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Fastentuch, Zittau, 1472  AD

• Early reports on world creation

• Seeing the universe back from now 
to some       years  after big bang

• Observing parton patterns through 
fire balls of nucleus-nucleus 
interactions

• Studying hard partonic interactions 
directly

Light  played always a central role in attempts to 
understand early states

(consider the latter two)
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Usually photons are called prompt (direct) if coupling to interacting partons 

in contrast to photons from hadron decays or radiation from leptons 
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Measurements of the production of high transverse momentum direct photons by a 515 GeV/c π−

beam and 530 and 800 GeV/c proton beams in interactions with beryllium and hydrogen targets are
presented. The data span the kinematic ranges of 3.5 < pT < 12 GeV/c in transverse momentum and
1.5 units in rapidity. The inclusive direct-photon cross sections are compared with next-to-leading-
order perturbative QCD calculations and expectations based on a phenomenological parton-kT

model.

PACS numbers: 13.85.Qk, 12.38.Qk

I. INTRODUCTION

Inclusive single-particle production at large transverse
momentum (pT ) has been useful in the development of
perturbative quantum chromodynamics (PQCD) [1–4].
Quantitative comparisons with data have yielded infor-
mation on the validity of the PQCD description, and on
parton distribution functions of hadrons (PDF) and the
fragmentation functions of partons. This paper reports
precision measurements of the production of direct pho-
tons with large pT .

At leading order, only two processes contribute to the
direct-photon cross section, namely, qq̄ annihilation and
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FIG. 1: Leading-order diagrams for direct-photon production.
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quark–gluon Compton scattering (Fig. 1). The pho-
ton’s momentum reflects the collision kinematics since
such photons are produced at the elementary interaction
vertex. This contrasts with jet production, where the
hadronization process obscures the measurement of en-
ergy and direction of the outgoing parton. A complete
theoretical description of the direct-photon process is of
special importance as it has long been expected to facili-
tate the extraction of the gluon distribution of the proton.
The quark–gluon Compton scattering process shown in
Fig. 1 provides a major contribution to inclusive direct-
photon production. The gluon distribution is relatively
well constrained by deep-inelastic and Drell-Yan data for
momentum fractions x < 0.1, but less so at larger x [5].
Fixed-target direct-photon data were incorporated into
several previous global parton-distribution analyses [6–8]
to constrain the gluon distribution at large x, but more
recent global PDF analyses have not included such pho-
ton data; this point is revisited in the concluding section
of this work.

II. APPARATUS

A. Meson West spectrometer

Fermilab E706 is a fixed-target experiment designed
to measure the production of direct photons, neutral

p⊥ (GeV) 1/σ dσ/dp⊥(GeV−1), xLO
γ < 0.85

0 − 2 0.216 ±0.030± 0.015

2 − 4 0.117 ±0.022± 0.011

4 − 6 0.124 ±0.019± 0.011

6 − 8 0.0225±0.0081± 0.0077

p⊥ (GeV) 1/σ dσ/dp⊥(GeV−1), xLO
γ > 0.85

0 − 2 0.420 ±0.033± 0.024

2 − 4 0.061 ±0.017± 0.014

4 − 6 0.0054±0.0078± 0.0026

Table 3: Normalised cross sections differential in the prompt photon momentum component

perpendicular to the jet direction in the transverse plane, for xLO
γ < 0.85 and xLO

γ > 0.85with
5< Eγ

T < 10GeV, −1< ηγ < 0.9, Ejet
T > 4.5GeV and −1< ηjet < 2.3with√s = 319GeV

and 0.2< y < 0.7. The first error is statistical, the second systematic.
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Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).
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Prompt photon production in nuclear collisions

François Arleo

Université de Liège, Institut de Physique B5
Sart Tilman, B-4000 Liège 1, Belgium

We discuss the energy loss effects on single prompt photon production in heavy-ion collisions
at RHIC and LHC energy. The production of correlated photon pairs at the LHC is also
considered.

1 Introduction

The production of “hard” probes proves extremely successful to characterize the dense QCD
medium – mostly its gluon density – formed in high energy heavy-ion collisions. By hard, we
mean those processes with associated scales Q much larger than the typical scales of the medium
(let it be the temperature of the saturation scale, Q ! T,Qs). Provided these scales are well
separated, it is sensible to study the effects of the latter on the former. Another feature which
makes such processes attractive is the validity of perturbative techniques as Q ! ΛQCD.

The production of jets, or say large p
T

hadrons, appears to be a promising tool to study

the parton energy loss due to the multiple gluon radiation induced by the dense medium 1.
The spectacular attenuation of large p

T
π0’s observed at RHIC 2 is a hint that such a mech-

anism may be at work in central Au-Au collisions at
√

s = 200 GeV. On the other hand, we
may want to study the Drell-Yan process – whose lepton pair does not interact with the sur-
rounding medium – which could reflect leading-twist shadowing (or possible gluon saturation)
in the nuclei wavefunctions.

In this talk, we shall mostly be concerned by prompt photon production a which lies “in
between” the two above-mentioned processes3. As a matter of fact, two channels may contribute
to photon production at leading-order in αs: either a photon takes part directly to the hard
subprocess (Figure 1, left), either it comes from the collinear fragmentation of the hard quark
or gluon (Figure 1, right). While the former will not be affected by the medium (“Drell-Yan
like”), the latter will certainly do (“jet like”). Here, we will first pay attention to the energy
loss effects on single photon and pion production. The production of correlated photon pairs at
the LHC is then addressed.

A

A

...

A

A

Figure 1: Two contributions to prompt photon production at leading-order: direct (left) and fragmentation (right)
component. The latter may be modified by the soft gluon emission induced by the medium.

aWe ignore thermal and decay photon production, and drop the word “prompt” in the following.

NN

but in all reactions contributions of
 non perturbative fragmentation processes

examples of direct and resolved
photon interactions
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Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).
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sensitive to  gluon content of photon

and of proton
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Prompt photon production in nuclear collisions

François Arleo

Université de Liège, Institut de Physique B5
Sart Tilman, B-4000 Liège 1, Belgium

We discuss the energy loss effects on single prompt photon production in heavy-ion collisions
at RHIC and LHC energy. The production of correlated photon pairs at the LHC is also
considered.
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aWe ignore thermal and decay photon production, and drop the word “prompt” in the following.

p⊥ (GeV) 1/σ dσ/dp⊥(GeV−1), xLO
γ < 0.85

0 − 2 0.216 ±0.030± 0.015

2 − 4 0.117 ±0.022± 0.011

4 − 6 0.124 ±0.019± 0.011

6 − 8 0.0225±0.0081± 0.0077

p⊥ (GeV) 1/σ dσ/dp⊥(GeV−1), xLO
γ > 0.85

0 − 2 0.420 ±0.033± 0.024

2 − 4 0.061 ±0.017± 0.014

4 − 6 0.0054±0.0078± 0.0026

Table 3: Normalised cross sections differential in the prompt photon momentum component

perpendicular to the jet direction in the transverse plane, for xLO
γ < 0.85 and xLO

γ > 0.85 with

5 < Eγ
T < 10 GeV, −1 < ηγ < 0.9, Ejet

T > 4.5 GeV and −1 < ηjet < 2.3 with
√

s = 319 GeV
and 0.2 < y < 0.7. The first error is statistical, the second systematic.

q

!

ee
!

e

!

q

g
p

e

p p

e

p

q

q

!

q

qq

!

e e

e

!

g

q

e

c) d)

b)a)

Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).
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Interest in prompt photons,  because

•   more directly related to partonic interactions than jets                                          

•   sensitive to gluon content of proton (and resolved photon)

•   important background for searches at LHC (e.g. Higgs            )

•   they help in nuclear interactions to disentangle different effects

(initial/final states,  QGP,  hadron gas, ...), as not strongly interacting 

needs careful subtraction of π
0
, η...

and/or sophisticated shower shape analyses 

drawbacks

π
0
, η...

small cross sections

background from neutral hadrons (              )                                     

→ γγ



photon05                                                                                                                                                                                              J. Gayler          5

and collinear pdfs

with NLO pQCD
matrix elements 

improved kinematics, off-shell matrix elements  
LO results close to collinear NLO !  

pdf

pdf

hadr

hadr

element
matrix
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Monte-Carlosimulations

ThePYTHIAeventgenerator[1]wasused[2]andthegeneratedeventswereputthrough

theH1detectorsimulation.Thehardsubprocessistreatedatleadingorder.Thepartonshow-

eringusesaleading-logmodelandthehadronisationstageusestheLundstringfragmentation

model.PYTHIAtakesintoaccountinitialandfinalstateradiation.TheGRV(LO)photonand

protonstructurefunctionswereused.TheminimumPTofthehardscatterwassetto3GeVand

themaximumQ2to4GeV.
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Direct Prompt !Resolved prompt !

Direct Radiative  !Resolved Radiative !
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Figure1:ExampleofgraphsforpromptphotonsignalashandledbyPYTHIA.TheLOgraphs

consistofdirectandresolvedcontributions.Inadditionthesmallercontributionfromdi-jets

graphswhereaquarkradiateaphotonareincluded.

MonteCarlosampleswerealsoproducedforthebackgroundfromhadronicjets.Dueto

theverylargecrosssectionofdi-jetsinphotoproduction,preselectioncutswereappliedatthe

generatorlevel.ForinstanceeventswithouthighPTneutralparticlesfulfillingsomeisolation

requirementsarerejected.Alsoonlyeventswhichcouldleadtoacompactelectromagnetic

showerarekept.MonteCarlosampleswithoutisolationrequirementbutwithsmallerluminos-

ityarealsoproducedtocontroltheisolationcut.

3

hadr

fragm
function

Example of prompt 
diagram

Monte-Carlo simulations

The PYTHIA event generator [1] was used [2] and the generated events were put through
the H1 detector simulation. The hard subprocess is treated at leading order. The parton show-
ering uses a leading-log model and the hadronisation stage uses the Lund string fragmentation
model. PYTHIA takes into account initial and final state radiation. The GRV (LO) photon and
proton structure functions were used. The minimum PT of the hard scatter was set to 3 GeV and
the maximum Q2 to 4 GeV.

e
e

p
p

q
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g
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! !

!

q
q

Direct Prompt ! Resolved prompt !

Direct Radiative  ! Resolved Radiative !

e
e

p p
q

q
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g

q

!

! !

Figure 1: Example of graphs for prompt photon signal as handled by PYTHIA. The LO graphs
consist of direct and resolved contributions. In addition the smaller contribution from di-jets
graphs where a quark radiate a photon are included.

Monte Carlo samples were also produced for the background from hadronic jets. Due to
the very large cross section of di-jets in photoproduction, preselection cuts were applied at the
generator level. For instance events without high PT neutral particles fulfilling some isolation
requirements are rejected. Also only events which could lead to a compact electromagnetic
shower are kept. Monte Carlo samples without isolation requirement but with smaller luminos-
ity are also produced to control the isolation cut.

3

non-perturbative elements
improvements in hh by
soft gluon resummations

various calculations

most recent  analysis
Lipatov,  Zotov(2005) :       factorisation for   p, pp

(   p, ep,      ,  hh)γ γγ

γkT

hadr

γ

LO

(earlier work: Kimber, Martin, Ryskin (2000))
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 example of E706   Phys Rev D70 (2004), final report

improvements by resummations (Lai,Li, 1998, Laenen, Sterman, Vogelsang, 2000
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FIG. 30: Invariant differential cross sections per nucleon for
direct-photon production as functions of xT in pBe interac-
tions at 800 and 530 GeV/c. The error bars represent the
statistical and systematic uncertainties combined in quadra-
ture; the innermost interval indicates the statistical uncer-
tainties. Overlaid on the data are kT -enhanced NLO PQCD
calculations. The shaded region represents the uncertainty
band associated with the CTEQ6.1M PDF set.

of several PDF sets, as illustrated in Fig. 31. The ma-
jor difference between the CTEQ5M [62] and CTEQ6.1M
PDF is that CTEQ6.1M has a much harder gluon (moti-
vated by measurements of the inclusive jet cross section
at the Tevatron collider). Cross sections calculated us-
ing MRST2003C PDF [63] are similar to results using
CTEQ5M PDF. Figure 32 shows the ratio of the direct-
photon cross sections from 800 GeV/c and 530 GeV/c
p beams on beryllium, as a function of pT , compared
to results from kT -enhanced NLO calculations using the
MRST2003C, CTEQ5M, and CTEQ6.1M PDF. Calcula-
tions with PDF that have softer gluons provide a better
description of our data at high pT .

V. CONCLUSIONS

High-pT direct-photon production has been measured
in interactions of 515 GeV/c π− and 530 GeV/c and
800 GeV/c protons with beryllium and hydrogen targets.
The inclusive direct-photon cross sections were compared
with NLO PQCD and kT -enhanced NLO PQCD calcu-
lations for several choices of PDF. Without kT enhance-
ment, available NLO PQCD calculations do not satisfac-
torily represent our data. The data are described better
by kT enhanced NLO PQCD calculations using the softer
gluons of CTEQ5 and MRST2003 than the harder gluons
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FIG. 31: Invariant differential cross sections per nucleon for
direct-photon production as functions of xT in pBe interac-
tions at 800 and 530 GeV/c. The error bars represent the
statistical and systematic uncertainties combined in quadra-
ture; the innermost interval indicates the statistical uncer-
tainties. Overlaid on the data are kT -enhanced NLO PQCD
calculations using CTEQ5M and CTEQ6.1M PDF.
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lations are overlaid on the data.
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jing. The error bars represent only statistical contributions
to the measurement uncertainties.
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IV. RESULTS AND DISCUSSION

A. Results

The ratios of the 90N direct-photon candidate spectra
to the measured π0 cross sections [10, 11] as functions of
pT are compared to γbckg/π0 from the DGS in Fig. 21. All
three samples are characterized by rapidly rising direct-
photon signal to background ratios.

The direct-photon cross sections were extracted statis-
tically using the fits to γbckg/π0. The invariant differen-
tial cross sections per nucleon for direct-photon produc-
tion from 515 GeV/c π− and 800 and 530 GeV/c pro-
ton beams incident on beryllium are presented as func-
tions of pT in Fig. 22. Results from 515 GeV/c π− and
530 GeV/c p beams are averaged over the rapidity range
−0.75 ≤ ycm ≤ 0.75; results from the 800 GeV/c p beam
are averaged over −1.0 ≤ ycm ≤ 0.5. Data points are
plotted at abscissas that correspond to the average value
of the cross section in each pT bin, assuming local ex-
ponential dependence on pT [39]. The inclusive cross
sections are tabulated in the Appendix (Tables I—VIII).

Ratios of the direct-photon cross sections per nucleon
on beryllium to those on hydrogen are shown versus pT

in Fig. 23. The ratios are compared with results from
the Monte Carlo program hijing [40]. The results from

pT
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pT (GeV) pT dep. sys. err. (%)
8 GeV electron (2-tower) data:
10-11 +10.6/-12.8
11-12 +9.3/-11.6
12-13 +9.4/-9.3
13-14 +8.5/-8.6
14-15 +6.7/-7.3

15-16.5 +6.7/-6.9
16.5-18 +5.7/-6.0
18-20 +7.6/-7.8
20-22 +7.0/-6.1

22-24.5 +4.3/-5.8
24.5-27 +5.1/-11.9
27-30 +5.7/-11.3
30-34 +4.1/- 11.1
34-39 +4.1/-11.0
39-45 +5.6/-11.5
45-52 +4.1/-10.8
52-65 +8.8/-13.3

23 GeV photon (1-tower) data:
30-34 +2.3/-4.9
34-39 +2.8/-4.9
39-45 +3.9/-5.6
45-52 +5.0/-4.7
52-65 +4.7/-8.2

TABLE II: The pT dependent systematic uncertainty for
all pT bins. The correlated systematic uncertainty is +28/-
18% for both datasets.

dσ2

dpT dη
=

Nsignal

A · ε · ∆pT · ∆η · ∫ L (1)

A ·ε is the acceptance times efficiency shown in Fig-
ure 4 multiplied by the effective conversion probability
of 6.40%. We measure the average cross section be-
tween -0.9 < η < 0.9, so ∆η is 1.8. ∆pT is the bin
width, and

∫ L is the integrated luminosity of 73.6
pb−1 for the 8 GeV electron data and 83.7 pb−1 for
the 23 GeV photon data.

The final result for both datasets is listed in Table
III. In the pT region where the datasets overlap (30
GeV < pT < 65 GeV) the two measurements are in
good agreement with each other. This comparison
is an important cross check on the acceptance and
efficiency calculations of the two datasets, since they
differ by up to a factor of nine.

Since the two datasets are in agreement we can
combine the measurements in the region of overlap.
However, the 23 GeV photon data would dominate
the combined cross section (due to much smaller er-
rors), so instead we simply adopt the 23 GeV pho-
ton data above 30 GeV. This hybrid cross section is
compared to NLO QCD and the standard CDF mea-
surement (referred to as CES-CPR) in Figure 5. The
theory curve is taken from the authors of Reference
[2]. The calculation uses the CTEQ5M parton distri-
bution functions, and the renormalization, factoriza-
tion, and fragmentation scales have been set to the

Direct photon cross-section (pp
–
 ! "X)

|#| < 0.9, $s = 1.8 TeV
!      conversions

"      CES-CPR

      NLO QCD
       CTEQ5M, µ=p

T

statistical errors only

FIG. 5: The isolated direct photon cross section. The
result of the conversion technique is compared with CES-
CPR and theory. For the conversion measurement the 8
GeV electron data is shown below 30 GeV, and the 23
GeV photon data above. The theory curve is from the
authors of Reference [2], and uses the CTEQ5M parton
distribution functions with the all scales set to the pT of
the photon. Only the statistical error bars are shown here.

pT of the photon. This calculation takes into account
the suppression of the bremsstrahlung diagrams due
to the isolation requirement on the photon. In the
lower half of Figure 5 the measurements are shown as
(data-theory)/theory.

The CES-CPR measurement and the conversion
measurement agree with each other both in shape and
in normalization. The total systematic uncertainty on
the conversion measurement is larger (+30%/-20%)
than the CES-CPR measurement (18% at 10 GeV
and 11% at 115 GeV) due to the large uncertainty
on the total conversion probability. Nevertheless, for
both measurements the total systematic uncertainties
are primarily pT independent, so that both techniques
give a much more precise measurement of the shape
of the cross section as a function of pT . The agree-
ment of the conversion and CES-CPR measurements
on the shape is remarkable, since the two techniques
have little in common with each other. They use inde-
pendent data samples, independent background sub-
traction techniques, and have different acceptances,
efficiencies, and systematic uncertainties.

Figure 6 shows the conversion measurement alone
as (data-theory)/theory. To compare the shape of the
data to the calculation, the uncertainty bars in this
plot are the combined statistical and pT dependent
systematic uncertainties. The data show a steeper

CDF

steeper      dependence than NLO
prel. D0 consistent with NLOin old and new CDF data       

         ,  high energies

less need for corrections like soft gluon resummations ?

conversions

p E

k E

E

p p pp, pN N p, ep

p p pp, pN N p, ep

p p pp, pN N p, ep

pT

pp → γX

√
s = 1.8 TeV

√
s = 1.96 TeV

γ

NLO   Catani, Fontannaz,Guillet, Pilon

Glück, Gordan, Reya, Vogelsang



photon05                                                                                                                                                                                              J. Gayler          10

Nucleus-Nucleus Collisions

14

at LHC, due the significantly larger system sizes towards thermal freezeout.
All these features are readily implemented [44, 63] into the thermal fireball description employed for SPS energies

above. In addition, the primordial pQCD component changes its xt-scaling behavior [45] which is accounted for by
replacing the parametrization Eq. (16) by Eq. (17). For simplicity we here refrain from introducing a nuclear kT

broadening, which is expected to be much less pronounced (and/or compensated by shadowing corrections) at collider
energies. First data on high-pt hadron production in d-Au collisions at

√
s=200 GeV [64, 65, 66] indeed indicate only

a comparatively small enhancement of around 20-30% over the spectra measured in p-p collisions.
Our photon predictions for full RHIC energy are summarized in Fig. 12. The thermal component has been evaluated
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FIG. 12: (Color online) Integrated photon emission spectra from central Au+Au collisions at RHIC. Short-dashed line: pQCD
photons from primordial N-N collisions; dashed-dotted line: thermal QGP radiation; long-dashed line: thermal hadron gas
emission; solid line: total direct photon yield.

with a typical formation time, τ0 = 1/3 fm/c, as used before in dilepton [63] and charmonium [58] applications (it
is also consistent with hydrodynamic approaches that correctly reproduce the elliptic flow measurements which are
particularly sensitive to the early phases, see Ref. [67] for a recent review). One notes that the spectrum decomposes
into essentially 3 regimes: at low energies, q0≤1 GeV, the major source are still thermal hadrons, whereas at high
energies, q0 ≥ 3GeV, prompt pQCD photons dominate. The intermediate region, 1≤q0≤3 GeV, appears to be a
promising window to be sensitive for thermal QGP radiation. The latter has been calculated assuming chemically
equilibrated quark- and gluon-densities throughout. It is conceivable, however, that the early QGP phases are gluon-
dominated, i.e. with quark fugacities much smaller than one (even the gluon fugacities could be reduced). In this
case, on the one hand, the photon emissivities at given temperature are severely suppressed. On the other hand, if
most of the total entropy is produced sufficiently early, smaller fugacities imply larger temperatures, thus increasing
the photon yield. The interplay of these effects has been studied for dilepton production in Ref. [63], where it
has been found that the net effect consists of a slight hardening of the QGP emission spectrum with a pivot point
at M$3 GeV. For photons the situation might be even more favorable due to the participation of gluons in their
production (e.g. g + q → gγ, as opposed to leading-order qq̄ → ee for dileptons).

We finally turn to the LHC, cf. Fig. 13. According to our estimates, assuming a formation time of 0.11 fm/c (trans-
lating into Ti$850 MeV for dNch/dy$3000), the QGP window extends significantly further in transverse momentum
than under RHIC conditions, cf. left panel of Fig. 13, although this feature is sensitive to: (i) the formation time (ii) a
possible chemical undersaturation of the QGP, (iii) nuclear effects on the initial pQCD yield. The transition from HG
to QGP dominated emission occurs again close to qt=1 GeV. In the right panel of Fig. 13 we illustrate the sensitivity
of the thermal spectra with respect to the produced charged particle muliplicity within our schematic fireball evolution
model. For simplicity, we assumed the same formation time and expansion parameters for both Nch=3000 and 2000.
We then find that the total integrated photon yield (i.e., for transverse momenta above 50 MeV) scales as Nα

ch with
α$1.4 if the same thermal freezeout temperature Tfo$90 MeV is imposed. This value for α is somewhat larger than
the 1.2 found in hydrodynamic caclulations of Ref. [68], but confirms the deviation from the naive quadratic behavior
(α=2). However, the latter is approached (and even exceeded) for the yield at higher transverse momenta; e.g., when
integrating over qt with a lower bound of 1 GeV (2 GeV), α increases to ∼1.9 (2.3).

Turbide, Rapp, Gale

prompt photons may disentangle
effects of nuclear medium

in particular
thermal photons are expected
from

   QGP (quark-gluon-plasma)
   or  Hadron Gas

but pQCD (pp) dominates already at moderate
expect sensitivity for QGP at medium pT

pT
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Pb-Pb Collisions

4 Klaus Reygers for the PHENIX collaboration: Direct-Photon Production from SPS to RHIC Energies

The obvious question is whether the direct-photon
spectrum in central Pb+Pb collisions can be explained
simply by hard scattering processes or whether an ad-
ditional thermal component is necessary. A first step
towards answering this question is the comparison of
the WA98 results with p+p and p+C results scaled by
the average number of inelastic nucleon-nucleon collision
(〈Ncoll〉 ≈ 660) for the central Pb+Pb class. A system-
atic uncertainty results from the fact that the p+p and
p+C data were measured at

√
sNN = 19.4 GeV and there-

fore need to be scaled down to
√

sNN = 17.2 GeV assum-
ing scaling in xT = 2pT/

√
sNN. Figure 2 shows that the

scaled p+p and p+C results lie systematically below the
Pb+Pb data which suggests nuclear effects beyond the
simple Ncoll scaling of the direct-photon yields. Since no
p+A data are available for pT < 2.5 GeV/c the Pb+Pb
results are compared to a p+p pQCD calculation [19] and
to a parameterization of direct-photon yields in p+p colli-
sions [10], both scaled by Ncoll. With a transverse momen-
tum broadening of 〈k2

T〉 = 0.9 GeV2 the pQCD calculation
offers a good description of the p+A data. By contrast, the
Pb+Pb data for pT ! 2.5 GeV/c are noticeably above the
pQCD expectation. The parameterization of the direct-
photon yields shown in Figure 2 is the parameterization
from [20], modified according to the additional kT broad-
ening expected in nuclear targets (Cronin effect) [10]. This
parameterization hardly gives a satisfactory descriptions
of the Pb+Pb data which hints at the presence of thermal
photon sources in Pb+Pb collisions. The effect of nuclear
kT broadening on the direct-photon yield was systemati-
cally studied in [21]. The authors conclude that regardless
of the amount of kT broadening that is assumed in their
calculations the Pb+Pb data in the range pT ! 2.5 GeV/c
cannot be described by leading-order pQCD. Thus, it ap-
pears unlikely that the WA98 data can be described by
hard scattering processes alone. Firmer conclusions, how-
ever, can only be drawn with better p+p and p+A refer-
ence data.

A striking feature of the WA98 data becomes visible in
Figure 3 which shows the γdirect/π0 ratio as a function of
pT for central Pb+Pb collisions along with the p+p and
p+C reference data. For pT " 2.5 GeV/c the Pb+Pb and
p+A results are in agreement. The solid line represents a
fit to the p+A data with a functional form which can well
describe the γdirect/π0 obtained in pQCD calculations. In
the range 1.5 GeV/c < pT < 2.5 GeV/c the Pb+Pb data
exhibit a characteristic deviation from the solid line which
reflects the expected behavior for direct photon and neu-
tral pion production in hard scattering processes. A pos-
sible explanation for this observation is the production of
thermal direct photons in central Pb+Pb collisions at the
CERN SPS.

Several authors have calculated the expected direct-
photon spectrum in central Pb+Pb collisions at the CERN
SPS in scenarios in which thermal photons are produced
in a QGP and in a hadron gas in addition to prompt di-
rect photons. In some of these models the evolution of
the reaction zone is determined with hydrodynamic cal-
culations, other models employ simple parameterizations
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Fig. 3. Invariant direct-photon multiplicity divided by the in-
variant neutral pion multiplicity for p+A and central Pb+Pb
collisions as a function of transverse momentum. No xT scaling
of the p+A yields was applied here. The solid line represents
a fit to the p+A data with a functional form which can well
describe the γdirect/π0 obtained in pQCD calculations.

of the fireball evolution. One objective of these model
comparisons is the determination of the initial temper-
ature of the fireball directly after thermalization. In [10]
it was shown that in the absence of additional nuclear kT

broadening (i.e. in the absence of the Cronin effect) the
WA98 data can be described with an initial temperature
of Ti = 270 MeV in a scenario with phase transition from
a QGP to a hadron gas. However, if nuclear kT broad-
ening is assumed (〈∆k2

T〉 = 0.2 GeV2) the data can be
well described with a much lower initial temperature of
Ti = 205 MeV. For the latter case the different contribu-
tions to the calculated spectrum and the comparison of the
sum of all contributions with the WA98 data are shown
in Figure 4.

According to [22] the WA98 data suggest a very small
formation time τ0 ≈ 0.2 fm/c and a high initial temper-
ature on the order of Ti ≈ 335 MeV. In [23] the WA98
data are found to be consistent with initial temperatures
in the range 250 MeV ! Ti ! 370 MeV. In [24] the data are
compared with hydrodynamic calculations with and with-
out a QGP phase. In both scenarios the authors can de-
scribe the data with initial temperatures between 210 MeV
! Ti ! 260 MeV. Thus, one can conclude that the WA98
data can be naturally explained in a QGP scenario but
don’t offer a direct proof for the existence of this state
of matter. Unfortunately there are large variations in the
extracted initial temperatures but one should also note
that most models suggest initial temperatures Ti above
the critical temperature Tc for the QGP phase transition.

The method of measuring direct photons by subtract-
ing the expected decay-photon yield from the measured in-
clusive yield depends on the accurate measurement of the
π0 pT spectrum. Largely due to systematic uncertainties of
the π0 measurement at low pT no significant direct-photon
signal could be observed with the subtraction method in
central Pb+Pb collisions for pT < 1.5 GeV/c. An alterna-

Pb Pb

fit to pA
data

difficulties:

no pPb data available
no pA data at low pT
large background at low pt

¿ QGP or hadron gas seen  ?
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detectors located directly in front of the calorimeter. A
correction for the contribution of fake photon hits pro-
duced by neutrons and antineutrons, which cannot be de-
termined experimentally, is obtained on the basis of de-
tailed Monte-Carlo simulations. The second step is an ac-
curate measurement of the pT spectrum of neutral pions
and η mesons with the same detector. Based on these spec-
tra the expected decay photons are calculated. This is usu-
ally done with Monte-Carlo calculations which also take
into account the small contribution from other hadrons
(e.g. η′, ω) with a decay branch into photons. Since the
high-pT part of the π0 spectrum in a nucleus-nucleus col-
lision can be described by a power-law and the dominant
contribution to the decay-photon background comes from
π0 decays, the following formula is a useful estimate of the
background photons per π0:

1

pT

dNπ0

dpT
∝ p−n

T ⇒ γdecay
π0

π0
≈ 2

n − 1
. (2)

At RHIC energies the high-pT π0 spectrum can be de-
scribed with n ≈ 8, so that at a given pT one roughly
expects γdecay

π0 /π0 ≈ 0.28 decay photons per neutral pion.
The final step in the determination of the direct-

photon spectrum is the subtraction of the calculated de-
cay photon spectrum from the inclusive photon spectrum.
The invariant direct-photon yield γdirect ≡ E d3N/d3p is
calculated as a fraction of the inclusive photon spectrum:

γdirect = γincl − γdecay = (1 − γdecay

γincl
) · γincl (3)

≡ (1 − R−1
γ

) · γincl, (4)

where

Rγ =
γincl

γdecay
≈ (γincl/π0)meas

(γdecay/π0)calc
. (5)

The double ratio as given by the rightmost expression
in Eq. 5 is used to calculate Rγ because in the ratio
(γincl/π0)meas correlated systematic uncertainties of the
photon and π0 measurement partially cancel. The system-
atic uncertainties related to the energy scale of the detec-
tor and to corrections which take detector effects like en-
ergy smearing and shower overlap into account are exam-
ples for such correlated systematic uncertainties. The ratio
(γdecay/π0)calc is the result of the (Monte-Carlo) calcula-
tion of the expected background decay photons from π0, η
and other hadron decays per neutral pion. Rγ contains the
entire statistical and systematic significance of the direct-
photon signal. In the calculation of the respective direct-
photon pT spectrum only those systematic uncertainties
that canceled in the double ratio must be added.

4 CERN SPS Results

Early attempts to measure a direct-photon signal in fixed-
target experiments with proton, oxygen, and sulfur beams
at a beam energy of 200 GeV per nucleon at the CERN
SPS resulted in upper limits on the direct-photon signal.
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Fig. 2. The invariant direct-photon multiplicity as a function
of the transverse momentum pT in central Pb+Pb collisions
at

√
sNN = 17.2 GeV. The central event class corresponds to

0 − 12.7% of the WA98 minimum bias trigger which in turn
corresponds roughly to 0 − 11% of the inelastic Pb+Pb cross
section. The error bars indicate combined statistical and sys-
tematic uncertainties. The upper edges of the arrows represent
90% C.L. upper limits on the direct-photon yield. The WA98
data points are compared with scaled p+p and p+C results,
pQCD calculation which include kT broadening, and scaled
parameterizations of direct-photon yields in p+p collisions.

At moderate transverse momenta (pT ! 0.5 GeV/c) up-
per limits on (γdirect/γdecay) on the order of 15% were
determined [13,14,15,16]. The WA80 experiment found
an (non-significant) average direct-photon excess in cen-
tral 32S+Au collisions in the range 0.5 GeV/c ≤ pT ≤
2.5 GeV/c of 5.0%±0.8%(stat)±5.8%(syst). Comparisons
with theoretical calculations showed that the respective
pT dependent upper limits were consistent with scenarios
with a phase transition as well as with scenarios without
a phase transition [17].

The first significant direct-photon signal in ultra-
relativistic nucleus-nucleus collisions was found at the
CERN SPS by the fixed-target experiment WA98 in
Pb+Pb collisions at a beam energy of 158 GeV per nu-
cleon corresponding to a center-of-mass energy of

√
sNN =

17.2 GeV per nucleon-nucleon pair [18]. A direct-photon
signal of about γdirect/γdecay ≈ 20% ± 9%(syst) in the
range pT ! 2 GeV/c was found in central Pb+Pb col-
lisions. No significant signal was observed in peripheral
collisions. The extracted invariant direct-photon yield for
central Pb+Pb collisions is shown in Figure 2.

CERN SPS, WA98

above pp, pC

K. Reygers

γdir/π0

√
sNN = 17.3 GeV
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WA98 data as convolution of thermal photons of QGP and hadron gas 
and pQCD (Turbine, Rapp, Gale)

initial temperature 205 MeV 
and       broadening

high initial temperature 270 MeV
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FIG. 9: (Color online) Thermal plus prompt photon spectra compared to data from WA98 [48] for central Pb+Pb collisions at
SPS .

Fig. 7 is repeated adding all sources discussed here, cf. Fig. 10. Clearly, when going to (for SPS conditions) rather
short formation times of τ0 ! 0.5 fm/c, coupled with non-perturbative (suppression) effects in the QGP EoS, a rather
good reproduction of the entire spectrum can be achieved. This statement agrees with the hydrodynamic analyses of
Refs. [9, 10].

0 1 2 3 4

q
t
 [GeV]

10
!6

10
!5

10
!4

10
!3

10
!2

10
!1

10
0

10
1

q
0
 d

N
!/
d

3
q
  
[G

e
V
!

2
]

T
i
=205MeV

T
i
=250MeV

T
i

np
=270MeV

208
Pb(158AGeV)+

208
Pb

10% Central Collisions

2.35<y<2.95

WA98 Data

FIG. 10: (Color online) Effects of various initial temperatures on the total photon spectra in Pb+Pb collisions at SPS, compared
to data from WA98 [48].

The second possibility relates to the nuclear Cronin enhancement, which we implement as outlined in the previous
Section. The usual assumption to extrapolate nuclear broadening effects on e.g. π0 or γ spectra is that

〈∆k2
T 〉AA = N〈∆k2

T 〉pA , (20)

with N=2 [55]. Alternatively, based on a careful analysis of the target (A) dependence in p-A collisions, it has been
suggested in Ref. [56] that the Cronin effect is due to no more than one semi-hard collision prior to the hard scattering,

13

and therefore saturating as a function of the N -N collision number. In this eventuality, N ≤ 2. Recalling that, from
Fig. 6, 〈∆k2

T 〉=0.1-0.2 GeV2 gives a reasonable description of the γ spectra in p-C, 〈∆k2
T 〉-values between 0.2 and

0.3 GeV2 seem appropriate for central Pb-Pb collisions. One should also note that the pertinent spectral enhancement
in the qt$3 GeV region amounts to a factor of around 3, which is quite consistent with the nuclear enhancement in π0

production observed in the same experiment [57]. In Fig. 11 we have combined the baseline thermal yield (τ0=1 fm/c,
i.e. Ti=205 MeV) with 3 values for the nuclear kT -broadening, i.e. 〈∆k2

T 〉=0, 0.2 and 0.3 GeV2. The thermal plus
Cronin-enhanced pQCD spectra provide good description of the WA98 data, even with an initial temperature as
low as Ti=205 MeV. This constitutes one of the main results of our work: the photon spectrum in nucleus-nucleus
collisions at SPS energies is perfectly compatible with “moderate” initial temperatures. It also complements, within
a common thermal framework, earlier descriptions of low- and intermediate-mass dilepton spectra [36, 42], as well
as J/ψ and ψ′ production systematics [58], as observed by the CERN-SPS experiments CERES/NA45 [17, 31] and
NA50 [50, 59], respectively.
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FIG. 11: (Color online) Effects of the nuclear broadening of the primordial photon spectrum on the measured spectrum. All
the sources discussed in this paper are included in the space-time evolution.

It is also of interest to quote the values of the transverse momentum where the pQCD yield exceeds the total
thermal one; these are qt=2.55, 1.7 and 1.55 GeV, corresponding to 〈∆k2

T 〉=0, 0.2 and 0.3 GeV2, respectively. Again,
this compares well with the calculation of intermediate-mass dileptons in Ref. [42], where the Drell-Yan contribution
was found to exceed the thermal one at Mµµ$2 GeV (note that the Cronin effect is expected to be less pronounced
for quarks than for gluons, and thus will affect the Drell-Yan process less than prompt photons).

C. RHIC and LHC

At collider energies the space-time evolution of the expanding QGP and hadronic fireball is expected to change in
several respects. First, higher energies entail larger charged particle multiplicities per unit rapidity, dNch/dy. In central
Au+Au collisions at full RHIC energy (

√
s = 200 AGeV) experiments have found [60, 61] about a factor of 2 increase

as compared to maximum SPS energy (
√

s = 17.3 AGeV). Extrapolations into the LHC regime (
√

s = 5500 AGeV)
suggest another factor of up to ∼4 enhancement over the RHIC results.

Second, the net baryon content at midrapidity decreases, implying small baryon chemical potentials at chemical
freezeout, e.g. µB $ 25 MeV at RHIC-200. At the same time, the observed production of baryon-antibaryon pairs
strongly rises, resulting in total rapidity densities for baryons at RHIC that are quite reminiscent of the situation
at SPS energies [62]. This observation not only necessitates the explicit conservation of antibaryon-number between
chemical and thermal freezeout [44] (see above), but also requires to evaluate baryonic photon sources with the sum
of the baryon and antibaryon density (strong and e.m. interactions are CP-invariant).

Third, the transverse expansion (i.e. flow velocity) increases by about 20% from SPS to RHIC (presumably further
at LHC), whereas the total fireball lifetime does not appear to change much. The latter, however, is likely to increase

data described by or

kT
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Figure 2. [left] Result of the subtraction method with NLO pQCD calculation. [right]
Comparison to the isolation method.

Table 1. Systematic error table

Subtraction Isolation
Lowest Highest Lowest Highest
5 − 5.5 15 − 17 5 − 5.5 15 − 17

[GeV/c] [GeV/c] [GeV/c] [GeV/c]

π
0 photon estimation 30% 5 16 2

Non π
0 photon estimation 27 6 8 1

Photon acceptance and smearing 10 10 10 10
Photon conversion effect 1 1 1 1
Luminosity measurement 12 12 12 12

BBC trigger bias 3 3 3 3

Total 43% 18 24 16
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consistent with NLO 

• high      hadrons are suppressed

• away side jets dissappear at high

Results from RHIC

initial state effects
would suppress photons too

but what happens with heavy nuclei 
at these ultra-relativistic energies ?

we know

Gordon and Vogelsang

at central collisions

indicative of “jet quenching” due to
parton energy loss in coloured medium
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FIG. 2: Direct γ invariant yields as a function of trans-
verse momentum for 9 centrality selections and minimum bias
Au+Au collisions at

√
s

NN
= 200 GeV. The vertical error

bar on each point indicates the total error. Arrows indicate
measurements consistent with zero yield with the tail of the
arrow indicating the 90% confidence level upper limit. The
solid curves are pQCD predictions described in the text.

extracted as γDirect = (1 − R−1
γ ) · γMeasured are shown in

Fig. 2 for all nine centrality selections as well as mini-
mum bias, and compared to the same NLO calculations.
The binary collision scaled predictions are seen to provide
a good description of the measured direct photon spec-
tra (Fig. 2). The increasing ratio with centrality seen
in Fig. 1 is therefore attributed to the decreasing decay
background due to π0 suppression [3].

Medium effects in AA collisions are often presented
using the nuclear modification factor given as the ratio
of the measured AA invariant yields to the NN -collision-
scaled p + p invariant yields:

RAA(pT ) =
(1/Nevt

AA) d2NAA/dpT dy

〈Ncoll〉/σinel
pp × d2σpp/dpT dy

, (2)

where the 〈Ncoll〉/σinel
pp is the average nuclear thickness

function, 〈TAA〉, in the centrality bin under consideration
(Ref [3]). RAA(pT ) measures the deviation of AA data
from an incoherent superposition of NN collisions.

The centrality dependence of the high pT γ production
represented as a function of the number of participating
nucleons, Npart, is shown by the closed circles in Fig. 3.
The production in Au+Au collisions relative to p + p is
characterized by the RAA(pT > 6 GeV/c) ratio of Eq. (2)
as the ratio of Au+Au over the 〈Ncoll〉-scaled p+p yields
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FIG. 3: Ratio of Au+Au yield to p+p yield normalized by the
number of binary nucleon collisions as a function of centrality
given by Npart for direct γ (closed circles) and π0 (open cir-
cles) yields integrated above 6 GeV/c. The p+p direct photon
yield is taken as the NLO pQCD prediction described in the
text. The error bars indicate the total error excluding the
error on 〈Ncoll〉 shown by the dashed lines and the scale un-
certainty of the NLO calculation shown by the shaded region
at the right.

each integrated above 6 GeV/c. The direct photon p + p
yields are taken as the NLO pQCD predictions described
above. As noted above, the high pT direct γ production
is observed to scale as the 〈Ncoll〉-scaled p+p γ yield pre-
diction for all centralities. This is in sharp contrast [3] to
the centrality dependence of the π0 RAA(pT > 6 GeV/c)
shown by open circles in Fig. 3 where the measured π0

yield [13] is used as the p + p reference in Eq. (2).
The observed close agreement between the measured

yields and NLO calculations is in striking contrast to
observations for central Pb+Pb collisions at

√
s

NN
=

17.3 GeV [14] where the measured photon yield exceeds
the 〈Ncoll〉-scaled p + p yield by about a factor of two.
The present result constrains modifications of the initial
parton distributions, or of the fragmentation contribu-
tions [10, 11] (in these NLO calculations the contribu-
tion is significant: ∼ 50% at 3.5 GeV/c and ∼ 35% at
10 GeV/c), or additional photon yield from thermal ra-
diation to levels comparable to the present measurement
uncertainty.

In summary, the transverse momentum spectra of di-
rect photons have been measured at mid-rapidity up to
pT ≈ 13 GeV/c for nine centrality bins of Au+Au colli-
sions at

√
s

NN
= 200 GeV. The significance of the direct

photon signal increases with collision centrality due to
the increasingly suppressed π0 production and associated
decrease in the photon background from hadron decays.
The direct photon spectral shapes and invariant yields
are consistent with NLO pQCD predictions for p + p re-
actions scaled by the average number of inelastic NN
collisions for each centrality class. The close agreement
between measurement and the binary scaled pQCD pre-
dictions of the direct photon yield suggests that nuclear
modifications of the quark and gluon distribution func-

Au+Au collisions

PHENIX

increasing centrality 

NLO (Gordon, Vogelsang)

 number of inelastic NN collisions ~ nuclear overlap,     

beam counters and zero degree calorimeters

remarkable consistency !

arrows : here consistent with zero (90% confid)

no sign of suppression
of prompt    in nuclear medium

deduced with Glauber theory from signals of

scaled from pp to                 in AuAu< Ncoll >

Ncoll

γ

√
sNN = 200 GeV
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Comparison of direct photons with hadrons (     )

rules out explanations like gluon saturation in initial state

(hadron cloud transparent for gamma)

 suppressed in final stateπ
0

interpretation :

initial  high creation unchanged

not suppressed

suppression 
 increasing with                 

again from beam counters and zero deg calos

5

 (GeV/c)Tp

0 2 4 6 8 10 12 14 16 18

-2510

-2210

-1910

-1610

-1310

-1010

-710

-410

-110

210

 3
MinBias x 10

 0
0 -10%   x 10

-2
10-20%  x 10

-4
20-30%  x 10

-6
30-40%  x 10

-8
40-50%  x 10

-10
50-60%  x 10

-12
60-70%  x 10

-14
70-80%  x 10

-16
80-92%  x 10

200 GeV Au+Au Direct Photon

> scaled NLO pQCD
coll

<N

d
y

T
 d

p
e

v
t

 N
T

 p
!

2
 

"
N

2
1
  
  
  
  
  
  
  
d

2
(c

/G
e
V

)

FIG. 2: Direct γ invariant yields as a function of trans-
verse momentum for 9 centrality selections and minimum bias
Au+Au collisions at

√
s

NN
= 200 GeV. The vertical error

bar on each point indicates the total error. Arrows indicate
measurements consistent with zero yield with the tail of the
arrow indicating the 90% confidence level upper limit. The
solid curves are pQCD predictions described in the text.

extracted as γDirect = (1 − R−1
γ ) · γMeasured are shown in

Fig. 2 for all nine centrality selections as well as mini-
mum bias, and compared to the same NLO calculations.
The binary collision scaled predictions are seen to provide
a good description of the measured direct photon spec-
tra (Fig. 2). The increasing ratio with centrality seen
in Fig. 1 is therefore attributed to the decreasing decay
background due to π0 suppression [3].

Medium effects in AA collisions are often presented
using the nuclear modification factor given as the ratio
of the measured AA invariant yields to the NN -collision-
scaled p + p invariant yields:

RAA(pT ) =
(1/Nevt

AA) d2NAA/dpT dy

〈Ncoll〉/σinel
pp × d2σpp/dpT dy

, (2)

where the 〈Ncoll〉/σinel
pp is the average nuclear thickness

function, 〈TAA〉, in the centrality bin under consideration
(Ref [3]). RAA(pT ) measures the deviation of AA data
from an incoherent superposition of NN collisions.

The centrality dependence of the high pT γ production
represented as a function of the number of participating
nucleons, Npart, is shown by the closed circles in Fig. 3.
The production in Au+Au collisions relative to p + p is
characterized by the RAA(pT > 6 GeV/c) ratio of Eq. (2)
as the ratio of Au+Au over the 〈Ncoll〉-scaled p+p yields
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FIG. 3: Ratio of Au+Au yield to p+p yield normalized by the
number of binary nucleon collisions as a function of centrality
given by Npart for direct γ (closed circles) and π0 (open cir-
cles) yields integrated above 6 GeV/c. The p+p direct photon
yield is taken as the NLO pQCD prediction described in the
text. The error bars indicate the total error excluding the
error on 〈Ncoll〉 shown by the dashed lines and the scale un-
certainty of the NLO calculation shown by the shaded region
at the right.

each integrated above 6 GeV/c. The direct photon p + p
yields are taken as the NLO pQCD predictions described
above. As noted above, the high pT direct γ production
is observed to scale as the 〈Ncoll〉-scaled p+p γ yield pre-
diction for all centralities. This is in sharp contrast [3] to
the centrality dependence of the π0 RAA(pT > 6 GeV/c)
shown by open circles in Fig. 3 where the measured π0

yield [13] is used as the p + p reference in Eq. (2).
The observed close agreement between the measured

yields and NLO calculations is in striking contrast to
observations for central Pb+Pb collisions at

√
s

NN
=

17.3 GeV [14] where the measured photon yield exceeds
the 〈Ncoll〉-scaled p + p yield by about a factor of two.
The present result constrains modifications of the initial
parton distributions, or of the fragmentation contribu-
tions [10, 11] (in these NLO calculations the contribu-
tion is significant: ∼ 50% at 3.5 GeV/c and ∼ 35% at
10 GeV/c), or additional photon yield from thermal ra-
diation to levels comparable to the present measurement
uncertainty.

In summary, the transverse momentum spectra of di-
rect photons have been measured at mid-rapidity up to
pT ≈ 13 GeV/c for nine centrality bins of Au+Au colli-
sions at

√
s

NN
= 200 GeV. The significance of the direct

photon signal increases with collision centrality due to
the increasingly suppressed π0 production and associated
decrease in the photon background from hadron decays.
The direct photon spectral shapes and invariant yields
are consistent with NLO pQCD predictions for p + p re-
actions scaled by the average number of inelastic NN
collisions for each centrality class. The close agreement
between measurement and the binary scaled pQCD pre-
dictions of the direct photon yield suggests that nuclear
modifications of the quark and gluon distribution func-
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FIG. 2: Direct γ invariant yields as a function of trans-
verse momentum for 9 centrality selections and minimum bias
Au+Au collisions at

√
s

NN
= 200 GeV. The vertical error

bar on each point indicates the total error. Arrows indicate
measurements consistent with zero yield with the tail of the
arrow indicating the 90% confidence level upper limit. The
solid curves are pQCD predictions described in the text.

extracted as γDirect = (1 − R−1
γ ) · γMeasured are shown in

Fig. 2 for all nine centrality selections as well as mini-
mum bias, and compared to the same NLO calculations.
The binary collision scaled predictions are seen to provide
a good description of the measured direct photon spec-
tra (Fig. 2). The increasing ratio with centrality seen
in Fig. 1 is therefore attributed to the decreasing decay
background due to π0 suppression [3].

Medium effects in AA collisions are often presented
using the nuclear modification factor given as the ratio
of the measured AA invariant yields to the NN -collision-
scaled p + p invariant yields:

RAA(pT ) =
(1/Nevt

AA) d2NAA/dpT dy

〈Ncoll〉/σinel
pp × d2σpp/dpT dy

, (2)

where the 〈Ncoll〉/σinel
pp is the average nuclear thickness

function, 〈TAA〉, in the centrality bin under consideration
(Ref [3]). RAA(pT ) measures the deviation of AA data
from an incoherent superposition of NN collisions.

The centrality dependence of the high pT γ production
represented as a function of the number of participating
nucleons, Npart, is shown by the closed circles in Fig. 3.
The production in Au+Au collisions relative to p + p is
characterized by the RAA(pT > 6 GeV/c) ratio of Eq. (2)
as the ratio of Au+Au over the 〈Ncoll〉-scaled p+p yields
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FIG. 3: Ratio of Au+Au yield to p+p yield normalized by the
number of binary nucleon collisions as a function of centrality
given by Npart for direct γ (closed circles) and π0 (open cir-
cles) yields integrated above 6 GeV/c. The p+p direct photon
yield is taken as the NLO pQCD prediction described in the
text. The error bars indicate the total error excluding the
error on 〈Ncoll〉 shown by the dashed lines and the scale un-
certainty of the NLO calculation shown by the shaded region
at the right.

each integrated above 6 GeV/c. The direct photon p + p
yields are taken as the NLO pQCD predictions described
above. As noted above, the high pT direct γ production
is observed to scale as the 〈Ncoll〉-scaled p+p γ yield pre-
diction for all centralities. This is in sharp contrast [3] to
the centrality dependence of the π0 RAA(pT > 6 GeV/c)
shown by open circles in Fig. 3 where the measured π0

yield [13] is used as the p + p reference in Eq. (2).
The observed close agreement between the measured

yields and NLO calculations is in striking contrast to
observations for central Pb+Pb collisions at

√
s

NN
=

17.3 GeV [14] where the measured photon yield exceeds
the 〈Ncoll〉-scaled p + p yield by about a factor of two.
The present result constrains modifications of the initial
parton distributions, or of the fragmentation contribu-
tions [10, 11] (in these NLO calculations the contribu-
tion is significant: ∼ 50% at 3.5 GeV/c and ∼ 35% at
10 GeV/c), or additional photon yield from thermal ra-
diation to levels comparable to the present measurement
uncertainty.

In summary, the transverse momentum spectra of di-
rect photons have been measured at mid-rapidity up to
pT ≈ 13 GeV/c for nine centrality bins of Au+Au colli-
sions at

√
s

NN
= 200 GeV. The significance of the direct

photon signal increases with collision centrality due to
the increasingly suppressed π0 production and associated
decrease in the photon background from hadron decays.
The direct photon spectral shapes and invariant yields
are consistent with NLO pQCD predictions for p + p re-
actions scaled by the average number of inelastic NN
collisions for each centrality class. The close agreement
between measurement and the binary scaled pQCD pre-
dictions of the direct photon yield suggests that nuclear
modifications of the quark and gluon distribution func-
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Characteristic differences  of discussed prompt      experiments

reaction hadronic
energy[GeV]

d(vtx-calo)
[m] yield/bgd isolation

H1
ZEUS ~200 1 shower

analysis 1

D0 1800 1 shower
analysis 0.4

CDF 1960 1.8 sh analysis
+preshowr 0.4

CDF 1800 1.8 conversions 0.4

E607 31,  39 9
measure --

WA98 17.3 22
measure --

PHENIX 200 5
measure --

impact on theory ? different contributions of fragmentgation, soft gluons

pp̄

pp̄

pp̄

γp, ep

pp, pN
πN

Pb Pb

Au Au

γ

experiments exploiting      id, require no explicit isolationπ
0

especially at high (RHIC) energies

γ/π0

γ/π0

γ/π0

R(η, φ)
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Questions concerning HERA  results

Why NLO below the data (~30%)? Normalisation ok without hadronisation !

    Is the hadronisation correction using PYTHIA/HERWIG too naive?

    Can it reliably be applied to NLO partons, in particular for isolation cone?

    Are there large ambiguities?

Are LO+parton shower models (PYTHIA, HERWIG) below data  (~40%)
   for the same reason?  Which?
    They include hadronisation and should model cuts well.

Prompt     + jet seem to be better described than inclusive prompt     . 

     If so, is it that the jet requirements forces LO like configurations
     with less phase space for higher order effects?
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Questions to results in hadron-hadron  reactions

Low       ( < 100 GeV) , pp or light nuclei : 
    Can good theoretical description at low pt ( < 5 GeV)  be achieved
         without ad hoc kt smearing?
    Can be stated, which data can be accomodated with theory and which not ?
    Does kt factorisation help (calculations a la Lipatov, Zotov) ?

 Heavy Nuclei :
      How safe is the ~10% uncertainty estimate of           scaling ?  

 Can future RHIC data establish plasma effects at low pt ?

Ncoll

prompt photons provide
an interesting pQCD laboratory,
enlightening results,  more to come 

High Energies :
     Deviations from NLO seem to be smaller for preliminary D0 than CDF data.     
     Ways to clarification?

to summarize : 

√
s


