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ABSTRACT: We study the exclusive diffractive ¢¢ photoproduction in ultraperipheral pA
collisions. The formalism makes use of off-diagonal generalizations of the unintegrated
gluon distribution, the so-called generalized transverse momentum dependent distribu-
tions (GTMDs). We present two different formulations. The first one is based directly on
gluon GTMD parametrizations in momentum space. Another option is the calculation of
the GTMD as a Fourier transform of the dipole-nucleon scattering amplitude N (Y, 7, b 1)
The latter approach requires some extra regularization discussed in the paper. Different
dipole amplitudes from the literature are used. Compared to previous calculations in the
literature, we integrate over the full phase space and therefore cross sections for realistic
conditions are obtained. We present distributions in rapidity of ¢ or ¢, transverse momen-
tum of the c¢ pair, four-momentum transfer squared as well as the azimuthal correlation
between a sum and a difference of the ¢ and ¢ transverse momenta. The azimuthal correla-
tions are partially due to the so-called elliptic gluon Wigner distribution. Different models
lead to different modulations in the azimuthal angle. The modulations are generally smaller
than 5%. They depend on the range of transverse momentum selected for the calculation.
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1 Introduction

The diffractive production of high momentum particles, such as quark-antiquark dijets,
serves as a probe of various aspects of the hadron structure [1]. For example, in the
diffractive dissociation of photons or pions into dijets, the forward cross section at large
jet transverse momenta maps out the unintegrated gluon distribution of the target [2, 3.
Recently, there has been much interest in a generalization of unintegrated (or transverse
momentum dependent) parton distributions to a five-dimensional quasi-probability phase
space distribution, known as the Wigner distribution [4, 5], which depends on both the
transverse momentum and impact parameter of a parton in the proton or nucleus. When
transformed fully to momentum space these are equivalent to the generalized transverse
momentum distributions (GTMDs), see e.g. [6-8]. In particular, these distributions encode
the dependence on the transverse momentum transfer A | to the target and, therefore, are
of relevance for the description of the forward cone in diffractive processes.

The Wigner distribution depends on the transverse momentum k| of partons as well
as the impact parameter b |, including a dependence on the azimuthal angle between the
two transverse vectors. In the GTMD approach this translates into a dependence on k 1
and A . This dependence gives rise to a so-called elliptic Wigner function or GTMD [9].
In the region of small-x which is of interest in this paper, the equivalent color dipole ap-
proach for diffractive processes [10, 11] can be used. Here, the dipole amplitude depending
on dipole size 7| and impact parameter b 1 contains the same information as the Wigner
function/GTMD. The azimuthal angle correlation discussed above translates then into a de-
pendence on the dipole orientation with respect to the background color field of the target.



Figure 1. Feynman diagrams for the diffractive photoproduction of ¢g pairs in nucleus-proton
collisions, discussed in the present paper.

In inclusive processes this dependence can give rise to flow-like azimuthal correlations, for
example in prompt photons production [12], or in inclusive two-particles’ production [13].

It was advocated that the elliptic gluon distributions could be studied in diffractive
reactions, such as:

o Exclusive dijet production in ep collisions [14, 15]. For calculations in the color dipole
approach, see [16-18];

o Exclusive dijet photoproduction in pA and AA ultra-peripheral collisions (UPCs) [19];

+ Exclusive QQ (with Q = ¢,b) photoproduction in pA and AA UPCs [20].

Here, we revisit the exclusive production of cc pairs in proton-lead collisions at LHC en-
ergies. The dominant reaction mechanism here is the diffractive photoproduction of the
cc pair on a proton by a Weizsécker-Williams photon emitted by the lead nucleus, see the
diagrams in figure 1. One is then interested in the correlations of

" 1, .
P = i(plQ—PLQ% (1.1)
and the momentum transfer to the proton, which for the exclusive reaction fulfills
AL =piQ+7.5- (1.2)

In this work we account only for the contribution where the ion serves as a source of the
photon. Here we exploit the fact, that the photon flux scales with the charge of the ion as
Z?%. This factor will be missing when the photon is emitted by the proton. On the other
hand, the integrated diffractive process on the nucleus will display a dependence o oc A%,
with roughly o ~ 1.4 + 1.5 (see e.g. [1, 3]). While the diffractive photoproduction on the
nucleus may therefore still be a sizeable effect, the extraction of the process discussed in
this paper is possible if proton tagging [21-23] is available, due to the very sharp transverse
momentum dependence of the electromagnetically scattered proton.

In distinction to dijet production, for the heavy quarks already the quark mass mg can
play the role of a hard scale, and also intermediate and small values of P | are tractable.
Here, we will calculate cross sections and distributions for realistic kinematic conditions at
the LHC. We also discuss some subtleties regarding the correlations in the azimuthal angle

P’J_ . &J_

—_. 1.
A, (1.3)
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At large jet momenta P; the correlations in ¢ expected to be dominantly o< cos(2¢)
and are unambiguously expressed in terms of the elliptic Wigner function/GTMD. At lower
P, , however, the azimuthal correlations are better understood as coming from the matrix
element (or impact factor) at finite A . While formally also these correlations can be
absorbed into the Wigner function/GTMD, these would correspond to d-function terms in
the latter. We discuss the relation between the different approaches and the alternative
formulation in terms of a off-forward gluon density matrix introduced in ref. [24].

This paper is organized as follows. In section 2, we explain how to calculate the
diffractive cross section of interest and discuss the formalism starting from the dipole
representation of the amplitude. Then, in section 3 we present our numerical results for
differential cross sections as functions of various kinematical variables using a variety of the
existing gluon GTMD models. Finally, in section 4 the main conclusions are summarised.

2 Formalism

2.1 Kinematics and cross section

The cross section for the proton-nucleus reaction can be written in the following form

do(pA — QQpA; s) 1 do(yp — QQp; (zq + x5)s)

= fyalzo + x5 ——
drqdeg®P 2R, T +1g valrg +rq) dzd?P 24 |

) (2'1)

with 2 = z¢/(zq + zg). Here, 2q, x5 are the fractions of the nucleus’ Light-Front plus
momentum carried by a heavy quark @ and antiquark @ (with mass mgq), respectively.
The transverse momenta of quark and antiquark are

pPiQ=PL+—, o=-"P+—, (2:2)

respectively, so that A is the transverse momentum of the QQ pair. As the photon
is collinear to the incoming nucleus, A 1 is also equal, up to a sign, to the transverse
momentum transfer to the proton target.

The Weizsacker-Williams photons carry the momentum fraction

TA sz—i—xQ. (2.3)
For the flux of quasireal photons,
dN(z4)
= - 2.4
f'y/A(xA) dza ) ( )

we use the well-known expression (see for example the review [25]),

AN (z4)  27%Qem 24

y §jaKo(§j4)K1(&a) — T(Kf(fm) — K§(&a))| 5 (2.5)
TA TTA

where Z correspond to the atomic number of the projectile particle, cien, is the fine struc-
ture constant, ;4 = xam,(R; + R4) involves the target and nucleus radii (R; and Ry,



respectively) and effectively excludes the overlap of the projectile and the target in impact
parameter space, and m,, is the proton mass.

Let us also quote a useful expression for the cross section which reads in terms of
center-of-mass rapidities yq, Yo of quarks,

L (26)
Q.
TA

2 2 2 2
Dip+m Plstmo
zQ =\ % exp(yQ), x5 =\ Qf exp(yg) - (2.7)

We also need the transverse mass of the QQ-pair, which square is given by

do(pA — QQpArs) _  dN(xa) (z(l _ydolr > QQp ms))

— — - A — -
ddedeQPLdQAl dx 4 dzd?P) d? A\ |

z=

where

2 2 2 2
+m Pl 5 +tm
M2 =z, (pl@ 9, 1e Q) . (2.8)

The rapidity of the Q@Q-pair in the cm-frame can then be calculated from

1
Youir = = log (i;‘) — log <$A\/§> . zaxps= M2, (2.9)

2

We will be also interested in the laboratory frame rapidities, which are obtained from
the shift

1 Z 1 VA

LAB LAB

Yo.q = Ya.o Tglos <A> o Ypair = Ypair + 5 log <A> : (2.10)
where for the 2°8Pb nucleus, we have A = 208, Z = 82.

2.2 Color dipole representation of the diffractive amplitude

We start our discussion from a basic description of the color dipole approach to diffractive
processes [10, 11]. Here, the cross section for the yp — QQ diffractive dissociation process
is written as

2

do(yp = QQp;syp) _ 5

/ dZEJ_dQFJ_
dzd?P, d2A |

—iA b —iB, 7 N A _
(277')2 € AL bLe L TLN(Y;TLabL) ‘1})\}\(277“L)

Ay, A
(2.11)

Above, z, 1 — z are the Light-Front momentum fractions carried by quark/antiquark in the
v — QQ transition. The corresponding Light-Front wave function for the v — QQ,

2_‘ " —
Al i Ty g (2,01), (2.12)

B 1
)_\/m/(zﬂ)Qe A\

depends on the Light-Front helicities of quarks, A/2, A /2 and photon, \,. Its explicit form

A N
\I/AK(Z, Tl

in transverse momentum space can be found for example in ref. [26].



Our main interest is in the dipole scattering amplitude N (Y, 7, b 1 ). Its energy depen-
dence is encoded through the “rapidity” Y. We define the latter as Y = In(zo/xp), with
xg = 0.01. Here,

2 2
M7 MY
Tp=rp=—_—— ==,

2.13
Syp TAS ( )

where M is the transverse mass of the QQ system. The dipole amplitude is related to
the familiar color dipole cross section (see e.g. the textbook [27]) via

o(zp,7L) = Q/dQEL N(Y,7,b,). (2.14)

It is related to an off-diagonal generalization of the unintegrated gluon distribution — a
gluon density matrix through the relation [24]:

N(Y,7,b.) = /d2<ﬁd2/ﬂ f (Y, % +Rp, % - 1) expliqL - b, ]

1 1
X {exp zé(j]_ -7 | +exp —zéqj_ 7| —expliky - 7| — exp[—iR L ~FJ_]} )
(2.15)
Quark and antiquark move at impact parameters,
- T - - Ty
bJ_Q:bJ_—i-?, bJ_Q:bL—?, (2.16)

which allow us to relate the four phase factors in the curly bracket in eq. (2.15) to the four
diagrams of figure 1 in an obvious fashion. We write the unintegrated gluon density matrix
in the following form,

7 F(wp, B+ 7L, % —RL
7L 1) o F (o5 2 ) (2.17)

. . _
f(Y,;—FHLa_ 47N, (%+g’l)2(%—ﬁl)2

2
where N, = 3 for the number of colors in QCD, and we put in evidence the strong coupling
constant o and gluon propagators here.
Integrating eq. (2.15) over b, we obtain for the dipole cross section the well-known
representation [28]
o [ d*R)

—— s F(rp, K1, —RK1) {2 — efFLTL e_i’h'ﬂ} , (2.18)

ag\xp 'FJ_ = —
( ? ) NC K/jl_

so that indeed F(x, R 1,R2) is the proper off-forward generalization of the standard un-
integrated gluon distribution, which relates to its collinear counterpart via

d’R . .
zg(z, p?) = / ZL O(p? — k%) F(z,R,—R1). (2.19)
Below, we will also use the non-perturbative parameter,
A [ d’R R .
oo(zp) = TLasf(xPa Ki,—K1), (2.20)
N¢ K7

which has the interpretation of the dipole cross section for large dipoles.



Now, inserting the representation of the dipole amplitude given in eq. (2.15) into
eq. (2.11), we obtain for the diffractive amplitude the following convolution structure:

L B AL AL . A . A
A(Y,PL,Al)oc/deuf<Y,2L+fu,;—fcl) {\IQA (Z,PLJF;)JF\IQ; <Z,Pl_2l)

~ W31z, PLARL) — W1 (z, P~ @)} .
(2.21)
Here, in the terminology of small-z (or BFKL) factorization, one would refer to the struc-
ture in brackets as the impact factor for the coupling of two off-shell gluons to the v — QQ
amplitude. The two t-channel gluons carry the transverse momenta,
LA

Rii=—~ +Ki1, Rio=——FKl, (2.22)

and the impact factor has the property that it vanishes when either of the gluon transverse
momenta goes to zero, i.e. for & = +A /2.
Finally, we obtain for our diffractive photoproduction cross section:

do(vp = QQp; 51p) _ 2 2 2 2\ | a7 I 2 2
. — atm 2N,(2) {(z + (1= 2)?) [Mo| +md M| } (2.23)

Here, M and Mo are amplitudes for the sum of quark helicities equal to one or zero,
respectively. Explicitly, we find (see e.g. ref. [29]):

Lo 2k A - A - B —A, /2
Mo(PL,AY) = Ly (YvL +E, = - kj_) {( e L/

2m 2 2 Pl — AL /2)2+m}
ﬁl+&l/2 _ PL—ky _ P4k
(PL+A./22+my (PL—FK)2+md (P +k)?+md
Lo dQI%'L &L . &L . 1
Mi(P, AL :/ flY, =—+k,— -k, _ _
( ) 2 2 2 (PJ__AJ_/2)2+m2Q

1 1 1
+-—= = - —= = - —= = .
(PL+AL/2)2+W%2 (PL—kL)Q‘Fmé (P¢+7ﬂ)2+mé}
(2.24)

In order to understand the origin of azimuthal correlations, it is useful to decompose
our amplitude. To this end, let us introduce

- P —q1 P +q1 2P,
jO(PL7CIL) - = -\ 2 = ~ \9 2 5o 97
(PJ__QJ_) +mQ (PJ_+QJ_) +mQ PJ_+mQ

1 1 2

Ji(PL,q1) = (2.25)

— +—= - = .
(PL—=q1)*+mg  (PL+qu)?+mg  PE+mg



Then, our matrix elements take the form:

. S (o 1= - 2k, - AL - A
Mo(PL,B0) =T (ProgBr) € By~ [ SERPLE) £V 55 4L S -EL)
L L1 . d2k AL AL -
MI(PLaAl):j1<Pl,2AL> C(Y,AL)— J—jl(PL,kL)f<Y—|-kL, L kl)

(2.26)
There emerges a rapidity-dependent form factor,
- d2EJ_ AJ_ &J_ 7
YA = Y, — — — 2.2
C(Y,AL) o f( 5 +ky, 5 kL) (2:27)

which is a non-perturbative parameter, as is obvious from its form in the forward limit as
an integral,

1 [ d%k,
N, | 2ekt O

that converges at soft, non-perturbative values of k| . Indeed, as can be seen from eq. (2.20),

C(Y,0) = Flap, ki, —ky), (2.28)

it is directly proportional to the dipole cross section for large dipoles, og(zp).

2.3 GTMD representation

In the literature, often a different momentum-space representation of the diffractive am-
plitude is used (see, for example, refs. [9, 19, 20]). Namely, one introduces the Fourier
transform of the dipole amplitude (using the normalization and notation of ref. [20]),

27 2= L -
T(Y, ki ,AL) = @b dTL ik, by ik 7 N(Y,7,b.) (2.29)
s vl , ] (271')2 (27_[_)2 s '1,01) - .

Here, T'(Y, k 1, A 1) is often referred to as the generalized transverse momentum distribution
(GTMD) of gluons in the proton target. Certainly, just like the gluon density matrix
1y, % + Ry, % —R L), it encodes the same information as the dipole amplitude. What
is the relation between these two momentum space distributions?

To answer this question, let us perform the Fourier transform by inserting eq. (2.15)

into eq. (2.29), which yields

I - Al A
T(Y, ki, A1) =C(Y,A)) (5(2) (h - 2) +63 (h + ;))

_f< L+k¢,;—/ﬁ> —f(K;—kL,;Jrkl) . (2.30)

where C(Y, A}) of eq. (2.27) multiplies a combination of d-functions. Now, evidently T is
essentially equal to the f, up to the term containing §-functions. The latter, however, will
not contribute when convoluted with the impact factor in eq. (2.21). Formally, we might
therefore replace

A AL - 1 I
f(Y 2L+I<:L,;—kL>—>—2T(Y,kL,Al). (2.31)



In practical numerical applications, however, this equivalence is not that obvious. In diffrac-
tive interactions the values of A are bounded by the diffractive slope Bp, so that at large
values of k£, the delta-functions are irrelevant, and the two gluon distributions, f and T
are equal to each other, up to a factor of 1/2.

An immediate corollary of the representation in eq. (2.30) is the sum rule

/dzlﬁ T(Y, kL ,A)=0, (2.32)

which encodes the fact, that N(Y, 7, b 1) — 0forr; — 0. Generally speaking, as evidenced
by the presence of §-function terms, the Fourier transform is a non-convergent integral and
does not exist as a function. One therefore needs to regularize the Fourier transform which
is often done by inserting a Gaussian cutoff function [9, 19, 20]:

d2b, d27,

(2m)2 (2m)?

Now, inserting the representation in eq. (2.15), we obtain the cutoff-dependent T" as

- - A - A
T(Y ki, AL) = C(Y,AL) (5@ (m - L) + 6 <m + ;))

T(Y, k1, AL) = / eiBLbLo—iRLTL N(Y 7 B ) e oL (2.33)

2
_fE<Y72J_+kJ_7;_ > fE( 5 - —k 7;+kL> 5 (234)
where
@)/ 7 1 k2

6{;‘ (k'J_) = rm exp —E s (235)

is a “smeared out” delta-distribution, and

A g A g

Je <Y TL - /ﬂ, ==+ h) /d2fﬂf (Y - - f_ﬁ,f +Iij_> 5P (kL —RL) (2.36)

is a smeared out version of the gluon density matrix. The regularized T-matrix also fulfills
the sum rule of eq. (2.32).

Let us finally quote the expressions of matrix elements Mo, M in terms of T,
which read:

- d*k o P~k P
Mo = [ SETEELAL § o - o

-

d2k
My :/ L
2T

- o 1 1
T, kL, A { —— S . (2.37)
(PJ_—]{?J_)2+7’TL% Pf—l—mQQ

In its derivation we made use of the sum rule of eq. (2.32). Notice, that in effect here we
use the impact factor for forward scattering, and all dependence on A | has been absorbed
into the GTMD T(Y, k1, A ).



2.4 Benchmark gluon GTMDs

Let us briefly discuss the different GTMD models used in this work. We follow both
approaches presented above, and consider a total of five different models as benchmarks in
our analysis of the differential cross section of charm photoproduction in pA UPCs.

First, we use two different parametrizations of the off-forward gluon density matrix f
of eq. (2.17). Here, we choose to write

A . A - as Fl(x ,E ,—E 1_-
f <Y,;+kL,; _lﬁ> = (zp kj 1) exp [—QBAQ] : (2.38)
c L

Such a form has been suggested in ref. [30] for the case of vector meson production (for
a recent use, see ref. [31]). The same approach has also been taken in ref. [12]. For the
diffractive slope, we use B = 4GeV 2, and the diagonal unintegrated gluon distribution
F is taken from two different models: the Golec-Biernat-Wisthoff (GBW) model [32], and
the Moriggi-Peccini-Machado (MPM) parametrization [33].

We also consider models based on the regularized Fourier transform of dipole ampli-
tudes as in eq. (2.33). The first model is based on a numerical solution of the Balitsky-
Kovchegov equation for the dipole S-matrix with impact parameter dependence [34, 35].
Such solutions have been obtained, for example in refs. [36-38]. In our work we use the
results of ref. [9]. This solution is based on exploiting a symmetry first observed in [39].
We label it as HHU below.

The second model, based on the original effective McLerran-Venugopalan model of
ref. [40], that has been generalised for the proton target and extended to incorporate inho-
mogeneities in the transverse-plane distribution of gluons in ref. [13]. The latter model has
been applied for exclusive diffractive light and heavy quarks’ photoproduction in refs. [19]
and [20], respectively. We denote this model as MV-IR in what follows. A third model is
the so-called bSat model of Kowalski and Teaney [41]. The Kowalski-Teaney (KT) model
has been adjusted to the proton structure function data and hence it gives a rather realistic
dipole amplitude. We use parameters from table I fit 3 of [41] for the gluon distribution.
In this regard, the HHU and MV-IR models can be considered as rather toy models, they
do, however, incorporate non-trivial dipole orientation effects, which is not the case for the
KT model.

The leading dependence on dipole orientation is quantified by the elliptic part N, of
the dipole amplitude in the Fourier expansion,

N(Y,71,b1) = No(Y,71,b1) 4 2 cos(2¢p) Ne(Y,71,b1) + ... . (2.39)

We translate the isotropic and elliptic parts of the dipole amplitude to GTMDs by the
appropriate Fourier-Bessel transforms [14, 19, 20]:

1 o0 00
TO(Y, kLaAl) = 4—71_2/0 debLJO(ALbL)/O TLdTLJO(k?LTL) NO(Y,’I"L,bL)e_”QL,

1 o0 00
TE(Y) kJ_aAJ_) = 477r2/0 bJ_de_JQ(AJ_bJ_)/O TJ_dTJ_J2(k'J_7“J_) Ne(Y,TJ_,bJ_)e_STi )

(2.40)



The explicit form of the matrix element for the elliptic glue for arbitrary quark mass mgq
has been found in ref. [20]. We briefly review its derivation in appendix A.

It is interesting to note that the gluon density matrices, constructed according to
the prescription of eq. (2.38), do also lead to a dipole amplitude that depends on dipole
orientation, as can be seen by plugging the expression of eq. (2.38) into eq. (2.15). It gives
us the expression

L - 1 . r . r - 1 - .
N(Y,7 ,b) = 1 {tN (bl + ;) +tN (bL — ;) - 2tN(bL)} oo(zp) + §tN(bL)O'(l'[p>,’I“L) ,
(2.41)
where )
- d JL . g 1 2
tn(by) = / om)? exp(—iq| - b)) exp {—ZBqL (2.42)

Again, we see that the dipole orientation dependence appears together with the non-
perturbative parameter oy — the dipole cross section for large dipoles.

We want to stress, that the correlation between 7| and b 1 emerges, although eq. (2.38)
does not contain any correlation between k L and A ! The 7 - b L correlation is in fact
of a simple geometric origin, as it singles out the contributions of diagrams where only
the quark or antiquark interact and probe the matter density at their respective impact
parameters. There is no obvious way how to construct an off-forward glue that leads to
totally isotropic dipole amplitude. For this to happen, the relevant dipole sizes simply have
to be small enough for the matter density to be constant over distances ~ r;. Then the
shifts in the curly brackets do not matter and only the last term in eq. (2.41) effectively
contributes. Of course, in general one would expect eq. (2.17) to have nontrivial azimuthal
correlations between k| and A 1, in which case the dipole amplitude will have a genuinely
dynamical elliptic piece that can contribute also at hard momenta P L.

Finally, to wrap up this section, in figure 2 we show the (E 1, A 1) maps for various
dipole-nucleon amplitudes T'(Y, ki, A 1) for comparison. In figure 3 we show for xp = 0.01
and A = 0.01 GeV the function of eq. (2.38) for the GBW and MPM models, and the result
of the Fourier transform eq. (2.40). Notice that the latter do change sign, in accordance
with the sum rule eq. (2.32).

3 Numerical results

We now turn to our numerical results for the production of cc pairs. In this work, we use

the charm quark mass value of m, = 1.5 GeV. In this section, we show the cross-section

LAB LAB
c ’ Ypair ’

as P, Ay, t and ¢, for several benchmark models of the gluon GTMD in the proton

distributions for cc photoproduction in pA UPCs differential in y Tp, as well
discussed above. We will show numerical results for differential distributions integrated
over 0.01 < P, < 10GeV, as well as over 5 < P; < 10GeV domains of the phase space.
For all distributions calculated as Fourier transforms of N (Y, 7 ,b,) (see eq. (2.33)) we use
the same regularization parameter ¢ = (0.5fm)~2 as in ref. [20]. In table 1, we show our
results for the integrated cross section for P, < 10 GeV as well as for 5 < P, < 10GeV.
In addition we show results for zp < 0.05. The results with the extra cut are only slightly

~10 -



GBW model MPM model

g D

> >

[0 [0

Qo 0}

= =

= el

< <

S S

o o

n [I}

o o

< <

) =

— +

720 02 04 06 08 1 12 14 16 18 2 02 04 06 08 1 12 14 16 18 2

A|(GeV) A|(GeV)
HHU model €=(0.5 fm)" MV-IR model e=

e e

0.15 o 3

o ©}

01 =< <

4 4

— —

005 © o

(=} o

i Tl

o o

b X x

= =

04 06 08 1 12 14 16 18 2 02 04 06 08 1 12 14 16 18 2

A|(GeV) A|(GeV)

KT model e=

To(x,=0.01, A k)

02 04 06 08 1 12 14 16 18
A(GeV)

Figure 2. Different parametrizations for the gluon distribution in the proton.
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xp < 1.0 xp < 0.05
GTMD approaches | o [pb] | op, >5.0Gev [1b] o [ub] | op, >50Gev [1b]
GBW 335.199 0.051 | 330.046 0.046
MPM 321.141 0.201 | 293.300 0.173
e = (0.5fm)~2
HHU 520.691 4.573 | 520.691 4.573
KT 66.699 0.111 65.023 0.110
MV-IR 136.675 0.606 | 129.883 0.526
e = 3(0.5fm) 2
HHU 743.411 4.348 | 743.411 4.348
KT 85.487 0.106 | 83.039 0.105
MV-IR 169.561 0.587 | 161.360 0.510

Table 1. Total cross section for 0.01 < P; < 10.0GeV and for 5.0 < P; < 10.0 GeV and different
approaches. In this table, the cross sections are integrated over A} < 3GeV and —8 < y. < 8.

smaller, except of the MPM model. In table 1 we also varied the parameter € by a factor
two in order to give an estimate on the dependence on e, which turns out to be rather large.

We notice considerable differences for the different GTMDs at large transverse mo-
menta. For instance, the GBW distribution drops off with transverse momentum uch
faster than other GTMDs. This is due to the fact that the GBW UGD does not possess
the perturbative power-law tail at large momenta, but rather features a Gaussian distri-
bution in transverse momenta with an x-dependent width. It should also be noted that
the original MV-IR distribution is formulated in ref. [13] without xp (or Y') dependence.
To get semi-realistic results for the differential distributions, the original MV-IR has been
modified as

Tl{/ln{)/C_IIR(K EJ_,&J_) :TMV_IR(EJ_,&J_) BAY, Y =1In (Ox(ﬂ)1>1> s (31)
with A = 0.277. It should be noted that more realistic extensions of the MV-IR model have
been proposed in the literature, see e.g. [42].

We start our presentation from the lab-frame rapidity distributions of charm quarks
in figure 4. Here, the incoming nucleus has a large positive rapidity, and the proton — a
large negative rapidity. The range of the rapidity distribution at large y(I;AB is essentially
controlled by the photon flux. We see that the HHU GTMD leads to a significantly higher

peak in the charm rapidity distribution than other models, and extends at the negative side

LAB
c

only to y ~ —4. This is due to the fact that it has a support only for small zp < 0.01.
The GBW distribution gives results consistent with an earlier calculation of Gongalves
et al. [43], where only rapidity distributions were studied. In addition, the distributions in
lab-frame rapidity of the cc-pair are shown in figure 5. They rather closely resemble the

single-quark rapidity distributions. The related xp distributions are presented in figure 6.
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Figure 4. Distributions in lab-frame rapidity of the charm quark leAB for 0.01 < P; < 10.0GeV
on the left and for 5.0 < P; < 10.0 GeV on the right.
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Values of zp as small as 107° enter the calculation. Note that in the case of HHU GTMD,
we assumed that this distribution only applies for zp < 0.01.

A comment on the range of the zp distributions is in order. Notice, that the diffractively
scattered proton will carry a fraction £ &~ 1 —xp of the beam momentum. Also, the rapidity
gap between the products of photon dissociation rises at small zp as x log(1/(1 — &)) ~
log(1/xp). It is therefore clear that an experiment, which tags protons carrying a sizeable
fraction of the beam momentum, would provide an upper limit on xp. For a discussion of
relevant forward detectors at the LHC, see [21-23]. This goes together with considerations
on the applicability of the dipole amplitudes used in this paper. This will in general require
a large rapidity gap as mentioned above. There will be no sharp value of zp where the dipole
approach breaks down, but one would expect it to require zp < 0.1, with a conservative
upper limit of xp < 0.05. In absence of concrete experimental conditions, below we will
integrate over the whole phase space, i.e. up to zp'®* = 1, expecting that the impact from
large xp to the integrals is in general small. An exception are the distributions in rapidity,
where large negative rapidities are close to the proton beam, and therefore associated with
small gaps. We return to this issue at the end of this section, where we demonstrate the
role of a cutoff x3'** on the various distributions.

We observe that the cut due to ¢ in eq. (2.40) has a different impact for different
models. In particular, it has a strong effect on the KT model in the region of small Pp,
where the bulk of the cross section resides. This makes the distributions integrated over
Pr for the KT model very small. For Pr > 2 GeV, however the results are comparable to
other models. Eventually the value of the € could be adjusted to experimental data.

Let us now term to transverse momentum distributions of the produced charm quarks.
In figure 7 we show the differential distributions in P;. We notice a considerable difference
in the tail of the distributions, with the GBW glue giving the softest behaviour as expected.
In figure 8 we present the charm distribution in A . As generically anticipated for diffrac-
tive scattering, such a distribution is peaked at low values of A ~ 1/ VB, with B being
the diffractive slope. The HHU model somewhat stands out as it gives rise to a peak in A |
distribution that is shifted to a softer value than that for the other GTMD models consid-
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ered in this work. These distributions are the result of the dynamics of gluons encoded in
the BK equation. Presumably the behaviour of the A distribution could be made more
realistic by introducing a similar regulator function in the impact parameter variable b, as
in eq. (2.40) for the dipole size r|. Here however we restrain from introducing additional
parameters.
Next, in figure 9, we show the distribution in the Mandelstam variable
A%+ zgm?
t=——7-—+= (3.2)
1-— Ip

at the proton side. We see the typical diffractive peak for the P, -integrated case. Again,
the HHU model stands out with a noticeable curvature and very sharp forward peaking.
In the large-P, tail, the t-distribution flattens out considerably for all considered GTMD
benchmark models. Notice that this case corresponds to a rather large diffractive mass
and, therefore, to a sizeable longitudinal momentum transfer.
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on the left and for 5.0 < P; < 10.0 GeV on the right.

We now turn to the angular correlations in azimuthal angle ¢ between P , and A 1
shown in figure 10, which are one of the main results of this work. There are in general
clearly visible correlations. Notice that for the GBW and MPM GTMDs these correlations
are of the “geometric” origin, such that in momentum space they are fully generated by the
matrix element. The angular modulations obtained from the GBW or MPM GTMDs are of
order 10%. We observe that at large P| they quickly drop and change shape. Notice, that
the calculations with these two GTMDs include all possible harmonics, not only cos2¢. In
the case when these correlations are computed accounting for the elliptic gluon distribution
only (see eq. (2.33)), i.e. when only cos 2¢ modulations are included, they appear to be at
the level of about 1-5%.

In order to better visualize the strength of the azimuthal correlations in figure 11, we
present also the angular distributions divided by the integrated cross section for a given
GTMD model. Such normalised distributions are easier to compare for different GTMDs.
Again, we show the results for two ranges of P, as explained in the figure. The azimuthal
modulations are of the order of a few percent.

Let us return to the issue on a cutoff in zp. In figures 12, 13, 14 we show the effect
of introducing an upper limit zp'** into our integration by example of three distributions.
Here we used the MPM model for the GTMD. In figure 12 we clearly see the expected effect
of the cutoff on the distribution at large negative rapidities, beyond yMAB ~ —4 the cross
section quickly drops. The effect of the cutoff is more marked in the high P, domain as
seen from the right panel. The A distribution shown in figure 13 is rather mildly affected,
with again a stronger effect at large P, . Finally, the distribution in the azimuthal angle ¢
shown in figure 14 is practically unaffected.

As these are parton-level observables, these angular distributions are not directly mea-
surable. For the case of dijets, one would expect soft-gluon corrections to have an impact,
see e.g. ref. [44]. For the more relevant case of exclusive (or inclusive diffractive) pairs of
open heavy flavor mesons (D-mesons), a thorough study of hadronization corrections would
be required. Such a study however goes beyond the scope of the present work. Recently,
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the LHCD collaboration was able to measure the inclusive cc dijets [45] (see also [46]),
whether such a measurement would also be possible in the kinematics discussed here is
an open issue. The different models give slightly different azimuthal angle distributions.
Specially interesting are distributions for 5.0 < P; < 10.0 GeV where the localization of
maxima for some models are reversed.

4 Conclusions

In this paper, we have presented several differential distributions for the diffractive pho-
toproduction of c¢ pairs in the pA — p(cc)A reaction at LHC energies. Our results have
been obtained using different models for gluon GTMDs from the literature. Some GTMDs
were obtained via the Fourier transform of the dipole S-matrix, N(Y, 7, b 1 ). In this case,
the GTMDs are regularized by an extra factor as done already in the literature for exclu-
sive dijet photoproduction. This regularization leads to rather large uncertainties as far
as normalization of the cross section is concerned. Therefore, for the distributions derived
from dipole amplitudes, one has to focus rather on their shapes than on magnitudes.

In the present work, we go beyond the earlier analysis of ref. [20] considering realistic
conditions of proton-lead collisions at the LHC and integrating over the phase space vari-
ables (such as quark rapidities and transverse momenta) in the measurable domains. We
have paid special attention to azimuthal correlations which were proposed in the literature
to test the models of small-z dynamics encoded in the so-called elliptic gluon distributions.
We find rather small azimuthal angle modulation in ¢(ﬁ |, A 1). The modulations as well as
the structure of maxima/minima depends on the GTMD models used in our analysis, so in
principle the models can be tested in actual measurements at the LHC. For completeness,
we have also presented the predictions for differential distributions in P, A (transverse
momentum of the c¢ pair) and rapidity of the c¢ pair.

Regarding the possible measurement we need to repeat an important caveat. First,
for the case of open heavy flavour meson production, a thorough analysis of hadronization
corrections would be required to investigate if the sensitivity of our results to the GTMD
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remains visible at the hadron level. For the case of dijet production, one expects soft gluon
emissions (Sudakov resummation) to have an impact, see e.g. ref. [44]. We intend to come
back to some of these issues in future work.

Acknowledgments

The authors would like to thank Yoshitaka Hatta for providing grids for numerical solution
of the BK equation. This work was partially supported by the Polish National Science
Center grant UMO-2018/31/B/ST2/03537 and by the Center for Innovation and Transfer
of Natural Sciences and Engineering Knowledge in Rzeszéw. R.P. is supported in part
by the Swedish Research Council grant, contract number 2016-05996, as well as by the
European Research Council (ERC) under the European Union’s Horizon 2020 research
and innovation programme (grant agreement No. 668679).

A Convolution of amplitude with elliptic GTMD

Here, we collect some steps necessary to analytically perform the azimuthal integration in
the convolution of the hard amplitude with the azimuthally asymmetric part of the gluon
GTMD. The gluon GTMD is expanded as

T(Y, ki, AL) = To(Y ki, AL) +2 cos2(or — o) Te(Y, ki, AL

2k - A2 —K2A2

=To(Y, k1, AL)+2

The parts of the amplitudes that we are interested in, are

a2k P -k 2k - A2 — k2 A2
= = J_—» = 5 ( = J2_) D) L lTe(YakLvAJ_)
21 (PL —k1)? +m§ k1 AT

.y <2A1Ai _%) Pk, P —ky kK

SMo(P,AL) =2 /

L T€(Y7 kJ_v AJ_) )

Af 2m (PL—ku)?+mf K
Lo Al A a2k 1 ki k7
SMy(PL A ) =2 (22122 _ 5, / - L (Vik AL
i ) ( A% Y 21 (P — k)2 +md K el )
(A.2)
We now concentrate on the integral over azimuthal angles
7 _/% dor,  PL—k. KK, _/% doy, 1 ki k) (A3)
Y 0o 27 (ﬁL—EL)Q—i—mé ki Y 0 2w (ﬁL—EL)Q—Fmé ki ‘
This vector integral will be proportional to P, . We therefore write
R
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with

1 2w 2 _ P, .k ki kJ
/ d¢k PJ_ PJ_ kJ_ ij_ (A5)
0

I0(P k) = - V==
zj( ) P, ot (PJ_—]{J_)2+m2Q k;i
Now we decompose [ ?j’l in terms of invariant functions of | P, | and |k, | and two orthogonal
tensor structures, for which we choose
, PP} 1 1
071 ) .. 0’1
I (P) = (2 ;ii — 5ij> 5131(1171@ + 6ij 51’0 (P, k1). (A.6)

When inserting this into eq. (A.2), the contraction with ¢;; vanishes, an we obtain

. L. p’ & 2 15 00
SMo(PL AL = 2 (2(;%;) _ 1> Pi/O kodiy 9P k) Tu(Y, kL, AL
1=1

P 00
= ﬁQCOSQ@A _d)P)./o kydky I9(Py k) T.(Y, ky,AL). (A7)

We still need to find the expression for the azimuthal integral I.(P,, k). Introducing

a=P+k% +m?,  b=2P ky, (A.8)
we obtain )
T dp cos2¢p
NP,k :/ —_— = b A9
e( 1y L) 0 27Ta—bCOS¢ g(a7 )7 ( )
and
PLIX(Pyk )—/27r Ao PL—gbeosd
Ll L 2 4 —beos¢ cos 29
T 1 1
:/2 do Pt — 3a+ 5(a —beos ¢) c0526
0 2w a—bcos¢
1 2r d¢p  cos2¢
= (P? - = / —_
(J‘ 2@) 0o 2ma—bcoso
1
= §(PJ2_ - kﬁ_ - m2)g(av b) ) (AlO)
where
(a,b) = i?ag—b2—2a\/a2—b2
g ) - b2 /a27b2
1 P2 4+ k2 +m2)2 — 2p2k2
oty (e i)
1R \/(PL—kL—mQ) +4P{mj)
Here, we used the identity
a? —b* = (P? + B2 + m?)? —4P?k} = (P? — k2 —m?)? +4P?m>. (A.12)
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