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We present the calculation for the open charm production in ultraperipheral collisions at the
Large Hadron Collider. Predictions for D° photoproduction using the Generalized-Photon-
Nucleus FONLL formalism are presented, extending previously developed framework for
electron-proton and electron-nucleus collisions. The calculations are benchmarked against
the experimental data for D* production at HERA collider, with the updated proton dis-
tribution function. We present predictions for D° photoproduction in UPCs, including the
photon flux from nucleus, and modifying it by the electromagnetic dissociation probability.
The results in bins of transverse momentum and rapidity are compared to the measurements
from CMS experiment in UPC lead-lead collisions at \/m = 5.36 TeV at the LHC. We
quantify uncertainties due to the renormalization and factorization scale variation, as well as
the PDF and fragmentation function uncertainties.
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1 Introduction

Ultraperipheral Collisions (UPCs) are collisions of nuclei, which occur at impact parameter larger than
the sum of two radii of these nuclei, for reviews see for example 2. Because of this condition the
hadronic component of the interaction is suppressed, and the electromagnetic component dominates in
the scattering process. Therefore this is a much cleaner environment than the one in the standard
nucleus-nucleus collisions. The photon flux from the nucleus can be computed using equivalent photon
approximation 34596 and is enhanced by the square of the electric charge of the nucleus. In UPCs one
can study photo-nuclear reactions and photon-photon processes. The photo-nuclear reactions can be
used to probe the nuclear structure, especially when hard scale is present, which allows for the partonic
interpretation and usage of the tools of perturbation theory.

A particularly interesting process is that of the inclusive open charm production in UPCs. This
process can be measured as a function of the transverse momentum of the produced charm meson, which
in turn gives access to wide range of scales. This inclusive process can be described using the collinear
factorization theorem, with universal parton distribution functions. The dominant mechanism for the
production of the charm quarks is the photon-gluon fusion, making this process an excellent probe of
the gluon distribution in nuclei. It therefore allows for sensitive tests of the QCD evolution of the gluon
density’, and can be useful for quantifying the non-linear effects due to the parton saturation at small .

Recently, the CMS collaboration performed the first measurement ® of inclusive D° photoproduction
in ultraperipheral PbPb collisions at /sxy = 5.36 TeV. The measurement was performed as a function
of transverse momentum and rapidity in the ranges 2 < pr < 12 GeV and —2 < y < 2.

It is therefore essential to provide the accurate calculations for this process, which then can inform
about the gluon distribution in the nucleus. We present here the calculation based on the FONLL
framework, developed some time ago for photoproduction and hadroproduction of heavy quarks %10,
In this framework, the open charm photoproduction was generalized to ultraperipheral nucleus-nucleus
collisions. The flux of photons from a nucleus was included, together with the electromagnetic dissociation
effect, which describes the survival probability of the nucleus in the presence of the soft electromagnetic
interactions. This is necessary to include as the event selection at CMS is the OnXn, which effectively
means there is a requirement on one nucleus to stay intact (On) and the other to break down (Xn).
However, additional soft electromagnetic interactions can lead to the break up of the photon-emitting
nucleus, and therefore the correction due to the electromagnetic dissociation needs to be included in the
theoretical calculation. In our predictions we also studied nuclear PDF dependence, the sensitivity to the
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fragmentation and the renormalization and factorization scale dependence. The details of the calculation
have been presented in '

2 Charm photoproduction cross section in FONLL approach

The differential cross section for photoproduction of heavy quarks was obtained from the FONLL frame-
work %10 developed for hadroproduction and photoproduction of heavy quarks. It includes resummation
of large logarithms of transverse momenta over the mass of the heavy quark, and it smoothly connects
the region of small and large transverse momenta of the produced heavy quark. In the low pr region
the fixed order massive approach is valid, and in the large transverse momentum region logarithmically
enhanced terms are resummed. The FONLL framework includes terms up to next-to-leading (NLO) or-
der, which corresponds to the terms aemas and acmo@. These terms are included exactly. In addition in
the FONLL approach the resummation of all the logarithmically enhanced terms cemas (s In(pr/m))*
and qema?(as In(pr/m))¥ is performed, which mainly affects the large pr region. The matched and
resummed FONLL cross section is given by 10:12

FONLL = FO + (RS — FOMO) x G(m, pr) , (1)

where FO denotes fixed order, RS is the resummed result with all the logarithmically enhanced contribu-
tions, up to terms suppressed by powers of m/pr and FOMO is the massless limit of fixed order FO. The
damping function G(m, pr) is included, which is regular in p7, and approaches unity at large pr. For the
photoproduction case, the FONLL formalism includes both the direct and resolved contributions, where
the latter require the use of the parton densities in the photon. It is important to note, that formally
the division between these two contributions is accurate at lowest order, but not well defined at higher
orders in perturbation theory, and is scheme dependent (see discussion in!?).

The calculation of the charm-production cross section takes as an input parton distribution func-
tions in the target nucleon or nucleus. For the nuclear parton distribution functions, we have selected
EPPS21 3 and nNNPDF3.0 ' parametrizations. For calculations without the nuclear effects we have
used CT18ANLO '® proton PDF (which was used as a baseline PDF for EPPS21 analysis).

For the resolved contribution photon PDF needs to be used, we have used standard choices available
in the FONLL code, AFG '6 and GRV !7 PDF distributions.

Another ingredient in the calculation is the fragmentation function which describes the transition
from the quark to the hadron. This is a non-perturbative function which needs to be parametrized, with
parameters adjusted to fit the experimental data. In the present analysis we have used two parametriza-
tions : the Peterson-Schlatter-Schmitt-Zerwas (PSSZ) '* and Braaten—Cheung-Fleming—Yuan (BCFY)
19 fragmentation functions.

3 Photon flux and electromagnetic dissociation

8.1 Photon flux from nucleus

For the case of the UPCs, one needs to fold into the calculation the photon flux from the nucleus. We used
the analytic expression, for example presented in', which was obtained in the pointlike approximation:

. 27200, n?
fryaz) = /de Fr/a(2,0) 0([b| = bnin) = === [nKo(m)K:1(n) = < (K1 (m)* = Ko(m)*) |, (2)
with the dimensionless variable i defined as
2 Mp bmin
=—. 3
U he 3)

In Eq. (2) ﬂ, /A(z,b) is the photon flux of the nucleus evaluated at the transverse distance r = b where b
is vector connecting the centers of the two nuclei in the transverse plane of the collision. This is justified
in the pointlike approximation of the nucleus. The pointlike flux is expressed in terms of modified Bessel
functions K and K;. Note the appearance of the Z2 factor, where Z is the atomic number (Z = 82 for
lead). This is responsible for the enhancement of the photon flux from a large nucleus. In the definition
of the dimensionless variable 7, there is z which is the fraction of the energy of the nucleus carried by the
photon, m,, is the proton mass and by, distance between the nuclei. Following?%:?1:22 we take the impact
parameter by, = 2R = 14.2 fm, with R = 7.1 fm being the nuclear hard-sphere radius, to account for
the finite size of the colliding nuclei.
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Figure 1 — Sketch of an ultraperipheral heavy-ion collision before (left) and after (right) the scattering. The
photon emitting nucleus is coming from the left and the parton emitting one from the right. The experimental
selection OnXn, means that there is requirement of the unbroken nucleus on one side (0n) and broken nucleus on
the other side (Xn).

3.2 Modeling of the no-breakup probability in UPCs

The UPC events for the photonuclear case, where one of the nuclei emits a photon and the other is broken,
are selected by the OnXn requirement. This is illustrated in Fig. 1. The On selection means that there
are no neutrons in the zero-degree calorimeter (ZDC) in one direction. The Xn selection means, there
is at least one neutron in the opposite ZDC, thus signaling a nuclear break-up. Therefore the unbroken
nucleus is the one likely emitting a photon, and the broken nucleus is the one that emitted a parton. This
selection is accompanied by the requirement of the rapidity gap in the On direction. Such setup allows
for the selection of the photo-nuclear events and suppression of the hadronic events, which mainly lead
to configurations XnXn as well as the two-photon processes mainly dominating the OnOn.

This selection means however that the experimental measurement is not entirely inclusive, in contrast to
the theoretical calculation which is defined and set up for the inclusive photoproduction of charm meson.
Additional soft electromagnetic interactions between two colliding nuclei can lead to the break-up of the
photon-emitting nucleus. This is referred to as the electromagnetic dissociation or EMD. Therefore one
has to include the possibility that the photonuclear event, in which the nucleus is initially left unbroken,
is rejected by the selection of OnXn, due to the subsequent soft electromagnetic interaction which leads
to its breakup.

The no-breakup probability therefore has to be included in the theoretical calculation. This is done under
the assumption that the soft electromagnetic interactions leading to the break-up factorize from the rest
of the interactions. For the calculation we used an effective photon flux, with the no-breakup probability
folded in, as presented ir2?23.

The size of the electromagnetic dissociation factor is illustrated in Fig. 2, where in the left panel
we show the ratio of the effective photon flux with EMD to the standard photon flux from the nucleus
given by Eq. (2). This quantity represents the no-breakup probability as a function of the photon energy
fraction z. We observe that the ratio between the two fluxes decreases significantly, from about 0.9 at low
z, to 0.2 with increasing photon energy. This is due to the fact that the probability of the electromagnetic
dissociation is enhanced for small impact parameters, which also correspond to the region of the largest
energies of the photons.

The effective photon flux with EMD is then used to compute the cross section for the D° production as
a function of transverse momentum and rapidity. This is shown in the right panel of Fig. 2, where we
present the ratio of the calculated double-differential cross section from GyA-FONLL with EMD effect to
the one obtained without this correction. The calculation uses EPPS21 nuclear PDFs, the BCFY frag-
mentation function, and a charm-quark mass of m. = 1.3 GeV. The resulting no-break-up probability,
which was used to reweight the D° double-differential cross sections in UPCs, ranges from 0.83 to 0.68
for D% mesons with 0 < pr < 1 GeV and from 0.71 to 0.45 for those with 11 < py < 12 GeV.
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Figure 2 — (Left) No-breakup probability (EMD) as a function of the photon-energy fraction z. (Right) No-
breakup probability (EMD) as a function of the D pr, in different intervals of the D° rapidity y. The interpolated
Chebyshev parametrizations of the photon fluxes used to compute these ratios are taken from ??. Figure from '!.
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Figure 3 — Left: transverse momentum distribution for the D* photoproduction compared with the ZEUS data
24 Right: rapidity distribution for the D* production compared to the H1 data?®. Blue curve: calculation using
the PSSZ'® fragmentation function, red-dashed curve: calculation using BCFY fragmentation function *°. Bands
indicate the renormalization scale variation 0.5 < ug < 2. Figure from '*.

4 Comparison with HERA data

The FONLL formalism was used to perform calculations and comparisons with the HERA data on D*
production in the past 2. We have revisited and updated these calculations with newer PDFs and tested
the sensitivity to the variation of the fragmentation functions. In Fig.3 (left) we show the example of
the pr distribution for selection of the ZEUS data 2, and rapidity distributions for the selection of data
from H1 25 (right plot). In both cases CT18ANLO parton distribution was used.

Solid blue curves are for the calculation with the PSSZ'® fragmentation function and red-dashed
curve is for the case with BCFY!? fragmentation function, for central choice of the renormalization and
factorization scale ur = pur = 1. The bands indicate the renormalization scale variation 0.5 < ur < 2,
with factorization scale fixed pup = 1. The variation of the latter is negligible with respect to the
renormalizations scale variation, except for the lowest values of pr (see also!?). We see that the agreement
with the data is fair, though the calculations seem a little softer in the pr dependence than the data.
Overall the BCFY fragmentation function is giving a better description. The rapidity distribution is
described fairly well, given the sizeable errors of the experimental data.

Overall, we find a reasonable agreement of the FONLL calculation with the experimental data from
HERA, which provides an important benchmark for the predictions in UPC collisions.
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5 Predictions for D° production in UPC and comparison with CMS data

In Fig. 4 we show a double differential cross section for the D° photoproduction in PbPb UPCs at LHC
in the CMS binning: three bins in pr (2-5), (5-8), (8-12) GeV. The rapidity range is (-2,2) (4 bins) for
two highest pp bins and (-1,1) for the lowest pp bin (1 bin in rapidity). The calculations were performed
using EPPS21 (left column) and nNNPDF3.0 (right column) nuclear PDFs and with BCFY fragmentation
function. For the EPPS21 calculation two charm mass choices were selected m,. = 1.3 (blue bands) and
m. = 1.5 GeV (magenta bands), for nNNPDF3.0 calculation only m. = 1.5 GeV mass is shown. The
thinner bands indicate the PDF uncertainty, while the broader bands correspond to the renormalization
and factorization scale variation 1/2ug < pg, pr < 2uo with 1/2 < pgr/pr, and scale py = \/p% + m2.
The black points are CMS data 25. We observe a fairly good agreement between the experimental data
and the calculation. In more detail the calculation tends to be slightly on the higher side of the data
for very low pr and a bit on the lower side for high pr, but within the uncertainties. The calculations
with the higher value of the charm mass seem to describe the data better. One has to caution however,
since the calculation is sensitive to the choices of the fragmentation function parameters and the parton
distribution functions.

In Fig. 5 we show the same data compared to the calculation using the CT18ANLO parton distribu-
tion function, which is the proton baseline for the EPPS21. Therefore the calculation does not include a
nuclear shadowing. We observe that the calculation is markedly higher than the data for lowest bin in
transverse momenta, indicating the need for inclusion of the nuclear effects in the calculation.

It is instructive to perform an estimate of the x, @2 range at which gluon density is probed through
open-charm observables in ultra-peripheral collisions. To this aim one can approximate the transverse
momentum scale Q? with the squared transverse mass of the charm quark m2. = p2 +m? and the target’s
longitudinal momentum carried by the parton as x ~ my/\/sxx €Y, where m, is the charm quark mass,
\/Sxw is the center-of-mass energy of the nucleon-nucleon system, and pr is the transverse momentum of
the charm quark.

The predicted (z,Q?) region probed by open-charm measurements in UPCs at /Syy = 5.36 TeV
obtained using this estimate is shown in Fig. 6. The charm-quark transverse momentum is selected to
be in the range 0 < pr. < 12 GeV and rapidity —2.4 < y. < 2.4. This kinematic region, enables the
exploration of z values from approximately 0.01 down to below 1074, and Q2 values ranging from m?2 up
to around ~ 100 GeV2. We note however that this is rather crude an estimate, as it does not take into
account fragmentation and neglects the kinematics of the other charm-quark which was pair-produced in
the photon-gluon fusion.

6 Conclusions

We have presented a calculation of the open charm production in UPCs using the GyA-FONLL formalism.
This formalism is based on the FONLL framework and extended to include the photon flux from the
nucleus and accounting for the electromagnetic dissociation factor. This was performed in order to be
able to compare the theoretical calculations for the inclusive production with the experimental data based
on the OnXn selection. The calculation is in good agreement with the experimental data from CMS in the
measured kinematical range of rapidity and transverse momenta. The calculation using nuclear PDF's
agrees with the experimental data, whereas the calculation using proton PDFs overestimates the data
at low values of the transverse momentum, indicating the need for the nuclear effects. We have also
studied the sensitivity of the calculation to the renormalization and factorization scale dependence, the
fragmentation function, parton distribution choices and the variation with the charm quark mass.
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