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PERSPECTIVES OF STUDY OF THE DIRECT PHOTON
PRODUCTION PROCESS AT FAIR ENERGY

A. N. Skachkova ', N. B. Skachkov >

Joint Institute for Nuclear Research, Dubna

The modeling of high-energy photon production in collisions of antiproton beam having Eheam =
15 GeV with the proton target, pp — v+ X, is done using the event sample simulated by the PYTHIA6
generator. Such an energy is high enough to consider this collision as a relativistic one and being
caused by parton—parton scattering. The distribution of the set of kinematic variables and cuts which
can be useful for getting the information about proton structure in the available kinematic region is
obtained. The contributions of fake photons which can appear from the hadron decays as well as of
the background caused by the minimum bias events and other QCD processes are estimated. A set of
cuts which can be useful for separation of signal events containing the direct photons from background
events is proposed.
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INTRODUCTION

In Introduction, we review the motivation for study of the processes with direct photon
production in hadron—hadron collisions and the development of these processes searches. The
measurements of direct photon production in high-energy hadron—hadron interactions have
already demonstrated their quite notable potential for studying the structure of hadrons and
nuclei. The energy region 1 < Epeam < 15 GeV which can be covered by antiproton beam at
the accelerator center FAIR (GSI, Darmstadt) is of interest for the research because it is the
least investigated as compared to those regions which were studied at the accelerators having
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higher energies. Note that the range 5 < Eheam < 15 GeV has all rights to be referred to as
a relativistic region of a quite high energy.

In general, the researches at intermediate energies play an important role because in this
energy range the methods of the perturbative QCD come into interplay with the rich physics
of bound states and resonances. The physics of hadron resonances formation and of their
decays is obviously strongly connected with a very important quark confinement problem,
i.e., with the parton dynamics at the so-called “large distances”. It is clear that the efforts to
reach the understanding of the confinement mechanism are of the same great significance as
it was, for example, with the discovery of the Higgs boson.

Therefore, a detailed and high-precision study of processes, based on a usage of the
experimentally obtained information about the kinematic distributions of detected particles
at beam energies available for FAIR, may help to discriminate between a large variety of
existing theoretical pertubative and non-perturbative approaches and models that already exist
or under development now. It is obvious that high-energy photons (referred to as the “prompt”
or “direct” photons) belong to such kind of particles which can bring clear and important
information about the processes which we plan to search for.

Of most interest are those prompt photons which are produced directly in the fundamental
primary parton—parton collision subprocesses, which initiate the further conversion into the
secondary subprocesses of hadronization and emission of stable and unstable particles. The
great advantage of direct photons is that they mostly escape these secondary subprocesses.
It happens so due to the obvious fact that the photons participate in interactions with other
particles only through the electromagnetic interaction coupling constant e, = 1/137, which
is essentially smaller than the strong coupling constant as(Q?). In the leading order the
parton—parton subprocesses with direct photon production, like ¢¢ — v+g¢g and qg — v+q, the
strong coupling constant governs the interactions of quarks (antiquarks) with the gluons ! in the
same fundamental primary parton—parton collision. It is worth noting that the electromagnetic
coupling constant, which defines the radiation of a photon from an electromagnetic charged
quark, is very well known, while the measurements of strong coupling constant still go on.

Now some words about the development of direct photon physics. The study of direct
photon production in hadron—hadron collisions was preceded by the study of the production
of light elementary particles, mainly the mesons, like 7°, 1 and w. The production of photons
from proton—proton (pp) collisions has been the object of many experimental measurements
done both at FNAL [1] and at the ISR (CERN).

It should be mentioned that at the same time, no systematic investigations concerning the
source of the observed photons have been made and it has been commonly assumed that these
photons are produced through the 7° and 7 decays. Nevertheless, it was noted in [1] that the
differential cross sections of the process p + p — v+ X (X is “anything”), measured in the
range of Pr from 0.2 to 3 GeV/c, have shown a significant deviation from the widely used
simple exponential behavior in Pr for incident proton energies above 50 GeV and Pr greater
than 1 GeV/c.

Later the collaboration R412 at the ISR [2] (see also [3]) made a presentation on the first
observation of large production of signal photons (and also photon pairs), in an analogous

IThey can further take part in the secondary subprocesses which include the interactions with the “underlying
partons”, which have not participated in the fundamental subprocess.
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transverse momentum range (1.6 to 3.8 GeV/c), which cannot be explained by 7° and 7
decays. After this discovery, the results of the subsequent analogous pioneering experiments
were presenting, almost every year, new arguments in favor of the production of direct photons
and the information about the properties of such processes (for more information, see [4—6]).

To date there is a lot of new interesting information about direct photon production which
came from high-energy colliders. Thus, the Tevatron and LHC (for the recent results, see, for
example, [7-10], which contain the corresponding references) have provided the information
about the behavior of cross sections of nucleons collision in a region of large transverse
momenta. This information is important for the further development of perturbative QCD at
high energies. Also very important results were obtained from study of events with direct
photon production in heavy-ion collisions. They have been started at CERN SPS (see [11])
and up to date continue in recent measurements at BNL'. These measurements have shown
that the processes with direct photon production play the crucial role in search and study of
Quark—Gluon Plasma.

Meanwhile, in practice, there was not so much progress reached in studying the processes
with direct photon production in the region of intermediate beam energy which is important for
search of expected deviations from the perturbative QCD. The measurement of direct photon
production can provide new information about the behavior of proton structure function in
the desired intermediate energy region.

The aim of the present paper is to make an estimation of the distributions of the most
important kinematical variables of: 1) the produced direct photons and 2) the fake photons.
We use the PYTHIAG6.4 generator [12] which includes only those events which are defined
by the leading order (LO) subprocesses ¢qG — v + ¢ and qg — ~ + ¢. In the following, these
events will be called “signal events”, and the photons produced in this subprocess will be
called “signal photons”. The fake photons which are produced in hadron (mainly mesons)
decays in the same signal event will be called “decay photons”. The leading order CTEQ3L
parametrization was used which is known to be quite useful for the intermediate energies.

Section 1 contains the kinematical distributions obtained for the single direct photons and
the estimation of the size of the kinematic region available for the measurement of the parton
distribution functions (PDFs).

The important problem for the planned measurements is connected with the presence of
background. Sections 2 and 3 are devoted to the estimation of the background contribution.
Section 2 is focused on the background photons which appear in the signal events containing
the direct photons. The introductory part of this section includes the plots which provide the
information about the size of the background contribution coming from the parent particles
of fake photons and also from their grandparents the connections of which are based on the
LUND [12] fragmentation model. Subsection 2.1 contains the plots showing the kinematical
and other distributions of neutral pions which are the major source of background. Sub-
section 2.2 presents the plots with the kinematical distributions of the fake photons and the
plots with the distributions, which show the position of fake photon production vertices in
signal events, as well as the plot giving the information about distribution of the numbers of
fake photons per signal events. In Subsec. 2.3 we discuss the criteria that can be useful for
background separation in signal events having the direct photons.

ISee 1) PHENIX: arxiv:1205.0206 and 2) STAR: arxiv:1201.3093.
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Section 3 is devoted to a much more difficult background which appears when the non-
perturbative minimum-bias processes and the other than the signal events are taken into
account. This section contains the values of the cross sections, predicted by PYTHIA6.4 for
the case of antiproton beam having Eycam = 15 GeV, which are significanly higher than the
cross section of the signal process pp — ~ + X. The criteria to reduce this background for
such processes are proposed. Section 4 contains the Summary.

1. DISTRIBUTIONS OF THE SIGNAL PHOTONS PRODUCED in pp COLLISIONS

The sample of 1000000 events was generated using three leading order QCD subprocesses
qq — v+ 9, q9 — v+ q and gg — v + g which have to be, according to PYTHIA,
the candidates for production of direct photons. Table 1 shows the values of their cross
sections.

Table 1. Signal processes and their cross sections

PYTHIA’s number of subprocess | Type of process | Cross section, mb

14 f+f—g+~ 1.53-1073
29 f+g—f+n~ 8.18.107*
115 g+g— g+~ 2.30-1077

The generated sample allows one to make the plots with the distributions of the most
important kinematical physical variables. We consider first the case when no any kinematical
cuts are applied. The corresponding distributions are presented in Fig. 1: the signal direct
photon energy EJ; (Fig.1,a), its transverse momentum P, ;. (Fig. 1,b) and the polar angle
Hgir (Fig. 1, ¢), calculated from the beam direction. Figure 1,d shows the distribution of the
Bjorken z-variable (it is found that the shapes and top positions of different partons look
very similar). Recall that we present here the results which are obtained by PYTHIA for
Fheam = 15 GeV and use the QCD leading order model CTEQ3L the PDF parametrization of
which was providing a suitable approximation in the region of intermediate energies. All of
these x-distributions cover practically the same region, 0.06 < x < 0.7, and they have rather
similar sharp tops at z = 0.2.

The vertical axes in most of the figures (these and the following) show the number
of events (per bin) that may be expected per year (107 s) for the luminousity L = 2 x
1032 cm~2. s~ 1. The total number of expected events is shown as the “Integral” values in the
statistical frames of the figures.

As can be seen in Fig. 1,a, the energy of photons is distributed in a region 0 < E; <
12 GeV. The Pp values range 0 < P;. ;. < 2.3 GeV/c (Fig. 1,b) and the polar angle 67,
(Fig. 1, ¢) distribution cover the range of 0 < 6 < 180°.

The first three plots of Fig. 1 provide important information. First, one can see that the
energy distribution has the mid-point at about 3 GeV. It means that about half of direct
photons have the energy EJ,, > 3 GeV. So, they may be considered as quite energetic
ones. It is also seen from Fig.1,b that about 35% of photons may have P, higher than
1 GeV/e, and about 10% of them have P% higher than 1.5 GeV/c. Figure 1,c shows that
the mean value of polar angle distribution lies at 27°. It should be noted that switching
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Fig. 1. a) Energy E7. ; b) transverse momentum P . ; ¢) polar angle 6, ; d) x-distributions of partons

“on” and “off” of the initial state radiation does not have a sizable influence on the shape of
distributions.

Finally, summarizing the results of Sec. 1, we may conclude that with the beam energy
about 15 GeV the proton structure function can be measured in the intervals 0.06 < x < 0.7
and 0 < Q? < 5.3 GeV?, where we follow the customary definition of the square of the
momentum transferred as Q2 = PZ which is used in the physics of hadron-hadron collisions.

2. FAKE PHOTONS IN SIGNAL EVENTS

The signal events, generated with the ¢q¢ — v + g and qg — v + ¢ subprocesses, should
also contain some hadrons in the final state. Fortunately, their number would be essentially
restricted by the upper limit caused by the beam energy Epeam = 15 GeV.

This may simplify greatly the identification of final-state particles and the physical analysis
due to the reduction of the phase space and, therefore, due to the reduction of the number of
hadrons and other particles which may be produced in event directly or in the decay cascades
of other hadrons. These hadrons may decay within the detector volume and thus produce
the background photons which may fake the signal ones, produced in signal annihilation
subprocesses. Here, we use PYTHIA event generator option for getting the information about
the parent particles, which serve as the origin of the outgoing decay products. Figure 2
contains two plots which show the size of contributions of these parents and grandparents of
fake photons.



Perspectives of Study of the Direct Photon Production Process at FAIR Energy 1187

Figure 2, a presents the contribution of different parent particles to the processes of fake
photon creation in signal reactions. It clearly demonstrates that among all of the shown
sources of fake photons (see Table 2) the contribution of neutral pion 7° decay (bin I,

NCV
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105 103
104 104
2 4 6 8 10 12 14 16 2 4 6 810121416 1820222426
7y parents ~ grandparents

Fig. 2. Contributions (in the signal events) of: a) the parents of fake +’s; b) the grandparents of fake v’s

Table 2. Bin correspondence to the particle names for the case of v parents and grandparents

Bin Name of v Name of ~
number | parent particle | grandparent particle
1 7 Cluster
2 p° String
3 pt P’
4 n p*
5 w n
6 K*° w
7 Kt K
8 n/ K*O
9 1) KT
10 A° Kt
11 AT n
12 A° o
13 20 A°
14 »t At
15 =0 p
16 ¥
17 A°
18 0
19 0
20 =t
21 DORns
22 i
23 =T
24 =0
25 E*0
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Table 2) is a dominant one. It provides a much higher (more than one order) contribution
than all of the other decay channels. The next contribution, which is more than about one

order less, comes from the 7 (bin 4, Table 2), and then follow, in decending order, the decays
of w (bin 5, Table 2), X° (bin 13, Table 2), 1’ (bin 8, Table 2) and of other mesons.

Figure 2,b shows an analogous distribution of a number of background photons versus

the type of their grandparents. The correspondence between the bin numbers shown on the

x axis of Figs.2,a and b and the names of the parent and grandparent particles can be found

by using Table 2.
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To get the idea about the role of the “parent particles”, it is natural to look first for the
case of neutral pions which give a dominant contribution to the background. These pions, as
will be discussed in the following subsection, may arise from decays of n and w mesons or
more heavier mesons and baryons, which are produced as the resonance states according to
the LUND fragmentation model.

2.1. Pions in Signal Events. The distributions of the kinematical variables of neutral pions,
which are produced in the same sample of signal events, are presented in Fig. 3.

Figures 3,a,c and e show the pions energy, transverse momentum and polar angle
distributions, respectively. As seen from Fig.3,a, the pions energy covers the range of
0 < Ex <7 GeV and it has the average value (F,;) = 1.3 GeV. The transverse momenta of
these pions (Fig. 3, c) cover the range 0 < P < 1.4 GeV/c and their average value is about
(PF) = 0.3 GeVlec.

It is seen from the statistical frame that the number of produced neutral pions is about 13%
higher than the number of generated signal events with the direct photons. Figure 3, b provides
the distribution of the number of pions per event (N, /event). It is worth noting that the first
bin of the logarithmic vertical axis shows that quite a sizable part of events do not have at
all the pions in the final state. Nevertheless, Fig. 3, b also demonstrates that there can appear
some signal events (with the direct photons) which have up to nine pions.

Table 3. Bin correspondence to the particle names for the case of 7° parents and grandparents

Bin Name of 7° Name of 7°
number | parent particle | grandparent particle

1 Cluster d quark

2 String u quark

3 P° s quark

4 pT Cluster

5 n String

6 w p°

7 K w

8 K*O KO

9 Kt K*°

10 K*t K*t

1 1 77/ 77/

12 ¢ ¢

13 A° ud diquark, S =0
14 AT ud diquark, S =1
15 ¥ uu diquark, S =1
16 A° Neutron

17 »*o Do

18 I -

19 ot $*0

20 = ot

21 =0 E-

22 g*0 E*

23 =0

24 z*0
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Figures 3, d and f show, by using Table 3, the contributions of pion parent and grandparent
particles, correspondingly. Table 3 presents the bin numbers used to numerate the parents
and grandparents of 7°°s, as was done previously in Table 2, for numeration of parents and
grandparents sources of fake photons which are produced in the signal events. These plots
show that the main sources of 7 production are: the “strings”, pT, 1, w, A°H) and “cluster”.
These distributions would be useful for distinguishing of fake photons.

2.2. The Kinematical Distributions of Background Photons in Signal Events. The main
kinematical distributions of background photons in signal events are presented in Fig. 4. They
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are obtained using the same sample of one million signal events which was used in Sec. 1
and Subsec. 2.1.

One can see from the statistics frame in the upper part of the plots that the contribution of
all of the fake photons, including the contribution from the neutral pions which was discussed
before, can be larger by a factor of about 2.75 than the number of signal direct photons.

From Fig.4,a one can see that the energy of the fake photons covers the range 0 <
Ej.. <5 GeV and it has the average value (E]_ ) = 0.7 GeV. At the same time, the range
of the transverse momentum (Fig.4,c) is 0 < P% < 1 GeV/c and it has the average value
(P} qoe) = 0.17 GeV/e.

The comparison of the plots shown in Fig.4 for the energy E] . and the transverse
momentum P7. . distributions of fake photons with the analogous plots a and b in Fig. 1
for signal photons shows that they are very different (by a factor of approximately 3), while
the angle distributions in Fig. 1,c¢ and Fig. 4, e have practically the same shapes. Both of
them cover practically the same range 0 < 7 < 180° and have the average value of about
(07) = 28°.

One can see from the shapes of the P, . distribution of fake photons, shown in the
plot ¢ of Fig.4 and in the corresponding plot b for direct photons in Fig. 1, that the cut of
about P}, > 0.77 GeV/c may allow one to eliminate the fake photons at the cost of a bit less
than half of signal direct photons loss.

The right-hand column of Fig.4 includes the plots b and d which contain the values of
the Vz (Vy distribution is identical to that one of V) and V z components of the 3-vector V
which points the position (in mm) of fake photon production vertex. The logarithmic scales
of Vx and Vz axes show that most fake photons in the signal events are produced very close
to the point of direct photon production (interaction point).

Figure 4,f shows the spectrum of the number of fake photons per event (analogously
to Fig.3,b for the number of neutral pions). It is seen that the number of signal events
which do not have fake photons at all (bin 0) is quite large and the range of the number
of fake photons in event (N], /event) grows up by a factor of 2 and it spreads up to 18:
0 < NJ../event < 18.

2.3. Separation of Background Photons in Signal Events. To reduce the fake photon
background, we propose the next two selection cuts:

1) Gamma isolation criteria. We select only those photons for which the summed energy
Fsum of all the charged particles around the photon within the cone of the radius R =

\ /Ai + A% = 0.2 in the i) — ¢ space is less than 0.25 GeV, i.e., Fsum < 0.25 GeV .

2) Restriction on photon PJ. We select only those photons which have the transverse
momentum higher than 0.2 GeV/c, i.e., P] > 0.2 GeV/c.

The plots presented in Fig. 5 illustrate the action of the photon isolation criterion used for
the definition of the first cut. They show the distributions of the total energy of the charged
particles which are contained within the cones of the radius R around the photon direction of
the momentum. The comparison of the plot a (for the signal photons) with the plot b (for the

dec

"Here Ay = @y — pyp is the difference of the photon’s () azimuth angle ¢~ and the azimuth angle ¢, of the
particle (p). Analogously, A, = ny, — np is the difference of the photon and the particle pseudorapidities. The
azimuth angle ¢ and the polar (zenith) angle € (counted from the beam direction) are used to determine the direction
of particle 3-momentum. The particle pseudorapidity 7 is defined as n = — In tan (6/2).
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Fig. 5. Demonstration of photon isolation criterion. Distributions of the summed energy Fsum Within
the cone of the radius R = 0.1,0.2,0.3 ... around: a) signal photons; b) background photons

background photons) shows that the signal photons have much smaller summarized energy
content within the cone of R < 0.2 than the energy content around the fake photons. The
choice of the values Fqum < 0.25 GeV within R = 0.2 allows one to minimize the number
of background fake photons by 67%, with the 1.2% loss of signal events.

The second cut PZY > 0.2 GeV allows one to reduce the background to 1.3%, thus
achieving the signal-to-background ratio S/B = 73.9 at the cost of additional loss of 6.5%
of signal events. The value of P} > 0.25 GeV/c allows one to suppress the fake photons
background in signal events completely.

3. BACKGROUND TO THE DIRECT PHOTON PRODUCTION pp — v+ X

The main contribution to background for the process of direct photon production comes
from the processes presented in Table 4 in order of their cross section decrease. As can
be seen (by comparison with Table 1), their cross sections are a few orders higher than the
signal process cross section. So, it is especially important to find out the criteria for their
suppression.

Table 4. Background processes and their cross sections

PYTHIA’s number Type of process Cross section,

of subprocess mb
95 Low-Pr scattering 3.37-10"
92 Single diffractive (X B) 1.72
93 Single diffractive (AX) 1.72
94 Double diffractive 248 1071
28 f+9—f+g 1.67 -1072
68 g+g—g+g 4.89 1073
11 f+f — f+ f (QCD) 8.76 -10~3
12 f+f—=f+f 1.11 -1073
13 f+f—g+g 1.07-1073
53 g+g—f+7f 1.29-107*
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The distributions of the photons from the background events over their energy, transverse
momentum, zenith angle and the number of photons per event are presented in Fig. 6. From the
plots shown in this figure one can see that the energy of fake photons in the background events
is rather low. The distribution of background photons over their energy, see Fig.6,a (they
are concentrated mostly in the region less than 2 GeV), covers the range 0 < Egkg <4 GeV
and it has the mean value (Egkg> = 0.64 GeV. Analogously, the background photons have
low transverse momenta (mostly P% bkg < 0.4 GeV/c with the range 0 < P}’ bke < 0.7 GeV/c
and the mean value (P}, bkg> = 0.15 GeV/c). Figure 6,b shows the polar angle distribution
for the background photons. It covers the region 0 < Hgkg < 180° and has the mean value
<6gkg> = 30.3°. So, it is very similar to the angle distribution of signal photons shown
in Fig.1,c. From Fig.6,d one can see that the background events may include up to 18
photons. Let us note that some (11.2%) of the background processes from Table 4 may not
include photons at all (see Fig. 6,d, bin 0).

12 / 2
Ngkg x 10 Nakg x 10!
25 ) 16 ;
a Entries 8146660 14 b Entries 8146660
20 Mean 0.6401 12 Mean 30.37
15 RMS 0.7678 10 RMS 29.62
Underflow 0 8 Underflow 0
10 Overflow  1.799e+12 6 Overflow 0
5 Integral 2.617e+14 ‘2‘ Integral 2.638e+14
0" 051 152253354 455 0 20 40 60 80 100 120 140 160 180
Eblkg’ GeV ngg, °
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Fig. 6. Left column — distributions of the number of background photons versus their: a) energy E;’kg;

¢) transverse momentum P, pke- Right column — distributions of: b) the polar angle 07; d) the total

kg;
number N\ . of the photons per the background event

To perform the background suppression, we propose to apply the following two criteria,
similar to those used for the signal process case:

1) The isolation criterion for the leading photon (photon with the highest energy in event):
we select only those events in which the summed energy of all the charged particles around

the leading photon within the cone of the radius R = , /Ai + A% = 0.2 in the n — ¢ space

is restricted by the relation Egy,, < 0.25 GeV. This restriction allows us to exclude 83.7% of
background events.
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2) The transverse momentum cut on the leading photon is P, > 0.2 GeV/c. This criterion
allows us to suppress the background down to 4.9%.

The proposed cuts look quite promising for the separation of the signal from the back-
ground. The next step which may be done is to take into account the detector effects basing
on the GEANT package.

4. SUMMARY

The present paper contains the results of modeling of one of the most important benchmark
processes of direct photon production in antiproton—proton collision pp — v + X for the
antiproton beam with the energy Fieam = 15 GeV. The set of kinematical distributions such
as the energy, the transverse momentum and the angle of the signal photons was obtained.
These distributions show the size of kinematical regions which can be expected for the study.
The estimation of the size of the x—(Q? kinematical area, which can be available for the
measurements of the nucleon structure function at FAIR, is done.

The sources of background which is caused by the presence of the fake photons in the final
state of the signal processes are studied in detail. The way to get rid of them was proposed.
Two cuts were worked out. They are the “gamma isolation criteria” and the “photon P}
restriction” which allow one to reach a good suppression of the influence of fake photons in
the signal events. It was shown that the application of such a method to the case when the
background is caused by the other QCD and minimum-bias processes can also help to reach
a good background suppression.
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