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Abstract Thermal photons radiated in heavy-ion collisions
represent an important signal for a recently discovered new
state of matter, the deconfined quark—gluon plasma. How-
ever, a clean identification of this signal requires precise
knowledge of the prompt photons produced simultaneously
in hard collisions of quarks and gluons, mostly through their
fragmentation. In this paper, we demonstrate that PHENIX
data on photons produced in proton—proton collisions with
low transverse momenta allow one to extract new informa-
tion on this fragmentation process. While existing data do not
yet convincingly favor one parameterization (BFG II) over
the two other frequently used photon fragmentation functions
(BFG I and GRV NLO), the data sets recorded by PHENIX
and STAR at BNL RHIC in 2013 with tenfold higher statistics
should allow for such an analysis.

1 Introduction

In the early Universe, at temperatures above a critical tem-
perature of about Ty =~ 10'2 K or 170 MeV, quarks and
gluons are believed to have existed in a new, deconfined state
of matter, before they were bound by strong interactions into
protons and nuclei. Relativistic heavy-ion colliders such as
BNL RHIC and CERN LHC allow one today to re-create
this state, the so-called quark—gluon plasma (QGP), on earth,
albeit only for very short times of about 10~23 s. An important
signal for the presence of a QGP and a good probe of its prop-
erties is the radiation of thermal photons with low transverse
momenta (typically < 4 GeV) from the deconfined partons
before thermalization, in the thermal bath, during expansion
and cooling of the QGP, and finally from the thermal hadron
gas [1,2].

The interpretation of inclusive photon measurements is
complicated by the fact that photons are also produced in
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hadron (mostly neutral pion) decays, which must be reliably
subtracted from the experimental data, as well as in hard scat-
terings of the quarks and gluons in the colliding ions. At high
transverse momenta, photons are mostly produced directly,
whereas in the interesting low-transverse-momentum range
they stem predominantly from quark and gluon fragmenta-
tion [3].

The probability for quark and gluon fragmentation into
photons can unfortunately not be computed in perturbative
QCD, but it must be parameterized with photon fragmen-
tation functions (FFs) D,/ .(z, Q2). Their dependence on
the longitudinal momentum fraction z transferred from the
parton to the photon is unknown and therefore modeled at a
starting scale Qg. It is then evolved using QCD renormaliza-
tion group equations to higher scales Q, where experimental
data are available and can be used to constrain the theoretical
ansatz.

Traditionally, these data have been taken from e*e™ col-
liders in order to avoid theoretical uncertainties from the ini-
tial state and, in the absence of usable data on prompt pho-
tons, from the production of vector mesons [4,5], assum-
ing that they dominate the hadronic fluctuations into the
photon [6,7]. Today, however, the parton density functions
(PDFs) in the proton are known with much better preci-
sion than the photon FFs [8], and a wealth of new data on
prompt photon production has been taken in hadronic colli-
sions [9]. In particular, the PHENIX collaboration at BNL
RHIC have analyzed 4 pb~! of 2006 pp collision data at
A/s = 200 GeV for the production of nearly real photons
with transverse momenta in the range 1 GeV < pr <5 GeV
using a single-electron trigger, which greatly reduced the
background from light meson decays [10]. These data are
complemented by and overlap with real-photon data in the
range pr > 4 GeV.

More recently, measurements of prompt photon produc-
tion in hadron collisions have been performed at the Tevatron
[11,12] and the LHC[13,14] (see also the references therein),
albeit mostly at high pr and/orwith photon isolation, which
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reduces the sensitivity of these data to the photon fragmen-
tation contribution.

In this paper, we demonstrate that prompt photon data
from BNL RHIC allow one in principle to extract new infor-
mation on the photon FFs. By separating the data into a con-
trol region of large transverse momenta (above 10 GeV) and a
signal region (below 5 GeV) dominated by directly produced
and fragmentation photons, respectively, we first establish
the reliability of the FF-independent parts of our perturba-
tive QCD calculation in the control region, before we perform
chi-square tests of the three available modern FFs (BFG I,
BFG II [6] and GRV NLO [7]) in the signal region.

2 Photon fragmentation functions

When a photon is radiated from a massless final-state quark,
it exhibits a collinear singularity that must be absorbed into
anon-perturbative FF D,, 4 (z, %). At next-to-leading order
(NLO) of perturbative QCD, also gluons fragment into pho-
tons through intermediate quarks, which gives rise to the cor-
responding FF D, ¢ (z, 0?). The evolution of these FFs with
the scale Q is described by renormalization group equations
[15],

dDysy(Q%) _ a 2, (0%
Tdmo? ZHP,/H,@JDW(Q )+ 7
X[Pyeyg ® Dy /g (0 + Pey @ Dy (0],
(1)
dDy/(Q*) _ a 5 a(0Y)
dnQ?  2n Py g ® Dyy (O + =
X[Pyeg ® Dy/q(Q) + Pyg ® Dy (07,
(2)
dDy sy (0% _ “ 2y, %
dnQ? 27 Pyy @ Dy (Q7) + o
X[Pyey ® Dy/q(Qz) + Py ® Dy/g(Qz)],
3)

which are coupled through the perturbatively calculable time-
like Altarelli—Parisi splitting functions P;.; [16]. Note that,
contrary to the evolution equations of partons in hadrons,
those of the photon also contain inhomogeneous terms related
to its pointlike contribution.

Inleading order (LO) of the electromagnetic coupling con-
stant «, the third evolution equation, Eq. (3), can be directly
integrated with the result D, /,, (z, Q%) = 8(1 — z). Further-
more, in LO of the strong coupling constant «, only the
evolution equation of the quark—photon FF

dDyj(z, Q%) @
—g/lqn Q2 = ZP)M—q(Z) 4)
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survives, which can also be integrated with the result

2 o Q2 2
Dy4(z, Q7) = ZP}M—q(Z) In 02 +Dyq(z, Q) (S)
0

The first term in Eq. (5) is the perturbatively calculable point-
like solution, while the second term is a hadronic boundary
condition, which has to be fitted to experimental data.

In the modified Minimal Subtraction (MS) scheme [17],
the inclusive NLO cross section for ete™ — y X is [18]

1d 2 s 2
1 do(Q%) 222€§{Dy/q(Q2)+%e§Cy+a(Q)
' q

op dz 2w

4Q®mM¢HQ®mM¢ﬂ}
©)

where oy = 4na2Nc/(3 Q2) is N¢ = 3 times the cross sec-
tion for eTe™ — putu~, ¢, is the fractional quark charge,
the factor of two comes from D, /,(Q%) = D, 7(0?), and
C,,¢ stand for the time-like Wilson coefficients of trans-
verse and longitudinal partonic cross sections. In the DIS,,
factorization scheme, the singular transverse photonic Wil-
son coefficient C; o In[z2(1 — z)] can be absorbed into
the quark FF, thereby increasing the perturbative stability
[7].

The hadronic input in Eq. (5), and similarly for the gluon,
can unfortunately not be determined from inclusive photon
production in e™e™ annihilation, since the experimental data
are very limited and furthermore dominated by the pointlike
quark—photon FF [19,20]. Therefore, all current parameteri-
zations assume vector-meson dominance (VMD) of hadronic
fluctuations into the photon to model the photon fragmenta-
tion at low scales. The most relevant input parameters are
summarized in Table 1. In particular, BFG [6] work in the
MS scheme and choose a higher scale Qg and slightly larger
QCD scale parameter A for Ny = 4 flavors than GRV [7],
who use the DIS,, scheme. Our perturbative calculation is
then of course adjusted accordingly [9]. Heavy quarks of
mass my, are included above their production thresholds with
boundary conditions D, /,(z, m%) = D, (z, m%l) = 0.
As can be seen from Fig. 1, these assumptions lead to
good agreement on the (mostly pointlike) quark FFs, but
the gluon FFs differ widely (by up to an order of magni-
tude), even among BFG I and BFG II. The factorization
scale Q = up = 2 GeV has been chosen here in accor-
dance with the typical transverse momenta to be analyzed
below.

3 Subprocess contributions

In proton—proton collisions, photons are not only produced
by fragmentation of the colliding quarks and gluons, but also
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Table1 Current parameterizations of the photon FFs. p, w and ¢ contributions can be added coherently or incoherently in vector-meson dominance
(VMD) models. Ny is the normalization of the gluon FF at the starting scale

Ny=4

Group Set Year Q% (GeV?) Factor. scheme VMD model AMS (MeV)
BFG 1 1998 2 MS Coh., N, free 230
BFG 11 1998 2 MS Coh., N, fixed 230
GRV NLO 1993 0.3 DIS, Incoherent 200

Photon fragmentation functions pp — v X at Vs = 200 GeV with |y| < 0.35
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Fig. 1 Quark (up, down, and strange) and gluon (g) FFs into photons
at the scale Q = up = 2 GeV as parameterized by the BFG [6] and
GRYV collaborations [7]

directly in processes like quark—antiquark fusion, gg — yg,
and QCD Compton scattering, gg — y¢g. Since we want
to separate the PHENIX data set into a signal and a control
region, dominated by fragmentation and direct production,
respectively, we must first establish the corresponding pr
regions. To this end, we compute the fractional subprocess
contributions in NLO QCD using the program JETPHOX [9],
assuming a fixed set of parton densities given by the CT10
parameterization [8], which are well constrained in the region
of x7 = 2pr/+/s = 0.01 —0.1 relevant here, and identifying
the renormalization scale 1 g, the proton factorization scale
ur and the photon fragmentation scale pp with the central
hard scale of the process, the photon transverse momentum
pr. Figure 2 then shows that fragmentation processes dom-
inate for pr < 5 GeV in pp collisions at /s = 200 GeV,
while for pr > 10 GeV direct processes account for 60-75 %
of the total cross section, depending on u p . If one wants to fix
the fragmentation-independent parts of the NLO QCD cal-
culation [9], it is therefore preferable to choose up = 0.5 pr
in order to minimize the fragmentation contribution.

Fig. 2 Fractional contributions of direct and fragmentation processes
to inclusive photon production at BNL RHIC as a function of pr for
three different choices of the photon fragmentation scale 11 p

4 Comparison with PHENIX data

Having fixed our signal and control regions as described
above, we next allow all three scales to vary independently
among the choices (0.5; 1; 2) pr in the control region (pr >
10 GeV) and fit them to the PHENIX data, using geometrical
binning and statistical errors only, as the systematic errors are
dominated by hadron decay uncertainties and largely corre-
lated among different pr-bins [10]. We find a minimal value
of X2/d.o.f. of 1.2 for the combination ug = up = 0.5 pr
and ur = 2 pr for the BFG I and II FFs and somewhat
larger for GRV NLO, which is in good accordance with our
observation above that up = 0.5 pr should be preferred.
Although QCD corrections beyond NLO are of course in
principle important, they can be subsumed by an appropriate
choice of scale. We have exploited this freedom by normal-
izing the theory to the data, in this way effectively fitting
the higher-order terms. Note also that when pp falls below
the starting scale Qo = V2 GeV, numerical results from the
BFG parameterizations of the FFs are no longer available
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and pp must at least be frozen there. In order to avoid the
appearance of large logarithms (like log ugr/mp), we have
chosen to freeze all three scales (ug, ur and up) at Qo
in the short- and long-distance parts of our calculation. The
error committed in this way is then at least of next-to-next-
to-leading order, coming only from the uncompensated parts
in the PDF and FF evolutions, and it affects all three FFs in
a similar and only logarithmic way, ensuring a subdominant
impact on our comparison with data. The goodness of our fit
and its independence of the choice of FF can also be observed
in the high- pr region of Fig. 3 (top).

We can then perform a x? test of the three different FFs
in the signal region (pr < 5 GeV; see Fig. 3) (bottom),
finding an acceptable minimal value of x2/d.o.f. of 2.8 for
BFG II, while the BFG I and GRV NLO hypotheses lead to
significantly larger values of 5.2 and 4.5, respectively, and
can be rejected at a confidence level of 99 %. Looking at
Fig. 3 (bottom), these values of x2/d.o.f. are obviously dom-
inated by the exceptionally high point at pr = 4.25 GeV,
which together with the point at pr = 4.75 GeV comes
from the real-photon analysis. Although the other data points
from the nearly real-photon analysis overlap with these two
real-photon data points within their respective pr-correlated
systematic errors (see Fig. 2 of Reference [10]), the system-
atic errors differ among the two analyses. If we omit the
two real-photon data points from the fit, we then find values
of Xz/d.o.f. of 0.68 for BFG II, 0.61 for BFG I and 0.63 for
GRV. The current level of statistical (nearly real photons) and
systematic (real photons) precision thus does not yet allow
one to obtain stringent information on the photon FF. An
improvement of about a factor of five in the statistical error
would still be needed to apply our method successfully.

5 Conclusions

In this paper, we have seen that the combined virtual- and
real-photon data from PHENIX seem to favor the BFG II
parameterization with its relatively large gluon distribution
over BFG I and GRV. This observation is, however, driven by
an exceptionally high real-photon data point, which overlaps
with the virtual photon data only within its large systematic
error. The published virtual photon data from PHENIX alone
do not yet allow for a conclusive distinction of the three
available photon FFs and would require a reduction in their
statistical error of at least a factor of five.

In the absence of new eTe™ data, e.g. from a Linear Col-
lider, our study shows nevertheless the potential of future
inclusive photon measurements at BNL RHIC and CERN
LHC to constrain the photon FFs with hadron collider data.
In fact, much higher luminosities of 574 and 526 pb~!
have already been recorded in 2013 by PHENIX and STAR,
respectively, in pp collisions at BNL RHIC and 5-10 pb~!
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Fig. 3 Transverse-momentum distribution of inclusive photons as pre-
dicted by three different FFs and compared to PHENIX data with sta-
tistical errors only at high (top) and low pr (bottom) [10]

by the ALICE experiment at CERN LHC with /s = 7-
8 TeV. Unfortunately, at the LHC limitations of band width
impede to trigger on low-pr data. For the suppression of
meson decays, it seems crucial to exploit new experimental
techniques such as electron triggers for nearly real-photon
detection.

In the future it might be possible to also exploit photon—
jet correlations at BNL RHIC [21]. Indeed, photon—hadron
correlations have already been studied, and the component of
the photon momentum perpendicular to a trigger hadron has
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been extracted [22]. For decay and fragmentation photons,
it was shown to be with about 0.5 GeV significantly smaller
than the one for directly produced photons (~ 0.8 GeV).
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