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Abstract: The extraction of the Generalized Parton Distributions of the nucleons from
phenomenological analyses of experimental data presents a challenging problem which
is being actively studied in the literature. Due to theoretical limitations of some of the
well-known channels, currently many new processes are being analyzed in the literature as
potential novel probes. In this proceeding we propose to use the exclusive photoproduction
of 7.7y pairs as a new channel for study of the GPDs. Our analysis shows that this process
is primarily sensitive to the unpolarized gluon GPDs H in the Efremov-Radyushkin-
Brodsky-Lepage (ERBL) kinematics. The numerical estimates of the cross-section and
the expected counting rates for middle-energy photoproduction experiments show that
expected counting rates are sufficiently large for a dedicated experimental study at the
future Electron-Ion Collider (EIC) or in ultraperipheral collisions at the LHC. The total

(integrated) photoproduction cross-section o/} ep

0.75
W aso P (W, My, > 35GeV) ~ 0.48 pb (%) , and yields a few thousands of

in this kinematics scales with energy

ot

events per 100 fb ! of the integrated luminosity.

Keywords: generalized parton distributions; proton tomography; exclusive photoproduction

1. Introduction

The Generalized Parton Distributions (GPDs) encode a crucial information about the
nonperturbative dynamics of the partons in hadrons, and for this reason have been a subject
of extensive theoretical and experimental research [1-6]. Since the GPDs cannot yet be
calculated from the first principles, at present they are extracted from the phenomeno-
logical analyses of experimental data, primarily the 2 — 2 processes like Deeply Virtual
Compton Scattering (DVCS) and Deeply Virtual Meson Production (DVMP). However,
these channels do not fully constrain the GPDs [7-9]. The phenomenological uncertainties
are especially pronounced in the Efremov-Radyushkin-Brodsky-Lepage (ERBL) kinematics,
for gluon GPDs and for transversity sector. This has prompted a search for new experi-
mental channels, particularly 2 — 3 processes [10-25], which may provide complementary
information by targeting different GPD flavor combinations across different kinematic
regions. In this proceeding we propose to use the exclusive photoproduction of heavy
quarkonia-photon pairs as a promising tool for studies of the gluon GPDs. The heavy mass
of the quarkonia provides a natural hard scale, justifying the perturbative techniques even
in the photoproduction regime, while avoiding soft and collinear singularities inherent
in processes with massless quarks. The hadronization of the quark-antiquark pair into
quarkonium is described within the NRQCD framework [26-28], allowing for systematic
inclusion of the perturbative corrections. The photoproduction of heavy quarkonia has
been understood reasonably well from the extensive studies of the 2 — 2 processes (e.g.,
yp — J/¢ p). However, these processes share the limitations of all 2 — 2 processes like
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DVCS and DVMP. In this context, the process yp — #.yp deserves attention as a novel
probe of the gluon GPDs, which are defined below in [25,26]. In order to minimize con-
tamination by feed-down contributions (from decays of heavier quarkonia), we will focus
on the kinematics of large invariant mass of 7.y. This kinematic regime can be explored
in low- and middle-energy photon-proton collisions at the LHC, the future Electron Ion
Collider (EIC), and potential experiments at JLAB after a 22 GeV upgrade. The 7.7 pair
photoproduction also deserves attention as a possible background to #. photoproduction
(yp — %cp), which has been extensively studied as a promising channel for detecting
odderons. Unlike #. photoproduction, the .7 pair photoproduction does not require
C-odd exchanges in the t-channel, and thus might give a significant background that could
limit the detectability of odderons in future experiments focusing on #. photoproduction.

2. Amplitude of the Process in the Collinear Factorization Framework

The analysis of #.y-photoproduction in the collinear factorization approach largely
follows similar studies of the photoproduction of light meson-photon pairs (7, yp) dis-
cussed in [10,11]. However, the meson mass My, in such analysis cannot be disregarded and
must be treated as a hard scale, on par with the invariant mass M, of the photon-meson
pair. Since the flux of equivalent photons in electro- and ultraperipheral hadroproduction
experiments is dominated by quasi-real photons, in what follows we’ll focus on photopro-
duction by transversely polarized onshell photons. In what follows we will perform the
evaluations in the photon-proton collision frame, although our final results for the invariant
cross-sections does not depend on this choice. The light-cone components (v, v, v, ) of
all the particles’ momenta in this frame can be parametrized as [12]

pro (M (1+g) i 0 @
in /*(1+§)/ 2/ i

u mN+A2

Pout ( /*2 (1 — (;,) ( AL) (3)

AF = p!

o ZCmN (1 —l—C)A B

out Pin - ( 1 — 62) é\/7 AL) (4)
S (pJ_ + MZ . Ay

Xy \/; VT ) i 5)

= (11— s V) —p AL
k ((1 “Uc)\/; (1 —06;7 )\/g > kj_ =Py 2 (6)
po= (K —pT)/2 @

M
p’]c

where g and k¥ are the momenta of the incoming and outgoing (scattered) photon, pf; is
the four-momentum of the produced quarkonia, and P!, P,

before and after the interaction. In order to improve leglblhty, we wrote out explicitly the

ut are the momenta of the proton

auxiliary vectors p#, n# used in [12] in terms of their light-cone components. The variable ¢
is known as skewedness (or skewness) and controls the longitudinal momentum transfer
to the proton, a;,. controls the fraction of the photon’s light-cone momentum carried by 7.
In terms of these variables the invariant photon-proton energy is given by
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WZ _ mz
S,YNEWZZ(q+Pin)2:S(1+§)+m%\], \/gz ?CI\I (8)
The invariant momentum transfer to the proton
2 2 148, 48
t= 0= (Pout = Pn)" =~y L—l_éj. ©
We will also use the variables
2 2 2
W= (pp—q)°, t=k=-gq? M, =(k+py) (10)
which are related as
/ ! 2 2
—u —t fMWC—Mm—t. (11)

Using definitions (10) and light-cone decomposition (1-6), it is possible to show that

M3, —t t— M2
= i >0, s=W -m}+—"~ (12)
2(W2—m3) — M2, +t 2

The dependence on the variables |A | |, f is steeply decreasing in all the phenomenological
models of GPDs, so the production of 7, pairs predominantly occurs in the kinematics
where |A | |, t are negligibly small. In this kinematics it is possible simplify the light-cone
decomposition (1-6) and obtain the approximate relations

~ 2 2 ~ 2
—t' g M3, — M, —u' ~ (1 —ay ) M3, (13)
Po= g fag M2y, — M2 |~y M2, ~2sE (14)
The algebraic constraint on the momenta of real photons
= (q—k)?=—-2q-k=—2|q|k|(1 —cosb, k) <0, (15)

implies that the variable «;, is bound from below by «;,. > M%G / M%m. For the variable u/,
this constraint can be rewritten as

—1t' < (=) e = M3y — M5 —t. (16)
We also may check that the pairwise invariant masses (Pout + pqc)z and (Pout + k)2 remain
parametrically large, which implies that the produced 7. and -y are well-separated kinemat-
ically from the recoil proton. The evaluation of the amplitudes and cross-section will be

performed below in the helicity basis, assuming that the polarization vector of any photon
with momentum k and helicity A is chosen in the light-cone gauge as

(A=£1) 0y _ (o €1 kL R 4iAg
€T (k) - (O/ T/ S/\)r EN = \/E . (17)

The invariant photoproduction cross-section in terms of these variables may be repre-

sented as
ANe) P
A0ypsperp | NP

~ 18
dtdt Moy, 12873M,,, (18)
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where A%’QWW is the amplitude of the process, and A, ¢ are helicities of the incoming and
outgoing photons. For the the unpolarized beam of photons, a summation over helicities of
photons in the final state and averaging over helicities in the initial state yields explicitly

A(unpolarized) 2
YP—=1cYP

1 : 5
E/\ F1 11‘A7H"‘7p’ ‘Awﬁ'mn’ +‘Awwcw‘ . (19
o=

The evaluation of the amplitude A(W);,’Q,kw may be performed in the collinear factorization
picture, representing it as a convolution of the process-dependent perturbative partonic
amplitude (the so-called coefficient function) and the target GPDs [2,3,5,29,30]. For scatter-
ing on the unpolarized nucleons, similar to (19), we should average over helicities of the
incoming proton and sum over helicities of the final state, for this reason the result for the
square of the amplitude may be represented as

)y ’Avwmp‘ = [ (1 - ‘32) (7"% H T AR ) (20)

A, A, A, 0)% ~ (A, 0 AT A, 0)%
- 52 (H’()’ch)g'g‘ﬂc o +S’(Y’7cU)H’(Y’7£ ) +H'(Y’7£ )g'g”/c 7% +g’(7776 )H(7’7c ) )

(A 0) (A, 0)* (A 0) g(A,0)*
<§2+47’11\1>5ch Eg" =& %&rmg En’ 1

and, inspired by similar analyses of other channels [31,32], we introduced shorthand notations

HWC (& t) = / dx Cly ) (x, ) Hy(x, &, 1), (21)
e @) = [l (x, OE(x,80), (22)
’Hm (¢ 1) / dx CYy 7 (x, &) Hy(x, 8, 1), (23)
@) = [ i (x, OE(x,80) (24)

for the convolutions of the partonic amplitudes with different gluon GPDs Hg, Eg, H, Eg .
For the gluon GPDs we use standard definitions from [2]

arre(-gn)e(- 3o (an)ip) = @
— (U(P’)7+U(P)Hg(x, )+ U(P’)%U(p)gg(x, gT,t)),

SO S CH PR

(AP rmstaBs e + 0(P) 3 BUP)E W 1) ).

1 dz +
Fg(x,('f,t) pj 27[ sz <P/

. d
E8(x,,t) = P+ 2; ezxp+<P/

1 z z z/2
wv,a — = pvaf et - : +
G = 7€ G“ﬁ, E( 5 2) = Pexp(z /72/2 acA (§)> (27)

where U, U are the spinors of the incoming and outgoing proton, and Gy, is the operator
of the gluonic field strength. In the light-cone gauge A" = 0 the Wilson link £ = 1, so
the two-point gluon operators in (25) and (26) merely reduce to a product of two gluon
fields, and thus Fg, F$ can be interpreted as helicity flip and helicty non-flip (unpolarized)
probability amplitudes of the gp — gp subprocess.

In the reference frame (1)-(6) the dummy integration variable x in (21)—(24) is related

to the light-cone components of the gluon £, ¢ . before and after interaction
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o = (o, (x+§)\/§, OL), o= (o, (x—(",‘)\/g, Al). (28)

The partonic amplitudes C%’CU), C%’CU) can be evaluated perturbatively, taking into account

the diagram shown in the Figure 1 with all possible permutations and disregarding small
components of transverse momenta. In the leading order in s, the coefficient functions

Ca(,);;’ca) is given by a meromorphic function

NA0) (x, & ay,, 1) My,
(X+E—i0)(x—E+i0)(x+KE—i0)(x—KE+i0) ' M,

Ci? (x, &, g, ) = (29)

where the numerator A(*/%) (x, &, ay,, r) is a lengthy polynomial function of its arguments
which may be found in [12]. The poles of the function Cgr),;’c ) deserve special attention,
since they determine the region which gives the dominant contribution in the convolution
integrals (21)—(24). We may observe that in addition to classical poles x = +¢ , the

coefficient function (29) includes a pair of new poles at x = £« ¢, where

B 1—-1/72 _12—0%72
1—ay /2 22—y

k=1 (30)
In the physically relevant kinematics (r > 1, &y, € (M;. /My, 1)) the values of x are
limited by |«| < 1, so these new poles are located in the ERBL region. In the Figure 2 we
have shown the density plot which illustrates the behavior of the coefficient function as a
function of its arguments.

.}

Te

Y

» >l - -

Figure 1. A typical diagram which contributes to 7. photoproduction in the leading order in «;.

The full partonic-level amplitude CA(Y/}Y'E %) includes a sum over all possible permutations of gluon and

photon vertices (4! = 24 diagrams in total).
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Figure 2. The density plot which illustrates the coefficient function C%f) (in relative units) as a

function of variables x, {. Color intensity encodes the absolute value of the coefficient function,
whereas a hue (red or blue) encodes the sign. The red dashed lines effectively demonstrate the
position of the poles x = £, x = %« ¢ in the coefficient function (29). The value of the slope
parameter x depends on kinematics and is defined in (30).

3. Results

As could be seen from (21)—(24), the amplitude of the process is sensitive to various gluon
GPDs. For the sake of definiteness, we will use the Kroll-Goloskokov parametrization [33-37]
for our numerical estimates. The dominant contribution to the cross-section comes from the
GPD Hg(x, &, t). The differential cross-section of the process is shown in the Figures 3 and 4
as a function of kinematic variables t,', M, and the photon-proton collision energy W.
The dependence on each of these variables largely factorizes, namely, the shape of the
kinematic dependence on each of the variables t,/, M., remains qualitatively the same
for any choice of values of all the other variables. The sharply decreasing dependence on ¢
in the collinear kinematics is entirely due to implemented parametrization of GPDs, and is
common for all GPD parametrizations. Physically, this implies that the transverse momenta
k7 and p’j_c are either oppositely directed to each other or negligibly small. In the right
panel of the same Figure 3, we present the dependence of the cross-section on the variable
t'. Similar to the previous case, the cross-section exhibits a rapid decrease as a function of
this variable. As can be seen from (13), this dependence at a fixed M+, is unambiguously
linked to the &, -dependence of the coefficient function (29).

In order to estimate the sensitivity of the suggested process to the choice of the GPD,
in the lower row of the Figure 3 we compare side-by-side predictions obtained with the
Kroll-Goloskokov parametrization [36,37] and the so-called zero-skewness parametrization,
which assumes that gluon GPD is a product of the forward gluon PDF and nucleon form
factor. For each parametrization we have shown predictions as a colored band, whose
width reflects uncertainty due to higher order next-to-leading (NLO) corrections which
were not taken into account, and was estimated varying the renormalization scale in the
range y € (M,yy;./2,2M.y;.), as is usually done in the literature [2]. In the forward limit
(small t) all the GPDs coincide with gluon PDF, so the sensitivity to the choice of the GPD
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parametrization is minimal. At larger values of t, the two parametrizations of the GPDs
differ significantly, leading to a completely different predictions for the cross-sections.

0
0 1 > T T T T
> 10°F - : .
S 100k P = ep —— My =3.5GeVi § gt 1n=3.5 GeV|
N N My, =4 GeV 3 % """ Myn =4 GeV
..... - My, =4.5 GeV} 10% ees My, =4.5 GeV

...... §
s b Tl
S p e
12100 e e
1S EW =20GeV, t =i - ]
IS 0 1 2
2 kg ' 2
tl, GeV = |t'], GeV
(a) (b)
‘% 10—t —————— E 102 T T ” T T T
9 109 YP=YNP i 7ero Skewness 4 3 01 N IPVEP "—_ierﬁ SerIeresks
2 B3 Kroll-Goloskokov § "« i Kroll-Goloskokov 3
L 107°F 1y
S = 10°%:
£ 10 I % ,,,,,,,,
;%. 1073} Lo 00 e
& 107% M, =35 GeV g t=tmin ,
§ 10-5f W=20GeV, t|=1 Gev® S 1072 W=20GeV 1= GeV :
R 0. o5 1. 15 °© 4. 5. 6. 7. 8.
It], GeVv? M,,, GeV
(o) (d)

Figure 3. Dependence of the photoproduction cross-section (18) on different kinematic variables.
(a) Dependence on the invariant momentum transfer t to the target (b) Dependence on the invariant
variable ' defined in (10). (c,d) Comparison of predictions in Kroll-Goloskokov and Zero-Skewness
parametrizations of the GPDs. The width of the band reflects the uncertainty due to NLO corrections
and was obtained varying the renormalization scale in the range y € (M, /2,2Moy, ).

In the left panel of the Figure 4 we have shown the dependence on invariant collision
energy W. We observed that for all t,t/, M, the differential cross-section grows with
energy as

doYP—V1ep ( W

A
~Y . < < . .
dtdr' dM,,. ~ \100 GeV) » 075A=08 1)

The energy W is closely related to dependence on the skewedness ¢ defined in Equation (12).
The latter variable determines position of the poles in the coefficient function CSY),;’C ?) (x, ¢ e, r)
defined in (29), and for this reason the observed W-dependence is a result of interplay
of x- and ¢-dependence of the implemented GPDs. As could be seen from (12), in the
kinematics W >> M, the typical values of ¢ are small, { ~ M%,k /2W? < 1, and in the
previous section we found that the dominant contribution to cross-section comes from the
region |x| ~ ¢ < 1. For this reason, we may relate the W-dependence of the cross-section
with power law grows of the GPDs Hg(x, ¢, t) ~ x~% in the small-x domain [33]. Finally,
the dependence on M, is due to explicit dependence of the coefficient function on this
parameter, especially the position of the pole encoded in parameter x in (30).

As we discussed earlier, the suggested approach is valid only at large invariant masses
Moy, when the feed-down contributions are negligible. For this reason, for estimates of
the total (fully integrated) cross-section we need to implement of the lower cutoff on the
invariant mass M, when integrating over the phase space. For the sake of definiteness, we
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will assume that this cutoff is given by (M., )

min

~ 3.5GeV. Then the energy dependence

of the fully integrated photoproduction cross-section is given by approximate relation

YP—YcP
Otot

W 0.75
(W, My, > 35GeV) ~ 0.48 pb , (32)

100 GeV

in qualitative agreement with our earlier findings for the energy dependence of the differ-

ential cross-section (31).

0
> 101_1 T T T T E| F ' ' ' _I = I ]
3 VP = Y1ep 1> 100 VP — YNep W=100 GeV
A 1% 3
o) A0 F

= <.

-------- o)
- 100— _____________ '—. A
S ‘‘‘‘‘‘ ]
N ——M,, =3.5 GeV |
d
E w0 T My =4 GeV. |
= o t=tin e My, =4.5 GeV
% ' ' A0 50 70 10 - 4 5 6
S 10 20 30 4050 70 100 . . .
w, Gev My, GeV
(a) (b)

Figure 4. (a) Dependence of the cross-section (18) on the invariant photon-proton collision energy W.
(b) Dependence of the single-differential cross-section on the invariant mass of 7.7 pair at different
collision energies. For comparison we added the cross-section of yp — y7t™n from [10] (light
yellow band).

Finally, in the Table 1 we provide tentative estimates of the electro production of
1y pairs in the EIC kinematics (the highest energy run). The smallness of the cross-
section is largely due to a fine structure constant ~ aen in the leptonic prefactor. For
estimates of the production rate dN/dt and total number of events N we use the instan-
taneous luminosity £ = 10** cm2s~1 = 1075 fb~'s~! and the integrated luminosity
f dt £ =100 b1 [6,38,39], respectively. For estimates of the detection rate dN;/dt and
the total number of detected events N; we assumed that the 7. quarkonia are detected via
1c(1S) — KAK* 71~ decays with branching ratio [39,40]

Br, = Br(1c(15) - KK ) = 2.6% (33)

Table 1. Estimates for the electroproduction of 7.7 pairs in the EIC kinematics (highest energy run).

Below Uffﬁewf

P is the electroproduction cross-section; dN /dtand N are the production rate and total
number of produced 7. pairs; similarly dN; /dt and N are the detection rate and the total number

of detected events (see the text for more details).

Production Rates Counting Rates

< ep—seynep
vV oep Ttot N AN/dt N, AN, /dt
141 GeV 49 fb 49 x 103 42/day 127 32 /month

4. Discussion and Conclusions

In this paper we analyzed the production of 7. production in the collinear factoriza-
tion approach and demonstrated that it is possible to use this channel for studies of the
gluon GPDs. The coefficient function of this process is a simple meromorphic function
with a two pairs of poles in the ERBL region. While the analytic structure of the coefficient
function does not allow direct extraction of the GPDs from the amplitude, the suggested
process can be used to constrain the parametrizations of the gluon GPDs (especially unpo-
larized GPD Hg). The photoproduction cross-section of 7.y numerically is on par with that
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of v, yp pairs if compared at the same invariant meson-photon masses. However, the
total (integrated) cross-section is below a picobarn due to inherently large mass of the 1,
pair. Despite of this, we expect a production rate of several thousand 7.7 pairs per 100 fb !
of integrated luminosity. The cross-section increases with energy and could be significant
for TeV-range photon-proton collisions, though the approach becomes less reliable in that
kinematics due to large NLO corrections and saturation effects. We expect that the sug-
gested process could be studied in ultraperipheral collisions at LHC, in electron-proton
collisions at the future Electron Ion Collider (EIC) [5,6,38] and possibly at JLAB after future
22 GeV upgrade [41]. While the expected number of produced 7.y apparently is sufficient
for experimental study in all these setups, a systematic study of various backgrounds may
be needed to make conclusions about experimental feasibility of this channel for future
analysis. The most concerning are the inclusive 1, production channels, since they do not
require C-odd exchanges in ¢t-channel, and thus could constitute a sizeable background
which potentially could set the detection thresholds.
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