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We investigate direct photon production in pp collisions at the energies of RHIC, CDF and LHC, at different
rapidities employing various color-dipole models. The cross section peaks at forward rapidities due to the
Abelian dynamics of photon radiation. This opens new opportunities for measurement of direct photons
at forward rapidities, where the background from radiative hadronic decays is strongly suppressed. Our
model calculations show that photon production is sensitive to the gluon saturation effects, and strongly

depends on the value of the anomalous dimension.
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1. Introduction

Photons radiated in hadronic collisions not via hadronic decays
are usually called direct. They carry important information about
the collision dynamics, not disturbed by final state interactions.
In particular, the hadronization stage is absent, so the theoreti-
cal interpretation is simpler that in the case of hadron production.
A unified description for radiation of virtual (Drell-Yan reaction)
and real photons within the color dipole approach was proposed
in [1,2]. This description does not need to be corrected either for
higher order effects (K-factor, large primordial transverse momen-
tum), or for the main higher twist terms.! The corresponding phe-
nomenology is based on the universal dipole cross section fitted to
DIS data and provides a rather good description of data, both the
absolute normalization and the transverse momentum dependence
[4]. Predictions of the inclusive direct photon spectra for the LHC
at mid-rapidity and the azimuthal asymmetry of produced prompt
photons in the same framework are given in Refs. [5,6]. Compar-
ison with the predictions of other approaches at the LHC can be
found in Refs. [7,8].

Intensive study of the dynamics of hadronic interactions at
high energies and search for signatures of nonlinear QCD effects,
like saturation [9], or color glass condensate (CGC) [10], have led
to considerable experimental progress towards reaching smallest
Bjorken x. The typical experimental set up at modern colliders al-
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lows to detect particles produced in hard reactions in the central
rapidity region, while the most energetic ones produced at for-
ward (backward) rapidities escape detection. The first dedicated
measurements of hadron production at forward rapidities, by the
BRAHMS experiment in deuteron-gold collisions at RHIC [11], dis-
closed an interesting effect of nuclear suppression, which can be
interpreted as a breakdown of QCD factorization [12]. The zero
degree calorimeters detecting neutral particles, neutrons and pho-
tons, at maximal rapidities are being employed at RHIC and are
planned to be installed at LHC. One could increase the trans-
verse momentum coverage of these detectors by moving them
away from the beam axis. Through this note we would like to
encourage the experimentalists to look up at these opportuni-
ties.

The important advantage of measurements of direct photons
at forward rapidities is a significant enhancement of the signal-
to-background ratio. Indeed, the photons radiated by the electric
current of the projectile quarks, which stay in the fragmentation
region of the beam, form a bump at forward rapidities (see Fig. 5).
At the same time, gluons are radiated via non-Abelian mechanisms
by the color current which flows across the whole rapidity interval.
Therefore gluons are radiated mainly in the central rapidity region
[13], and are strongly suppressed in the beam fragmentation re-
gion. Such a suppression is even more pronounced for hadrons
from gluon fragmentation, and for photons from radiative decays
of those hadrons. Another source of background photons, hadrons
produced via fragmentation of the valence quarks is also strongly
suppressed due to the shift towards small fractional momenta re-
lated to the quark fragmentation function and the kinematics of
radiative decay. Thus, direct photon production at forward rapidi-
ties should be substantially cleared up.
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Fig. 1. Direct photon radiation by a quark interacting with a gluon in the target.

Here we perform calculations for direct photon production at
large pr and various rapidities in proton-proton collisions at the
energies of RHIC, Tevatron and LHC. We employ the color dipole
approach and compare the predictions of several contemporary
models for the dipole cross section, based on the idea of gluon
saturation.

2. Photon radiation in the color dipole formalism

Production of direct photons in the target rest frame should
be treated as electromagnetic bremsstrahlung by a quark interact-
ing with the target, as is illustrated in Fig. 1 in the single gluon
approximation, which should be accurate at large transverse mo-
menta of the photon. Since the quark trajectories before and after
photon radiation have different impact parameters, and the cor-
responding terms in the bremsstrahlung amplitude have different
signs, one arrives at an expression, which is formally identical to
the amplitude of an inelastic dipole-target interaction [1]. This is
only a formal procedure of calculation, while no real dipole is in-
volved in the process of radiation.

Calculation of the transverse momentum distribution is more
involved [2], since the direct and complex conjugated amplitudes
correspond to incoming quarks with different impact parameters.
It substantially simplifies after integration over transverse momen-
tum of the recoil quark, so one is left with two dipoles of different
sizes 1 and 75, and the cross section gets the factorized form [2,4],

da(qp%yx)(ﬁ &)
dina)dZpr 0

1 2 2
= Py Zfd T]d r
(27[) in, f

x ePT Ty (0, F)yq (@, T2) By (X2, T1. T2, @), (1)

where 71 and 7, are the quark-photon transverse separations in
the direct and complex conjugated amplitudes respectively; o =
p;/pg denotes the fractional light-cone (LC) momentum of the
radiated photon. Correspondingly, the transverse displacements of
the recoil quarks in the two amplitudes are ary and ar, respec-
tively. The LC distribution amplitude for the qy Fock component
with transverse separation 7 has the form,

- VL% ~
byqla,Tr) = z—jj”xmxl» Ko(mqory). 2)

Here x; s are the spinors of the initial and final quarks and Ko(x)
is the modified Bessel function. The operator O has the form,

5:imfoz25*~(ﬁ><6)+ozé'*‘(6x%)—i(Z—oe)E*-%, (3)

where € is the polarization vector of the photon; #i is a unit vector
along the projectile momentum; and V acts on 7r. The effective
quark mass mq serves as infra-red cutoff parameter, which we fix
at mg ~ 0.14 GeV, since all dipole parametrizations considered in
this Letter also assume the light quark mass equal to 0.14 GeV.

In Eq. (1) the effective dipole cross section X, is a linear com-
bination of the gq dipole-proton cross sections,

oL 1
2y (X2, 11,12, 00) = E{O'q(j(xLO”‘l) + 05 (X2, ar2) }

1 N
) g3 (X2, (1 —T2)). (4)
Here and in what follows x; » are the Bjorken variable of the beam
and target partons,

pr +n
X12=—Fe"", 5
12= 7% (5)
and 7 is the photon rapidity in the c.m. of pp collision.
Since only quarks and antiquarks can radiate photons, the
hadronic cross section is given by the convolution of the partonic
cross section (1) with the proton structure function Fé’ [4,14,15],

1
p(X1 2\do@p—yX)
/daF2<(x’Q ) dad?*pr (6)
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where xp = x; — xp is the Feynman variable. This relation needs
commenting. The transverse momentum distribution of quark
bremsstrahlung should be convoluted with the primordial trans-
verse motion of the projectile quark. Differently from the parton
model, in the dipole approach one should rely on the quark dis-
tribution function taken at a soft scale. Evolution to the hard scale
is performed via gluon radiation, which is encoded into the phe-
nomenological dipole cross section fitted to DIS data for the proton
structure function. Since the quark primordial motion with a small
(soft) mean transverse momentum does not affect the photons ra-
diated with large pr [4], we neglect the transverse momentum
convolution and use the integrated quark distribution.

However, a word of caution is in order. The dipole cross section
0gq(x2,1) includes gluon radiation which performs the Q2 evo-
lution and leads to an increase of the transverse momentum of
the projectile quark. However, it misses the Q2 evolution of the
x1-distribution, which is especially important at forward rapidi-
ties (see discussion in [16]), since the quark distribution falls off at
x1 — 1 much steeper at high Q2. In order to account for this ef-
fect and provide the correct x;-distribution, we take the integrated
quark distribution in (6) at the hard scale.

We use the parametrization for the proton structure function
given in Ref. [17]. Following Ref. [4], for the hard scale entering
the proton structure function in Eq. (6), we choose Q = pr.

3. Models for the dipole cross section

The dipole cross section is theoretically unknown and should be
fitted to data. Several parametrizations proposed in the literature
are employed here to investigate the uncertainties and differences
among various models.

A popular parametrization proposed by Golec-Biernat and
Wiisthoff (GBW) model [18] is based on the idea of gluon sat-
uration. This model is able to describe DIS data with the dipole
cross section parametrized as

o _202
oW (x,7) = o9 (1 — e L W/4), (7)

where x-dependence of the saturation scale is given by Qsz(x) =
(x0/x)* GeV2. The parameters oy = 20.1 mb, xo = 5.16 x 1074, and
A =0.289 were determined from a fit to F» without charm quarks.
A salient feature of the model is that for decreasing x, the dipole
cross section saturates at smaller dipole sizes. The saturation scale
in the GBW reduces with the inclusion of the charm quark [19].
After inclusion of the charm quark with mass m. = 1.5 GeV, the
parameters of the GBW model changed to o9 = 23.9 mb, xg =
1.11 x 1074, and A = 0.287. Both parametrization sets give a good
description of DIS data at x < 0.01 and Q2 € [0.25, 45] [19].
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Fig. 2. The total dipole-proton cross section ogg(x,r) at a fixed x = 10~3 in various
dipole models introduced in Section 3.

One of the obvious shortcoming of the GBW model is that it
does not match the QCD evolution (DGLAP) at large values of Q2.
This failure can be clearly seen in the energy dependence of at’(/,; P
for Q2 > 20 GeV?, where the model predictions are below the data
[18,20].

A modification of the GWB dipole parametrization model,
Eq. (7), was proposed in Ref. [20] by Bartels, Golec-Biernat and
Kowalski (GBW-DGLAP)

o GBW-DGLAP (y 7y — 0 (1 _ exp _mPrlas(UP)xg(x, 1) ®
aq 300

where the scale p? is related to the dipole size by

C
W= +ug (9)

Here the gluon density g(x, u2) is evolved to the scale u? with
the leading order (LO) DGLAP equation. Moreover, the quark con-
tribution to the gluon density is neglected in the small x limit. The
initial gluon density is taken at the scale Qg =1 GeV? in the form

xg(x. 1) = Agr 2 (1 - )%, (10)

where the parameters C = 0.26, op = 23 mb, M% = 0.52 GeV?,
Ag =1.20 and Az =0.28 are fixed from a fit to the DIS data for
x < 0.01 and in a range of Q2 € [0.1,500] GeV? [20]. The dipole
size determines the evolution scale u? through Eq. (9). The evolu-
tion of the gluon density is performed numerically for every dipole
size r during the integration of Eq. (1). Therefore, the DGLAP equa-
tion is now coupled to our master equation (1). It is important to
stress that the GBW-DGLAP model preserves the successes of the
GBW model at low Q2 and its saturation property for large dipole
sizes, while incorporating evolution of the gluon density by modi-
fying the small-r behaviour of the dipole size.

Since the linear DGLAP evolution may not be appropriate for
the saturation regime, lancu, Itakura and Munier proposed an al-
ternative color glass condensate (CGC) model [21], based on the
Balitsky-Kovchegov (BK) equation [22]. The dipole cross section is
parametrized as

1 2
/\/0(%)2(}/5_Fm N9 rQs<2,

rQs > 2,

achcc(x, ) =0y { (11)

1— e—Alnz(BrQs):

where Qs = Qs(x) = (xo/x)*/%? GeV, Y =In(1/x), and « = x” (¥s)/
x'(ys) where x is the LO BFKL characteristic function. The coeffi-
cients A and B in the second line of (11) are determined uniquely
from the condition that o (x,7), and its derivative with respect to
rQg, are continuous at rQg = 2:

_ Nove 1 oA
A= N Ay DTt T (12)

The parameters ys = 0.63 and « = 9.9 are fixed at the LO BFKL
values. The others parameters Ny = 0.7, op = 35.7 mb, Xy =
2.7 x 1077 and A = 0.177 were fitted to F, for x < 0.01 and
02 < 45 GeV? and including a charm quark with m. = 1.4 GeV.
Notice that for small rQs < 2, the effective anomalous dimension
1 — y5 in the exponent in the upper line of Eq. (11) rises from the
LO BFKL value towards the DGLAP value.

It should be stressed that this CGC model is built based on the
solution of Ref. [23] for rQs > 2 and a form of the solution for
rQs < 1, but in the vicinity of r o« 1/Q; it is given in Refs. [24,25].

Notice that calculation of the pr-distribution given by Eq. (1)
needs only knowledge of the total dipole cross section and is inde-
pendent of the impact parameter dependence of the partial elastic
dipole-proton amplitude. Nevertheless, we consider also the model
proposed by Watt and Kowalski [26]. Although the main focus of
this model is the impact parameter dependence (b-CGC), which is
irrelevant for our calculations, the integrated cross section is dif-
ferent from the above mentioned models,

Gc;’(-l'ccc(x, ry=2 / d*b crqcc-lcc(x, r, b), (13)
where oq%cc(x, r,b) is given by Eq. (11) with the saturation scale
Qs which now depends on impact parameter,

N _ X0 % b2 i
QSZQS(va)_<7) [exp<_23ccc)} ' ()

The parameter Bcg = 7.5 GeV~2 is fitted to the t-dependence of
exclusive J/w photoproduction. It has been shown that if one al-
lows the parameter y; to vary along side with other parameters (in
contrast with CGC fitting procedure where y; is fixed with LO BFKL
value), it results in a significantly better description of data for F,
with the value of ys = 0.46, which is remarkably close to the value
of ys = 0.44 recently obtained from the BK equation [27]. Other
parameters obtained from the fit are: Ny = 0.558, xg = 1.84 x 10~
and A =0.119.

In order to demonstrate the importance of saturation, we will
also use a non-saturated model (No Sat) fitted to F, with x < 0.01
and Q2 €[0.25,45] GeV?:

da%‘isa N, < & )ZVeff
d%b 2
where Qs is defined in Eq. (14). The parameter yef is defined for
rQs <2 as Ve =Ys + K;—Yln % and for rQs > 2 as Veff = Vs-
The other parameters are given by ys; = 0.43, Ny = 0.568, xp =
1.34 x 1076 and A = 0.109 [26]. Surprisingly, the fit obtained with
such an oversimplified model is as good as the other models with
x2/d.o.f. = 0.92 (although it should certainly fail to explain data
on diffractive DIS [28], which are sensitive mainly to large size
dipoles). Notice that we use here the No Sat model for a quali-
tative argumentation.

At first sight this result could be used as an argument that the
data is not sensitive to the saturation effect. However, the actual
meaning of this exercise is quite opposite. It is well known that
the saturation effects start being essential when the anomalous di-
mension reaches the value Yy =1 — yer = 0.37 (see Refs. [9,25,
29]). We will show that at very forward rapidities at LHC, the diffu-

(15)
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Fig. 3. Inclusive direct photon spectra calculated with various color-dipole models
at mid-rapidity n =0 at the energies of RHIC, /s =200 GeV (upper panel), and
Tevatron, /s = 1.8 TeV (lower panel). The NLO QCD curve is from the authors of
Ref. [30] (given in Table 3 of Ref. [31]). Experimental data are from the PHENIX
experiment [32] at » =0, and from the CDF experiment [31,33] at |n| < 0.9. The
error bars are the linear sum of the statistical and systematic uncertainties.

sion term in the anomalous dimension is less important. Therefore,
what we actually demonstrate is that the value of the anomalous
dimension should be larger than y,; at very forward rapidities for
LHC, and because of this the saturation effects have to be taken
into account.

The second comment on this model (see Ref. [26]) is that it
is actually a model which contains saturation, and the difference
with the CGC model (see Eq. (11)) is only one: this model is
written for dipoles with sizes close to 1/Q;. Indeed, comparing
Egs. (11) and (15) one can see that they treat differently the region
rQs > 1. The CGC model describes this region as solution to the BK
equation deeply in the saturation region [23], with a phenomeno-
logical matching at rQs = 2, while this model uses the solution to
the BK equation [23-25] for rQs > 2 but r close to 1/Qs. There-
fore, it is not appropriate to call this model “no saturation model”,
nevertheless, we use this name as a terminology.
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Fig. 4. Direct photon spectra obtained from various dipole model at mid-rapidity
(upper panel) and forward rapidities (lower panel) at the LHC energies for pp colli-
sions.

Summarizing, we can claim that direct photon production is
sensitive to saturation effects. In conclusion, the success of the so-
called ‘no saturation model’ can be interpreted such that at the
LHC we will be still sensitive to the kinematic region close to the
saturation scale.

4. Numerical results and discussion

In Fig. 3, we compare predictions of various dipole models
with data for inclusive prompt-photon production from RHIC at
/s =200 GeV and from the Tevatron at /s = 1.8 TeV. A word
of caution is in order here. All the above parametrizations for the
dipole cross section have been fitted to DIS data at x < 0.01. This
corresponds to pr < 2 GeV at the RHIC energy, so the PHENIX data
plotted in the upper panel of Fig. 3 are not suited for a model
test. Notice that the CDF data plotted in the bottom panel of Fig. 3
were obtained with a so-called isolation cut, which is aimed at
suppression of the overwhelming background of secondary pho-
tons originated from radiative hadron decays. This might change
the cross section within 10-20% for the CDF kinematics [33].
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Fig. 5. The difference between the GBW and the b-CGC models for the LHC energy
/s =14 TeV at different rapidities. Inserted plot: the discrepancy between the GBW
and the r2 model (the GBW model without explicit saturation) at various rapidities
for /s =14 TeV in pp collisions.

One can see from Fig. 3 that various dipole models presented
in the previous section with explicit saturation give rather simi-
lar results at small pr. At high pr, CGC, b-CGC and GBW-DGLAP
models which incorporate QCD evolution provides a better descrip-
tion of data compared to the GBW model. The No Sat model with
the diffusion term, defined in Eq. (15), gives similar results as the
b-CGC model for both RHIC and CDF energies (not shown in the
plot). In order to understand the role of the diffusion term in the
anomalous dimension, we show in Fig. 3, the results with two
extreme limits yegr = 0.43, 1. It is clear that the dipole model with-
out explicit saturation as given by Eq. (15) with e = 0.43, does
not describe the data either from PHENIX, or from CDF (we do
not show in Fig. 3, No Sat. with yes = 0.43 curve for CDF, since
it is about two orders of magnitude above the other models and
data). However, changing the anomalous dimension to the DGLAP
value with yeg = 1, dramatically changes the results and brings
the curves (No Sat model) at both energies of RHIC and Tevatron
(at n = 0) within the ranges of other dipole models with satura-
tion and the No Sat model in the presence of the diffusion term.
Therefore, the diffusion term in the anomalous dimension is very
important at both RHIC and CDF energies.

We have recently shown that the color dipole formulation cou-
pled to the DGLAP evolution provides a better description of data
at large transverse momentum compared to the GBW dipole model
[4]. In Fig. 4, upper panel, we show the predictions of the GBW
(with charm quark) and the GBW-DGLAP models for LHC energies
/s =5.5,14 GeV at mid-rapidity for the transverse momentum
up to pr =200 GeV. In Fig. 4, lower panel, we show the predic-
tions of various color-dipole models for /s = 14 GeV at different
rapidities. Generally, the discrepancy among predictions of various
models at moderate pr is not very large. This can be also seen
from Fig. 5 where we compare, as an example, the GBW and b-CGC
models, which expose very different structures (see Egs. (7), (13)
and Fig. 2). In the inserted plot in Fig. 4, we show the effect of uni-
tarization within the GBW model, namely using the exponent in
Eq. (7) as a dipole cross section (r2 model). One can also see that
the discrepancy between the GBW and the r2 model increases at
forward rapidities, though it is still not appreciable.

In Fig. 4, we also show the results for the model without sat-
uration. At the mid-rapidity again the results of the No Sat model
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Fig. 6. Invariant cross section for direct photon production in pp collisions as a
function of rapidity calculated with various color dipole models 7 for various fixed
pr shown in the plots.

with the DGLAP anomalous dimension 1 — yeff = 0 is close to other
saturated models. At the same time, at very forward rapidities, the
anomalous dimension 1 — yef = 0.57 which is close to the value
predicted from the BK equation [27], will be in favour of other
models. At forward rapidities, the diffusion term in the anomalous
dimension is not important more, since it gives similar result as
with a fixed yef = 0.43. This indicates that direct photons pro-
duction at different rapidities at LHC is rather sensitive to the
saturation. Again, since the values of anomalous dimension turn
out to be larger than y. = 0.37, such a description of the experi-
mental data indicates at a large saturation effect.

In Fig. 6, the differential cross section of photon radiation at the
energy of LHC is plotted versus rapidity at fixed transverse mo-
menta pr =1, 3,5 GeV. Calculations were performed with several
models for the dipole cross section. All of them lead to a sub-
stantial enhancement of the photon production rate at forward
rapidities. One can see that the larger the saturation scale is, the
stronger is the peak. From Fig. 6, it is again obvious that No Sat
model at very forward rapidity is within the dipole model’s predic-
tions with an explicit saturation. However, the peak disappeared
since at about mid-rapidity Yef = 0.43 is too small. In principle,
the peak can be also reproduced in the No Sat model if one al-
lows an anomalous dimension running with energy and transverse
momentum pr. The appearance of the peak at forward rapidity is
a direct consequence of the Abelian nature of the electromagnetic
interaction. In the case of gluon radiation, the peaks at forward-
backward rapidities is be replaced with a kind of plateau at central
rapidities, which is indeed observed in data for hadron production.
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To conclude, by this Letter we encourage measurements of di-
rect photons at forward rapidities in pp collisions at modern col-
liders. These experiments will be a sensitive tool for search for
saturation effects, since they will allow to access the smallest pos-
sible values of Bjorken x in the target. Besides, the background
of photons from radiative hadronic decays should be significantly
suppressed. As we demonstrate in Fig. 6, direct photons are en-
hanced, even form a bump, at forward rapidities. At the same time,
gluon non-Abelian radiation is known to be strongly suppressed in
this region, so hadron and decay photons are also suppressed. We
provided predictions for the cross section of direct photon pro-
duction at various rapidities for pp collisions at LHC employing
different models for the dipole-proton total cross section.
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