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Motivation for Measuring Direct Photons
in Heavy-lon Collisions

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

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

thermalized fireball
® Photons leave the

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

® Test hard scattering = Search for evidence for jet-
predictions plasma interactions?

" Measure rate of hard
processes
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Reminder: High-p; Direct Photons Confirm T,z Scaling

§2'4 PHENIX Au+Au, ys,, =200 GeV, 0-10% most central

2.2 i direct y (arXiv:1205.5759) ¥ Jiy 0-20% cent. (PRL98, 232301)
2 % n° (PRL101, 232301) & © 0-20% cent. (PRC84, 044902)

i n (PRC82, 011902) ! &t (PRC84, 044905)

1.8 ¥ o (PRC83, 024090) § K" (PRC83, 064903)

16 # p (PRC83, 064903)
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Known and Expected Photon Sources

Photons in A+A

7~ N

Direct Photons Decay Photons
— / \ \ (TT°>YY, N—YY, -..)
hard Preequilibrium thermal Jet-medium interaction
J \ Photens /7 \ /7 \\
direct bremsstrahlung/ QGP Hadron gas jet-y- medium induced
fragmentation conv. Yy bremsstr.

e.g. 39: qQcp — q+7

gluon jet
Tjet(q)—(p) X 0(¢ — P)
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Photon Production: Feynman Diagrams

q ¥
QGP: (a)

g q

n* ¥

Hadrongas: @

q ¥ q q
(b) (c)
q g q q
t i
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Measuring Temperatures via the Planck Spectrum

source: http://en.wikipedia.org

2.2
2.0 4 extraterrestrial solar spectral irradiance
18 total area: 1367 Wim?

blackbody spectrum for T = 5777 K
total area: 1367 Wim?

Spectral irradiance, W/(m? nm)

0 500 1000 1500 2000
Wavelength, nm

source: http://en.wikipedia.org
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Analog, but slightly different:
Photons from the quark-gluon plasma

"  Photons produced in scatterings of quark and gluons in thermal equilibrium

= Photons not in thermal equilibrium (A, = 500 fm), but energy spectrum
reflects QGP temperatures

Photon rate: yield per unit time and
volume as a function of photon
energy(theoretical calculation)

1072 e

10°4 |- -

[ Hadron gas

10~6 |-

T =180 MeV

4 3 4 2
E,dN,/d*x d°k, (1/tm* GeV?)

QGP photon rate (lowest order): 10-8
PP IR IR IR B
dN’}f 2 —E /T E’YT 0.0 0.6 1.0 15 2.0 2.5 3.0
E’YdTp x aosT e " log k_g E, (GeV)
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What can we Learn from Thermal Photons Measurements?

" The QGP expands in longitudinal
and transverse direction and cools
rapidly

= |t lives only for about 3 x 10%° s

®  What information can one extract
from a measured thermal photon
spectrum?

"  Thermal photon spectrum has contribution from all stages of the time
evolution (including the hadron gas phase)

" Hadron spectra (11, K, p): only from late hadron gas phase

" Thermal photons measurement + modeling of space-time evolution
(hydrodynamics)

= Initial QGP temperature
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Schematic Photon Spectrum in A+A

Central Au+Au at RHIC

log scale

Photon Yield

A

thermal: G_E'V /T

Decay photons
(TMO—y+y, N—y+y, ...)
=~ 10 GeV/c

3-6GeVic p, (GeV/c

" Thermal photons expected to be
significant contribution below
p; ~ 3 GeV/c

" Hard photons dominant direct
photon source for
p; >~ 6 GeV/c

" Jet-photon conversion might be
significant contribution below
p; ~ 6 GeV/c

J. Stachel. K. Reygers | QGP physics SS2015 | 10. Thermal photons and dileptons



Calculation: Sources of Direct Photons
in Au+Au Collisions at Vs =200 GeV

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

10" p—g———r——————————r————
ST Central Au+Au (s'°=200AGeV)
=
QL g
O
| S | -2
10
O
~. )
= 10
O 10° e Hadron Gas
LL | —— QGP (T=370MeV)
10° | initial pQCD (pp)
; sum

Window for thermal photons from QGP in this calculation: p; =1 - 3 GeV/c
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Direct Photons in A+A Collisions: Measurements

= So far (2015) only three measurements in the p; range where thermal photons
might be an important source

+ Central Pb+Pb collisions at Vs = 17.3 GeV (WA98)

+ Central Au+Au collisions at \/sNN = 200 GeV (PHENIX)
¢ Central Pb+Pb collisions at Vs, = 2760 GeV (ALICE, preliminary)

After an photon excess has been established experimentally, one needs to figure

out whether there is a contribution from thermal direct photons. This needs
theoretical guidance.

" Experimental methods:

¢ Measure photons with electromagnetic calorimeter (WA98, PHENIX)

¢+ Measure photons via external conversion in e+e- pairs (ALICE, PHENIX)
¢ Measure virtual photons (y* — e’e’),

and assume —lorect . Jdirect (PHENIX)

. . *
Yinclusive Yinclusive Mee <30 MeV
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Subtraction Method

WA98, nucl-ex/0006007 (— link)

Systematic uncertainties
partially cancel in this ratio

1

Ydirect -— 7inclusive — “Ydecay — (1
R’Y

(’Vinclusive /7T0 ) meas

(,Vdecay /770 ) calc

)Vinclusive with RPY —

Fraction of Background Photons

Calculated photons

from hadron decays
3

1.5 2 25 35 4
Transverse Momentum (GeV/c)

1
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Based on the measured 1° (and n) p-

spectrum, the expected decay photons are
calculated (assuming m_ scaling for

unmeasured particle species)

The double ratio R contains the statistical
and systematic significance of the direct
photon signal.

For the extraction of the direct photon
spectrum, only systematic errors which
dropped out in the double ratio R need to
be added
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http://www.slac.stanford.edu/spires/find/hep/www?eprint=nucl-ex/0006007

Direct Photon Measurement by WA98

18 F . : : :
" 158 A GeV 2Pb + 2%Pp N()II§|gnaI in peripheral
L6 Peripheral Collisions collisions
14 | q
S g2 = 20% photon excess in
~ L B ; mul central Pb+Pb collisions
Qh I :_"""";__r;iif"" D, St il Sty o R ey T 1T 1 77
<= 08| 1T
> 5 e
~ 06 g
— L
w 18]
o - .
,-E 16| Central Collisions
o i
E 14¢ ~20% photon excess +
> 12f cao®e? +++
S— i gt.. 1‘ ¢ +++ .
 — .",,.u' .....
08|
0.6 4

0 0.5 1 L5 2 2.5 3 3.5 4
Transverse Momentum (GeV/c)  Phys.Rev.Lett.85:3595-3599,2000
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Interpretation of the WA98 Data

10’

0

100 ¢

107

9, dN/d’q [GeV ]

q,dN/d’q [GeV ]

208

Pb(158AGeV)+ °Pb |

10% Central Collisions
2 35<y<2.95

b

F—-——- QGP (T=205MeV) ™\

initial pQCD N
sum ENA
0 1 2 3 4
q, [GeV]
lr 2 ph(158AGeV)+*"Pb |

\[ . 10% Central Collisions
' 2 35<y<2.95

Ts ]
Ha WAS98 Data
4
by
| (T=205MeV) :

sum <Ak12:=:0
L ———— sum <Ak, >=0.2GeV"

sum <Ak, “>=0.3GeV*

0 1 2 3 4

q, [GeV]

Ch. Gale, arXiv:0904.2184 (— link)

Theoretical ingredients:
" (schematic) fireball evolution

"  Photon emission rates from a gas of
hadrons

®  Photon emission rates from the QGP
complete to lading order in a_

®  Estimate of the Cronin effect deduced from
p+A collisions

Conclusions:

" Data consistent with QGP scenario
(T =200 - 270 MeV), however, QGP

contribution is small
®  Data also consistent with hadronic

scenario (Cronin enhancement alone
could explain the data)

J. Stachel. K. Reygers | QGP physics SS2015 | 10. Thermal photons and dileptons 14


http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0904.2184

Internal Conversion Method: How to Avoid the Tr°
Background at the Expense of a Factor ~1000 in Statistics

®  |nternal conversion

¢ Any source of real photons also
emits virtual photons

¢ Well known example:

0 Dalitz decay

Y’VVWEOM(IY\*Ke;

e

¢+ Rate and m_, distribution calculable

in QED
(Kroll-Wada formula, see next slide)

= Hadron decays: m_< M,

adron
m i €
Essentlal_ly | ] v o*
no such limit
for point-like
processes
g q

Motivation

¢ Measure direct photons where thermal
photons dominate and calorimeter
measurements are difficult
PHENIX, arXiv:0804.4168v1

10
o F *  AuAu Min. Blas x10*
3
E 10 EE © ®  AuAu0-20% x10?
.g 102 ;g O =  AuAu20-40% x10
o 100 e v p
a 10z
O Eon, N TN e Turblde et al. PRC89
% e
w 1011 i EMCal data
o107 E ™
L 2;
S10°E
7] B
S10°e
&
210
%Y =
w10°e
10°Internal conversion .
= methcrd
10.? IIIIIIII|IIII|IIII|IIII|III|
1 2 3 4 5 6 7

P; (GeV/c)
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More Details on the Internal Conversion Method:

Kroll-Wada Formula PHENIX, Phys.Rev., C81 (2010) 034911 (— link)

Number of virtual photons 1 dN.. 2a 1 4m?2 2m?2
per real photon (in a 1 — —= (1 + —° ) S

T 2 2 2
given An A Ap; interval): Nydmee 3T Me. Mee Mee
Hadron 2 (2 Mee \3 Point-like
S=|F(m 1— c< ) S=1
decay: [F (mee)I( M;A: process:
' N - N
form factor phase space holds for Py >> M,
1/N_dN_J/dm_, (MeV-'))
0.001 Y

PHENIX measurement:
Direct photon 80 <m,, < 300 MeV

1{:'5.-

lﬂl?;

107 — There are 0.002 e+e- pairs
m.. (MeV) with 80 <m_ <300 MeV
T T T s T e 1w e for every real photon
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http://arxiv.org/abs/arXiv:0912.0244

Extraction of the Direct Photon Signal:

Two-Component Fit

f(mee) — (1 — f’) ) ﬂ:oc ai (mee) +r- ﬁirec_(mee)
kt Iv\ /J t

dN/dm,,.. (c%/GeV) in PHENIX acceptance
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r = 0.189:0.0213
¥2/NDF = 12.2/6

‘.
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Fit range: 120 < m_, < 300 MeV

0.5

Interpret deviation from
hadronic cocktail (11°, n, w,
n', ®) as signal from virtual
direct photons

Extract fraction r with two-
component fit
’Y;irect

*

fyinclusive Mee <30 MeV

T =

2/NDF: (12.2 / 6)
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Internal Conversion Methods: Results

L 1 4
B T _ s~10
L (a) p+p | (b) Au+Au (Min. Bias) L 3]

=
Mo
T
|

I

|

= 10°

0.15

r=direct y/inclusive y

dd
o <

=9

0.05

Il
3 35 4 4.5
P, {GeVic)

ulzuim-lum i ||||-|||| ||||-||:||||.|||| IIII.IIII|IIII|IIII|II |

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

d*N/dp®(GeV%c?) or Ed’c/dp® (mb G
2333

4 AuAu Min. Blas x10*
*  AuAu 0-20% x10?

u AuAu 20-40% x10

v pdp

------------- Turblde et al. PRC69

- w10
YAu—I—Au — Ncoll ) Yp+p +A-e pr/T
10°
" Slope parameter (0-20%): | | | | | |
— -7 [N Y S Y S S I (A O I
P, (GeV/c)
" Initial temp. from hydro: Expected to be a lower limit
TI_ =300 ... 600 MeV for the initial temperature T!
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Confirmation with Real Photons from Conversions (l)

PHENIX, arXiv:1405.3940 " photon conversions
@ ®
16| ! | ® tagging of ° decay
Lal } | { | photon by measuring
.
o . %} ) 3t % the second photon
2ty # ;|; ;|S I g;ﬁ*i*fg %@ ' with a calorimeter
X0 ) S < (R R
0-20% 20-40% " Material budget
® P}'{L 10; 1323’01 (2(')10) @ uncertainty traded for
i ’ | Aut+A
Lo ¢ Present data \/5% :u200GeV ! energy .Scale
14| i _ uncertainty of the
. . calorimeter
1 tassted { | n |
10k - ---—-— o _i _________ ijiifi_{ _+_ - % _______ 2 calovineley
40-60% 60-92% .
1 2 3 4 T 2 3 4 :
PT [GeV/ C ] \ \
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Confirmation with Real Photons from Conversions (ll)

(GeV/c)™

d2N
2npr dprdy

1
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PHENIX, arXiv:1405.3940

@
- »
@

—— Ngop-scaled pp fit

pp fit
Au+Au, min. bias

PRL 98, 012002 (2010)
PRD 86, 072008 (2012)

HH e F<H HEH O O |

PRL 104, 132301 (2010)

PRL 109, 152302 (2012) _

3 PRL 104, 132301 (2010) ]

T %

- %@@ 3

i P - -

- /Sn = 200GeV ‘*n@\g

0 2 4 6 8 10 12 14
PT [GeV/c]

Shape in Au+Au qualitatively
different from shape of fit
function for pp

Fit function for pp data

supposed to represent the
hard scattering contribution:

p7\"
inv. yield = a X (1 + TT)
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Initial Conditions for Hydro Modeling:
Constraint for Initial Temperature from Hadron Multiplicity

Entropy density from Bjorken model from approximately constant entropy per
final-state hadron (S/n, 4., = 4 in natural units):

1 dS 1 e dnhadron

Yy

= — ~ ith k~4
°B) ATQ dy y=0 AT() dy W

y=0

Relation between entropy density and temperature in an ideal gas of quarks and

gluons:
2

sia = 4gqapaT”®  with a = 79T_0 and goap = 37 (42.25) for 2 (2.5) quark flavors
dnhadron k
SBj Sid 1nit dy =0 4gQGPa’A7—O

Numerical example (central Au+Au at RHIC):

dn 3
d—” = 2 X800, k=4, Ax7(5m)’> = T =290 MeV for 7o = 1fim/c

y
Tinit = 550 MeV for 7p = 0.15fm/c
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Direct Photons at RHIC:
Initial Temperature from Model comparison

df" 10 3 L
'_'; E \.l Thermal Photons in Au+Au at\‘ls_m =200 GeV
O] B 1 * DATA 0-20%
(.':‘,"" B x5 "I --. D.d'Enterria & D. Peressounko: T, = 590 MeV,t, =0.15 fmic
kY ]
-9- 1 E vy ‘, ~... 5. Aasanen et al.: T, = 580 MeV 1, = 0.17 fmfc
- LI
ton C i -+ DL K. Srivastava: T, = 450-600 MeV,t, = 0.2 im/c
--z-? : -.= 5. Turbide et al.: T, = 370 MeV. 1, = 0.33 im/c
QD ] . 3, F. M. Liu et al.: T, =370 MeV.t, = 0.6 fmic + LO pQCD
L 1 0 E h '\!'._;‘-‘ - - J. Alam et al.: T, = 300 MeV 1, = 0.5 fmic
N \'\“';i.. —W. Vogelsang: Prompty NLO pQCD = Tm (0-2086)
LA AN !
Al A\
107E
-3
107°E
'4 —
107E
=5
107k
10.5|||||||||||||||||||||||"|-|‘|'*||||||||
0 1 2 3 4 5 6 7
p_ (GeV/c)
T
J. Stachel

800
- ® D. d'Enterria & D. Peressounko
700[— B S.Rasanenetal.
- D.K. Srivastava et al.
600— L ] S. Turbide et al.
- * F. Liu et al.
S00 l ¢ J. Alam et al.
400} "
300— qp
200
100
: | 1 1 1 I. 1 1 1 1 J L 1 1 1 I ' L 1 1 I 1 ' L 1 I 1 1 'l L I 1 1 1 'l
uﬂ 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1, (fm/c)

T..=300 ... 600 MeV
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Direct Photon v, (PHENIX)

PHENIX, Phys. Rev. Lett. 109, 122302 (2012) (— link)

> - o
> C -
<. P AutAu@200 GeV > o025F
;‘u 02 Minimum bias :EP— ;
' : 0.2
g u —
£ ol o, I
: 0.15
01— -
0.05 0.1F
- inclusive photon v, -
0:_ .......................................................................................................................... u-ﬂs__
0.05F B
| | | | ol | | | u R
1 2 3 4 5 6 7 8 :
p. [GeVic] -
-0.05— | I | | | | | |
. incl-_ deca}y.v III1IIII2IIIISIIII4IIII5IIIIEIIII7IIIIEI|
Udir. v _ R7 Uy () I

Large direct photon v_ is a challenge to theory because most thermal photons are
expected to be created early (when the temp. is largest and) when v, has not fully
built up
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http://arxiv.org/abs/1105.4126

ALICE: Measuring Photons with Conversions

ca. 1950 2013

Excellent photon momentum
resolution and rather pure
photon samples at the

expense of loss in statistics Photon conv. probability in ALICE (for R < 180 cm):

Peorv = 8.5% for p; > ~3 GeV/c
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Photon Conversion Analysis —
Reconstruction of Secondary Vertices (V0's)

"  Consider charged tracks with

U large impact parameter b
- fiducial -«
+ track zone

R " Accept pairs of such tracks with
small distance of closest
approach (DCA) as VO's

" VO0's mainly from

¢ K- m+m1- (cT = 2.7 cm)
pr\irnary vertex ¢ A—ptm(cT=7.9cm)
¢ converted y's

" Cuts based on decay kinematics
and electron ID to obtain rather
pure photon sample
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Pb+Pb at 2.76 TeV: Photon Excess in Central Collisions

~~ 30 T T T T T T T T T T T T T T T T T T T T T
< B l | I | | ]
§ L 0-40% Pb-Pb, {s,, = 2.76 TeV i
> L _
& 25— QALICE —
\8 PRELIMINARY
o L i
| —¢— Direct photon double ratio |
5 o— = NLO prediction: 1 + (Nco”y direct’pp,NLo/y decay) _
- forp=0.5,1.0,2.0 p_ 7
15— |
IR LAL :
1.o~+
B 1 | l | l 1 | | 1 1 | I | 1 1 |_

0-% | | | é | | 1 4|- 1 1 | é

—_
o

12

—

P, (GeV/e)

= Photon excess of about 15-20% (for 1 < p; <5 GeV/c)
" Comparison with pQCD: Thermal photon component below 3 GeV/c?
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Direct Photon Spectrum in Pb+Pb at 2.76 TeV (ALICE)

— 103 T 1 —T 1 T 1 — T T T T T 1 O
o | | | | I E
> 2 |
g " 0-40% Pb-Pb, Sy = 2.76 TeV :
I3 102 ALICE =
o | & — i PRELIMINARY —]
'O'g-‘_ 1~ —— Direct photons —
= F —— Direct photon NLO for p = 0.5,1.0,2.0 p_ (scaled pp) =
—=Z 107 —— Exponential fit: A x exp(-p_/T), T =304+ 51 MeV "5
& F ) =
10 *Q =
* =
107 =
10* —-
10° -
10° -
10-7 | | | I | | | | | | | I | | | | | | | | | | | I | | | -|;
0 2 4 6 8 10 12 14

©
—
Q)
()
<
-~
£
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An Unsolved Puzzle

" For a static source inverse slope
parameter reflects temperature

;;E“’a"'"""""""""""" " For a moving source the
& 0-40% Po-PD, Yy, = 276 TeV observed inverse slope
R ALICE :
e = 1l parameter is also affected by
= —— Direct photon NLO for p = 0.5,1.0,2.0 p__ (scaled pp) L.
,—‘Z:J10'1 . ExponZntiaI fit: A x expL(L-pT/T),T=304pl 51 MeVpp Doppler blueShIft
N10'2 %o
i 1+ ﬁﬂow
10 Tslope — 1 6 T
— Mfow
10°
10° = 2 for Bflow=0.6

i
e
4

1 1 1 1 | 1 1 1 1 1 i 1 | I 1 i 1
4 6 8 10 12 14

p,ceve  ®  Could thermal photon production
be dominated by the late stage of
a heavy-ion collision
(T =150 MeV, By, = 0.6)?
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Comparison of Inclusive Photon v, and Decay Photon v, in
Central Pb+Pb Collisions at 2.76 TeV (ALICE)

0.16}
0.14f

0.12F

0.08
0.06
0.04f
0.02f

L
0.22F 0-40%, Pb-Pb, Vs, =
02k VZERO Event plane

0.18}

0.1f

T T T T

m v (Pb-Pb)
® v (MC Pb-Pb)

T I T
2.76 TeV

T T T L T L

-

ALICE -

PRELIMINARY ]

Event plane from particle anisotropy
in VZERO detectors

VZERO-A

N

28<n<51  -37<n<-17

_____VZERO-C

Inclusive photon v, compared with
decay photon v, calculated based on
measured pion v,

v,(inc) = v,(decay) for p; < 2 GeV/c:

Thus, if we there are direct photons
their v, must be similar to the decay

photon v,

J. Stachel. K. Reygers | QGP physics $S2015 | 10. Thermal photons and dileptons 29



Direct Photon v, in Central Pb+Pb at 2.76 TeV

v,inc N’y,dir ~v,dir
Ug - N Ug
v,incl
4 Nw,decayvfy,decay
Ny inel -
7,incl
v,incl ~v,decay
g dir Ryvy — Y
5 —
where R, — _Ywinc
TN
~v,decay
N’y,dir
N’y,decay

5 [ T e e
=' | 0-40%, Pb-Pb, Vs, =2.76 TeV !
0.2~ VZERO Event plane % 5
0.151- £ ALICE |
- Ly ih PRELIMINARY -
i & _+
" # :
il
0.05+ + ' -
i r i g LEAD.
) EER IR SRR e G i e e A | e e T ol
0.05| §
i . N i [ LEESH e, o
0 1 2 3 4 5
P, (GeV/c)
Direct photon v, similar in magnitude to the pion v,
(confirming the finding of PHENIX)
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Tension Between Direct Photon v, Data
and Hydrodynamic Calculations

Chatterjee et al., arxiv:1305.6443 (— link)

0.0 2.76A TeV Pb+Pb@LHC E
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due to prompt photon component (v, oyt = 0)
Direct photon v, data challenge the standard hydro models
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Motivation for Studying Dileptons
in Heavy-lon Collisions

Low-

Intermediate-

High-Mass Region:
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M [GeV/c?]

® Search for modifications of vector
mesons in the medium

> Lifetime shorter (w,p) or
similar (¢) to that of the medium

> Broadening vs. mass shift

> Effects of chiral symmetry
restoration?

" Thermal emission (both from QGP
and hadronic phase)

" High-Mass region:
J/¥Y suppression/enhancement
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Discovery of Low Mass Dilepton Enhancement

PRL 75 (1995) 1272

- p-Be 450 GeV p, >50MeV/ic - p-Au 450 GeV p, > 50 MeV/c - S5-Au 200 GeV/u p, > 200 MeV/c
10 La 8, > 35 mrad 100 ©,, >35 mrad 10~ L ©,, > 35 mrad
ol 21<n<2.65 2.1<m <265 £ 2.1 <1 <265

(dng, /dn) = 3.1 (dn,, /dm) = 7.0 (dng, /dn) = 125

—
[==]
—
o

—
=]

—
[=}

o
<
—
=]
'
o
<

cec

—
o]
[y
<

'

5
(d’n__/dndm) / (dn, /dn) (50 MeV/c™)"!

(d’n__ /dndm) / (dn,, /dn) (50 MeV/c™)"
3

(d’n,, /dndm) / (dn, /dn) (100 MeV/c?)"
<

,_.
<

10 ‘Wl/./ ) / l 2y

Ll I i
0 02 04 06 038 1 1.2 1.4

m (GeV/cZ) m (GeV/cz)

Discovery of low mass dilepton enhancement in 1995 i e

> p-Be and p-Au well described by decay cocktail p*

> Significant excess in S-Au (factor ~5 for m > 200 MeV)

> Onset at ~2 m_suggested =1 annihilation Y N

TT €
> Maximum below p meson near 400 MeV
A. Drees,

Hints towards modified p meson in dense medium Hard Probes 2004 (— link)
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Dilepton Spectrum in Pb+Pb at 158 A GeV (Ceres)
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" Di-Electron Excess (factor ~ 2.6) also measured in Pb+Au at 158 A GeV

" Even stronger enhancement (factor ~ 5.9) found in Pb+Au at 40 A GeV (effect of
higher baryon density?)

" Difficult to distinguish between calculations with dropping p mass (Brown/Rho) and
broadening of the p (Rapp/Wambach). Data seem to favor p broadening.
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Dimuon Data from NAG60O
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NA60 Data Described by Broadening of the p Meson
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Phys. Rev. Lett. 96 (2006) 162302

Calculation: Rapp, arXiv:1010.1719
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" Data rule out mass shift of the p meson (Brown/Rho model)

" Excess above cocktail for interpreted as thermal contribution
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Interpretation of the Dimuon Excess for M > 1 GeV
as Thermal Contribution

NAGO In-In
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" Excess dimuons (data — cocktail, except for the p) described by an
exponential in m_

m |[ncrease of Teff interpreted as radial flow (Teff ~T+M Vzﬂow)

= Lower T for M>1 GeV taken as evidence for emission at early times
(QGP) when flow has no yet fully built up. T_ > T_evidence for QGP?
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Points to Take Home

" Photons and dileptons are interesting because, once produced, they leave the
medium without further interaction

" This provides a handle to study properties of the medium at early times

" The PHENIX measurements using the internal and external conversion methods
provides evidence for thermal radiation and initial temperatures greater than 300
MeV in central Au+Au collisions at \s =200 GeV

= Puzzling result: Thermal photon v, at RHIC as large as v, of hadrons

= ALICE:

¢ Direct photon excess measured with external conversion method

¢ Large direct photon v,, in qualitative agreement with RHIC result

"  Dilepton measurements sensitive to in-medium modification of vector mesons and
thermal radiation
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