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In this article, ultraperipheral collisions of nuclei are discussed with fo-
cus on the probes of nuclear structure. Calculations for the open charm
production in UPC collisions of PbPb at the LHC are described and com-
pared with the experimental data from the CMS experiment.
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1. Introduction

Relativistic heavy-ion collisions have been studied extensively at Rela-
tivistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC). The
primary goal of these experiments is the creation of the quark—gluon plasma,
which is expected to have been present at the very early stages of the uni-
verse. Various measurements explore the properties of the formed quark—
gluon plasma. These experiments aim to answer the fundamental question
about the behavior of strong interactions in the regime of high energy and
density, including mapping of the phase diagram of Quantum Chromody-
namics (QCD). In addition, they can provide information about the nuclear
structure, and the role of initial and final states in a variety of processes. The
standard heavy-ion collisions have large multiplicities of produced particles,
which depend on energy and centrality of events. These events are typically
characterized by the impact parameters which are less than the sum of radii
of two incoming nuclei.

On the other hand, in a typical bunch crossing in an accelerator, nuclei
pairs can interact when the impact parameter exceeds the sum of the two
radii. In such a scenario, the electromagnetic interaction dominates and
the hadronic one is strongly suppressed. These type of events are called
ultraperipheral collisions (UPC), for reviews, see [1, 2]. At high energies,
the strong electromagnetic fields surrounding the ultrarelativistic ions can
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be viewed as a flux of quasi-real photons. This flux is calculable thanks to the
use of the equivalent photon approximation (EPA) method [3-6]. It can be
viewed as interaction of nuclei with strong electromagnetic fields, and thus,
in the heavy-ion colliders, one can realize photon—nuclei and photon—photon
collisions. In the ultraperipheral collisions one can study photon—photon
interactions, which can serve as tests of Quantum Electrodynamics, and
the Standard Model in general, but also can provide opportunities to test
beyond Standard Model physics. The photo-nuclear reactions, can in turn
offer possibilities to explore the nuclear structure, both through exclusive
and inclusive processes.

In this article, I shall discuss ultraperipheral collisions, with special focus
on the process of open heavy flavor production in ultraperipheral collisions
as a test of nuclear structure. More details of the calculation for this process
can be found in [7].

2. Photon flux from electrons and nuclei

The flux of photons in the ultraperipheral collisions of nuclei can be eval-
uated using the (EPA) developed by Fermi [3, 4], and then Weizsdecker [5]
and Williams [6]. The core idea is to treat the electromagnetic field of a fast
moving charged particle as the flux of equivalent quasi-real photons. The
UPC cross section can then be obtained by a simple convolution of the flux of
the quasi-real photons from the nucleus and the cross section of the interac-
tion of the quasi-real photon with another nucleus (photo-nuclear reaction)
or another photon (in photon-photon interactions).

A widely used parametrization for the photon flux from the nucleus in
UPC is obtained in a pointlike approximation, where the details of the spatial
extent of the nucleus are neglected, and the nucleus is treated as a pointlike
charge. One advantage of this parametrization is that it has a closed analytic
expression, see, for example, in [1]
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with the dimensionless variable 1 defined as
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In Eq. (1), the function f,,4(2) is the photon flux of the nucleus, where the
argument z is the fraction of the energy of nucleus carried by the photon.
Other constants appearing in this expression are: m,, the proton mass,
Z, atomic number (Z = 82 for lead), byin, distance between the nuclei.
Functions Ky, K; are modified Bessel functions. Following [8-10], we take
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the impact parameter between nuclei to be 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. It is important to note that pointlike approximation
is expected to work well for small z, but for large photon energies, more
refined approaches should be used, which take into account the detailed
geometry of the nucleus and charge distribution, see, for example, [10] for
a recent detailed study on that topic.

The parametrization for the photon flux from nuclei, as given in Eq. (1)
and scaled by z, is denoted by a red dotted line in Fig. 1. We see that the
flux, rescaled by z, is fairly flat for low values of z, which is a reflection of
the logarithmic behavior
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as z — 0. On the other hand, at intermediate z, it exhibits a sharp cutoff
due to the presence of the Bessel functions Ky and K7, which fall off expo-
nentially with 7. As a result, the photon flux from nuclei becomes negligible
for z > 0.1.
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Fig. 1. Photon flux scaled by z as a function of the fractional photon energy z.
The electron flux of Eq. (3) is shown for Q2. = 0.01 GeV? (solid black) and

max

2 . =2 GeV? (dashed blue), while the lead nucleus flux of Eq. (1) appears as

max

a red dotted line. Figure from [7].

For comparison, we also show in Fig. 1 the photon flux from electrons,
indicated by the solid black and dashed lines. The photon flux from electrons
(see, for example, [11]) is given by
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where z is the fraction of the energy of the electron carried by the photon, m,
is the electron mass, Q2 ., is the limit on the (negative) photon virtuality,
and ey, is the electromagnetic coupling. In Fig. 1, the solid black curve
corresponds to Q2. = 0.01 GeV?, and the dashed blue line uses Q2,,, =
2 GeV2. These two choices correspond to the two distinct experimental
scenarios at the HERA collider. The electron flux is very flat over the entire
range of z, and has a non-negligible dependence on Q2. .. In the limit of
low z, the electron flux also contains a logarithm,

Frye(z) = a;m [i log ((m%j)z)] '

For large photon energy fractions, the photon flux from the electron is much
flatter than in the nucleus case and extends to large values of the photon
energy.

3. UPC physics

As mentioned in the introduction, UPCs offer ample opportunities for
testing a variety of phenomena in photon—photon and photo-nuclear reac-
tions. For example, photon—photon processes can be used to test the Quan-
tum Electrodynamics and the Standard Model in general, as well as possible
signatures of beyond Standard Model physics. A notable example is the pos-
sibility of the precision measurement of the anomalous magnetic moment of
the 7 lepton. The anomalous magnetic moment is defined as a; = (g; —2)/2,
where [ = e, i, 7 and g; is the gyromagnetic ratio which relates the magnetic
dipole moment of the charged lepton [ to its spin, and is equal to 1 in classical
physics and 2 in the Dirac equation. Quantum corrections introduce devia-
tions of the gyromagnetic ratio from 2. This quantity has been the subject
of intense experimental and theoretical efforts since a long time. Due to the
very short 7 lifetime, standard spin precession methods to measure a, are
not applicable. However, the scattering processes of vy — 7777, accessible
at high-energy accelerators, can probe the y77 vertex. Until recently the
best experimental limits were set by the DELPHI experiment in ete™ col-
lisions at LEP [12]. The LHC opened up new possibilities in this area, and
several measurements by ATLAS [13] and CMS [14, 15| were performed both
in pp and PbPDb collisions, with great precision in a wide kinematic range of
masses. For more information and other possibilities of the vy physics, see
the excellent review [16].
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3.1. Exclusive vector meson photoproduction

Exclusive processes of vector mesons have been studied extensively in
electron—proton collisions at the HERA collider, see, for example, [17-20].
In this process, the electron and proton interact to give in the final state
a scattered electron, proton as well as a vector meson, for example p, ¢, J /1
or T. At HERA, this process has been measured both in electroproduction
(when the negative virtuality of the photon is larger than zero) and also
in photoproduction (when the exchanged photon is quasi-real). Since the
process is exclusive with the elastically scattered proton, the requirement of
the rapidity gap between the vector meson and the scattered proton implies
the necessity for the color singlet exchange, which at the lowest order can
be modeled via two gluons. The lowest order formula, which describes the
cross section at zero momentum transfer ¢ = 0, for this process, is given
by [21] (see also [22])
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where I, is the electronic width for the vector meson, Q2 = (Q* + M2)/4,
= (Q*+ M2)/(W? + MZ) and My is the mass of the vector meson, and
W is the yp center-of-mass energy. The above formula can be applied in the
photoproduction as well, but it is applicable provided the vector meson is
heavy, like J/1¢ or 7. The distinct feature of this process is the fact that it is
sensitive to the square of the gluon density zg(x, Q?), thus providing access
to the small-z region, when the center-of-mass energy W is sufficiently high.

The H1 and ZEUS experiments at the HERA collider performed many
measurements of the elastic diffractive photoproduction for various vector
mesons. It has been found that the cross section rises with the energy W,
with behaviour that can be approximately parametrized as

o~W, (5)

where the § exponent rises when the masses of the vector mesons are in-
creasing, signalling the transition from the soft to the hard regime, see, for
example, [23].

The elastic diffractive photoproduction of vector mesons can also be mea-
sured in UPCs, by requiring both initial particles (proton or nucleus) to stay
intact after scattering and requiring large rapidity gaps in the final state.
In PbPb collisions, one lead nucleus is a source of the photon flux, which
then interacts in a photoproduction process with another nucleus to produce
a vector meson diffractively. In pPb collisions, again the photon comes from
lead nucleus, but the target is the proton, allowing for extending the range of
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energy previously probed at HERA. The measurements, particularly those
of charmonium, were performed at the LHC in a wide energy range, see, for
example, [24-28]. They offer a long lever arm in energy, ideal for testing the
gluon density and its evolution at moderate scales. The UPC pPb collisions
provide an opportunity to probe the gluon in the proton, whereas PbPb col-
lisions test the nuclear gluon density. There has been extensive theoretical
effort to describe these measurements, see, for example, [29-35]. The mea-
surement in pPb can be used to test various scenarios of the gluon evolution
at small z, and allow for the search of saturation effects in the proton target.
The measurements of the exclusive production of .J/1 mesons in coherent
photon—Pb scatterings [25-28, 36| allow for testing the nuclear density in
the nucleus where the nuclear modification effects are expected to be rather
large. Indeed, the measurements have provided strong experimental indica-
tions of a significant suppression of the PDF for gluons in lead nucleus at
very small values of x.

These exclusive measurements provide an unprecedented coverage to low
values of x, however they are somewhat limited by the fact that the gluon
density is only probed at mass scales corresponding to the vector meson
mass. Another problem is the necessity to model the wave function of the
vector meson, which can be the source of significant theoretical uncertainty.

3.2. Open charm production

An inclusive open charm production in photon—nucleus collision offers
a unique window into probing the gluon density in the nucleus. The process
is illustrated in the left panel of Fig. 2, where the incoming nucleus undergoes
an ultraperipheral collision, and as a result, the incoming photon interacts
with the parton (most likely a gluon) from the other nucleus to produce
a heavy quark pair.

Fig. 2. Schematic description of the inclusive D meson production in ultraperiph-
eral heavy-ion collisions (left) and in electron—proton collisions (right). Here, f;/,,
and f;/4 denote PDF in the proton or nucleus, F' fragmentation function, and &
hard scattering process.
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The heavy-quark (in this case, charm) fragments into a meson (for ex-
ample, DY), which is then observed in the experiment. The advantage of
this process is the possibility of scanning wide range of scales given by the

transverse mass: mr = 1/pr2F + m2. Since it is an inclusive process, one can

test the factorization theorem and the universality of the parton distribution
functions. Since the charm quark is predominantly produced in the photon—
gluon fusion, this process gives access primarily to the gluon density, and in
the PbPb collisions, it is sensitive to the nuclear gluon density. Thus, this
process allows us to measure the nuclear modification of the gluon PDF and
test parton evolution, including the nonlinear effects. This process is very
similar to the one in electron—proton collisions, see the right panel of Fig. 2,
which has been measured in the experiments at the HERA collider [37-39).

The differential cross section for the inclusive D meson production can be
measured as a function of transverse momentum and rapidity. The kinematic
dependence on these variables can then be used to estimate the sensitivity
of this process to the (z,Q?) range of the gluon density in the process. The
scale in the gluon density can be taken as the transverse mass mgf = pgf—&-mz,
and the longitudinal momentum carried by the parton can be approximated
as x ~ mt/\/snye Y. This range, for the case of the CMS kinematics at
V/SNN = 5.36 TeV, is schematically depicted in Fig. 3.

x-Q? coverage from yN data
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Fig.3. x and Q2 coverage charm production in UPCs collisions. Grey area indi-
cates the existing coverage from fixed-target deep-inelastic photonuclear measure-
ments [40]. Figure from [7].
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We observe that for the pp and rapidity range accessible in the CMS
kinematics, the values of =, which can be achieved, are below 10~ for scales
that can be lower than 10 GeV? provided that the measurements extends
to very low transverse momenta. Of course, this is rather a crude estimate,
given that the kinematics of the second quark is effectively integrated over,
and fragmentation effects are not taken into account. Nevertheless, it gives
a good first-order estimate of the possible kinematical region, in which the
nuclear gluon density can be probed in this process.

3.2.1. Heavy-quark photoproduction cross section

The heavy quark photoproduction cross section can be calculated using
collinear factorization, since the transverse mass mt provides a hard scale,
and thus makes a perturbative calculation possible. In Ref. 7], the dif-
ferential cross section for heavy-quark production was calculated using the
FONLL framework [41, 42]. It was updated and benchmarked against the
HERA data, and subsequently adapted to the UPC case. The FONLL ap-
proach connects the low transverse momentum region, where the fixed-order
approach can be used, to the high transverse momentum region, where large
logarithms In pp/m, are resummed. The matching of the FONLL resummed
cross section can be expressed as [42, 43]

FONLL = FO + (RS — FOMO) x G(m,pr) , (6)

where FO denotes fixed order, which is an exact calculation at NLO accuracy
for massive heavy quarks [44, 45]. RS denotes the resummed result and
FOMO is the massless limit of a fixed-order FO without terms suppressed by
powers of mass m, while logarithms of the mass are retained. Finally, the
resummed formula must be supplemented by the damping function, denoted
by G(m, pr). This function is rather arbitrary, but it must be regular in pr,
and must approach unity at large transverse momenta.

The cross section contains both pointlike and resolved contributions.
That is, a pointlike contribution contains the partonic cross section for the
photon—parton interaction convoluted with the parton distribution function
in the incoming hadron (proton or nucleus). The resolved contribution is
obtained by convoluting the parton—parton elementary cross section together
with the PDF from the photon and the proton (or a nucleus). It is worth
noting that the distinction between these two contributions is arbitrary,
as they are not observable quantities by themselves, only the sum can be
measured in the complete cross section. Strictly speaking, they are related
beyond the leading order, see discussion in [42].
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The differential cross section for the heavy-quark production needs as an
input the parton distribution function in the target nucleon or nucleus, as
well as the parton distribution in the photon, for the resolved contribution
as discussed above. For the nuclear PDF, two parametrizations have been
used for the lead nucleus, the EPPS21 [46] and nNNPDF3.0 [47]. Both
parametrizations have been fitted to the DIS fixed target data, as well as
the data from the LHC pPb collisions. In particular, they include the LHCb
data on the D production. Both nuclear PDFs exhibit marked suppression
of the gluon distribution at very low values of x. This is illustrated as an
example in Fig. 4, where the nuclear ratio is shown for EPPS21 for the gluon
density at scale @@ = 3.5 GeV which roughly corresponds to the range probed
in the CMS kinematics.

Ratio EPPS21, Q=3.5 GeV
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Fig.4. Example of nuclear ratio for the gluon density from EPPS21 parametriza-
tion [46] as a function of x for scale Q = 3.5 GeV, with band corresponding to the
PDF uncertainty.

In addition, for comparison, we have also used the proton PDF,
CT18ANLO [48]. This was done in order to compare with the calculation,
which does not include any nuclear effects (see Section 4).

For the resolved contribution, the photon PDF is needed, for which two
parametrizations have been used: AFG [49] and GRV [50], and it was found
that they give very similar results.

Finally, in order to describe the production of the DY meson, fragmenta-
tion function must be used, which parametrizes the fragmentation of a heavy
quark into a heavy meson. This is a non-perturbative function, which needs
to be parametrized, with parameters adjusted to fit the experimental data. It
describes the distribution in the momenta of the mesons which emerge from
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the fragmentation of the quarks. In analysis [7], we used two parametriza-
tions: the Peterson—Schlatter—Schmitt—Zerwas (PSSZ) [51] and Braaten—
Cheung-Fleming—Yuan (BCFY) [52] fragmentation functions.

3.2.2. Electromagnetic dissociation

For the case of charm production in electron—proton (or nucleus) colli-
sions, the above ingredients described in the previous section are completely
sufficient. The cross section for photon—proton (nucleus) can then be convo-
luted with the photon flux from the electron and calculations can be com-
pared with the HERA data. This was originally done in [43] for the FONLL,
for the H1 and ZEUS data on D* production, and then recently in [7]. In
the latest calculation, the FONLL was benchmarked against the HERA data
with the latest parton distribution functions in the proton. However, in the
UPC, the situation is more complicated. The UPC events are experimentally
selected [53] by the OnXn requirement. It means that there are no neutrons
in one Zero Degree Calorimeter (ZDC), and this side likely corresponds to
the nucleus emitting a photon. The other requirement is Xn, which means
that there is at least one nucleon in the Zero Degree Calorimeter on the
other side. This means that this was the nucleus emitting a parton. This
requirement is augmented by the additional rapidity gap in the On direc-
tion in order to further suppress the hadronic activity. Such a condition is
required in order to select photo-nuclear events and suppress the hadronic
events, which are mainly coming from XnXn events, and the photon—photon
processes mainly coming from OnOn events.

However, such a requirement means that the process is not entirely in-
clusive. This has to be contrasted with the theoretical calculation which by
definition is inclusive. What can, however, happen is that additional soft
electromagnetic interactions can lead to the breakup of the nucleus, which,
even if it is emitting a photon, can be subsequently broken up. Therefore,
one has to include the possibility that a photonuclear event, in which the nu-
cleus is broken by the electromagnetic interaction, is rejected by the OnXn
requirement. Hence, such a no-brekup probability has to be included in
theoretical calculations. The crucial assumption is that this probability is
dominated by soft processes, which can be treated as factorizable from the
rest of the interaction. We included the no-breakup probability in the form
of the effective photon flux, which has this effect folded in, see [10].

The size of the electromagnetic dissociation effect is illustrated in Fig. 5.
The left plot shows the effective photon flux divided by the original flux. The
reduction indicates the no-breakup probability. We observe that this reduc-
tion is largest for large photon energies, where it can reach down to 0.2 for
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the largest photon energies. 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.

EPPS21 nuclear PDFs

BCFY FF, m=1.3 GeV

flux parametrizations w/ and w/o EMD
from Phys. Rev. C 110, 054906
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Fig.5. Left: No-breakup probability (EMD) as a function of the photon energy
fraction z. Right: No-breakup probability (EMD) as a function of the transverse
momentum of the D° meson, in different intervals of the D rapidity y. The photon
fluxes used to compute these ratios are taken from [10]. Figure from [7].

The right plot in Fig. 5 shows the effect of this reduction when folded
into the differential cross section for the D meson production. We present
in this figure the ratio of the double differential cross section for D meson
production as a function of transverse momentum in bins of rapidity, to
the differential cross section obtained with the modified photon flux, which
includes the no-breakup probability. We see that in general this ratio ranges
from 0.83 to 0.68 for mesons in the lowest pt bins in the range of 0 to 1 GeV,
and from 0.71 to 0.45 for the transverse momenta from 11 to 12 GeV.

4. Description of the data on D° production in UPC at the LHC

In this section, we present a comparison of the theoretical calculations
based on the GyA-FONLL framework with the data from CMS on the D°
production in ultraperipheral collisions. These data [53] were obtained in
PbPb collisions at /syn = 5.36 TeV, in the range of transverse momentum
2 < pr < 12 GeV and rapidity between —2 to 2.

We start by showing in Fig. 6 a double differential cross section for the
DY photoproduction in UPC in the CMS binning: three bins in pp (2-5),
(5-8), (8-12) GeV. For the lowest bin in pr, there is only a single bin in
rapidity (—1,1), while the two higher bins in pr have 4 bins in rapidity,
with the range (—2,2).
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Fig.6. Left column: rapidity distribution for the D° photoproduction in UPC
PbPb collisions at the LHC at /syy = 5.36 TeV. Theoretical calculation is us-
ing EPPS21 [46] nuclear PDF. Top to bottom: three bins in pr: (2-5), (5-8),
(8-12) GeV. Light blue band: factorization and renormalization scale variation
for m. = 1.3 GeV, magenta lines band: factorization and renormalization scale
variation and m. = 1.5 GeV, dark blue band: EPPS21 [46] PDF uncertainty,
m. = 1.3 GeV. Magenta band: EPPS21 [46] PDF uncertainty, m, = 1.5 GeV.
The BCFY fragmentation function [52, 54] with parameter » = 0.1, and GRV [50]
parametrization for the photon PDF. Data are from CMS [53]. Right column: the
FONLL calculation is performed with nNNPDF3.0 nuclear parton distribution,
charm mass set to m, = 1.5 GeV.
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In the left column, we show the calculations using the EPPS21 nuclear
PDFs [46], while the right column in Fig. 6 is obtained using nNNPDF3.0 [47]
nuclear PDF. For both cases, the BCFY [52]| fragmentation function was
used with parameter r = 0.1. The thinner (darker) bands indicate the
PDF uncertainties, while the wider (lighter) bands correspond to the fac-
torization (up) and renormalization (ugr) scale dependence in a seven-point
variation scheme. That is, the variation is 1/2ug < pgr,pr < 2po with

1/2 < pr/pr < 2, and scale pg = y/p% + m2. For the EPPS21 calculation

in the left column, two choices of charm masses were selected m, = 1.3 GeV
(blue) and m. = 1.5 GeV (magenta), while for the nNNPDF3.0 calculation
only with m. = 1.5 GeV is shown.

The black points are the CMS data [53]. Overall, we observe a very good
agreement between the data and theoretical calculations. The theoretical
calculations seem to underestimate the data a bit at the highest pt bin, an
effect which was also observed in the comparison of the FONLL calculation
with the HERA data, see [7]. However, it is still within the relatively large
theoretical and experimental uncertainties, and it can also be affected by
the choice and tuning of the fragmentation function. We observe in the left
and right columns of Fig. 6 that the calculation with the higher charm mass
me. = 1.5 GeV tends to describe the data better. As observed and discussed
in [43] and confirmed recently in [7], the higher charm mass results in a lower
cross section at low values of pr, but leads to a slightly higher cross section
at high values of pr. The latter effect is due to the reduced effect of the
resummation of logarithms of In py/m..

Finally, in Fig. 7, we show the same CMS data [53] compared to the
FONLL calculation using the CT18ANLO parton distribution function. This
PDF is the proton baseline for the EPPS21 parametrization, see [46]. There-
fore, the aim of this comparison is to test the agreement between the data
and calculation in the absence of nuclear effects in theoretical predictions.
We see from Fig. 7 that while in the two higher pt bins, theoretical calcula-
tions are still reasonably consistent with the data, the lowest pr bin shows
a significant discrepancy. We clearly observe that the theoretical calculation
with proton PDF overestimates the data in this bin, and is certainly higher
than the calculations using the EPPS21 or nNNPDF3.0 nuclear PDFs in
Fig. 6. This is the region where we expect suppression due to the nuclear
shadowing, corresponding roughly to the same kinematic region selected
when plotting the nuclear ratio in Fig. 4. Therefore, the CMS data clearly
exhibit the need for including the nuclear effects (in this case, suppression)
for the low-pr values.
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Fig. 7. Rapidity distribution for the D° photoproduction in UPC PbPb collisions
at /snyn = 5.36 TeV with the CT18ANLO proton PDF in pr bins (2-5), (5-8), (8-
12) GeV. Yellow band: FONLL calculation with factorization and renormalization
scale variation for m. = 1.3 GeV, red lines band: FONLL calculation with factoriza-
tion and renormalization scale variation and m. = 1.5 GeV, orange band: FONLL
CT18ANLO PDF uncertainty, m. = 1.3 GeV. Red band: FONLL CT18ANLO [46]
PDF uncertainty, m. = 1.5 GeV. The BCFY fragmentation function [52, 54] with
parameter » = 0.1. Data are from CMS [53].

5. Conclusions

Ultraperipheral collisions of nuclei provide many opportunities for test-
ing and exploring a variety of phenomena in particle and nuclear physics.
Photon—photon collisions offer precision tests of the Standard Model and
beyond, while photo-nuclear reactions allow for precise studies of nuclear
structure. In this article, we described theoretical calculations for the pro-
cess of inclusive charm production in UPC at the LHC. We extended the
framework based on the FONLL resummation for heavy-quark production,
previously developed for the electron—proton scattering, to ultraperipheral
collisions by including the photon flux from the nucleus and the survival
probability due to the electromagnetic dissociation. A comparison with the
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data from CMS was performed in bins of the transverse momentum and
rapidity. Very good agreement between theory and experiment was found,
within the uncertainties.
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Theory Collaboration.
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