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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 -
produced in initial hard
parton-parton scatterings

" Photons leave the
subsequently produced 0
medium (quark-gluon
plasma !?) unaltered

" Test hard scattering O
predictions

® Measure rate of hard
processes
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Low p,; thermal direct

photons expected to reflect
the initial temperature of the
thermalized fireball

Temperatures above T_

indicate quark-gluon plasma
phase

Search for evidence for jet-
plasma interactions?



Known and Expected Photon Sources

Photons in A+A
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Schematic Photon Spectrum in A+A

Central Au+Au at RHIC
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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



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

10" ——er—————————————rr—r
T 00| Central Au+Au (s'°=200AGeV)
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S, |

10° }
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Z 10_4 r
O 10° = Hadron Gas
LL] | —— QGP (T=370MeV)

10° } initial pQCD (pp)

sum
_
p; [GeV]

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

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

" Sofar (2011) only two measurements
+ Central Pb+Pb collisions at Vs = 17.3 GeV (WA98)

+ Central Au+Au collisions at \s,, = 200 GeV (PHENIX)

" 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.

" Methods:

¢ Measure photons with electromagnetic calorimeter (WA98, PHENIX)
¢ Measure virtual photons (y* — e'e’),

>k
TYdirect Vdirect

and assume = (PHENIX)

. . *
TVinclusive Yinclusive Mee <30 MeV
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Subtraction Method

WA98, nucl-ex/0006007 (— link)

Systematic uncertainties
partially cancel in this ratio

1 in i 7TO m
“Ydirect +— 7Yinclusive — Ydecay — (1 — —)/Yinclusive with R,y = (/Y clus ve/ 0 ) ==
R’Y (’Ydecay/ﬂ' )calc
e Based on the measured 1° (and n) P
£ — ™ spectrum, the expected decay photons are
%’ calculated (assuming m_ scaling for
%3;’10 'Ig unmeasured particle species)
oM i
g 10 2 The double ratio R contains the statistical
:LE and systematic significance of the direct
070 photon signal.
_4? For the extraction of the direct photon
10 Calculated photons spectrum, only systematic errors that
o from hadron decays canceled in the double ratio R need to be
_IO ] Lo b by v by by added
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http://www.slac.stanford.edu/spires/find/hep/www?eprint=nucl-ex/0006007

Direct Photon Measurement by WA98
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Interpretation of the WA98 Data
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208
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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)


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

Internal Conversion Method: How to Avoid the r°
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'vvvwcﬂfva:N<e-

e-l-

¢+ Rate and m_, distribution calculable

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

=  Hadron decays: m_< M, _,...

= Essentially ¢
no such limit ¢ Ip—e
for point-like
processes
g q
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Motivation

¢ Measure direct photons where thermal
photons dominate and calorimeter
measurements are difficult
PHENIX, arXiv:0804.4168v1
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More Details on the Internal Conversion Method:
Kroll-Wada Formula

Number of virtual photons 1 dN.. 2a 1 4m?2 2m>
per real photon (in a N g = 3 1 — 28 (1—|— 28)5
given An A Ap; interval): QLT Eiee Mee Mee
2
Hadron . 2 vi2¢1 _ Meey3 Point-like .
decay: S =[F(me.)I"(1 Mf% process: >=1
hd hd - hd
form factor phase space holds for Proe>> M,
1IN dN,/dm,, (MeV))
0.00
] PHENIX measurement:
osl Direct photon 80 <m,, <300 MeV
1077 3
107 — There are 0.002 e+e- pairs
m.. (MeV) with 80 < m_ <300 MeV
I Ty T Ty S T for every real photon
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Extraction of the Direct Photon Signal

Two-Component Fit

f(mee) — (l - ;") : It;:O(:ktaiI‘(\"'T*'ee) + r/‘fdirect(mee)

acceptance

-k
e
N

dN/dm,.. (¢¥/GeV) In PHENIX
o
A

-t
cl
(3.}

Separately normalized
to data at m_, < 30 MeV
/)

Au+Au (MB) 1.0<pT<1 .5 GeV/c

cocktall components — f,,(m)
r — fe(m)

= M )
: o — (1-0f (m)+rf_(m)

5 --n r = 0.128+0.015

n 9 ¥2/NDF = 13.8/10
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Fit range: 80 < m_, < 300 MeV
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Interpret deviation from
hadronic cocktail (11°, n, w,
n', ®) as signal from virtual
direct photons

Extract fraction r with two-
component fit
’Y:j‘irect

*
rYinclusive Mee <30 MeV

I =

Fit yields good x?/NDF
(13.8/10)
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Internal Conversion Methods: Results

L 1 4
B T _ s~10
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I T : 107
. S i . SRR 102
= Enhancement in Au+Au above p+p 10°
described by an exponential S10+
(as expected for a thermal source) 4
_ w1
YAu—I—Au — Ncoll : Yp—|—p +A-e pr/T
10°°
" Slope parameter (0-20%): | | | | | |
— -7 [N [N N N N s (N A O O |
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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Direct Photon v, (PHENIX)

PHENIX, arXiv:1105.4126 (— link)
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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

Motivation for Studying Dileptons
in Heavy-lon Collisions

dN,. / dM

%‘Low— Intermediate- gHigh—Mass Region‘%

I S S S
M [GeV/c?]
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® Search for modifications of
vector mesons in the medium

> Broadening vs. mass shift

> Effects of chiral symmetry
restoration?

" Thermal emission (both from
QGP and hadronic phase)

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

PRL 75 (1995) 1272
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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
T ¢
> 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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http://indico.cern.ch/getFile.py/access?contribId=s21t1&sessionId=15&resId=1&materialId=0&confId=a044573

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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In-In NAGD Nt&fgntralily selection

\

data — coc
(cocktail without p)allp_
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NA60 Data Described by Broadening of the p Meson

> = Calculation: Rapp, arXiv:1010.1719
E4mﬁlln'lnNA60 i+ — Rapp/Wambach ———
o | semicentral { i —— Brown/Rho 107 | Tc=Tey=175 MeV, a=0.1 ¢”/fm ot e
N N !} —-- Vacuump F 02GeV<q<24 GeV QGP ]
2 i <#:MO { i— cockt.p P :
= 3000 ' ; = 10° ¢
© i a”p.l_ z
= L —
o E .
i % 107
2000~ 2
- =
L € 10
— ‘-‘Z-‘-u
1000 =
-9
- 107
0

" 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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- 0.8=M<1.0 [ >
- 1.0=M=1.2
& 1.2=M<1.4

250 © hadrons (n, p, ®, ¢)

200 T
150 + -

1075 05 1 15 2 25 1004 | : | | |
M (GeV 0 0.5 1 15 2 2.
m;-M (GeV) M (GeV)

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

5

= Increase of T__interpreted as radial flow (T__~ T+ M V2

)

= lLower 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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flow
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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 measurement using the internal conversion method 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

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