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We compute the isolated photon production in association with a charged hadron at midrapidity in
pp and pA based on the Color Glass Condensate (CGC) framework of high energy Quantum
Chromodynamics (QCD) where, for the first time, we incorporate the Sudakov effect of soft gluon
emissions. Our results are based on the leading order gg — ¢y channel in the CGC framework and
confronted with the recent data from Relativistic Heavy-lon Collider (RHIC) and Large Hadron Collider
(LHC) concerning the angular distributions and out-of-plane transverse momentum distributions. We find
that, while the CGC computation alone results in too narrow distributions, with the help of the Sudakov
effect, we can get a satisfactory description of the data. With this as a benchmark, we provide predictions
for the magnitude of the nuclear effect brought by the phenomena of gluon saturation in the CGC.
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I. INTRODUCTION

Photon-hadron production in high energy pp and pA
collisions has been put forward [1,2] as a promising probe
of the small-x hadron wave function [3-5]. The distin-
guished character of this process lies in the fact that a well-
isolated photon does not participate in strong interactions
and therefore the uncertainties related to hadronization of
the final state are reduced compared to the more abundant
di-hadron (hh) production. The isolated photon component
is defined to be separated by a suitable isolation algorithm
from the so-called decay photons, which are radiated
from the 7° — yy decays. This, in turn, suppresses photons
fragmenting off jets in the course of hadronization.
Recently, the PHENIX Collaboration at Relativistic
Heavy-lon Collider (RHIC) [6,7] and the ALICE collabo-
ration at the Large Hadron Collider (LHC) [8] reported on
the measurements of the cross section of an isolated photon
in association with an unidentified charged hadron in pp
and pA that is within the kinematic region potentially
sensitive to small-x physics. In this work we are motivated
to pursue the phenomenological implications of those
measurements for the first time.
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A long-standing hypothesis in high energy Quantum
Chromodynamics (QCD) is that the rapid growth of gluon
radiation inside the hadron wave function at small x is
balanced out by a gluon recombination process, which
leads to the phenomena of gluon saturation. The theoretical
framework behind this basic picture is called the Color
Glass Condensate (CGC) [3—5] where the energy, or small-
x, enhanced logarithms ~aglog(s) ~ aglog (1/x), can be
consistently resummed at each order in the strong coupling
ag. The resulting gluon radiation in CGC becomes con-
centrated around a dynamically generated transverse
momentum—the saturation scale Qyg, that is built up from
multiple scattering of partons on the dense target. In the
context of the simultaneous production of two particles, the
back-to-back transverse momenta kinematics of the con-
ventional leading order 2 — 2 partonic process gets dis-
rupted in the CGC. This becomes more dramatic for a
heavy nuclei, where a scaling Q% ~ A'/3 is expected.

It is with the above picture in mind that y& [9-13] and
y*h [14-16] production in pA (and recently also the related
y —jet production in eA [17]) have been explored as
possible pathways to a phenomenological validation of
the CGC. Saturation effects become prominent when the
imbalance momenta of the photon (k, ) and the underlying
final state parton (g | ) is of the order of the saturation scale
ki, =k, +q.|~ Qs.In terms of the distribution over the
azimuthal angle A¢ = ¢, — ¢, the general expected fea-
ture is a broadening of the away-side peak, A¢ = =, as the
kinematics condition k; — Qg becomes satisfied.
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While both yh and hh production are understandable
with such a simple physics argument of the broadening of
the away-side peak, further investigation into the two
processes revealed that they are sensitive to two different
unintegrated gluon distributions (UGDs) [18]. At leading
order, yh production is probing the gluon dipole distribu-
tion, while 4/ production is instead probing a combination
of the dipole and the Weiszidcker-Williams distribution
[19,20]. These two UGDs have a completely different
behavior at small k| [see, e.g., [20] and also Eq. (5) in the
following section]. Thus, according to CGC, the theoretical
prediction for yh production at the away-side peak may
look nothing like the prediction for 44 production. Indeed
this is another reason to explore yh production in CGC.

Alternatively, the broadening of the away-side peak may
be completely unrelated to the initial state, but simply be
induced by the soft gluon radiation, the so-called Sudakov
effect [21-25]. Soft gluon radiation generates double logs
as aglog?(k, /Q), where Q is a hard scale in the process,
and therefore becomes enhanced when the underlying
individual partonic transverse momenta is hard, k| < Q.
For the high energy kinematics case when in addition
k|, ~ Qg holds, saturation effects and Sudakov effects
become two contributing mechanisms and so clearly both
should be taken into account. A recent development [26,27]
showed that it is possible to perform a simultaneous
resummation of both the Sudakov logs and the small-x
logs in a consistent way. On the other hand, since Q% ~
A'73 for a heavy nuclei, it is expected the saturation effect
would become more important in the pA collision, while
both saturation and the Sudakov effect are needed for a
proper description in pp collisions. This is indeed con-
firmed by recent studies in 4/ production [28,29] but also
in dijet [30], Z-boson [31], and Z-jet [32] productions as
well as in related processes in eA collisions [33-35], which
prompts us to take into account both the small-x and
Sudakov effects in order to establish a realistic baseline for
a proper extraction of the appropriate nuclear modifications
based on a comparison of the obtained results in pp and pA
collisions.

The main purpose of this work is to perform a numerical
computation of the isolated photon-hadron cross section
within the CGC framework, while taking into account
Sudakov effects for the first time. In Sec. II we explain our
approach with the main formulas given in (13) and (14).
Our numerical results, shown in Sec. III, concern the
azimuthal angle (A¢) distributions measured at RHIC at
200 and 510 GeV in pp and the LHC at 5.02 TeV in pp
and pPb and also the out-of-plane transverse momentum
distributions measured at RHIC. Our main finding is that
while the CGC results alone produce too narrow distribu-
tions compared to the data, a reasonable agreement with the
data is possible when the Sudakov effect is taken into
account. Additionally we provide predictions for the
magnitude of the nuclear effect in pA vs pp also arguing

in favor of more symmetric transverse momentum Kkin-
ematics of the yh system where the effect of gluon
saturation would be better resolved. In the final Sec. IV
we summarize our findings while also providing an outlook
to further theoretical investigations.

II. THEORETICAL FRAMEWORK

In this section we give a quick recap of the main
formulas that will be used in obtaining our numerical
results for p(P,)A(P,) — h*(P,)y(k,)X production.
Throughout this work, we will use p for the projectile
proton, A for the target nucleus (or proton in p p collisions).
We will also use the shorthand notation h* = h* + h~ to
express observables that are obtained by adding the
contributions of positive and negative unidentified charged
hadrons. We will be using the leading order formulas for
yh production—at midrapidity the dominant channel is
q(p)g(k) = q(q)r(k,), which we first address below in the
CGC framework, and subsequently incorporate soft gluon
resummation in the following subsection. The final formula
that we will be using in our numerical computations is
given in Egs. (13) and (14).

A. Photon-hadron cross section
in the CGC framework

The following CGC formulas are computed using a
dilute-dense framework [3-5] where a dilute projectile
parton passes through a dense (nuclear) target described by
a classical gluon field. In the dilute-dense framework an
all-order scattering on the target is taken into account
building up a finite transverse momentum in the final state,
while the dilute projectile is treated order by order in
perturbation theory. The leading order pA — hyX inclusive
CGC cross section can be straightforwardly obtained
from the underlying partonic gqg — gy [36-38] channel.
In the massless quark limit it simplifies to the following
expression,

do 1th
= (zR? / —D,_(z ,,M2
&k, dn,d*Py, ( A)zq: o olanott)

N 252 A P
X 871'4 xpfq(xpvﬂ )kLNA,YA (kJ_)G,
(1)

where f,(x,,u*) is the collinear quark distribution func-
tion, D,(z,.u*) is the relevant collinear fragmentation
function of a quark with flavor ¢ and momenta ¢ =
P} /z, to a particular hadron species at a factorization
scale y?. In this work we are using the CTEQ6M
quark distributions [39] and the DSS fragmentation
functions [40].

114052-2



ISOLATED PHOTON-HADRON PRODUCTION IN HIGH ENERGY ...

PHYS. REV. D 105, 114052 (2022)

We have k, =k, +q, as the imbalance momentum.

Furthermore, (zR3) is the target area. The hard factor & is
given as

a, P, (2) 22 . 1+ (1-2z)?
e with P, (z) = ———.

— 2
2N, q-k, kil Z @

6=
Here, P, (z) is the quark-to-photon splitting function with
7=k /(kS + q"). The remaining kinematic variables are
given as
ki +q"
P P;r ’

k;—l—q‘
Py

XA = YAZIOgi7 3)
XA
with the projectile and target light-cone momenta in the
center-of-mass frame given as P, = P, = /5, where s is
the center-of-mass collision energy. Here, and in the
following, the light-cone variables are defined as p* =
(p° + p3)/+/2 with the rapidity # = log(p*/p~)/2.n, and
n;, are the photon and the hadron rapidities, respectively.
The function N Ay, (k) is the CGC dipole in the
fundamental representation

My k) = / @b, Ny (b)),

K ar(b1) = 3 00 (B.)T0), @

c

where U(b,) is the fundamental lightlike Wilson line
arising from all order scattering on the dense target. The
k, -dependent gluon distribution ¢pp(Y, k) ~k3Ny(k,)
in (1), signifies a broadening of the collinear 2 — 2 away-
side peak, that would be represented simply by a 6 (k)
[see (A1)] and that is also shifted from k| = 0to k; ~ Qg.
As mentioned in the introduction, a well-known theo-
retical distinction of yh with respect to hh correlations is
that they probe fundamentally different gluon distributions
[19,20]. The leading order y/h cross section is proportional
to the gluon dipole distribution @pp(Y,k;), while the
leading order hh cross section is proportional to a combi-
nation of the Weiszidcker-Williams gluon distribution
oww(Y, k) and the dipole distribution [19,20]. While
these two distributions both display a high-k | perturbative
1/Kk? tail, their behavior is completely different for low &,
where we have
pop(Y. k) ~ K3 /0%  oww(Y.ky) ~log(Q5/k1). (5)
This prediction is particularly important at the away-side
peak, A¢ = z, where small values of k; would be probed.
In the case of yh correlations, ¢pp(Y,k ) causes a dip in
the cross section, see [10] and also [11,13-16], since the
underlying partonic cross section in (1) is strictly vanishing
as the kinematics condition k, = |k,; +¢q,| becomes
satisfied. On the other hand, due to the low k; behavior

of pww (Y, k| ) the hh production would rather level off to a
constant at the away-side peak.

In this paper, the Y, dependence of the gluon
dipole follows the running coupling Balitsky-Kovchegov
evolution equation [41-43] (rcBK) which is a good
approximation to the more general Jalilian-Marian-lancu-
McLerran-Weigert-Leonidov-Kovner (JIMWLK) evolution
[44-47] of the dipoles. As a general feature of small-x
evolution the distribution broadens as x becomes smaller.
The initial condition for the rcBK evolution is set at
x = xy = 0.01 where the dipole is given by the anomalous
dimension McLerran-Venugopalan (MV) model, which we
will call here the MV” model. The initial condition for the
rcBK evolution of the fundamental dipole is explicitly
given by

- 202y 1
Ry =exp {299 10g ()L o)

where Y, = log 1/xy, Qg is the initial saturation momen-
tum, y is the anomalous dimension, and A is the IR cutoff
of the model. We use the parameter set [48] y = 1.119,
(0%,)* =0.169 GeV?, AR =0.241 GeV. The rcBK
equation provides the dipole distribution at x < x, while
for x > x; we use the matching to the collinear gluon PDF
as explained in [49]. The matching procedure fixes the
proton radius to R, = 0.5257 fm. For the nuclei we use
Q%04 = A3 05, , where ¢ ~0.5 [50]. In our computa-
tions we set 05, , = 303, for heavy nuclei such as Pb
and Au.

We will be computing the cross section for an isolated y &
production, defined in a standard way through a fixed
isolation cut in 5 — ¢ space around the photon, defined by
(;7],, qby). An isolation cone, R, is introduced to cut out a

region where \/An® + A¢> < R in order to isolate the
photon from any soft and collinear hadronic activity within

R. Here Ay =n, —n;, and Ap = ¢, — ¢;,. For the cross
section at hand (1) this effectively suppresses its fragmen-
tation component that would appear when y is being
emitted collinearly to the underlying final state parton [9].

B. Implementing the Sudakov effect

The implementation of the Sudakov effect rests on the
Collins-Soper-Sterman (CSS) or transverse momentum
resummation formalism [24,25]. The inclusion of soft
gluon radiation to all orders introduces a transverse
momentum dependence into the distribution and fragmen-
tation functions that follows the CSS evolution equation
[24,25]. The result of CSS evolution is obtained in b | space
resulting in a compact formula for the so-called Sudakov
factor. References [26,27] further demonstrated that
Sudakov resummation can be accomplished on top of
the small-x resummation at the one-loop order. In the
context of yh production considered here the relevant part
of the cross section (1) gets modified through

114052-3
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kzﬂvA,yA (kL )Dy (2, u*)f o (xp, %) = / dszeikLblaﬁLNA,YA (b1)D (2o 13) f 4 (x,p, pp e SsulbrQ), (7)

where we multiplied by a prefactor k% to get the unin-
tegrated gluon distribution." In Eq. (7) the exponential

e~Ssulb1-0) corresponds to the resummed contribution from
soft-gluon radiations, where the Sudakov factor
Ssua(b1, Q), has been introduced as the radiation kernel
summed over y;, up to the hard scale Q. The Sudakov factor
is given by the following generic form [51,52]

Ssua(b1.0) = / 4 {Alg(g)m]. 8)

ﬂﬁ/‘

Here p, is a factorization scale according to the b,
prescription [24]

where b, = 1.5 GeV~!. With this prescription pu, >
2e77E /b« thus preventing the b, integral from entering
the nonperturbative region. For the hard scale we take
Q% =x »Xas. The quantities A and B are channel dependent
coefficients that can be computed in perturbation theory.
For each initial and final state quark (or gluon) in the
channel we have A, = agCr/(27), A, = asC,/(27), and
B, = —as3Cr/(2n), B, = —as2Cyspy/(2x), where fy =
(11 =21)/12 at one-loop order [51,52]. According to
Refs. [26,27], the perturbative prefactor is absent in the
single-log B term for the case of any incoming small-x
gluon. Consequently, we do not count the small-x gluon in
obtaining this coefficient. For the gg — gy channel we

should use
|

do R2 / th/
dzkyldnydzP hJ_drlh

where we recall that k, =k, + Py, /z,. The explicit
computation of Eq. (14) is performed in momentum space
through a convolution of the momentum space gluon
distribution, k3N, y, (k;), with the Fourier transform
of W(zy,x,.b,,0Q). The latter is computed numerically
with the algorithm in [54]. We also remark that with
resumming infinite number of soft gluons exact kinematics
relations (3) are lost, and in practice [55,56] one resorts to

'See the Appendix for the corresponding collinear formula.

d’Kk';
2r)?

ag(i®) Cy
A=24,+4, =" <CF+ :
as(#*)3

In order to compensate for the missing effect at large b
it is common to add a nonperturbative Sudakov factor

Snon—pert(bJJ Q) as

Ssud(B 1, Q) = Ssua(b1, Q) + Spon—pert(b 1, Q). (11)

In this work we are using the parametrization [53]

q — & 2 1@1 Q_] b2
Snon—pert(bL’ Q) - b + 42 0og Q() 0g-5 b*
C
Sgon—pen(bLﬁ Q) CA non— pert(bl9 Q)’ (12)

where g¢; =0.212 GeV?, ¢, =0.84, 0} =2.4 GeV>.
Equation (12) should in principle be used for each quark
and gluon in the initial or the final state. The small-x gluon
already contains some nonperturbative information through
the k -dependent distribution. To avoid any possible
double counting, the small-x gluon is therefore dropped
[28,33] and we have Snon—pen(bJ_» Q) = ZSgon—pert(bJ_v 0).
Denoting

W(Zha xpa bj_v

Z 61

X e_SSud (bL’Q>_Sncn—pen (bL’Q> s (1 3)

4(Zns /‘b)fq(xpvﬂb)

our final formula for the yh cross section reads

— k1 QR N ay, (K))5, (14)

!/
W(zp. x,. k',

|
an approximate relation x, 4 = p L (e 4 eFm) /\/s, with
PL= max("yl.v q.)-

According to (13) the Sudakov factor brings an additional
dependence of the imbalance k, distributions on the hard
scale Q. As a typical result of CSS evolution, the k|
distribution gets broadened as a function of the hard scale Q.
This can be intuitively understood from the leading
log?(k3 /Q?) dependence as the increase in the hard scale
brings more opportunity for soft gluon radiation. In the CGC
framework radiative processes are enhanced as log(1/x).

114052-4
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Therefore, since x ~ Q/+/s, an increase in the hard scale
would lead to a narrower distribution. It is thus theoretically
and phenomenologically interesting to check the inter-
play between the small-x resummation and the Sudakov
resummation.

III. NUMERICAL RESULTS AND DISCUSSION

In this section we perform a numerical computation of
the cross section for the isolated y/ cross section based on
(14). In what follows, we abbreviate this result as CGC w
(ith) Sud(akov). To isolate the effects of both small-x and
Sudakov gluons and to gain further insight we will also
show results from the CGC framework alone [Eq. (1)], and
from the cross section in the collinear pQCD framework
with only the Sudakov effect taken into account. For the
latter we refer to (A3) in Appendix. We abbreviate these
results as CGC w/o Sud and Sud, respectively.

To keep the discussion within phenomenological reach,
we will mostly study systems and kinematic windows

already probed by different experimental collaborations.
First, the PHENIX experiment measured isolated yh*
production in pp collisions at /s = 200 GeV [7], covering
the kinematic range

In,| <0.35, 5GeV <k, <15GeV, |y,]<0.35,

0.5GeV <P,, <10GeV, (15)

where an isolation cut R = 0.3 has been applied to the
photon. For /s =510 GeV collisions [6] we have the
following kinematics

n,| <035, 7GeV <k, <15GeV, |n,]<0.35,
0.7 GeV < P,, < 10 GeV, (16)

and R = 0.4. The kinematics (15) and (16) has been further
separated in k,; X Pj; bins as indicated in Figs. 1 and 2,
respectively.

. T T T - T T T T T T T L T T T L
2.5} o CGCw Sud 5<ky <TGeV 5<ky <T7GeV 5<ky <7GeV 5<k, <7GeV
CGCw/oSud 0.5< P, <1GeV[ 1< Py <2GeV 2< Py <5GeV p+p 5< Py <10GeV
2,0 === Sud + 1
e  PHENIX Vs =200 GeV
In] < 0.35
oS 1.5 + - Ky
= L 10
oo
—Ie 1of . r J
'
.
0.5
0.0 . .
2‘5 n T T L T T 7
° T <kyl <9GeV T<kyr <9GeV T <kyl <9GeV 7T <k, <9GeV
0.5 < P, <1GeVT 1< Py <2GeV 2< P,y <5GeV 5< Py < 10GeV
2.0 r r
15F
b%
= ..
=l 10}
0.5F 3
Q -
0.0 = .\ ri . 4= e A T
25F t 1" Tt T TS 1]
° 9 < kyl <12GeV 9 < kyy <12GeV 9 < kyy <12GeV 9 < kyl <12GeV
05 < Ppi <1GeVT 1< Py <2GeV 2< Py <5GeV 5 < Ppi <10GeV
2.0 r A r b
r " A
»
15F { r
b$
=
=le 10}
0.5F
"
[ ] g . .
0.0 i o i (L]
25F t t t 1 t Lo t - T ]
. 12 < kyy < 15GeV 12 < kyy <15GeV 12 < kyy <15GeV]| 12 < kyy < 15GeV
0.5 < Py < 1GeVT 1< Py, <2GeV 2< Py < 5GeV: .‘_ 5< Py < 10GeV:
L L | L1
2.0 &
e
I k

FIG. 1. Isolated yh* angular distribution for midrapidity p p collisions at 200 GeV given in k,1 X Py bins vs data from PHENIX [7].
The experimental data have been shifted for the underlying event. The solid magenta line corresponds to the combined CGC w Sud
calculation, while the CGC w/o Sud and Sud computations correspond to the thin orange and dashed teal lines, respectively.

114052-5



BENIC, GARCIA-MONTERO, and PERKOV

PHYS. REV. D 105, 114052 (2022)

— CGC wSud 8< kN‘L < 9Ge\}

- T - T
8 < kyy <9GeV

——
20l 1 8 < kyy <9GeV 1 i
. e PHENIX 1< Py <2GeV 3 < Py <4GeV p+p 5< Py <10GeV
150 I 1 Vs =510GeV |
' } [n] < 0.35
S
%g 1.0} {
—le
0.5
0.0
i\} }\{ i — Il li t ilii li t
90k 9 <kyy <12GeV | 9 <hy <12GeV | 9 <hy <12GeV |
. 1< Py <2GeV 3< Py <4GeV 5 < Py <10GeV
15f ] T+ - g
S
Sd 10} }
e
0.5F {
0.0
;¢ : ‘ “L‘: : : ey : : :
20l 12<qu<15GeV__ 12<ku<15GeV__ 12<k7L<15GeV_
: 1< P <2GeV 3< Py <4GeV 5< Py <10GeV
15 T+ - g
S
"gg 10.
—le
0.5F
¢
0.05%%
L .
1 2 3 4

FIG. 2. Isolated yh* angular distribution for midrapidity pp collisions at 510 GeV given in k,1 X Py bins vs data from PHENIX [6].

The experimental data have been shifted for the underlying event.

The ALICE experiment measured isolated yh* produc-
tion in pp and pPb collisions at /s = 5.02 TeV [8] with
the following kinematics

n,| <0.67, 12 GeV <k,; <40 GeV, |n,| < 0.8,

0.5 GeV < P,,, < 10 GeV, (17)

and R = 0.4. The transverse hadron momenta P, is
further distributed into bins as indicated in Fig. 3.
Before considering the results we make a general remark
about our computation based on (14). In the kinematics
region where the transverse momentum of the final state
k,, + Py, islarge, and where also (k,| + P, )* < Q7 the
perturbative Sudakov factor, (8), would dominate the
overall two-particle momentum imbalance in the cross
section. While the nonperturbative Sudakov factor is
necessary to carry out the b integral, it is irrelevant for
the k| spectrum, as demonstrated in [55]. However, in our
computations this is not completely the case, since for
RHIC kinematics we have Q ~7-21 GeV, where the
nonperturbative Sudakov factor should also play a role.
At the LHC Q ~ 17-55 GeV, but also k is possibly larger
due to the more asymmetric y2 momenta configuration.

We will first show our results for the angular distribu-
tions and compare them with the data from RHIC and the
LHC. In our computations we focus only on the shape of
the yh yield and thus normalize both our theoretical curves
and the experimental data to unity. A similar procedure has
been employed, e.g., in [28,56,57]. We compute as well the

T T T
12 < kyy < 40GeV
0.7 < Py <3.2GeV

12 < kyy < 40GeV
1.7 < Py <7.6GeV

| /5 =5.02TeV
Il < 0.8, ;] < 067

11

e ALICEp+p

sALICEp + Pb

0.5 1.0 1.5 2.0 2.5 3.0 05 1.0 1.5 2.0 2.5 3.0
A¢ Ag

—0.25} =

FIG. 3. Isolated yhA* angular distribution for midrapidity pp
and pPb collisions at 5.02 TeV for 12 GeV < k,; < 40 GeV
for three bins in P, vs data from ALICE [8]. The magenta
points (lines) correspond to pp collisions while the teal squares
(lines) correspond to a pPb collision.
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normalized out-of-plane transverse momentum distribu-
tions and extract their Gaussian widths and compare both
with the data from RHIC. We also provide the predicted
nuclear modifications by showing the CGC w Sud com-
putation at RHIC and the LHC.

A. Angular distributions

In Fig. 1, we compare our CGC w Sud result with the
200 GeV pp data at RHIC [7] and find a fair agreement in
most of the bins. Here the experimental data have been
shifted vertically for the underlying event, that is, by the
background of uncorrelated yh* pairs [7]. The CGC w Sud
results are also compared with a CGC w/o Sud compu-
tation. The away-side peak from the CGC w/o Sud results
is clearly too narrow to be able to describe the data. As
argued previously, the dip at A¢p =z, and the resulting
double peak structure around it, for the CGC w/o Sud
computation is due to the low k; behavior of the dipole
gluon distribution ¢pp(Y,k, ) ~ k% /Q3. For this kinemat-
ics the double peak is strongly focused in a narrow region
around A¢ = 7. Let us stress again here that the presence
of a double peak in general is a robust prediction
[10,11,13-16] of the leading order yh production in
CGC. From the PHENIX data alone it is difficult to find
support for this feature, though it might be simply missed
by the experimental resolution. In any case, our prediction
is that, for the kinematics considered here, the double peak
is completely washed away by including the Sudakov
effect. It is instructive to also compare to a Sud only result
based on the leading order gg — gy collinear formula.
While the Sud result gets closer to the data than CGC w/o
Sud in general, best results are obtained when both the
CGC and the Sudakov effects are taken into account.

In Fig. 2, we compare the CGC w Sud computation with
the 510 GeV pp data from RHIC [6] where again we find
overall good agreement with the data. In Fig. 3, we
compare with the 5.02 TeV pp and pPb data from LHC

[8] and find good agreement with both the pp and the pPb
data. Because of the asymmetric kinematics in Fig. 3 our
results show only a small nuclear effect. See Fig. 5, where
we look at more symmetric configurations.

In Fig. 4, we make predictions for pA collisions at
200 GeV by considering a subset of bins from Fig. 1. We
pick up the smallest and the largest k,; bin from Fig. 1 and
distribute the results along P;,, bins. For comparison, we
also repeat the pp results from Fig. 1. It is useful at this
point to discuss the systematics across bins. Lets compare
two pp (or pA) curves corresponding to the smallest and
the largest k,, for a fixed P;,,. We see that as k,; (the
transverse momentum of the trigger particle) is increased,
the away-side peak gets narrower. We can understand this
in an intuitive way as follows. At large trigger k, | also the
momentum imbalance k; eventually increases (P, is held
fixed) and so the Sudakov logs become less prominent.
Note that for high k,, kinematics the details of the
nonperturbative Sudakov factor should be negligible. At
the same time, nonlinear effects from the CGC also play
less of a role as with high trigger k,, we are probing the
perturbative tail of the gluon transverse momentum dis-
tribution. Therefore, we expect the probability for a high-
k,, trigger photon to scatter at an angle A¢ # = to be
strongly suppressed, explaining the narrower shape.
Likewise, for smaller k,, the away-side peak will get
broadened. Our second point concerns the nuclear effect
that is visible by a comparison of the full (pp) and the
dashed (pA) curves in Fig. 4. Because of a larger saturation
scale in the nuclei than in the proton target we observe a
suppression of the away-side peak in pA in comparison to
pp for all kinematic bins considered.

In Fig. 5, we present projections for midrapidity pp and
PA collisions at the LHC energy of 5.02 TeV. We keep the
associated hadron bins from Fig. 3 and lower the trigger
photon k,, in order to reach a more symmetric configu-

ration. The imbalance momentum of the yh* system thus

1.50 f == 5<k’u<7GCV - \/EZQOUGQV
In] < 0.35

—12 < ky < 15GeV

0.5 < Ppy <1GeV
1.25 e -

1< Py <2GeV

T {==pr+p
sep+ A

2 < Pp1 <5GeV 5 < Py <10GeV

Ad A

FIG. 4.

A R AR S SR A TR T T AT R
2.50 2.75 3.00 3.25 3.50 3.75 2.50 2.75 3.00 3.25 3.50 3.75 2.50 2.75 3.00 3.25 3.50 3.75 2.50 2.75 3.00 3.25 3.50 3.75

Ag Ag

Isolated yh* angular distribution for midrapidity pp and pA collisions at 200 GeV. The higher curve (and narrower peak)

correspond to the 5 <k,; <7 GeV bin, while the lower (wider) peak corresponds to a harder photon momentum bin,

12 < k,; <15 GeV.
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1.1 5 <k, < 7GeV —p+p Vs =5.02TeV
— <k, <12GeV | ...
1.0 — 12 <k < 10Gev p+A Il < 08
0.7 < Py < 32GeV 17 < Py < 7.6GeV ny] < 0.67
0.9
0.8
<
&lg o7
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025550 275 800 825 850 875 250 275 300 325 350 375
FIG. 5. Isolated yh* angular distribution for midrapidity pp

(solid) and pA (dashed) collisions at 5.02 TeV. Each pp and pA
curve pair corresponds to a different binning of photon momen-
tum. In descending order, the pair correspond to bins of
S<k, <7,9<k, <12,and 12 <k,; <15 GeV.

approaches the saturation scale at the away-side peak
leading to a more substantial nuclear effect as can be seen
from Fig. 5.

B. Out-of-plane transverse momentum distributions

In addition to the angular distributions, PHENIX also
measured [6,7] the so-called out-of-plane p,,, distributions,
where poy = Py, sin(A¢), binned as a function of xz =
—k,, ‘Phl/k}ﬂ = —Py; cos(Ap)/k,,. A quick computa-
tion shows that p3, = z3k] — k7, (1 —xg/z,)* at the
leading order. Close to the away-side peak A¢ = 7 we
have xg ~ z;, and so p,, = 7,k . By binning the result in
X, we can appreciate that the p, distributions serve as a
proxy for the intrinsic k; distributions [7,58].

In Fig. 6, we compare our results with the PHENIX
200 GeV data [7] in x; bins. The CGC w Sud results
show a good agreement with the data in the small to
moderate p, region (up to ~1-2 GeV), and also in the
large p,, region for the xz bin 0.1 < xz < 0.15. For the

remaining two bins, the small to moderate p,, region
(Pout ~ 1-2 GeV) is also nicely described by our result,
while as p,, increases our results tend to overshoot the
data. For comparison, the CGC w/o Sud computation is
also shown where similar conclusions hold as for the
angular distributions: the CGC w/o Sud computation
produces a too narrow distribution which cannot be
accommodated within the experimental data. In addition,
the CGC w/o Sud computation predicts a double peak in
the distribution concentrated in a narrow region around
Pout = 0. Again, the present PHENIX datasets alone do not
allow us to judge clearly whether this feature is supported
or not. We can only underline the importance of a more
complete computation, which includes the Sudakov resum-
mation, where a double peak structure is not present for
these kinematics. For completeness we also show the
results of a Sud computation which seems to do a good
job in the moderate p,, region, but tends to undershoot the
data for large poy.

To have a closer look at the small p,, region, PHENIX
extracted the Gaussian widths of the p,, distributions
across 0.1 < xp < 0.5 from Fig. 6 by assuming a Gaussian-
like shape in the range —1.1 GeV < p,, < 1.1 GeV. The
systematic error is estimated by varying this range by
+0.2 GeV [7]. Using the same procedure we compute the
Gaussian widths of the p,, distributions from Fig. 6. Our
results are shown in Fig. 7 as a function of the hard scale
k,, in comparison to the PHENIX 200 and 510 GeV pp
data. The theoretical bands correspond to varying the py
Gaussian fit by £0.2 GeV as in [7]. We see that the best
description of both the 200 and the 510 GeV data is
obtained with the CGC w Sud computation. In Fig. 7, we
also plot Sud results for the Gaussian widths and find that
they are below the PHENIX data. The CGC w/o Sud
widths are not shown—due to the double peak structure the
behavior is clearly not Gaussian-like for small p.,. But
even if we choose to ignore this issue, based on the fact that

- —
| === CGC w Sud
CGC w/o Sud

Sud 123

01<zp<015 |

1000 o

PHENIX

(Gev—1)

1071 -

do
dpout.

=le

1072

0.156 < 2 < 0.25 § p+p,+/5 = 200 GeV
[ |n] <0.35
£ 7 <k <12GeV §

025 <zp <05 1

Pout (GeV)

Pout (GeV)

FIG. 6. p,, distributions for midrapidity pp collisions at y/s = 200 GeV compared to the data from PHENIX [7] in three x bins,
0.1 < xg < 0.15 (left), 0.15 < x; < 0.25 (center), and 0.25 < xz < 0.5 (right). The solid magenta line corresponds to the combined
CGC w Sud calculation, while the CGC w/o Sud and Sud computations correspond to the thin orange and dashed teal lines,

respectively.
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CGC w Sud p+p

0.8 Sud || < 0.35
< | * PHENIX 0.1 <25 <05
L5
S |
= i
E i . §
g f i
g 0.4
@}

V5 = 200 GeV /5 =510GeV
02— 7 9 11 13 55 7 g 1T 13 15
ky1 (GeV) kyi (GeV)

FIG. 7. Gaussian widths of the p,, distributions as a function
of the hard scale k,; for midrapidity pp collisions. The pp
results at /s = 200 and /s = 510 GeV are compared to the data
from PHENIX [7]. The magenta bands correspond to the CGC w
Sud computation, while the teal bands correspond to the Sud
computation.

the double peak is rather narrow for this particular
kinematics, it is visible already by the naked eye from
Fig. 6 that the distributions are too narrow in comparison to
the data.

In Fig. 8, as a measure of the nuclear effect, we show our
predictions for the difference in the Gaussian widths
squared computed in midrapidity pA and in pp at RHIC
(left) and at the LHC (right) kinematics. For convenience
we denote this quantity as (pgy) ,a — (Paur) pp- though the
meaning of the “averaging” procedure () is in the sense of
fitting the small p,, region with a Gaussian—same as we
used for Fig. 7. Our choice of kinematics matches the one
used in the preliminary RHIC pPb vs pp results in [58-60]
with the hard scale 5 GeV < k,; <9 GeV and we plot our
results as a function of xz. We are tempted to compare the
200 GeV results from Fig. 8 with the preliminary result in
Refs. [58-60] that shows up to about 0.1 GeV? broader
widths in pA that in pp, for x; < 0.4, albeit for z°h*
production. In our y4* computation we find <0.15 GeV?
for xz < 0.4. Increasing the energy to 5.02 TeV we find that

0.6F = /s = 200 GeV o

& fee /s =502TeV

< 05F

R 04f
C\!é ”.

= 03}

|

Zo2p
C\I§ "“‘

= 01f

‘‘‘‘‘ 5 <ky <9GeV
01 02 03 04 05 06 07 08
)

FIG. 8. The difference between pA and pp Gaussian widths
squared of the p,, distributions as a function of xz at /s =
200 GeV and /s = 5.02 TeV collision energies.

the difference in the pA vs pp Gaussian widths grows,
becoming more pronounced at large xg.

IV. CONCLUSIONS

In this paper we have numerically computed the isolated
photon-hadron production cross section based on the
leading order CGC formula with the Sudakov resummation
explicitly taken into account for the first time. We have
demonstrated that both the CGC and the Sudakov effects
are important to obtain a reasonable description of the data
at RHIC and the LHC. We have provided predictions for
the nuclear suppression around the away-side peak A¢ = =
and the nuclear broadening of the intrinsic transverse
momentum distributions at RHIC and at the LHC. While
the PHENIX Collaboration published only pp data, the
ALICE Collaboration has results also for pp and pPb.
Unfortunately, there is no clear evidence of a nuclear
effect from the data alone. This might be due to asymmetric
k, x Py, binning by ALICE and we argue that in more
symmetric configurations the nuclear effect would be more
apparent. In addition to yh®™ production the PHENIX
experiment measured also z°4* production [6,7]. The data
seem to indicate a suppression in the yh* vs #°h*
production in the bins that are close to the away-side peak.
It would be interesting to make a detailed side-by-side
comparison of yh* vs z°h* production in CGC.

As a future work we plan to take into account next-to-
leading order corrections which bring 2 — 3 partonic
processes into play. First, already in the collinear framework,
the presence of an additional (unobserved) parton present in
the final state naturally disrupts the yh back-to-back kin-
ematics. As the Sudakov effect is associated with soft gluon
branching it is most important in the region close to
the away-side peak with the momentum imbalance k;, =
lg. +k,.| such that k; < Q. By contrast, the 2 — 3
processes are genuine hard branchings, that are able to
support large momentum imbalances k; ~ Q. Therefore,
next-to-leading order corrections and Sudakov effects are
important to get a more complete phase-space picture of yh
correlations. This has recently been applied in describing
hard-p | y-jetdata in pp; see, e.g., [61,62] and also [57]. We
also mention here recent works on transverse momentum
resummation in y-jet production that also takes into account
a preferred direction set by the final state jet [63,64].

In the small-x kinematics region with k; ~ Qg we are
interested, a complete next-to-leading order treatment
would include considering the gg — ggy [65,66] and
qg — qgy channels [67,68] (see also [69,70] for related
higher order computations in eA collisions). With the
current photon detectors in the midrapidity region for both
RHIC and LHC, as a first step, the inclusion of the gg —
qqy channel might be enough. Considering planned
forward upgrades [71,72], where the isolated photon
signal would be more favourably extracted from the 7°
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background, taking into account also the gg — ggy channel
becomes important.
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APPENDIX: COLLINEAR FORMULA

Here we recall the collinear formula for the pt — hyX cross section. We have

do B , [dz, 2 2 2\ 552
d’k,, dn,d°Py, dn;, zq:eq/gl)q(z}”ﬂ ol ol iaf a5 L)

where for the gg — gy channel [73] we have

A aﬁ'
o =

N.32

<_

) (A2)

Wy |
| o

with the conventional Mandelstam variables § = (p + k)2, 7 = (k — k,)? and & = (p — k,)*. The parton momenta fractions

are fixed as x, = (k +¢'/P} and x4 = (k; 4+ ¢q~)/P;. Taking into account the Sudakov resummation yields the

following result:

do . ) th/
&k, dn, &P, dn, Eq:‘"f/ z

The Sudakov factor Sg,q(b |, Q) + Spon—pert (b 1 . Q) contains
perturbative and nonperturbative pieces as in (13). The
perturbative piece has the same form as in (8), however,
because of the initial stage gluon, in the collinear limit one
has B = 2B, + B, [the double-log A coefficient remains the
same as in (10)]. In the nonperturbative piece we have
now Snon—pert (bL’ Q) = 2Sgon—pert (blf Q) + Sﬁon—pert (bL’ Q)

It is useful to explicitly confirm that we can recover (A1)
from (1) in the leading twist limit. First let us rewrite (A2)
in a more convenient form. Using & = —2p - k, = —kﬁ /z
and § =2q -k, =k, /z(1 — z) we get

@ Pyl2) 2
2N, q-k, kh '

(A4)

6=

Recall now that the transverse momentum dependent gluon
distribution ¢(Y,k,) function is related to the adjoint
dipole N'y(k ) as [74]

The qq — gy channel is negligible in this kinematics region,
see for example Fig. 12 in [6].

&by - -
(271-)26"(1_ leq(Zh’,u%;)xpfq('xp’”[Zy)fog(xAhulz))aS(/’t%))ae SSud(bJ_sQ) Snon—pcn(bJ_vQ)_

(A3)

N K%

Y.k,)=(nR}

Ny(ky). (AS)

Integrating (Y, k) over k| returns the gluon distribution

=5 [Tk 4o
X X)=—~ ) )

9 2 (27[)2(/’ L1

which may be formally inverted as ¢@(Y,k,)=

xf,(x)n*(2x)?6) (k). In the large N, limit, the adjoint
dipole and the fundamental dipole in coordinate space are

related as N'y(b,) = NS/ (b ), see, e.g., [75]. In the
leading twist approximation this effectively becomes

Ny(b,)~2Ny(b,) and so we can write (in momentum
space)

4
d 8 Ag

Ryller) = £, (1)

8P (k). (A7)

Then, Eq. (1) yields Eq. (Al).
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