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Abstract: An overview of experimental methods for measuring direct photon spectra in pp, p—A
and A-A collisions is presented. The advantages and limitations of each method are discussed and

illustrated by the results of various experiments.
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1. Introduction

Direct photons are created in interactions of charged particles in pp, p-A or A-A
collisions and not in decays of final hadrons. Due to the large free path length, direct
photons freely escape from the hot and dense region and deliver information about all stages
of the collision. In pp collisions, direct photons are mostly produced in scatterings of partons
of incoming protons. Therefore, the measurement of the direct photon spectrum provides
information about the proton structure functions. In p—A collisions, direct photons allow
us to explore the initial stage of the collision and in particular to study the modification
of nucleon structure functions in nuclei. In A-A collisions, one can expect the creation of
hot matter. Therefore, in addition to photons created in scatterings of partons of incoming
nucleons, there is thermal radiation of the hot matter, so that these thermal direct photons
provide information about the temperature of hot matter, its space-time dimensions and
the development of collective flow of the hot matter in these collisions.

Unfortunately, direct photons contribute only a few percent to the total photon yield,
while the main part of photons created in pp or A-A collisions comes from the decays of
final hadrons, mainly 7 and 7-mesons. Measurement of the direct photon spectrum is a
very complicated experimental task. This is why several approaches have been developed,
suitable for various conditions. Below we discuss some of the proposed methods, consider
their advantages and restrictions, and review available experimental results.

2. Isolated Direct Photons

One of the most widely used approaches in pp, p—A and A-A collisions is the mea-
surement of the spectrum of isolated photons, which, as we will see later, are closely related
to direct photons. An isolated photon is a photon which does not have hadronic activity in

some region around it:
R = A¢2 + A772 < Reone @

where Ecope is the sum of energies of all particles in the cone around the photon in the az-
imuthal (A¢) and pseudorapidity (Ay) directions. Typically, a cone radius of
Reone =~ 0.4-0.6 is used, which is compatible to the jet size. The threshold energy usu-
ally used is Eg, ~ 2 GeV above the underlying event contribution p7R2 ., based on the
estimated energy density p of the underlying event. The main idea of this approach is that,
at high pt, most of hadrons are created as a part of a jet, and therefore photons created in
decays of such hadrons are surrounded by hadrons belonging to the same jet. In contrast,

Econe < Eqn + prcR%one,
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direct photons originated in Compton scattering or in quark annihilation do not have
accompanying hadrons. The advantages and limitations of the method follow directly from
this idea: this method works well at high pt in pp and p—A collisions, but at medium and
especially at small pr, the contribution of large-angle 71° decays increases, and more and
more decay photons can pass the isolation criterion. Another complication arises in A-A
collisions where the underlying event contribution can be subtracted in average, but large
fluctuations entail serious complications at low pr. To illustrate this, let us consider an
expression for the isolated photon spectrum calculation:

d2o7 1 d2Nise p )
dpfdy  Ldp]dy e @

where L is the integrated luminosity, N'*° is the spectrum of reconstructed isolated photons,
P is the purity of the isolated photon spectrum and 61750 is the efficiency of the isolated
photon reconstruction. An example of the purity of an isolated photon spectrum, calculated
in pp and p-Pb collisions at \/syn = 5 TeV [1], is shown in Figure 1. The purity rapidly
decreases with the decrease in pt, with a rapid increase in relative systematic uncertainties.
As a result, most measurements of the isolated photon spectrum are restricted by high
pr > 10-20 GeV/c.
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Figure 1. Purity of the isolated photon sample as a function of transverse momentum for pp and
p-Pb data. The error bars represent statistical uncertainties only. The red shaded area represents
systematic uncertainties in pp, the blue empty boxes represent systematic uncertainties in p—Pb [1].

Nevertheless, at high pt, the measurement of isolated photon spectra provides valu-
able information on the validity of pQCD calculations and structure functions in pp colli-
sions and their modifications in p—A collisions. It provides tools to control the initial stage
in A-A collisions and can check the applicability of the Glauber model for description of the
number of nucleon—nucleon collisions and the absence of strong modifications of nucleon
structure functions in nuclei. The collaborations ALICE [1], ATLAS [2] and CMS [3] have
measured isolated photon spectra in pp and p—A collisions and found reasonably good
agreement with NLO pQCD calculations; see Figure 2.
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Figure 2. Left plot: Isolated photon differential cross section measured in pp collisions at
V/s = 7 TeV [4]. Error bars represent statistical and boxes represent systematic uncertainties. The
bands correspond to pQCD calculations with JETPHOX. Right plot: Ratio between differential
cross section measurements and theory predictions for ATLAS [2], CMS [3] and ALICE [1]. Error
bars are statistical and boxes are the quadratic sum of statistical and systematic uncertainties. The
normalisation uncertainty of each experiment is presented as an overall box around unity.

3. Statistical Method

The statistical method for the measurement of the direct photon spectrum immediately
follows from the definition: one measures the spectrum of inclusive photons, the spectrum
of hadrons with the highest yields and the branching ratios of decays to photons, calculates
the expected yield of decay photons and subtracts the decay photon spectrum from the
inclusive photon one. Typical relative contributions of different hadrons to the decay
photon spectrum, calculated in pp collisions at /s = 2.76 TeV, are shown in Figure 3.
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Figure 3. Ratio of decay photons from different sources to all decay photons in the decay photon
simulation of pp collisions at /s = 2.76 TeV [5].
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The dominant contribution, more than ~85%, comes from the 7° decays, the second
most important contribution comes from #7-meson decays. To minimize systematic uncer-
tainties, it is important to measure both the inclusive photon spectrum and neutral meson
spectra in the same detector. To eliminate some of the largest systematic uncertainties, it is
convenient to construct a double ratio R,,:

Meas 0 Meas

v = i / nMeas ~ Y
Bkgd /0 =~ . Bkgd
i 8 / nParam v 8

®)

where Meas

respectively, mp, ..
and B84 is the calculated yield of decay photons (including decays of all hadrons) based
on this parameterization. An increase of R, above the unity signifies the presence of a
direct photon contribution.

The first successful attempt at extracting the direct photon yield was by the WA98
collaboration [6]; see Figure 4. In central collisions, an excess of direct photons exceeded the
systematic uncertainties represented by the yellow band, which allowed the measurement
of the direct photon spectrum, while in peripheral collisions, systematic uncertainties were
too large and only upper limits were established. Later, this method was used by all
experiments that measured direct photon spectra. This method can be applied to any kind
of collision, with high or low multiplicity, however, it requires an excellent quality of the
electromagnetic calorimeter and precise measurement of neutral meson spectra. At low pr,
the proportion of direct photons decreases as meson decays, resulting in the appearance
of 1/pr factor in the decay photon spectrum. This makes the application of the statistical
method for low pt extremely difficult.

and 71y, are the measured spectra of inclusive photons and neutral mesons,
is some parameterization of the measured neutral meson spectrum,
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Figure 4. Left plot: the Yneas/ YBkgd Tatio as a function of transverse momentum for peripheral (part
(a)) and central (part (b)) 158 A GeV 208pp4208Ph collisions. The errors on the data points indicate
the statistical errors only. The pr-dependent systematical errors are indicated by the shaded bands
(= 1:% )- (Note: upper and lower errors are inverted for display purposes.) Right plot: the invariant
direct photon multiplicity for central 158 A GeV 2%8Pb+2%8Pb collisions. The error bars indicate the
combined statistical and systematical errors. Data points with downward arrows indicate unbounded

90% CL upper limits.
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4. Photon Conversion Method

The energy and position resolutions of electromagnetic calorimeters improve with
increasing energy of the reconstructed photon. In addition, the purity of the photon
sample improves with increasing photon energy: on the one hand, hadrons rarely deposit
their full energy in a thin electromagnetic calorimeter, so that the spectrum of the hadron
contamination is softer. On the other hand, the shower shape analysis works better for larger
clusters consisting of large number of cells. Finally, high energy clusters can be created
only by hard charged particles, for which an extrapolation of tracks from the tracking
system to the calorimeter is more reliable. However, at low energies, the performance
of calorimeters is poor. To extend the measurement of the inclusive and direct photon
spectrum to lower energies, one can use the conversion method: reconstruct photons
via their conversion to e*e™ pairs on the material of inner detectors or of the beam pipe,
where e*e™ tracks are measured in the tracking system of the experiment. This allows for a
significant improvement in the purity of the inclusive photon spectrum, as demonstrated by the
comparison of the photon sample purity provided by three detectors in the ALICE experiment;
see Figure 5. The Photon Spectrometer (PHOS) [7] is a high-resolution electromagnetic
calorimeter built of PbWOy crystals of size 2.2 x 2.2 cm?, the Electromagnetic Calorimeter
(EMCAL) [8] is built with Shashlyk technology with a tower size of 5.5 x 5.5 cm?. The PHOS
is able to extend the measurement of the photon sample with high purity to a somewhat
lower pr compared to EMCAL. The conversion method provides the best purity at very
low p1. Note that the contamination of the conversion method is completely different
from the one in the calorimeter, which is important for cross-checking of the results. The
reduction of contamination uncertainties in the conversion method is achieved at the price
of lower photon reconstruction efficiency and a large sensitivity to uncertainties related to
the description of the material budget of the detector. As a result, the final uncertainties of
the two methods are comparable. The conversion method is widely used in PHENIX [9]
and ALICE [5] experiments.
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Figure 5. Purity of the inclusive photon sample in Non-Single-Diffractive (NSD) p—Pb collisions at
VSNN = b TeV for different reconstruction techniques [10].
5. Internal Conversion Method

The idea behind the internal conversion method, to measure the direct photon yield, is
based on the decomposition of the invariant mass distribution of e*¢™ pairs into a hadron
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and a direct (virtual) photon contribution. Thanks to the Kroll-Wada formula [11], one can
relate the yield of e™e™ pairs coming from the same source at different pair masses and
even extrapolate to the yield of real photons emitted by that source:

1 dN 2 4m?2 2m2\ 1 M2\ 3
R —_ 1 _ e 1 e 1 _ ee F M2 2 4
Nry dMeg 37T Mgg ( + Mgg) Mee < M2 ) | ( 66)‘ ( )

where N,, is the number of real photons emitted by this source, M, is the invariant mass of
the eTe™ pair, m, is the electron mass, M is the total mass (y/s) of the decaying/emitting
system, and F(M2,) is the form factor. This method solves two problems: first, one gets
rid of the contamination of the photon spectrum that is common in photon detection with
calorimeters, and second, by choosing a proper region of pair masses, one can considerably
reduce the contribution of hadron decays to the photon spectrum. For example, looking at
the region M., > 110 MeV/c?, one gets rid of the 7 decay contribution. Technically, the
invariant eTe™ mass distribution, f(,.), calculated for each pr bin, is fitted by the sum of
expected contributions of hadron decays (cocktail) f.(m,.) and direct photon contribution
fair (Mee), with the only fit parameter, r, defining the relative contribution of direct photons
and decay photons. Figure 6 shows fgi.(1m,..) and fc(m,.) together with the fit result for
Au + Au minimun bias data for 1.0 < pr < 1.5 GeV/c and the cocktail components. One
can see an excellent description of the shape of the measured invariant mass distribution,
and that the cocktail contribution is dramatically reduced just above the ¥ mass. However,
this method also has drawbacks: First, one should estimate and subtract combinatorial
background of eTe™ pairs. The signal-to-background ratio decreases rapidly with increas-
ing collision multiplicity and is of the order of ~1073-10~* for A-A collisions. Precise
subtraction of the combinatorial background requires a lot of effort and introduces consider-
able systematic uncertainties. Second, one has to exclude the contribution of the ete~ pairs
created in real photon conversion on detector material and to estimate the contribution
of decays of mesons with heavy flavors and p, the mass and/or width of which can be
modified in hot and dense matter.
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o R
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Figure 6. Dilectron mass distribution for Au-Au (min. bias) events for 1.0 < pr < 1.5 GeV/c.
The two-component fit with function f(m,,) is explained in the text. The fit range is 0.12 < m,, <
0.3 GeV/c2. The dashed black curve at greater 1., shows f(me.) outside of the fit range [12].

6. Bose—Einstein Correlations of Direct Photons

Direct photon intensity interferometry can be used to explore the space-time dimen-
sions of the hottest part of the collision and also to extract the direct photon yield. As the
lifetime of hadrons, making main contributions to the decay photon yield, is relatively
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large, the two-photon correlation function constructed from all photons in the event has
an increase at zero relative momentum, corresponding to the correlations only between
direct photons. Correlations between direct photons and decay ones or between decay
photons would result in an extremely narrow correlation which can not be observed in
an experiment. Full information about space-time dimensions of the hot matter can be
extracted using a 3-dimensional correlation function, but in the case of limited statistics,
one can use a correlation function depending on the invariant relative momentum

CZ(Qinv) =14 Ainv exp <_R12nv ’ Qiznv) (5)

with correlation strength Ay, and radius parameter Rj,,. The invariant correlation strength
Ainy can be related to the correlation strength A of the full 3-dimensional correlation function,
and the latter can be related to the squared proportion of direct photons:

A= %(N;iir / Ngﬂ)z (©)

where factor 1/2 appears due to photon spin. Note that due to the massless nature of
photons, the relation between Ay, and A is more complicated than for massive particles, for
which they coincide [13]. So far the only successful attempt to extract direct photon Bose—
Einstein correlations was made in the WA98 experiment [13]; see Figure 7. This experiment
was perfect for this type of measurement. It was a fixed-target experiment, and thanks to
the Lorentz boost, the photon energy reconstructed in the calorimeter was high enough
to reliably identify photons. In addition, since the electromagnetic calorimeter was 21 m
from the interaction point, photon showers with small opening angles could be separated.
Finally, the material budged in front of the calorimeter was very low, which reduced the
contribution of photon conversion at low relative momentum. The direct photon spectrum
was extracted in two low pr bins. It was not possible to extend measurements to higher pr
because of limited statistics.
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Figure 7. Left plot: the two-photon correlation function for average photon momenta 100 < Kt <
200 MeV/c (top) and 200 < Kt < 300 MeV/c (bottom) measured in 0-20% central 158 A GeV
208Pp+208Pp collisions and fitted with Equation (5) [13]. Right plot: Comparison of parameters of
correlation functions measured with different particle identification criteria: A—all clusters, ¥—
narrow electromagnetic, J—all neutral, O)—narrow neutral electromagnetic (no significant result for
high Kr).
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7. Method Comparison

Finally we present a comparison of results produced with different approaches. In
Figure 8, left plot, we compare direct photon yield measured with a method based on
Bose-Einstein correlations and with a statistical method. The softest pr region can be
explored only with the Bose—Einstein correlations method, which, however, can not be
extended to higher pr. The statistical method provides results at high pr regions. Note
the considerably larger systematic uncertainties of the statistical method. The right plot in
Figure 8 shows a summary of measurements of the PHENIX experiment, which provides
the unique possibility to compare results produced by different methods for the same
colliding system. Points marked as ‘PRL 104’ (empty circles and empty triangles) were
measured by internal conversion method. Points marked as ‘PRL 98’ (red empty boxes) and
‘present data’ (blue circles) used the external conversion method and points marked ‘PRD
86" (magenta triangles) and ‘PRL109’ (blue stars) were measured with the statistical method.
The internal conversion method can be applied to lower pt, and generally provides small
systematic uncertainties, but is limited to low pt due to statistics. The external conversion
and statistical methods cover similar py ranges and provide comparable systematic uncer-
tainties, but the external conversion method has slightly smaller uncertainties at lower pr
due to the higher purity of the inclusive photon spectrum.
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Figure 8. Left plot: direct photon spectrum in 0-20% central 158 A GeV 2%8Pb+2%Pb collisions
extracted with two methods: from the strength of the two-photon correlation (closed circles) and
by the statistical method (open circles, or arrows indicating upper limits) [13]. Total statistical plus
systematical errors are shown. Right plot: direct photon spectrum measured in pp and Au-Au
collisions at /syN = 200 GeV with different methods, see text.

A comparison of the direct and isolated photon spectrum measured in pp collisions
at /s = 200 GeV is shown in Figure 9. At lower pt ~ 5 GeV/c, only ~50% of direct
photons pass the isolation criterion, while the rest of the direct photons originate from
quark and gluon fragmentation. At higher pr, the difference between isolated and direct
photons diminishes. Decay photons have a considerable probability of meeting the isolation
criterion even at high pt, which limits the purity of isolated photons to modest values; see
Figure 1.
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Figure 9. The effect of isolation cut on direct photons and decay photons. Solid circles: ratio of
isolated direct photons to inclusive-direct photons. The statistical uncertainties are shown as black
error bars and the systematic uncertainties are plotted as shaded bars. The solid and dashed curves
are NLO pQCD calculations with three theory scales for BFGII [14] and one scale for the GRV [15]
parton to photon fragmentation functions. Open circles: ratio of isolated photons from 71¥ decays to
all photons from 7° decays [16].

8. Summary and Conclusions

Direct photons provide unique and valuable information about the nucleon structure
functions in pp and p-A collisions, as well as about the temperature, space-time dimensions,
and development of the collective flow in hot matter created in A—A collisions. However, the
fraction of direct photons is small, while the main source of final photons is hadron decays.
This has resulted in the development of various techniques of direct photon extraction.
Several methods have been proposed, with different advantages and restrictions. We
considered the most widely used methods, discussed their applicability in different cases
and compared the results.
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