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Profiling RHIC collisions with 
electromagnetic probes 
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Physics in Heavy Ion Collisions (HIC) 
Why Quark Gluon Plasma (QGP) ?

Fundamental and thorough 
understanding of QCD

QCD is a theory to describe 
strong interaction

Questions have been:
Quark confinement

Origin of proton (hadron) Mass

Both questions rely on low Q2

region, where αs(Q2) is not small
QCD in thermal region



2009/08/04 T. Sakaguchi, Physics Colloquium 3

QED and QCD (αem << αs )
In QED, gauge particles don’t interact each other. (SU(1))

Coupling αem runs slightly to higher with increasing energy
Well established and tested theory. Can be used as a “tool”
Interaction can be treated perturbatively

In QCD, gauge particles do interact each other. (SU(3))
Coupling αs runs to lower with increasing energy

QED QCD
g

g g
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We will look at these regions at RHIC

Thermal region
Perturbative QCD
doesn’t work

Hard region
Perturbative QCD
works

•Interaction is non-perturbative in the low energy region
•Hard to understand QGP is a strongly interacting lab at various αs



2009/08/04 T. Sakaguchi, Physics Colloquium 5

Time evolution of heavy ion collisions

Gold ions almost “pass through” each 
other

Mid-rapidity region is full of small-x 
gluons

Turns into Gluon plasma

Gluon → quark + anti-quark → QGP

Cooling QGP → Mixed phase →
Hadronic stage

Temperature expected: T=160-190MeV 
(Threshold)

Gluon Plasma QGP phase Mixed phase Hadronization

 

+ Expansion

Petreczky, QM2009
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Hard scattering process at high Q2, where α(Q2) is small, is well described 
by NLO pQCD calculation

Unique Signature at high energy: Hard scattering cross-section is large
Jet and Direct photon
Heavy Quark production: Charm(onium), Bottom(onium)

Hard scattering in the vaccuum in HIC
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coneR

Hard scattering in a dense mediumHard scattering in a dense medium
Parton may change its momentum in hot dense medium

Energy loss through Gluon radiation, etc.

But! reconstruction of Jet in Au+Au is difficult
Because of…this!

Cross section in A+B collisions 
∝

 
AB ×

 
p+p collisions
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Energy loss =Yield suppress

π0 without energy loss

π0 with energy loss
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Instead..Instead..
We look at or trigger leading particle of Jet

A measure of Jet momentum

Angle correlation, Energy, momentum, etc. may reflect Jet kinematics

High pT π0
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This was not what we were looking for..
Initial goal was to look for direct photons in Au+Au collisions

This would tell temperature of the medium
1<pT<3GeV/c

γdir = γinc – γπ – γη – …

We had to subtract decay photons from π0, η, etc., in order to extract 
direct photons

π0, η should have been reconstructed very precisely

It turned out that π0, η themselves were interesting!
We already had precise measurement in hands

Attracted by an immediate gift before getting to the goal..
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A Victory: high pT hadron suppression
Shown is the ratio of π0 yield in Au+Au to the one scaled from p+p

If no initial or final state effect, the ratio should be 1.

A big discovery in RHIC Year-1 (√sNN=130GeV)
The ratio was significantly below 1

Maybe energy loss of partons
At CERN-SPS, the ratio is above 1.

Initial multiple scattering of partons(Cronin effect) pp
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PRL 101, 232301 (2008)
PRL 88, 022301 (2002)
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What causes this large suppression?
Is it due to energy loss of hard scattered partons?

Or, the hard scattering cross-section simply does not scale between p+p
and Au+Au

We need something produced in the hard scattering and emerging 
unmodified

Using QED for QCD
Photons don’t interact with gluons, weakly interacting with quarks

Direct photons is a tool to answer:

Jet Production: Yield ∝ αs
2 Photon Production: Yield ∝ ααs
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Thermal
region Hard region

With direct photons
Yield of π0 are suppressed, while direct photons are not

Initial hard scattering is not suppressed
Suppression of hadron yield is due to final state effect (energy loss of 
partons)

Other mesons are also suppressed as same as π0
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How direct photons are measured
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PHENIX Detector
Real Photon measurement

EMCal(PbSc, PbGl): Energy 
measurement and identification of 
photons
Tracking(DC, PC): Veto to charged 
particles

Dilepton measurement
RICH: Identify electrons
EMCal(PbSc, PbGl): Identify 
electrons
Tracking(DC, PC): Momentum 
measurement of electrons

π0

η

Invariant Mass(pT =4GeV, peripheral)
π0 efficiency
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How to extract direct photons
Statistically subtract photon 
contributions from π0/η/η’/ω

Measure or estimate yield of these hadrons
Measure: Reconstruct hadrons via
2γ invariant mass in EMCal
Mass = (2E1E2(1-cosθ))1/2

Or, tag photons that are likely from 
these hadrons event-by-event

Possible if density of produced particles is low 
(p+p or d+Au)

Subtract remaining background 
contributions:

Photons that are not from collision vertex
Hadrons that are misidentified as photons

Correct for detection efficiency of 
photons

Signal is very small.
~ 5% S/B in 1-3GeV/c
Extremely difficult

Direct γ hadron decay γ

Inclusive photon
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Direct photons in p+p collisions at RHIC
First measurement was carried out by BNL group in 1979(R806 experiment)

PHENIX has shown precise measurement in 200GeV Au+Au collisions
NLO pQCD tells that hard photon yield should scale with xT (= 2pT/√s)

Good agreement with NLO pQCD

Baseline for heavy ion results
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Landscape of photon sources in 
heavy ion collisions
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Before RHIC
In 1986, search for direct photon started in heavy ion collisions at CERN

Upper limits published in 1996 from WA80(S+Au at 200GeV/u
Followed by WA93

Third generation experiment, WA98, showed the first significant result
Pb+Pb √sNN=17.3GeV, PRL85, 3595(2000).

p+Pb data shows initial nuclear effect

Baumann, QM2008
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RHIC measured first signal
Suppression of π0 and η reduced background, and highlighted direct photons

π0 and η are dominant sources of background photons
S/B ratio increases as centrality increases

[γ/π0]measured / [γ/π0]background = γmeasured /γbackground

γmeasured / γbackground

S.S.Adler, et. al. (PHENIX Collaboration), PRL 94, 232301(2005)
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RHIC measured first signal
Hard photon yield is well described by scaled p+p yield for all 
centralities

Opened up precision measurements of hard probes at RHIC

Blue lines: Ncoll (Number of binary collisions) scaled p+p cross-section
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Hard direct photons are well established probe in p+p and Au+Au
Hard scattered photons should have associated jets in the opposite side
Photons can be used as a measure of the original momentum of jets

We look at leading hadrons as a measure of jets

Lines show fits to spectra of associated leading hadrons
Slope in Au+Au is steeper (softer) than that in p+p
Energy loss of partons happened in Au+Au

Direct photon-hadron correlation

zT = pT (hadron)/pT (direct photons)
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QGP Thermodynamics
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Another Victory ~large elliptic flow~
Collective motion of particles

Elliptic flow (v2) is the coefficient of second 
order harmonics of Fourier expansion of 
Y(Δφ)

Highest v2 possible at an initial collisional
geometry has been observed

Consistent with local equilibrium

STAR, PRC66(2002)34904

Area density
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Photons from thermal bath (QGP)
Thermal radiation from QGP (1<pT<3GeV)

S/B is ~5-10%
Spectrum is exponential. One can extract temperature, dof, etc..

Hadron-gas interaction (pT<1GeV/c):  ππ(ρ) γρ(π),  πK* Kγ

)0(Im23 =Π−= Mf
pd

dR
E em

Bem

π
αγ

)0(Im324 >Π−= Mf
Mpd

dR
em

Bemee

π
α

fB: Bose dist.    Πem : photon self energy

photons

dileptons

Interesting, but Challenging, 
because S/B is small

5
4
3
2
1

S/B ratio
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Additional degree of freedom -virtuality

Mass
(GeV/c2) 1

2

γ* → e+e-

virtuality
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Going to low mass high(er) pT
Focus on the mass region where 
π0 contribution dies out

For M<<pT and M<300MeV/c2

qqbar ->γ* contribution is small
Mainly from internal 
conversion of photons

Can be converted to real photon 
yield using Kroll-Wada formula

used to calculate Dalitz decay 
spectra
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Dilepton Analysis
Reconstruct Mass and pT of e+e-

Same as real photons

Identify conversion photons in beam 
pipe using and reject them

Subtract combinatorial background

Apply efficiency correction

Subtract additional correlated 
background:

Back-to-back jet contribution
well understood from MC

Compare with known hadronic sources

π0

π0

e+

e-

e+

e-

γ

γ

π0

e-

γ

e+
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pp and AuAu normalized 
to π0 Dalitz region (~ 
same # of particles)

p+p: agree with the 
expected background 
from hadron decays

Au+Au: large 
Enhancement in 0.15- 
0.75 GeV/c2

PLB670,313 (2009) arXiv:0706.3034

AuAu

pp

low mass

intermediate 
mass

J/ψ

ψ’

φ
ω

p+p and Au+Au dilepton mass spectra
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Au+Au dilepton mass at various pTs

0<pT <8GeV/c 0<pT <0.7GeV/c

0.7<pT <1.5GeV/c 1.5<pT <8.0GeV/c
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Data at low mass at high(er) pT

Results from various model

Results from Direct fit to spectra

Temperatures are above transition T!
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jet-thermal

But, landscape expanded richly after RHIC

Due to interaction of
hard scattered partons
and medium

Contributions are not as simple as we expected
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New production mechanism introduced

qg qγ→
Jet in-medium bremsstrahlung

Jet-photon conversion

Both are “thermal ∗ hard”

• Bremsstrahlung from hard scattered partons in medium (Jet in-medium 
bremsstrahlung)

• Compton scattering of hard scattered and thermal partons (Jet-photon 
conversion)

Turbide et al., PRC72, 014906 (2005)
R. Fries et al., PRC72, 041902 (2005)
Turbide et al., arXiv:0712.0732
Liu et al., arXiv:0712.3619, etc..
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Direct photon v2 ~a photon source detector~

Depending the process of photon production, angular distributions of direct 
photons may vary

Jet-photon conversion, in-medium bremsstrahlung (v2<0)
Turbide, et al., PRL96, 032303(2006), etc..

Thermal photon v2 ~ Quark v2 (>0), (based on hydro calculation)
Chatterjee, et al., PRL 96, 202302(2006), etc..

Turbide et al., arXiv:0712.0732

Thermal 
photons

Bremsstrahlung
(energy loss)

jet

jet photon
conversion

v2 > 0

v2 < 0
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Direct photon v2 in Au+Au collisions
Hadron decay photon v2
subtracted from inclusive 
photon v2.

Reached up to ~8GeV/c, no 
significance for pT<3GeV/c

Tends to be positive?

Uncertainty of γmeas/γbkgd
dominates error here.

1
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2 −
−×
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Future measurement
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Direct photons in LHC era?
Full Jet reconstruction is promising at RHIC

RAA in Cu+Cu (PHENIX), and that in Au+Au (STAR)

Direct photon-Jet correlation
LHC experiments are targeting this
Possible at RHIC if enough statistics accumulated

STAR Preliminary

20<pt,rec(AuAu)<25 GeV
⇒ < pt,rec(pp)> ~ 18 GeV

Bruna, STAR at QM2009Lai, PHENIX at DPF2009



2009/08/04 T. Sakaguchi, Physics Colloquium 37

Dilepton measurement with Hadron 
Blind Detector

Windowless Cerenkov detector with CF4 
avalanche/radiator gas (2 cm pads)

signal electron

Cherenkov 
blobs 

partner positron
needed for 
rejection e+

e-

θpair
opening

angle

~ 1 m

CsI photocathode 
covering triple GEMs

Designed for low-mass dileptons in A+A
Run-10 200GeV is the target

Removes Dalitz and conversion pairs
Reduce background γ*
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Summary
Direct photons probe the initial conditions of the collisions

Direct photons are a difficult measurement
Suppression of π0 helps at RHIC

We observed initial hard scattering, and it is not suppressed
Confirmed the suppression of π0 is a final state effect

We measured temperature of the medium through direct photons
Temperature is higher than transition temperature

Future of lepton/photon measurement
Direct photon elliptic flow
Direct photon-jet correlation
Dilepton measurement at low energy

Gluon Plasma QGP phase Mixed Hadronization

γ, γ*, jet
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Physics in Heavy Ion Collisions (HIC)

Why Quark Gluon Plasma (QGP) ?

		Fundamental and thorough understanding of QCD

		QCD is a theory to describe strong interaction



		Questions have been:

		Quark confinement





		Origin of proton (hadron) Mass



		Both questions rely on low Q2 region, where as(Q2) is not small

		QCD in thermal region
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QED and QCD (em << s)

		In QED, gauge particles don’t interact each other. (SU(1))

		Coupling em runs slightly to higher with increasing energy

		Well established and tested theory. Can be used as a “tool”

		Interaction can be treated perturbatively



		In QCD, gauge particles do interact each other. (SU(3))

		Coupling s runs to lower with increasing energy



QED

QCD

g

g

g
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We will look at these regions at RHIC





Thermal region

Perturbative QCD

doesn’t work

Hard region

Perturbative QCD

works

		Interaction is non-perturbative in the low energy region

		Hard to understand  QGP is a strongly interacting lab at various as
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Time evolution of heavy ion collisions

		Gold ions almost “pass through” each other

		Mid-rapidity region is full of small-x gluons





		Turns into Gluon plasma





		Gluon  quark + anti-quark  QGP





		Cooling QGP  Mixed phase  Hadronic stage





		Temperature expected: T=160-190MeV (Threshold)



Gluon Plasma

QGP phase

Mixed phase

Hadronization + Expansion 

Petreczky, QM2009
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Hard scattering in the vaccuum in HIC

		Hard scattering process at high Q2, where (Q2) is small, is well described by NLO pQCD calculation





		Unique Signature at high energy: Hard scattering cross-section is large

		Jet and Direct photon

		Heavy Quark production: Charm(onium), Bottom(onium)
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Hard scattering in a dense medium



		Parton may change its momentum in hot dense medium

		Energy loss through Gluon radiation, etc.





		But! reconstruction of Jet in Au+Au is difficult

		Because of…this!



Cross section in A+B collisions  AB  p+p collisions
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Instead..



		We look at or trigger leading particle of Jet

		A measure of Jet momentum





		Angle correlation, Energy, momentum, etc. may reflect Jet kinematics



High pT p0



X.-N., Wang, PRC 58 (1998)2321



Energy loss =Yield suppress



0 without energy loss

0 with energy loss

Yield [GeV-1c]

pT [GeV/c]

















































































































Fragmentation:
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This was not what we were looking for..

		Initial goal was to look for direct photons in Au+Au collisions

		This would tell temperature of the medium

		1<pT<3GeV/c





		gdir = ginc – gp – gh – …





		We had to subtract decay photons from p0, h, etc., in order to extract direct photons

		p0, h should have been reconstructed very precisely





		It turned out that p0, h themselves were interesting!

		We already had precise measurement in hands



Attracted by an immediate gift before getting to the goal..
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A Victory: high pT hadron suppression

		Shown is the ratio of 0 yield in Au+Au to the one scaled from p+p

		If no initial or final state effect, the ratio should be 1.





		A big discovery in RHIC Year-1 (sNN=130GeV)

		The ratio was significantly below 1

		Maybe energy loss of partons

		At CERN-SPS, the ratio is above 1.

		Initial multiple scattering of partons(Cronin effect)



PRL 101, 232301 (2008)

PRL 88, 022301 (2002)
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What causes this large suppression?

		Is it due to energy loss of hard scattered partons?





		Or, the hard scattering cross-section simply does not scale between p+p and Au+Au





		We need something produced in the hard scattering and emerging unmodified





		Using QED for QCD

		Photons don’t interact with gluons, weakly interacting with quarks



Direct photons is a tool to answer:

Jet Production: Yield  s2

Photon Production: Yield  s
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With direct photons

		Yield of p0 are suppressed, while direct photons are not

		Initial hard scattering is not suppressed

		Suppression of hadron yield is due to final state effect (energy loss of partons)





		Other mesons are also suppressed as same as p0 







Thermal

region

Hard region
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How direct photons are measured
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PHENIX Detector

		Real Photon measurement

		EMCal(PbSc, PbGl): Energy measurement and identification of photons

		Tracking(DC, PC): Veto to charged particles





		Dilepton measurement

		RICH: Identify electrons

		EMCal(PbSc, PbGl): Identify electrons

		Tracking(DC, PC): Momentum measurement of electrons



Invariant Mass(pT=4GeV, peripheral)

p0 efficiency

0


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How to extract direct photons

		Statistically subtract photon contributions from p0/h/h’/w

		Measure or estimate yield of these hadrons

		Measure: Reconstruct hadrons via



      2g invariant mass in EMCal

		Mass = (2E1E2(1-cosq))1/2





		Or, tag photons that are likely from these hadrons event-by-event

		Possible if density of produced particles is low (p+p or d+Au)





		Subtract remaining background contributions:

		Photons that are not from collision vertex

		Hadrons that are misidentified as photons





		Correct for detection efficiency of photons





		Signal is very small.

		~ 5% S/B in 1-3GeV/c

		Extremely difficult









Direct 

hadron decay　  

Inclusive photon
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Direct photons in p+p collisions at RHIC





		First measurement was carried out by BNL group in 1979(R806 experiment)





		PHENIX has shown precise measurement in 200GeV Au+Au collisions

		NLO pQCD tells that hard photon yield should scale with xT (= 2pT/s)





		Good agreement with NLO pQCD





		Baseline for heavy ion results
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Landscape of photon sources in heavy ion collisions
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Before RHIC

		In 1986, search for direct photon started in heavy ion collisions at CERN

		Upper limits published in 1996 from WA80(S+Au at 200GeV/u

		Followed by WA93





		Third generation experiment, WA98, showed the first significant result

		Pb+Pb sNN=17.3GeV, PRL85, 3595(2000).



p+Pb data shows initial nuclear effect

Baumann, QM2008
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RHIC measured first signal

		Suppression of 0 and  reduced background, and highlighted direct photons

		0 and  are dominant sources of background photons

		S/B ratio increases as centrality increases



[g/p0]measured / [g/p0]background  = gmeasured/gbackground

measured / background

S.S.Adler, et. al. (PHENIX Collaboration), PRL 94, 232301(2005)
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RHIC measured first signal

		Hard photon yield is well described by scaled p+p yield for all centralities

		Opened up precision measurements of hard probes at RHIC



Blue lines: Ncoll (Number of binary collisions) scaled p+p cross-section
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		Hard direct photons are well established probe in p+p and Au+Au

		Hard scattered photons should have associated jets in the opposite side

		Photons can be used as a measure of the original momentum of jets





		We look at leading hadrons as a measure of jets





		Lines show fits to spectra of associated leading hadrons

		Slope in Au+Au is steeper (softer) than that in p+p

		Energy loss of partons happened in Au+Au



Direct photon-hadron correlation

zT = pT(hadron)/pT(direct photons)
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QGP Thermodynamics
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Another Victory ~large elliptic flow~

		Collective motion of particles



		Elliptic flow (v2) is the coefficient of second order harmonics of Fourier expansion of Y()





		Highest v2 possible at an initial collisional geometry has been observed





		Consistent with local equilibrium



STAR, PRC66(2002)34904

Area density
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Photons from thermal bath (QGP)



		Thermal radiation from QGP (1<pT<3GeV)

		S/B is ~5-10%

		Spectrum is exponential. One can extract temperature, dof, etc..





		Hadron-gas interaction (pT<1GeV/c):  ()  (),  K*  K



Interesting, but Challenging, because S/B is small

5

4

3

2

1

S/B ratio



fB: Bose dist.    em: photon self energy

photons

dileptons
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Additional degree of freedom -virtuality
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g*  e+e-

virtuality
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Going to low mass high(er) pT

		Focus on the mass region where p0 contribution dies out





		For M<<pT and M<300MeV/c2

		qqbar ->* contribution is small

		Mainly from internal conversion of photons





		Can be converted to real photon yield using Kroll-Wada formula

		used to calculate Dalitz decay spectra









Compton

q

g*

g
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External conv.

Internal conv.
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Dilepton Analysis

		Reconstruct Mass and pT of e+e-

		Same as real photons





		Identify conversion photons in beam pipe using and reject them





		Subtract combinatorial background





		Apply efficiency correction





		Subtract additional correlated background:

		Back-to-back jet contribution

		well understood from MC





		Compare with known hadronic sources
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pp and AuAu normalized to p0 Dalitz region (~ same # of particles)



p+p: agree with the expected background from hadron decays



Au+Au: large Enhancement in 0.15-0.75 GeV/c2

AuAu

pp

low mass

intermediate mass

J/y

y’

f

w

p+p and Au+Au dilepton mass spectra



PLB670,313 (2009)



arXiv:0706.3034



T. Sakaguchi, Physics Colloquium

*











Au+Au dilepton mass at various pTs

0<pT<8GeV/c

0<pT<0.7GeV/c

0.7<pT<1.5GeV/c

1.5<pT<8.0GeV/c
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Data at low mass at high(er) pT

Results from various model

Results from Direct fit to spectra

Temperatures are above transition T!
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But, landscape expanded richly after RHIC

Due to interaction of

hard scattered partons

and medium

		Contributions are not as simple as we expected
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jet-thermal
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New production mechanism introduced



Both are “thermal  hard”



		Bremsstrahlung from hard scattered partons in medium (Jet in-medium bremsstrahlung)



		Compton scattering of hard scattered and thermal partons (Jet-photon conversion)





Turbide et al., PRC72, 014906 (2005)

R. Fries et al., PRC72, 041902 (2005)

Turbide et al., arXiv:0712.0732

Liu et al., arXiv:0712.3619, etc..



 Jet in-medium bremsstrahlung



 Jet-photon conversion
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Direct photon v2 ~a photon source detector~

		Depending the process of photon production, angular distributions of direct photons may vary





		Jet-photon conversion, in-medium bremsstrahlung (v2<0)

		Turbide, et al., PRL96, 032303(2006), etc..





		Thermal photon v2 ~ Quark v2 (>0), (based on hydro calculation)

		Chatterjee, et al., PRL 96, 202302(2006), etc..



Turbide et al., arXiv:0712.0732



















Thermal photons

Bremsstrahlung

  (energy loss)

jet

jet photon

conversion

v2 > 0

v2 < 0
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Direct photon v2 in Au+Au collisions

		Hadron decay photon v2 subtracted from inclusive photon v2.













		Reached up to ~8GeV/c, no significance for pT<3GeV/c





		Tends to be positive?





		Uncertainty of gmeas/gbkgd dominates error here.



p0 v2
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Future measurement
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Direct photons in LHC era?

		Full Jet reconstruction is promising at RHIC

		RAA in Cu+Cu (PHENIX), and that in Au+Au (STAR)





		Direct photon-Jet correlation

		LHC experiments are targeting this

		Possible at RHIC if enough statistics accumulated



Bruna, STAR at QM2009

Lai, PHENIX at DPF2009

STAR Preliminary



20<pt,rec(AuAu)<25 GeV

⇒ < pt,rec(pp)> ~ 18 GeV
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Dilepton measurement with Hadron Blind Detector

Windowless Cerenkov detector with CF4 avalanche/radiator gas (2 cm pads)

CsI photocathode covering triple GEMs

		Designed for low-mass dileptons in A+A

		Run-10 200GeV is the target





		Removes Dalitz and conversion pairs

		Reduce background *





signal electron

Cherenkov 

      blobs 

partner positron

needed for rejection



e+

e-





qpair 

opening

angle











~ 1 m
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Summary

		Direct photons probe the initial conditions of the collisions





		Direct photons are a difficult measurement

		Suppression of 0 helps at RHIC





		We observed initial hard scattering, and it is not suppressed

		Confirmed the suppression of 0 is a final state effect



		We measured temperature of the medium through direct photons

		Temperature is higher than transition temperature





		Future of lepton/photon measurement

		Direct photon elliptic flow

		Direct photon-jet correlation

		Dilepton measurement at low energy



Gluon Plasma

QGP phase

Mixed

Hadronization

g, g*, jet



T. Sakaguchi, Physics Colloquium
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