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Abstract

In this manuscript, we present the results of our studies on the exclusive photoproduction
of quarkonium-photon pairs with large invariant mass. In our analysis, we focus on the
production of the 7.y and x.j pairs in high energy kinematics. We use the Color Glass
Condensate (CGC) framework for analysis and demonstrate that at leading order in a5 the
cross-sections of these processes are determined by the forward dipole scattering amplitude.
The kinematic distributions of the produced particles allow us to study the dipole amplitude
in detail, making this process a very clean probe for studies of saturation physics. Using
phenomenological parametrizations of the dipole amplitudes, we estimate numerically the
differential production cross-sections for 7.y and .7 in the kinematics of ultraperipheral
collisions at the LHC and the future Electron-Ion Collider (EIC). Furthermore, we assess the
role of this process as a possible background to the exclusive photoproduction of C-even
quarkonia, which is frequently considered as a tool for odderon searches.

Keywords: quarkonia production; odderon searches; color glass condensate

1. Introduction

The rapid increase of the partonic (and especially gluonic) densities in the small-x
kinematics leads to the inapplicability of the partonic picture based on collinear or kt factor-
ization, and the eventual onset of the saturation regime. The Color Glass Condensate (CGC)
framework provides a natural and systematic description of this regime. The interaction of
the high-energy projectile with the target can be described in the eikonal approximation,
assuming that the interaction with its gluonic field may be described by a product of Wilson
lines of the projectile’s partons. For many processes, the leading-order contribution is con-
trolled by the forward quark-antiquark scattering amplitude, convoluted with appropriate
wave functions that describe the initial and final states. This picture is well-justified in
the presence of an appropriate hard scale that controls the transverse size of the system.
However, the hard scale that controls the suppression of higher-order corrections also tends
to strongly suppress the observable cross-section. For this reason, in many channels used
for the analysis of high-energy scattering, the corresponding scale may be as low as a couple
of GeV. While the dominance of the forward dipole scattering amplitude allows one to
obtain a consistent and phenomenologically successful picture [1-12], recent studies [13-16]
demonstrated that a significant correction to these processes may come from higher-order
Fock states (e.g., quadrupole contributions), which contribute at next-to-leading order
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(NLO) [17,18]. This suggests that the extracted dipole amplitudes may inadvertently in-
clude sizable contributions from the quadrupoles, thus casting doubt on the consistency
of the approach. Unfortunately, those estimates depend significantly on the implemented
parametrization of the quadrupole amplitude, and to the best of our knowledge, at present
there are no direct, model-independent extractions of the latter from experimental data.
For this reason, the situation regarding quadrupoles remains ambiguous. At the same
time, recent studies [6,7] suggest that the available data do not uniquely fix the dipole
amplitudes, and a reasonable phenomenological description can be achieved using signif-
icantly different parametrizations (technically, the dipole amplitude may be formulated
as an initial condition for the BK-JIMWLK equation, or as an approximate solution of
the BK or DGLAP equations, with sufficient flexibility to adjust it to experimental data).
While it is impossible to completely switch off the quadrupole contributions, testing the
universality of the dipole amplitude from the analysis of completely different channels
can potentially help to corroborate the validity of assumption regarding the dominance
of the quark-antiquark component. For this purpose, we propose studying the exclusive
photoproduction of C-even charmonia (7, xj) in conjunction with a hard photon,

r)/+p_>Q+’)’+p/ (Q:ncorXC]/]:O/]-/z) (1)

The cross-section of this process at leading order in a5 is controlled by the forward dipole
scattering amplitude, thus opening up the possibility of using these channels as the afore-
mentioned independent universality tests, and potentially helping to pin down the onset
of the non-linear saturation regime, thus naturally complementing previous studies using
other diffractive and exclusive channels (see e.g., [19,20] for details). The main advan-
tage of the exclusive processes over other diffractive channels is their low experimental
background and the absence of a large number of production mechanisms, which allows
unambiguous studies of the partonic target. While historically the exclusive photoproduc-
tion of the C-even mesons (via the yp — 5.p and yp — x.p channels) has been considered
as a tool for the study of the C-odd exchanges (odderons) [21-23], the emission of an
associated photon swaps the sign of the C-parity exchange in the t-channel, and allows us
to use these channels for studies of the dipole scattering amplitude. Furthermore, the x.7
photoproduction presents interest for studies of the x.; quarkonia themselves. Since the
long-distance matrix elements in the triplet of the P-wave quarkonia are proportional to
each other due to heavy-quark spin symmetry (HQSS), in the heavy-quark mass limit it is
possible to obtain very accurate predictions for the ratio of their production cross-sections.
However, these expectations disagree significantly with the experimentally measured
ratio oy, /0y, in hadroproduction experiments. In order to reconcile this discrepancy,
phenomenological approaches either introduce sizable contributions from the color-octet
LDMEs, or even consider that HQSS is significantly broken in the charm sector [24-28]. The
exclusive x.7v photoproduction proposed in this manuscript does not receive contributions
from the color-octet channels, and, for this reason, the study of the ratio oy y, /0y, can
unambiguously clarify the situation with the validity of HQSS for these mesons.

This paper is structured as follows. In Section 2, we briefly introduce the theoretical
framework used for the evaluation of the cross-sections. In Section 3, we present numerical
estimates for the cross-sections and counting rates at the EIC and the LHC in ultraperipheral
kinematics. In Section 4, we compare this channel with the odderon-mediated processes,
and in Section 5, we present our conclusions.

2. Theoretical Framework and Kinematics

In the CGC framework, it is assumed that the interaction of the high-energy partons
with the target may be described in the eikonal approximation. Technically, the interaction
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of the parton with the gluonic field of the target is encoded in the so-called Wilson line
U(x, ) defined as

U(x,) = Pexp (ig/dxA; (x~, xl)t”>, @)

where x| is the transverse coordinate of the parton, Al is the gluonic field, and ¢, are the
color group generators in the irreducible representations 3, 3 or 8 for the quark, antiquark
or gluon, respectively. The CGC Feynman rules based on this picture may be found, e.g. ,
in [3,29-31]. Since in the quarkonium the dominant Fock state includes only a pair of heavy
quarks, for the exclusive process yp — Q7p, the leading-order invariant amplitude of the
process is controlled by the forward dipole scattering amplitude

N(xrb) =1— NiC<Tr[u(x1)u+(xz)}> 3)

where r = x; — X, is the dipole size, b = (x1 + x2) /2 is the impact parameter, and the
angular brackets stand for the stochastic averaging over all possible configurations of the
gluonic fields in the target (technically, this averaging is usually formulated in terms of
color sources p?). In the proposed process, we should take into account that the emission of
a hard final-state photon may occur before and after the interaction with the shock wave.
For this reason, the amplitude of the quarkonium-photon production may be represented
as a sum of two contributions

Ay = AL Aot @
where A%A; “H) and Ag)” 7.H) correspond to the left and right diagrams of Figure 1, and we
use superscript indices A, o, H for the helicities of the incoming photon, outgoing photon,
and produced quarkonium, respectively. Since the interaction of the emitted photon
with the shock wave may be neglected as an O(aem) correction, both contributions are
controlled by the dipole amplitude N (x, r, b), convoluted with appropriate impact factors.
The latter may be represented as a product of the “wave functions” contracted over the
helicity indices.

(k) (k)
RSN S

Figure 1. Schematic representation of the quarkonium-photon pair photoproduction process at
leading order in the CGC framework. The left and the right diagrams correspond to the amplitudes
of the processes in which the final-state photon is emitted before and after the interaction of the heavy
quarks with the shockwave (correspond to the terms .4; and Aj, respectively). Each diagram should
be supplemented by the (charge-conjugate) contribution with inverted direction of the fermion lines.

The corresponding contributions Ag)” “H) and .AEA;U’H) are given by
2 - _
Ao H o nhyt( 2o Ao _
A§ o H) /0 dzg k|7|0 (dzxk) ‘I’(Q ) (Zo T 1‘10) ‘P(ijgé(zof 7] = &g — 20, Z2 = &Q, X0, X1, X2) X ®)

. i .
X N(x, 710, blO) exp |:—lp% . (bIO — “21‘7) — lkz . xZ:| ,
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3 , ]
(Mo, H)Y  [*e ( 2 ) (o,1,h)t o _ (A, h,i) Z
A = /o dzg k|:|1 dxr) Y5075, 020, 21 = &g — 20, 22 = Ro, X0, X1, X2) Y., 55 20tz 0] (6)

. o .
x N (x, r19, byo) exp {—zp% . (blo — “grv) — 1k1 (g + b10)}

where a g is the light-cone fraction of the photon’s momentum carried by the produced
quarkonium, &g = 1 — &g is a similar fraction carried by the final-state hard photon,
and k7 and p% are the transverse momenta of the emitted hard photon and produced
quarkonium, respectively (here, transversity implies spatial components that are orthog-
onal with respect to the collision axis, in the frame where the momenta of the incoming
photon and proton point in opposite directions). We also use similar notations for the
integration variables zy, z1,zp that represent the light-cone fractions of the momentum
carried by the quark, antiquark, and the emitted photon, and xg, x1, x; for the transverse
coordinates of the quark, antiquark, and photon when they cross the shockwave. The vari-
ables r1p = xp — x1 and byg = (xp + x1)/2 correspond to the size and impact parameter
of the dipole formed by the quark-antiquark pair, whereas the variable r, = x, — byg is
the distance between the emitted photon and the center of mass of the dipole. The “wave
functions” ‘I"Ar 700" Y00/ Yo, and ‘I’QQ e, (with helicity indices h, h, A shown as
superscript indices in parentheses) should be understood as leading-order perturbative
amplitudes that correspond to the formation of the quark-antiquark ensemble from the
initial or final-state particles. The explicit expressions for ¥ and ¥,_,, o depend on
the quarkonia (their LDMEs, spins, and helicities) and, due to space limitations, cannot be
provided here (an interested reader may find them, as well as many technical details of the
evaluation, in [32,33]). The physically observable invariant differential cross-section of the
quarkonium-photon photoproduction is related to the amplitude by

Ao, H
do(T) 1 ’A(wigv)p

‘2
dtdt dM,q ~ 2 &= 128m3M,q

(7)

where M, g is the invariant mass of the produced quarkonium-photon pair, t = (p — p’ )2 is
the invariant momentum transfer to the target, and ' = (g — k)2 is the invariant momentum
transfer from the incoming to the outgoing photon. For the Bjorken variable x in the
argument of the dipole amplitude (3) we use the value x ~ M%Q/ W2, where W is the
energy of the photon-proton collision.

3. Numerical Estimates and Experimental Feasibility

For definiteness, we use the bCGC parametrization of the forward dipole scattering
amplitude proposed in [9] with fit parameters from [7]. As explained in [9], in the small-r
and large-r asymptotic limits this parametrization turns into an analytic solution of the
BK evolution equations, providing a smooth interpolation across the intermediate regime.
Although numerous phenomenological parameterizations are available in the literature,
they all are fitted to the same high-precision DIS data from HERA, and for this reason, yield
nearly identical predictions, diverging only when extrapolated to energy far exceeding
those of HERA. (See [8,9] for comparison).

Due to space limitations, we focus on unpolarized cross-sections (a more detailed anal-
ysis for polarized cross-sections, as well as possible asymmetries, can be found in [32,33]).
We assume that the invariant mass M, g is larger than the quarkonium mass Mg by at
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least 0.5 GeV to suppress the large backgrounds from the radiative decays /¢ — 7.7 and
P(25) = xev-

In Figure 2, we show the predicted differential cross-sections as functions of the
momentum transfer to the proton, t. The steep exponential fall-off is a common feature of
all exclusive processes and originates from the impact-parameter dependence implemented
in the b-CGC model. The value of the slope is closely related to the spatial size of the target
(proton). A rapid decrease of the cross-section with || implies that the quarkonia and
final-state photons are predominantly produced with small-t, or equivalently, oppositely
directed transverse momenta p% ~ k.
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Figure 2. The dependence of the differential cross-sections of the yp — Q<yp process on the momen-
tum transfer |¢| to the target at W = 141 GeV, Mg = 4GeV and [t'| = 0.5 GeV? (corresponding
Bjorken variable x ~ 8 x 10~%).

In the Figure 3, we show the dependence of the cross-sections on the invariant mo-
mentum transfer to the photon, #/, which is closely related to the scattering angle of the
photon, and for this reason has a strong dependence on the helicities of the final-state
particles. In the forward kinematics (|| ~ 0) this dependence is very mild because, tech-
nically, in many expressions the variable ¢’ contributes in a linear combination with hard
scales M2,, M%Q. In the backward kinematics, when || approaches its maximal value
M%{ o~ MZQ, the cross-section is strongly suppressed.

The dependence on the invariant mass M, g is illustrated in Figure 4. This dependence
largely stems from the convolution integrals in Equations (5) and (6): it can be shown that
at large values of M, o, the latter becomes proportional to the transverse momentum of
the quarkonium | p% that appears explicitly in Equations (5) and (6), and thus effectively
turns into the hard scale that controls the size of the color dipole. In this kinematics a rapid
decrease of the cross-section at large M, g can be interpreted as a manifestation of color
transparency: a strong suppression of the dipole scattering amplitude A for small-size
dipoles. Although the variable M., g also appears in the prefactor of the cross-section (7),
that dependence is relatively mild.
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Figure 3. The dependence of the differential cross-sections of yp — Q- p on the momentum transfer
|t'] to the photon at W = 141 GeV and M,,g = 4GeV (corresponding Bjorken variable x ~ 8 x 1074).
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Figure 4. The dependence of the single-differential cross-section of the yp — Qvp on the invariant
mass M, g, integrated over all possible values of t and . The increase of energy scales up the cross-
section but does not change its shape. The cross-section for . has a characteristic peak followed by
a rapid suppression in the near-threshold region. For 7.y pairs, a similar near-threshold behavior
shows up at significantly smaller values of M., g. The upper ticks show the corresponding values of
the Bjorken variable x.

In the Figure 5 we show the energy dependence of the differential cross-section
d*c/dtdt dM,o. This dependence exhibits a clear power-law growth with energy,
do ~ W?, with an exponent 6 =~ 0.6 — 0.7. This growth is closely related to the energy
dependence (x-dependence) of the saturation-scale evolution Q?(x) ~ x~* where A ~ §/2.
Any deviation from this power-law behavior at ultra-high energies would signal the onset
of saturation. We find that the differential and total cross-sections show a very similar
energy dependence.
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Figure 5. The energy dependence of the differential cross-section of of yp — Qyp process.
The straight line curves in double logarithmic coordinates suggest the power-law energy dependence
of the differential cross-section. The slope of the energy dependence practically does not depend on
other kinematic variables. The upper ticks show the corresponding values of the Bjorken variable x.

Production and Counting Rates

To estimate the experimental viability of the proposed channels, we calculate the
production and counting rates for the kinematics of ultraperipheral collisions at the LHC
and the future Electron-lon Collider (EIC). For definiteness, we assume the proton—proton
collision energy to be /5,, = 13 TeV in LHC kinematics, the electron—proton collision
energy ,/Sep = 141 GeV at the EIC, the instantaneous luminosity £ = 10%*cm 2571, and the
integrated luminosity [ £dt = 100 fb~'. The results are summarized in Tables 1 and 2.
The expected counting rates depend on the channel used for detection. For the x.1 and x»
mesons, the radiative decays into ]/ have the largest branching fractions, and for this
reason are conventionally used for studies of these quarkonia. For )9, such a radiative
decay into ]/ leads to statistically insignificant counting rates; for this reason, we also
provide counting rates for decays into other channels. Although the decay into four charged
pions has the largest branching ratio, its experimental reconstruction might be challenging
due to large combinatorial backgrounds from light-quark fragmentation. From this point of
view, the two-body decay into charged kaons (K™K ™) presents the most viable alternative.
The frequently discussed decay x.o — pp is of limited practical interest due to statistically
insignificant counting rates.

From the analysis of the values in Tables 1 and 2, we can see that the expected counting
rates are sufficient for measurements of the unpolarized total cross-sections, even if the
quarkonia are reconstructed from a single decay channel. The use of a multichannel analysis
(namely, the simultaneous reconstruction of #. and x. from several decay channels) can
significantly boost the expected counting rates and the corresponding precision.
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Table 1. Production and counting rates at the EIC (, /5., = 141 GeV, [ Ldt =100 fb~1). The columns
N and dN/dt correspond to total number of produced quarkonia-photon pairs and the production
rates. The sixth column “Combined Br.” corresponds to the product of branching fractions of
subprocesses shown in the fifth column. Similarly, the columns N; and dN;/dt correspond to
the total number of detected pairs and the detection (counting) rates, assuming the quarkonia are
reconstructed via the subprocesses shown in the fifth column.

State Ctot N (Total) dN/dt Decay Channel Combined Br. Ny dN,ldt
e 0.25 pb 2.5 x 10* 220/day 7c(18) — K(S)K+ T 2.6% 650 175/month
Xco 035pb 3.5 x 10* 300/day  xco — J/py = utuy 0.08% 28 7/month
Xeo — 2(tt ) 2.34% 819 210/month
X0 — KTK~ 0.6% 210 53/month
Xa 032pb 3.2 x 10* 275/day  xe = J/¢y = utuy 2.0% 640 167 /month
X2 13pb 1.3 x 10° 1120/day  xco — J/¥y = utuy 1.1% 1430 375/month
Table 2. Production and counting rates at the LHC kinematics (,/5p, = 13 TeV, [ Ldt = 100 b 1.
The columns N and dN/dt correspond to total number of produced quarkonia-photon pairs and the
production rates. The sixth column “Combined Br.” corresponds to the product of branching fractions
of subprocesses shown in the fifth column. Similarly, the columns N; and dN,;/dt correspond to
the total number of detected pairs and the detection (counting) rates, assuming the quarkonia are
reconstructed via the subprocesses shown in the fifth column.
State ot N (Total) dN/dt Decay Channel Combined Br. Ny dN,ldt
e 0.2 pb 2.x10*  180/day  7c(1S) — KIKT 7~ 2.6% 520 142 /month
Xc0 0.23 pb 23 x10* 200/day oo — J/¥y — utuTy 0.08% 18 4.8/month
Xco = 2(mt ) 2.34% 538 142 /month
Xco — K"K~ 0.6% 138 37 /month
Xcl 0.19 pb 1.9 x10* 165/day xec1 — J/¥y — ptuy 2.0% 380 100/month
Xc2 0.9 pb 9x10* 780/day xo — J/py — putuy 1.1% 990 260/month

4. Comparison with Odderon-Mediated Photoproduction

The odderon, or C-odd color-singlet exchange of three reggeized gluons in the t-
channel, was predicted more than 50 years ago, and since that time has been extensively
studied in the literature [34-39]. Its experimental identification remains a long-standing
challenge in QCD. A recent observation of the difference between the pp and pp elastic cross-
sections by the TOTEM-DO0 Collaborations [40,41] has reinvigorated interest in odderon
searches and stimulated the search for new channels that could be used for precision studies
of the odderon-mediated amplitudes, especially those accessible experimentally both at the
HL-LHC and the future EIC.

The exclusive photoproduction processes yp — 77cp and yp — x.jp have been sug-
gested in the literature as clean probes of the odderon because the leading order amplitudes
of these processes are controlled by the odderon amplitude [22,23,42], and the heavy-
quarkonium mass acts as a hard scale that suppresses the dipole sizes and justifies the
applicability of a perturbative approach for the evaluation of the impact factors. The main
challenge for studies of the odderon in these channels is the presence of various background
mechanisms, which may set the detection limits for odderon searches. In this context, the ex-
clusive photoproduction of a quarkonium—photon pair with an undetected (“invisible”)
photon may serve as a background that requires attention. While formally suppressed
by a factor of O(aem), this process is mediated by the much stronger C-even Pomeron
exchange (dipole amplitude), and, for this reason, its contribution may be numerically
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comparable to that of the odderon, if the latter is estimated using modern parametriza-
tions of the odderon amplitude. In Figure 6, we compare the cross-sections of 7. and ).
production via the two aforementioned mechanisms. For the process yp — Qvyp, we
integrate over the entire phase space of the produced photon with the additional cutoff
M, g > 3.8 GeV to exclude the near-threshold region (so the variable t' is constrained
by 0 < || < M%Q - MZQ). The predictions for the odderon-mediated cross-sections are
taken from [22,23] and should be considered as order-of-magnitude estimates (as discussed
in [43], at present the constraints on the odderon amplitude are very loose). In the kine-
matics of small momentum transfer || < 1 GeV?, the quarkonium-photon background
is almost two orders of magnitude larger than the odderon signal. We would also like to
highlight that the exclusive production of Qy may also proceed via the radiative decays
J/ ¥ — ney and (2S) — xy. While for studies of the direct Q7 production it is possible
to eliminate these contributions by imposing a cut on the invariant mass M, g, for events
with an undetected photon it is impossible to impose such cuts, and for this reason the
processes yp — J/pp — yep + y(inv.) and yp — ¢(2S)p — xcp + y(inv.) constitute the
main backgrounds for odderon searches via exclusive quarkonia production (see [32,33]
for more details).

— Xe2 (0dd.) --- X1 (0dd.)
== Xco (0odd.) o 1¢ (odd.)
— Xe2y (inv) === xc1y (inv:)
- Xeo (inv) ey (inv)

10%

T T T 1T 7 1

do/dt (fb/GeV?)

10!

100

—_
=
=
(o)}
[y
0]
N

|t] (GeV?)

Figure 6. Comparison of the cross-sections of the odderon-mediated yp — Qp and the Pomeron-
mediated yp — Q-yp with an invisible photon (we use the labels “Q (odd.)” and “Q (inv.)” with
Q = 11¢, X¢ to distinguish them). The predictions for the odderon-mediated cross-sections are taken
from [22,23] and may include up to an order of magnitude uncertainty [43]. The predictions for 7,
are provided for the Bjorken variable value x = 102, whereas predictions for x. are given for the
center-of-mass energy /s = 141 GeV. For legibility, we do not show the feed-down contributions
from the radiative decay channels J/¢ — 7.y and ¢(2S) — x.7, which have the same shape of
t-dependence as yp — Q-yp but are approximately two orders of magnitude larger.

5. Conclusions

In this work, we have studied in detail the exclusive photoproduction of quarkonium-
photon pairs (Q7) in the CGC framework, focusing on the C-even mesons Q = 7, XJ.
The possibility of experimental studies of both the quarkonia 7., x and direct photons in the
proposed kinematics has already been demonstrated in the literature, and their momenta
have been reliably reconstructed even in inclusive channels, which have significantly
larger backgrounds. In exclusive channels, the independent production of these quarkonia
with the subsequent emission of a photon from charged particles is suppressed due to
C-parity; hence, we expect minimal contamination by other mechanisms. At leading
order, the amplitudes of the proposed channels are controlled entirely by the forward
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dipole scattering amplitude N (x,r,b). At higher orders the process receives contributions

from quadrupoles; however, they are formally suppressed by ~ O (zxs (Mg) (Qg / MZQ) ) .
The impact factors of the proposed processes can be analyzed perturbatively because the
heavy quarkonium mass Mg and the invariant mass of the quarkonium-photon system
Mg, play the role of natural hard scales that control the size of the dipoles. We assume
that the invariant mass M, g is sufficiently large to suppress the so-called feed-down
contributions; however, this constraint is relatively mild and is satisfied if the quarkonia
and photons are separated by 1-2 units of rapidity or by a sufficiently large azimuthal
angle between their transverse momenta. We have established detailed relations between
the kinematic distributions of the produced particles and the dependence of the forward
dipole scattering amplitude on the dipole size, impact parameter, and rapidity in the
heavy-quark mass limit. However, these hard scales also tend to suppress the cross-
sections. Furthermore, a large heavy-quark mass also increases the number of possible
decay channels and thereby decreases the branching ratios for the individual channels
used to reconstruct the quarkonia in the detectors. We also estimated numerically the cross-
sections of the proposed processes in the kinematics of ultraperipheral collisions at the LHC
and the future EIC. We found that tens of thousands of 7.y and x.v pairs are produced
for each [ Ldt = 100 fb~! of integrated luminosity. However, the reconstructed yields
range from a few hundred to several thousand events, depending on the channels used to
reconstruct the quarkonia. This rate is sufficient for the measurement of the total and single-
differential cross-sections. However, measuring the double- and triple-differential cross-
sections, as well as studying polarization asymmetries, will require significantly higher
luminosities, or, alternatively, a multichannel analysis to overcome the small branching
fractions of the individual decay channels. We also found that the proposed channel
represents a significant physical background for exclusive odderon searches via single C-
even charmonia photoproduction, especially in the kinematics of small momentum transfer
It < 1GeV2.
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