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1. Introduction: inclusive quarkonium production in y-y fusion

Heavy quarkonia (Q) are bound states of heavy quark-antiquark pair, QQ with Q = ¢, b. The
study of quarkonium production at lepton-lepton, hadron-hadron and lepton-hadron colliders allows
us to extend our knowledge of quantum chromodynamics (QCD). Particularly, it allows one to learn
more on the interplay between perturbative and non-pertubative QCD, namely the mechanism of
perturbative creation of the QQ pair and its non-perturbative hadronisation of QQ into Q. Here
we discuss the production of vector quarkonium states |/ and Y — spin-1 bound states of c¢ and
bb quarks.

(b)

Figure 1: An illustrative selection of Feynman diagrams for inclusive Q production in 7y fusion via direct-
photon (1a), single-resolved-photon (1b) and double-resolved-photon (1c) processes.

In this work, we discuss two classes of mechanisms which contribute to the inclusive | /(Y)
production in eTe~ annihilation: direct-photon (Fig. 1a) and single-resolved-photon (Fig. 1b)
production in <7y fusion. In direct-photon production, the electron and the positron each emits a
quasi on-shell photon which interact to produce the quarkonium. In single-resolved-photon J /1Y)
production, one of the emitted quasi on-shell photon interacts with the second photon via its quark
and gluon content. Double-resolved-photon production (Fig. 1c) was found to be at the per cent
level by [1] and we will not consider it here.

Nowadays, there is no consensus in the theory community on which mechanism is dominant
in the hadronisation of the quarkonium produced in a hard inclusive collision. Among the most
commonly used models are the Colour-Singlet Model (CSM) [2—4] and the Non-Relativistic QCD
(NRQCD) factorisation [5], which takes into account higher QQ Fock states 251 LBC}, where | is
the total angular momentum, S is the spin and L is the orbital angular momentum of the quarkonium
states. For the production of the S-wave quarkonia in NRQCD, the leading contribution of the series
expansion on the relative Q@ velocity v is the CSM ( 35 gﬂ) and the next-to-leading-v contributions
( 15([)8], 3 Sgg} , 3P][B]) result in what is referred to as the Colour-Octet Mechanism (COM).

The main motivation for the present work is to revisit the so-called "LEP II |/ production
puzzle": the inclusive NRQCD NLO calculation [6] for |/ production in 77y fusion does not
reproduce the experimental data from the DELPHI [7] experiment. On the experimental side, the
dataset has only 16 events with pr > 1 GeV [7] and it was not confirmed by other experiments.
We stress that the normalisation of the DELPHI data is unpublished [8], only the self-normalised
distribution was published in [7]. Nevertheless, the LO calculation [1] for | /1 inclusive production
in ag NRQCD reproduced the DELPHI data. However, at NLO in &g, the NRQCD calculation [6]
is suppressed by a negative interference between the 15([)8} and 3P][8} contributions. As a result, the
DELPHI data systematically overshoot the inclusive-] /-production predictions at NLO in a5 in
NRQCD. The CSM model exhibits a more perturbatively stable behaviour, which motivates our
choice to revisit first this process in the CSM.
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In this study, we take into account all sizeable direct and resolved-photon contributions.
These are: 1) pure QED process v+ v — J/ 1/1(3 Sgl]) + 7 up to a3a, 2) single-resolved-photon
contributions up to a%, 3) v +y — J /¥ + cc up to a’as and 4) y +y — ]/ + ggg up to a’a3

The leading contribution of the direct-photon production, v + v — J/¢ + cC, has been
computed up to NLO in a5 in the CSM in [9]. This dominant direct contribution is however
not sufficient to reproduce the data, if we trust the normalisation of the data from [8], but it is a
significant contribution to inclusive production in <y fusion in the CSM. The NLO K-factor for
this contribution has been found [9] to be close to unity, therefore in the present study we take this
contribution at LO in «;. This and the other CS contributions have been put together for the first
time in the present work, where we give phenomenological predictions for the kinematics of LEP
II DELPHI and of the future CEPC experiments.

2. Methodology of the cross-section computation

Fig. 2 displays different types of Feynman diagrams for Q production in <y fusion via CS
channels for single-resolved-photon contributions at orders uaxg (Fig. 2a), zxocf (Fig. 2b — 2h),
and for direct-photon processes at orders a® (Fig. 2i) and aw, (Fig. 2j). To compute the cross
section, one assumes two types of factorisation. The first one is the collinear one, by virtue of
which the cross section can be written as the convolution of the photon flux in the Weizsidcker
Williams approximation [10] (and photon Parton Distribution Functions (PDFs) for the case of
resolved-photon contributions) with the hard-scattering cross section d&-,, (or do-; withi = g, g).
The second factorisation concerns the hadronisation of the heavy-quark pair into the physical
quarkonium state Q. The partonic cross section is written as a product of the hard part that
describes the QQ pair production, and the soft part, via a non-perturbative matrix element, which
describes the hadronisation of the QQ pair into the physical quarkonium Q. In the CSM, the latter
one is proportional to the squared radial wave function at the origin |R(0)|?
space.

FOLECOEOL OO
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Figure 2: An illustrative selection of Feynman dlagrams for inclusive @ production in 7y fusmn via CS
channels for single-resolved-photon and direct-photon processes. The quark and anti-quark attached to the
blobs are taken as on-shell and their relative velocity v is set to zero.

in the configuration

We have computed all these contributions using our codes based on Wolfram Mathematica
packages FeynArts [11], FeynCalc [12] and FormCalc [13] for symbolic manipulation of the
amplitudes. The KIRA [14] package was employed to reduce the one-loop Feynman integrals to
master integrals, which were numerically evaluated using the LoopTools [13] library. Finally, the
CUBA [15] Monte-Carlo integration routines in FORTRAN were used to perform the final phase-space
integration and the integration over the momentum fraction carried by the initial photon inside the
corresponding lepton. The QCD Born-order multileg contributions 3) and 4) were computed with
HELAC-Onia [16].
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3. Phenomenological study of quarkonium production in -y fusion

In Fig. 3, we present results of our computations of the above-mentioned direct and single-
resolved-photon CS contributions for LEP II DELPHI (Fig. 3a) and the CEPC (Fig. 3b) kinematical
conditions. The CS I-loop QED direct-7y contributions for |/ have been evaluated for these
kinematical conditions in the present contribution for the first time. The single-resolved-photon
contributions are also considered for the first time for the CEPC kinematics. Fig. 3 shows the pZT
dependence of the differential cross section integrated over rapidity y € [—2,2] in the positron-
electron c.m.s. frame with the c.m.s. energy of the e*e™: /5., = 197 GeV for LEP Il DELPHI
and /s.. = 250 GeV for the CEPC and the maximum scattering angle 0,,,c = 25 mrad. For the
computation of the single-resolved-photon contributions, we have used the GRVGHO MS photon
PDF set [17]. In this analysis, we have taken |R;/,,(0)[> = 1.25 GeV* and m, = 1.5 GeV, with the
mass of quarkonium within NRQCD Mg = 2mg. We have added a 20% feed-down contribution
from 1,0’ decay (like in [18]). The black data points in Fig. 3a are the DELPHI data. In Fig. 3 and
Fig. 4, the red dashed (solid) lines are the NLO (LO) single-resolved-photon predictions and the
blue dashed (solid) lines are the corresponding NLO (LO) direct-photon predictions. The multileg
CS channels J/¢ + ggg and |/ + cC are plotted with green and violet lines correspondingly.
The J /¢ + ggg contribution turns out to be small and this is why we do not show its uncertainty,
while the QED and the single-resolved-photon contributions are relevant at low pr, with respect
to the /4 + cC contribution. The uncertainty bands about the corresponding curves in Fig. 3
result from the yp and ugr boundary scale values {grr € [0.5;2], where {rr = ugp/mr and

mr = 1/MZQ+]7%.
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Figure 3: The pzT—differential cross section of inclusive [/ production at LEP IT DELPHI (3a) and the
CEPC (3b). For the description of various curves see the main text.

In Fig. 4, we present the cross-section calculations for the CS 1-loop QED direct-photon and
single-resolved-photon production of Y(1S) mesons in the CEPC kinematical conditions which, to
our knowledge, have been performed for the first time. For our predictions for Y (1S) production, we
have used |Ry 15)(0)|* = 7.5 GeV* and the b-quark mass m;, = 4.75 GeV. We have estimated [19]
the feed-down contributions from Y (25) to be 12.5% and from Y (35) to be 2.2%. In Fig. 4 we hade
adopted the same colour code for the different production channels as in Fig. 3. For bottomonium
production, the CO contributions should be smaller than for charmonium production due to their v
scaling in NRQCD [5], which makes our predictions for Y (1S) likely more complete in comparison
with those for [ /1.
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Figure 4: The pZT-differential cross section of inclusive Y production in <y fusion in the CEPC kinematics.
The notation for the different curves is the same as in Fig. 3.

Another outcome of our study is that the observation of exclusive vy + v — ] /4 + 7y process
is within the LHC reach. We have estimated the | /1 production cross section in UPCs in the CMS
detector for the following kinematic constraints: /s = 5.02 TeV, 1.2 < |[y¥| < 24, 7] < 2.4,
pl# > 2.5 GeV, p} > 2.5 GeV, to be about O(10) nb. The photon-detection efficiency is expected
to be close to unity if the trigger is associated with a | /1 so we can estimate the expected event
counts to be O(10) events with an expected integrated luminosity of £ = 13 fb~!. As a result,
we can conclude that the exclusive |/ + <y production can be measured in UPCs at the LHC.
This gives us confidence that inclusive | /¢ + <y and | /1 4+ X production from photon fusion, with
likely much larger cross sections can be measured at the LHC too.

4. Conclusions and outlook

In this work, we have revisited the inclusive ete™ — J /¥ + X process in the CSM. We have
taken into account several direct-photon processes (J/¢ + -, J/¢ + c¢) which we have found
to be not negligible, especially in view of the fact that the normalisation of the DELPHI data has
remained unpublished [8]. We have presented the first predictions for the CSM one-loop QED direct-
photon | /4 production for the CEPC and LEP II DELPHI kinematics and single-resolved-photon
contributions for J /1 production at the CEPC. We also have provided the first predictions for the
CSM one-loop QED direct-photon and single-resolved-photon contributions to Y (1S) production
at the CEPC. Additionally, our calculations indicate that exclusive /¢ + 7y production can be
measured in ultra-peripheral PbPb collisions at the LHC.
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