are not suppressed:

100 Strong Evidence for Parton

Energy Loss Picture


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

v-h azimuthal
correlations

transverse
/7‘ plane
with initial k; (solid)
10 without initial k; (dashed
no energy loss
|
N
3 -1
= <10
-
-2
10
. with energy loss
10

0 02 04 06 038
Wang, Huang, Phys.Rev.C55:3047-3061,1997

1

o P+P;
(Effective) jet fragmentation
functions can be extracted from Y-
hadron azimuthal correlations

(modulo initial k7 effect)

o A+A:
Modification of fragmentation
function provides information on
parton energy loss

® Variables:
h
$r = —y
Py
1 dN(z,)
D(z,) = .
trig dzT



I I I
Head Region (|JA ¢ - n] <n/5

e Fit effective FF’s with

raéi)

Direct y-h

10 ® p+px10 ﬂ — Ne'sz
I ®  Run 7 Au+Au 0-20% dzT
® ptp: b=6.89 £ 0.64
10 e AutAu: b =9.49 £1.37

5<pTv<7GeV
7<pTv<QGeV
9<pTV<1ZGeV
12<pTV<15 GeV

e Difference reflects
influence of the medium

4 » B »

Global Scale Uncertainties:
13% ptp
16% Au+Au

~N— ‘
PH ENIX
Preliminary

| llllllll | llllllll | llllllll | llllllll LA llllllll T TTTT)

02 04 06 0.8 1 12
Zy

o



lan = DAA(ZT) [ Dop(z7)

Head Region (|]A ¢ - | < n/5 rad)

B Run7Au+Au0209’Dlrectyh B ZOWW NLOp 05p
i "1481

.68, 1.88 GeVlfm

PH ENIX

0 T |

i |

0 05 0 5
y z
NLO calculation:
Zhang et al. (ZOWW), arXiv:0902.4000v1

9<p <1ZGeVIc u 12<p:<1SGeVlc:

1

e Different z; regions

probe different regions
of the fireball
(arXiv:0902.4000v [ )

e Agreement with
NLO pQCD +
parton energy loss:
Indication that energy
loss in different regions
of the fireball is
understood






r= direct y/inclusive vy

e
-
o

|

4
—

0.05

o
N
L I

PHENIX, Phys.Rev.Lett. 104 (2010) 132301

(a) p+p

p=03py

—_——

PH ENIX 1
n (b) Au+Au Min. BiaI

® Lowest p; ever measured
in p+p

® Comparison to NLO pQCD
(colored lines)

® p+p: Agreement

® Au+Au:
Strong enhancement
at low p;



0.15

direct y/inclusive y

005

PHENIX, Phys.Rev. C87 (2013) 054907

| (a) p+p
0.2

NLO pQCD
—n=1.0p_
-1 =0.5p_
- -pu=2.0p,

T (b)d+Au
S =200GeV, |y|<0.35

| (c) Au+Au

llllllllllllllllllllllllllll
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1

2

3 4
P (GeV/c)

5

6 1

2 3 4
P, (GeVl/c)

5

6 1

2

3 4
P, (GeVic)

5

6

e Use d+Au collisions

® Same method: no
significant low pT
enhancement in
such collisions

® Hints strongly that
enhancement is

final state effect in
Au+Au
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10*

ddd
o < <

—t

-—h
© o
N

d®N/dp¥(GeV2c®) or Ed®o/dp 3 (mb GeV3c?)
S

Phys.Rev.Lett. 104 (2010) 132301

Ydirect -= Yall = Ydecay
® AuAu 0-20% x10°

conversion
method

~
~
~
~
~
4
~
..
d

- PHENIX

EMCal
measurements

5 6 7

P (GeV/c)

e p+p:spectrum described with
[, (p)=A-(L+ p,/b)™"

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

_ Ncoll
fAu+Au(pT) - Ginel X fp+p(pT)

NN

® Slope parameter (0-20%):
T=(221 £23 £ |18) MeV
v\ Historically expected to be a

lower limit
for the initial temperature!



= Direct photon spectra at\{sNN = 200GeV
L= —e— Ty, /T, % d+Au (RUNS)
107 o T,T,, x d+Au (RUN3)
- —=— Au+Au (MB, PRL104 132301)
102E Lo T, % ptp fit result
a  F
O’O i é...\ "g‘
2107
0 F X
a [ 2.
B a4l R
> 107
o F -
w
10°F ﬁi?
- PHENIX preliminary
10°E | [ el
10.7~llllllllllIlllllllllllllvllllll
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P (GeVic)



0 | _ ® Model space-time evolution

10 ' I ' | ' | | ] . ]
Au+Au at RHIC : with ideal hydro
f:'; 107} 0 - 20 % Central SUM 3 e This calculation
— 5 v:0904.2184v|
P E T ;I){rgmpt ® Hydro starts early
-Z[..— 10-3;_ - — - Thermal QGP. (to = 0.2 fm/c) to take pre-
ey N~ - PHENIX - equilibrium photons into
;» ’ 0-4;_ N account
© . ) : ® Thermal equilibrium
10°F o SIS expected at T, = 0.6 fm/c
‘ ‘ A N . \ (Tinitial = 340 MeV)
10-6 . I . I A : N
1 2 3 4 S 6 ® Photons from jet-plasma

C. Gale, arXiv:0904.2184v1 P [GeV] e e e FEeclEe

® T > T.= 170 - 190 MeV
o ) / —> evidence for the
Similar conclusions for essentially .
formation of a quark-gluon
all hydro models on the market plasma
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¢ ALICE measurement through
external conversion also done
in Pb+Pb collisions

® Remember: no significant
excess in pt+p collisions

® Same in peripheral Pb+Pb:
no significant direct Y signal

® |n central Pb+Pb, ALICE

observes significant direct
photon signal

® At low pT,signal is also
significantly above NLO!

® There appear to be
additional (thermal) photons

(Y inc/ﬂjo)/('Y decay/no)

3.0

2.5

2.0

ALICE

PRELIMINARY
—+— Direct photon double ratio
—— NLO prediction: 1 + (N__ vy

foru=0.5,1.0,2.0 p

coll’ direct,pp,NLO

Wy

0-40% Pb-Pb, \/SNN =2.76 TeV

)

decay

1.0




® With the double ratio,
direct photon spectrum

is calculated, here for
central Pb+Pb

¢ At low pT, the measured
spectrum is significantly
above NLO calculation

® Use exponential fit to
extract slope T from the
spectrum:
f(pt) = A x exp(-p1/T)
(same fit as used by
PHENIX)

&5 103§ T T T [ T T T [ T T T [ T T T [ T T T [ T 11 EI
3 10 0-40% Pb-Pb, s, = 2.76 TeV =
|5 ALICE =
“-'o%l_ . —¢— Direct photons PREAR —
Qq;; = —— Direct photon NLO for u = 0.5,1.0,2.0 p_ (scaled pp) 3

— i 107" —— Exponential fit: A x exp(-p_/T), T =304 = 51 MeV "=
Al — [/ =
10'2;— ?Q =

S ’ &

10'3;— =
10'4;? ?;
105 =
10 =
10-7EI | | | | | | | | | | | | | | | | | | | | | | | | | E

0 2 4 6 8 10 12 14

P, (GeV/c)

Slope parameter from exponential fit:
T =304 5] MeV

compare RHIC: | = 22 1+23+18 MeV
= T(LHC) > T(RHIC)



¢ pQCD has uncertainties

® Study effect of uncertainties on
slope parameter T

® Subtract pQCD
“background” from thermal
signal, including theory
uncertainty

® Fit remaining thermal photon
spectrum

® T parameter is very similar to
ALICE fit (depending on the

BFG set and fit range)

® Thermal signal remains!

PbPb — y X at |s,,,, = 2.76 TeV with |y| < 0.75
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Klasen, etal., JHEP 1310 (2013) 119 p, (GeV)
1 T T T L T T

(GeV?)

dNDan'no
2m N, Ay P, dpl

1

10~

—_
=
N

—A
o
w

-t
<
s

—
S
o

—y
o
m

LI RAALL

l I T I T 1 | [ 1 1 T I 1 L L] l L L ] B
‘ Difference of ALICE 0-40% data to theory =
- exp(-pT/T) with T = 309 + 64 MeV

"l'_ﬂl 11

E A exp(-p,/T) with T = 255 + 99 MeV
s { Same using BFG set | .
S .~ D A exp(-p_/T) with T = 329 + 60 MeV g
S B " A exp(-p_/T) with T = 263 + 96 MeV .

L 1 1 L 1 |

2 = 6 8 10 12 14







Hydro after T
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..... Hydro. Thermal y Hendrik van Hees, Charles Gale, Ralf Rapp,
Hydro.Thermal+Hard v Phys.Rev. C84 (201 ) 054906
0.25 dir.
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Theory calculation:
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® High direct photon v2 is
an unexpected result

® |s there a cross check?

® Use different method:
external conversion
with alternate track
model

® First thing to compare: Ry

® Ry is necessary to
calculate v>

® Ry is the same, systematic
uncertainties are different

IIITITlIlIlIllTl]lTITITIII]]IIl

Au+Au: szN = 200 GeV
2007 Run 7 Data, Inl<0.35

Min. Bias Centrality

external conversions (PHENIX preliminary)

virtual photons, Phys. Rev. Lett. 104, 132301 (2010)
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oreliminary
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external conversions (PHENIX preliminary)

arXiv:1105.4126

e PHENIX v; result
is confirmed by
the external
conversion
method

® Both internal and
external cross
checks are
important in
experiments!



o ALICE measured v2 of direct
photons

® Similar size as in PHENIX

® |arge systematic uncertainties

¢ Uncertainties driven by uncertainty
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® This measurement seems to
support the “Direct Photon Puzzle”
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® Direct photon vz and excess still not understood

® Are the measurements wrong?! Ve hope not, but there are more and
more cross checks coming

® What is missing in theoretical description?
® Blue shift? Additional v, from interaction with hadrons? Anything else?

® Ask your favourite theorist

® to be continued ...






