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Proton emission in ultraperipheral Pb-Pb collisions at ,/syy = 5.02 TeV
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The first measurements of proton emission accompanied by neutron emission in the electromagnetic dis-
sociation (EMD) of 2®Pb nuclei in the ALICE experiment at the Large Hadron Collider are presented. The
EMD protons and neutrons emitted at very forward rapidities are detected by the proton and neutron zero
degree calorimeters of the ALICE experiment. The emission cross sections of zero, one, two, and three protons
accompanied by at least one neutron were measured in ultraperipheral > Pb - 28Pb collisions at a center-of-mass
energy per nucleon pair ,/syy = 5.02TeV. The Op and 3p cross sections are described by the RELDIS model
within their measurement uncertainties, while the 1p and 2p cross sections are underestimated by the model by
17-25%. According to this model, these Op, 1p, 2p, and 3p cross sections are associated, respectively, with the
production of various isotopes of Pb, T1, Hg, and Au in the EMD of 2®Pb. The cross sections of the emission of
a single proton accompanied by the emission of one, two, or three neutrons in EMD were also measured. The
data are significantly overestimated by the RELDIS model, which predicts that the (1p,1n), (1p,2n), and (1p,3n)

cross sections are very similar to the cross sections for the production of the thallium isotopes
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I. INTRODUCTION

Ultraperipheral collisions (UPCs) of relativistic (heavy)
ions are characterized by no geometric overlap of nuclear
volumes. In UPCs, there are no short-range hadronic interac-
tions between colliding nuclei, but either nucleus can still be
excited by the long-range Lorentz-contracted electromagnetic
field of its collision partner. In such collisions electromagnetic
forces can cause the electromagnetic dissociation (EMD) of
nuclei [1]. The dominant process of the emission of one
and two neutrons from heavy nuclei in EMD is induced
mostly by the absorption of low-energy Weizsidcker—Williams
photons [2] which dominate in UPCs. This leads to the ex-
citation and decay of giant dipole resonances (GDR) in the
colliding nuclei below the proton emission threshold. When
photons of higher energy are absorbed by heavy nuclei in
UPCs, several neutrons are expected to be emitted, possibly
accompanied by protons.

The cross sections of the emission of 1, 2, 3, 4, and 5
forward neutrons in EMD with and without forward protons
were recently measured by ALICE at a center-of-mass energy
per nucleon pair \/syy = 5.02TeV in UPCs of *®Pb [3],
complementing and extending previous ALICE measure-
ments at ,/syy =2.76TeV [4], and compared with the
RELDIS [1] and n8n [5] model predictions. Data and models
were found to be in good agreement for the 1n and 2n cross
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sections but differed for higher neutron multiplicities. The
measurements [3] have provided valuable input for the val-
idation of the RELDIS [1], n8n [5], and other models [6,7]
aimed at describing EMD.

The sums of the measured cross sections for the emission
from 1 to 5 neutrons (In—5n) in ultraperipheral 2°*Pb - 2*8Pb
collisions at /syy = 5.02TeV with an arbitrary number of
protons (including zero protons) and without protons (Op)
amount, respectively, to 151.5 £4.7b and 126.0 =4.1b [3].
Both values represent the dominant contributions to the total
EMD cross section of 206.5 & 5.0b, estimated as (ozgp —
Ohad)/2. Here ozgpp is defined as the cross section measured
with the ZED trigger requiring at least one neutron to be
detected on either side of the interaction point (IP), and o},4 is
the total hadronic cross sections measured in Ref. [8]. In this
estimation a 100% efficiency of the ZED trigger is assumed.
From the comparison of the two aforementioned sums it can
be concluded that about 17% of the 1n-5n EMD events include
proton emission. However, less is known about the EMD of
208pb at the Large Hadron Collider (LHC) induced by more
energetic photons and represented by the emission of protons
along with higher numbers of neutrons. According to theoreti-
cal estimates with the RELDIS [3,9] and FLUKA [6] models,
this leads to the production of thallium (TI), mercury (Hg),
gold (Au), and other elements as secondary nuclei and con-
tributes significantly to the decay of the beam intensity [10].
These secondary nuclei cannot be identified and directly mea-
sured at the LHC. In contrast, at the CERN SPS the production
of secondary nuclei in the fragmentation of **Pb in collisions
with Au and Pb targets were directly measured by two ex-
periments [11,12] at ./syy = 17.21 GeV. However, neither of
them were geared to detect forward neutrons or protons.

Furthermore, studies of the proton emission at the LHC
can also provide insights into photon-induced reactions for
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the modeling and design of the upcoming Electron—Ion
Collider [13], where precision measurements of nucleon
structure and parton dynamics in high-energy electron-ion
collisions are a central focus. For instance, these measure-
ments can help to refine theoretical models and experimental
techniques for the study of J/v photoproduction, where it is
important to know the proton and neutron emission yields in
order to reject incoherent background [14].

RELDIS predicts [9] that the cross sections of the produc-
tion of secondary nuclei, in particular, thallium, mercury, and
gold, can be well approximated by the cross sections of the
emission of the corresponding numbers of protons and neu-
trons. The ALICE experiment is equipped with both neutron
and proton zero degree calorimeters (ZDCs): the ZN for the
detection of neutrons and the ZP for the detection of protons.
This combination of detectors enables the study of EMD
leading to the emission of forward neutrons accompanied by
forward protons and vice versa.

This work reports the measured cross section of proton
emission in EMD in ultraperipheral 2°Pb - 2%Pb collisions at
/snvnv = 5.02 TeV, namely, of one, two, and three protons (1p,
2p, and 3p) accompanied by at least one neutron. The cross
sections of the emission of a single proton accompanied by
one, two, and three neutrons, (1p,In), (1p,2n), and (1p,3n),
are also presented. These cross sections are associated, respec-
tively, with the production of T1, Hg, and Au nuclei, and with
the production of the isotopes: 2°%2932%4T] The Op cross sec-
tion, associated with the production of various Pb isotopes as
secondary nuclei, was also measured. The measurements are
compared with RELDIS results and previous measurements at
lower energies [11,12].

The paper is organized as follows. In Sec. II the ALICE
ZDCs are briefly described. In Sec. III the data sample and
the adopted trigger configuration are presented. In Sec. IV
the methods of fitting the ZDC energy spectra are described.
The corrections for detection efficiency and acceptance used
to obtain the measured cross sections are presented in Sec. V,
where also the difference between measured and calculated
cross sections is discussed. Finally, in Sec. VI conclusions and
an outlook are given.

II. EXPERIMENTAL SETUP

A detailed description of the ALICE experiment and its
performance can be found in Refs. [15,16]. The ALICE setup
is equipped with two identical systems of forward hadronic
calorimeters (ZDCs) placed on both sides (C and A) of the IP,
112.5 m away from the nominal IP position along the beam
direction. The ZDCs are employed to detect the energy carried
away in the forward direction by spectator nucleons, thereby
enabling the measurement of the number of spectator nucle-
ons in the collision. The neutron (ZNC and ZNA) and proton
(ZPC and ZPA) calorimeters, see Refs. [17-19] for details,
are denoted as ZN and ZP, respectively. ZNC and ZNA are
placed at zero degrees with respect to the LHC beam axis to
detect neutral forward particles at pseudorapidities || > 8.8.
ZPC and ZPA are positioned externally to the outgoing beam
vacuum tube and serve to detect forward protons with an en-
ergy close to that of the beam directed into these calorimeters

by the LHC magnet system. The ZDCs are supplemented by
two small electromagnetic calorimeters (ZEM1 and ZEM2)
placed only on the side A, at 7.5 m from the IP, covering
the pseudorapidity range 4.8 < 1 < 5.7 and about 18% of the
total 27 azimuthal angle in the two intervals —16° < ¢ < 16°
and 164° < ¢ < 196° [19]. Signals are expected in ZEM1
or ZEM2 in hadronic 2*®Pb - 2®Pb events with high particle
multiplicity in a wide pseudorapidity range but not in EMD
events represented only by low multiplicity of very forward
particles. Therefore, the ZEM veto is very effective in select-
ing EMD events, as shown in Ref. [3]. The detailed technical
characteristics of the ZN, ZP, and ZEM calorimeters used also
in the present measurements are given in Ref. [3].

II1. DATA SAMPLE

The present analysis is based on a data set of ultraperiph-
eral 2%8Pb - 2%8Pb collisions collected by ALICE in 2018 and
which was recently used to measure the cross sections of
In—5n emission in EMD of *®Pb at ,/syy = 5.02TeV [3].
In special runs for the EMD cross section measurements,
the average number of hadronic inelastic interactions per
bunch crossing ftine ~ 1.3 x 107 was about 10 times lower
than during the ALICE standard physics runs due to reduced
instantaneous luminosity. Thus, the event pileup was also
reduced. The events were triggered when a signal exceeded
a threshold of about 500 GeV in ZNC or ZNA. This defines
the ZED trigger condition. This trigger is sensitive to the
single EMD events with neutrons either on the C or A side, as
well as to mutual EMD and hadronic processes with neutrons
detected on both sides. Using the ZDC timing information,
only events corresponding to interactions from the nominal
bunch crossing were selected, thus rejecting beam-gas inter-
actions and collisions between nuclei outside the nominal
bunch crossings. The total number of selected ZED events
is N = 2.050 x 10°. Luminosity normalization is performed
via the ZED trigger cross section ozgp = 420.6 & 10.1b [8]
measured in a van der Meer (vdM) scan [20].

The condition of absence of signals in both ZEM1 and
ZEM? allows electromagnetic events to be distinguished from
hadronic ones [21]. The very limited azimuthal angle and
pseudorapidity coverage of the ZEMs make the rejection
of low-multiplicity EMD events by the ZEM veto very un-
likely. According to RELDIS [1], the average total number
of charged particles in an EMD event is equal to 1.55 and
only ~0.03 of them are emitted within the ZEM acceptance
in 2%8Pb - 2%8Pb collisions at /Sy = 5.02TeV. As reported
in Ref. [3], the efficiency of selecting EMD events by impos-
ing the ZEM veto remains extremely high (>99.8%) for the
emission of 1-5 neutrons.

As shown by previous ALICE measurements [3], no pro-
tons (Op) are emitted in a dominant fraction (~83%) of 1n-5n
EMD events. Due to the overlap of 1n-5n EMD events with
Op events, the reported high efficiency of the ZEM veto can
be safely extrapolated to Op emission measured in the present
work. The high efficiency of the ZEM veto in discriminating
1p, 2p, 3p and (1p,1n), (1p,2n), (1p,3n) EMD events from
hadronic ones was additionally confirmed by calculations with
the RELDIS and AAMCC-MST [22,23] models.
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It was estimated with RELDIS that only 1.3%, 1.0%, 0.8%
of 1p, 2p, 3p and 1.7%, 1.5%, 1.2% of (1p,1n), (1p,2n),
(1p,3n) events, respectively, are rejected by the ZEM veto.
However, peripheral hadronic ®Pb - 2%Pb collisions with the
same number of forward nucleons, emitted as spectators, can
potentially mimic EMD events if they are not rejected by the
ZEM veto. In peripheral hadronic events of the 80% to 90%
centrality class, [ = 15.4 £ 2.1 charged particles are emitted
on average in the pseudorapidity interval 4 < n < 5 [24] with
a very flat n distribution. The values of dN,,/dn measured for
the 80—90% centrality class can be extrapolated to the last cen-
trality class of 90-100% based on the Monte Carlo Glauber
model [25]. According to this model, the average number of
inelastic NN collisions is about 2.5 times lower when moving
to the next centrality class in the row: 70-80%, 80-90%, and
90-100%. This gives a number of charged particles / ~ 6.16
in 4 < n <5 for the 90-100% centrality class and [ ~ 10.8
on average in the 80—100% centrality class. Given the flatness
of dN.,/dn, it can be expected that about / = 10 particles are
emitted on average in the interval 4.8 < n < 5.7 covered by
ZEMs. However, due to the very limited angular acceptance
of ZEMs most of the particles do not produce ZEM signals. A
simple estimate assuming a random emission of each of these
particles within 277 of the azimuthal angle gives a probability
p = 0.18 of hitting the ZEM. Therefore, the probability that
all / particles in a peripheral hadronic event will miss the
ZEM is (1 — p)’ = 0.137. One can consider this value as a
conservative estimate because a lower probability of 0.076
for hadronic events to survive the ZEM veto has been calcu-
lated previously by Monte Carlo simulations with the HIJING
model for lower collision energy [4]. The corresponding cross
section for peripheral (80-100%) hadronic events potentially
contaminating EMD events is rather small: 1.54 b x 0.137 =
0.21b and it is shared between several partial EMD cross
sections making it negligible in each particular EMD channel.

In the present study, the AAMCC-MST [22,23] model
was used to calculate the cross sections of the emission of a
given number of spectator nucleons in hadronic 2°Pb - 2°8Pb
collisions. Finally, taking into account the ZEM veto fac-
tor of 0.137, the hadronic contamination of EMD events
was estimated to be 0.3%, 0.9%, 1.3% for 1p, 2p, 3p and
0.03%, 0.09%, 0.16% for (1p,In), (1p,2n), (1p,3n), respec-
tively, which can be neglected given other uncertainties of
the EMD cross section measurements listed in Table IV.
Following this consideration, events with a signal in either
ZEM were considered as hadronic and rejected, yielding a
sample of NEMP = 2,009 x 10° single or mutual EMD event

tot
candidates.

IV. ANALYSIS

The methods used to collect, calibrate, and fit the ZDC en-
ergy spectra follow basically the same steps as in Ref. [3]. For
this reason, only analysis features specifically related to the
emission of protons in EMD are described in the following.

In Ref. [9] the distributions of the total energy of neu-
trons and protons from EMD of 2%®Pb at svn =5.02TeV
were calculated without accounting for the energy resolution
and efficiency of the ZDCs. It was found that such pristine

distributions of Ezn and Ezp are very different because of
the difference in the energies of emitted neutrons and protons
in the rest frame of *°®Pb. Indeed, the peaks corresponding
to In, 2n, ..., 7n emission are narrow since the neutrons
are mainly evaporated subsequently from an excited residual
nucleus, and the energy of each neutron is typically below
1-2 MeV in the nucleus rest frame. In contrast, the pro-
ton peaks are much wider, since these protons are mainly
produced by photons with E, > 140 MeV and thus share a
noticeable part of the photon energy along with photopro-
duced pions [9]. As explained in Ref. [26], since a larger phase
space is available for multiply produced secondary particles,
some protons and pions are emitted backward or forward with
respect to the initial photon momentum. When the proton
momenta are Lorentz-boosted to the laboratory system, the
deviation of proton energies from the beam energy of E, =
2.51 TeV can be significant, depending also on the direction
of their emission. This explains the much wider proton peaks
compared to the neutron peaks and also indicates the difficulty
in measuring proton EMD cross sections.

A. Fit of the ZP energy spectra

The number of events, n; and n;, detected for each proton
kp and neutron in multiplicity class, were extracted by fitting
the calibrated distributions of the energy E deposited in the
ZP or ZN, respectively. The x2 fit method was used. The
procedures to fit the measured energy distributions in the ZN
with the sum of Gaussians representing events of each neutron
multiplicity were validated previously with Run 1 [4] and with
Run 2 [3] data.

The distributions of the energy deposited by EMD protons
in ZPC and ZPA are shown in Fig. 1. These distributions
represent events which have at least one neutron detected in
the neutron ZDC on the same side where the protons are
registered. This means that the EMD events with protons, but
without neutron emission, are not included in these measure-
ments. According to the RELDIS model [1], such neutronless
EMD events account for about 3% of the total EMD events.

As can be seen in Fig. 1, the low heights and large widths
of the peaks corresponding to k > 2 protons in the ZP energy
spectra make it difficult to determine the number of events
with more than two protons. Therefore, the fitting procedure
previously used to fit the energy distributions in ZN [3,4] with
the narrower 3n, 4n, and Sn peaks had to be adapted to deal
with the present ZP spectra. A modified fitting function F (E)
representing the sum of j unnormalized Gaussians was used
in the present analysis to reduce the correlation between the
parameters describing the height and width of each peak:

_E-)?

J J
F(E):Z@(E):Zﬁke w7 (1)
k=1 k=1

The Gaussian @(E ) represents the peak corresponding to
the emission of k protons, and is characterized by the mean
value py, the dispersion oy, and the normalization constant
i, which is related to the number of events n; in each peak
by the equation n; = «/Eaank. The adopted modified fitting
procedure consisted of two steps. At the first step, the 1p peak
was fitted individually with w;, o1, and 717 considered as free
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FIG. 1. Distributions of the energy measured in ZPC (left) and ZPA (right) from the EMD events with at least one neutron at the same side
(points) and resulting fit functions (solid curves) representing the sum of the individual Gaussians. The Gaussians representing the contributions
of the individual 1p, 2p, 3p, 4p, and Sp peaks are shown by the dashed curves.

parameters of the fit with a single Gaussian applied over the
energy range from O to 2 x Ey, with Ey = 2.51 TeV defined
as the 2°Pb beam energy per nucleon. Despite the expected
exact correspondence of u; to Ey, u; was allowed to vary
within the range of Ey £ 20%. In addition, the value of o)
was constrained to be between 0.1 x Ey and 0.5 x Ej. These
conditions account for a possible deviation of the peak posi-
tion from Ej. At the second step, the ZP spectra were fitted
with the sum of the five Gaussians given by Eq. (1) defined in
the energy range from —Ey/3 to (j + 2)Ey, with j = 5, with
the fixed values of ©; and o taken from the previous step.
The ranges of the values of the fit parameters of the Gaussians
describing the 2p, 3p, 4p, and 5p peaks were also restricted:
ux was allowed to vary within £20% around ku;, while oy
was constrained between o; and «/%al. The expected values
of ur =kwu; and o = Vko were taken to start the fitting
procedure. The values of 7; in each peak were considered as
free parameters of the fit. The resulting normalized Gaussians
representing contributions of the individual 1p, 2p, 3p, 4p, and
5p peaks are shown in Fig. 1, along with the fit representing
their sum. It should be noted, however, that the final fit does
not aim to describe the ZP spectra in the region of the Sp peak
and above, where the contribution of events with more than
five protons is dominant. As described below in Sec. IV D,
after taking into account the acceptancexefficiency of the
ZDCs, the true numbers of events N, were finally obtained
from ny.

The individual 1p and 2p peaks in the distributions of
energy in the ZP shown in Fig. 1 are much wider compared
to the 1n and 2n peaks in the distributions of energy in ZN
reported in Ref. [3]. For comparison, the width of the 1n peak
is about 0.5 TeV, while the width of the 1p peak approaches
a value of 0.9 TeV, which is nearly a factor of two larger
than that observed for In. The energy resolution of the ZN

is only slightly better than the resolution of the ZP according
to the extrapolation from test beam data [27]. As discussed
above, see also Ref. [9], the main difference in the widths of
the neutron and proton peaks is due to the larger phase space
available for protons emitted in EMD compared to neutrons.
As a result, the uncertainties of the fit parameters obtained
for wide overlapping 1p, 2p and 3p peaks in the ZP energy
spectra are much larger compared to the uncertainties of the
parameters of the In, 2n, 3n peaks [3].

The shoulders adjacent to 1p peaks visible in Fig. 1 at both
the A and C sides can be attributed to those protons which
hit the calorimeters near their edges and thus do not deposit
their energy entirely inside the ZPs. In addition, protons which
lose a part of their energy before reaching the ZP, e.g., in the
interactions with the beam vacuum tube, also contribute to this
shoulder. This was confirmed by the simulated distributions of
Eyp, obtained in a Monte Carlo simulation with protons and
neutrons generated with RELDIS [1], where some shoulders
adjacent to pristine 1p peaks were also observed, due to the
protons which do not release their entire energy inside the
calorimeter. This effect is taken into account in the calculation
of the efficiency correction factors.

The final fit is below the data points near the maximum of
the 1p peak, while it is above the points to the right of the
maximum. As a result, the integrals of the fit function and the
data over these two regions differ by less than the systematic
uncertainty of the fit.

B. Fit of the ZN energy spectra

A two-step procedure was implemented to obtain the dis-
tributions of energy deposited in neutron ZDCs for events in
which a single proton was also detected on the same side.
First, two-dimensional correlations between the energies de-
posited in proton and neutron ZDCs were considered to define
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FIG. 2. Correlations between energies in the ZP and ZN for the EMD events with the emission of up to seven to eight neutrons: ZPC vs
ZNC (left) and ZPA vs ZNA (right). The horizontal black lines mark the range [p; — 204, 11 + 20,] of ZPC and ZPA energies which covers

~95% of 1p events.

an interval of the ZP energy attributed to the emission of a
single proton. Second, the events within the selected interval
of the ZP energy were projected onto the ZN energy axis to
obtain the energy distributions in the ZN with the condition of
detecting a single proton in the ZP.

The correlations between energies deposited in proton and
neutron ZDCs on the side C (ZPC vs ZNC) and on the side
A (ZPA vs ZNA) are shown in Fig. 2. These correlations
between the energies deposited in the neutron and proton
ZDCs placed on the same side reveal three distinct spots cor-
responding to the 1n, 2n, and 3n emission within a horizontal
band corresponding to the 1p emission. In contrast, the spots
corresponding to the 4n and 5n emission are smeared out.
In order to select specifically the 1n-3n events within the
1p band the energies deposited in the ZN were restricted to
Ezne < 8.5TeV and Ezna < 8.5TeV. The selected data are
used to determine the position w; and width o of the first
proton peak more accurately. The boundaries of the resulting
intervals [p; — 207, 1 + 207] of the ZP energies associated
with the detection of a single proton are indicated as lines in
Fig. 2.

After identifying the domains of 1p events for the C and A
sides, the respective energy distributions of the accompanying
neutrons in ZNC and ZNA were obtained. These distributions
are shown in Fig. 3, and they demonstrate noticeable statistical
fluctuations, in particular, in the regions of the 4n and 5n
peaks.

The procedure used to fit these ZN energy distributions
was the same as that used for the ZP energy distributions.
However, at the first step ©; was constrained to be equal to
Ey within a 5% deviation and the Gaussian was fitted in the
energy range from O to 1.5 x Ey, and at the second step the
width o} of the first neutron peak was allowed to vary within
+20% instead of keeping it fixed from the previous step. The
results of the fit are presented in Fig. 3.

C. Correction for acceptance and detection efficiency
of neutron and proton ZDCs

Some of the nucleons emitted in the very forward direction
are lost along their path to the ZDCs. In particular, protons
scatter on the LHC beam vacuum tubes or lose energy due
to interactions with collider components closer to the ZDC
location. In the latter case, the produced secondary particles
can reach the calorimeters and contribute to the total energy
measured by the ZP. In some events, due to a peripheral
impact on the proton calorimeter characterized by additional
shower leakage, the energy deposited by the protons is re-
duced relative to the central incidence. The proton spots on
the front surface of the ZP are elongated and extend beyond
the lateral edges of the ZP. This is in contrast to the well-
centered and focused neutron spots in the neutron ZDCs.
However, a very small number of scattered forward neutrons
and secondary particles produced by them can also hit the
proton ZDC and vice versa. All of these effects alter the
distributions of the energy deposited in the ZP and thereby
affect the determination of the true proton multiplicity [28].
To obtain the true number of events, the number of events
detected for each proton multiplicity have to be multiplied by
an appropriate correction factor.

In a realistic Monte Carlo simulation of the ALICE
setup, taking into account magnetic fields and the geom-
etry of the beam vacuum tube, after transporting protons
and neutrons generated with RELDIS [1], the number of
generated events N,E‘/IC and the number of events nkMC regis-
tered in the ZP were calculated for each proton multiplicity
class kp. The acceptance x efficiency correction factors f, =
NMC/nMC were calculated for ZPC and ZPA, and they are
listed in Table I. Due to the fact that protons emitted in EMD
can escape detection, events of a given true proton multiplicity
are registered as events of lower detected proton multiplicity.
This migration towards lower proton multiplicities leads to a
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FIG. 3. Distributions of the energy measured in ZNC (left) and ZNA (right) from the EMD events with a single proton detected,
respectively, in ZPC and ZPA (points), and resulting fit functions (solid curves) representing the sum of all the Gaussians. The ZP energies
associated with the detection of a single proton are determined as [ — 207, 1 + 20,]. The Gaussians representing the contributions of

individual 1n, 2n, 3n, 4n, and 5n peaks are shown by the dashed curves.

net loss of events of proton multiplicity classes with k£ > O,
which explains why fi, is greater than 1 in these cases (see
Table I). On the other hand, many of the migrated events end
up in the proton multiplicity class Op, resulting in a net gain in
this class and therefore the value of fo,, is less than 1.

Since the proton emission cross sections were measured
under the condition that at least one neutron was detected
on the same side, the measurements of n; for protons had
to be additionally corrected for the efficiencies to detect an
arbitrary activity Xn, with X > 0, in the ZNs. The values of
the correction factors for Xn are given in Table II.

Similarly, the correction factors fip in, i = 1, 2, 3 for the 1p
emission accompanied by one to three neutrons were obtained
from the Monte Carlo simulation of the ALICE setup also
using the EMD events generated with RELDIS. The resulting
efficiency correction factors are listed in Table III.

All correction factors were obtained with two different
methods, and the simple averages were taken as final correc-
tion factors. The first method was based on counting nucleons
crossing the front surface of each ZDC, while the second
method entailed fitting the simulated ZDC energy spectra with
a sum of Gaussians. Finally, in both methods the numbers of
events of each multiplicity in or kp generated by RELDIS

TABLE I. Acceptance x efficiency correction factors for detect-
ing protons in ZPC and ZPA and their estimated uncertainties.

fkp
kp Side C Side A
Op 0.848 £ 0.015 0.852 +£0.018
1p 1.700 £ 0.058 1.666 + 0.078
2p 2.450 £0.173 2.405 £ 0.097
3p 2.760 £ 0.653 2.570 £0.752

were divided by the numbers of detected events to obtain
the correction factors. These two methods are considered as
random samples from a space of models rather than two
extreme cases. Therefore, the difference between the results
of the two methods divided by /2 was considered as the
systematic uncertainty for the final average correction factors.
These factors are given in Tables I-III together with their
combined statistical and systematic uncertainties.

D. Determination of proton and neutron emission cross sections

The cross sections for specific EMD channels o (kp, Xn)
for a given number of protons k and an arbitrary num-
ber of neutrons Xn (X > 0) were measured individually
with ZPC and ZPA. After the signal extraction, the correc-
tions for the efficiency of the ZEM veto and for the ZDC
acceptance x efficiency were applied by multiplying by the
resulting correction factor Fyp, xn,

M fipfxn g

N,
o (kp, Xn) = ozgp = 07ED = 07ED
tot Not  €xn Niot

ka,Xn‘

@)

The efficiency of the ZEM veto to select electromagnetic
events, &;, for each neutron multiplicity in, or for an arbitrary
number of neutrons Xn (excluding zero neutrons), €x;,, were
calculated in Ref. [3], separately on the sides C and A, and are

TABLE II. Acceptance x efficiency correction factors and their
estimated uncertainties for detecting an arbitrary ZN activity pro-
vided that at least one forward neutron is emitted.

ZNC ZNA

Sxn 1.072 £ 0.019 1.074 £ 0.019
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TABLE III. Acceptance X efficiency correction factors for de-
tecting a single proton on the sides C and A accompanied by the
detection of one, two, and three neutrons on the respective side.

flp,in
kp in Side C Side A
1p In 2.437 £+ 0.081 2.439 4+ 0.082
Ip 2n 2.433 +0.206 2.481 +£0.130
Ip 3n 2.796 + 0.124 2.523 £0.206

reported in Table II of Ref. [3]. The individual efficiencies ¢;,
for i < 3, are found to be between 99.35% and 99.90%, while
exn 18 equal to 96.72% and 96.12% for the C and A sides,
respectively.

Similarly, the cross sections for the 1p emission accom-
panied by one to three neutrons were calculated from the
detected number of events #n; taking into account all efficiency
corrections by multiplying by the resulting correction factor
F 1p,in

i o n; f]p,in o n; F
= OZED = 0zED 7 L'1p,in-
Niot Niot & Niot

o (lp, in) = ozgp

3

The final cross sections o were obtained as the average of
the measurements performed on the sides C and A using the
event numbers and resulting correction factors F for each side
introduced in Egs. (2) and (3),

oC 4+ o4 n°FC 4+ nAFA 4
o= B = OZED Ny . 4

The contributions to the relative systematic uncertainties
of o are summarized in Table IV. They were propagated from
the systematic uncertainties on each side for the cross sections
of the 1p, 2p, and 3p emission accompanied by an arbitrary
number of neutrons (Xn, excluding zero neutrons) and for the
1p emission accompanied by the 1n, 2n, and 3n emission. The
uncertainty of N, is negligible due to the large number of
ZED trigger events collected. The statistical uncertainties of
ny (n;) result from the uncertainties of the numbers of events
found by the fit procedure. Following Ref. [8], the relative sys-
tematic uncertainty of ozgp was taken as 2.4%, resulting from

the vdM scan analysis. The relative difference between the
cross sections calculated with two fitting procedures, termed
as main and supplementary, divided by /2, was taken as the
systematic uncertainty of the fit. In the supplementary fitting
procedure the condition o < o} < \/Eal (o1 €0; < \/fcrl)
for i, k > 1 was released. The systematic uncertainties con-
sidered for Fip xn and Fiy, 1p are described in Sec. IV C.

V. RESULTS
A. Emission of a given number of protons

The measured cross sections of the emission of one, two,
and three protons, together with the measured Op cross section
of neutron emission without protons and the sum of Op-3p
cross sections are presented in Table V. The same cross
sections calculated with the RELDIS model in the standard
mode and without pre-equilibrium emission (see below) are
given for comparison. The measured Op, 1p, 2p, and 3p cross
sections are shown in Fig. 4 (red circles), where the theoretical
values obtained in the standard RELDIS mode are plotted up
to 10p emission (solid red line). As follows from the compari-
son, the measured and calculated cross sections for the Op and
3p emission agree with RELDIS within their uncertainties,
while the 1p and 2p emissions are underestimated by RELDIS
by ~17-25%.

The RELDIS model is based on a photonuclear reaction
model [29,30], which simulates the interaction of a photon
with a nucleus as a four-step process. The modeling begins
with (1) an intranuclear cascade of particles induced by the
photon inside the nucleus, followed by (2) pre-equilibrium
emission of nucleons, followed in some events by (3) nu-
cleon coalescence, and finally (4) the excited residual nucleus
evaporates nucleons or undergoes fission. RELDIS modeling
with steps (1)—(4) has been validated with several sets of
experimental data [1,3,11,30]. However, the multiplicity of
neutrons and protons from EMD is sensitive to the calculated
excitation energy of residual nuclei, and it is affected by the
presence of nucleon coalescence, which in particular leads to
the production of deuterons from pairs of free neutrons and
protons. Therefore, multiplicities of neutrons and protons are
generally higher in RELDIS calculations in which only (1)
cascades and (4) evaporation fission are included.

TABLE IV. Relative systematic uncertainties of the cross sections of the emission of a given number of protons k = 0, 1, 2, 3 accompanied
by an arbitrary number of neutrons (Xn, excluding zero neutrons) and of the cross sections of the 1p emission accompanied by a given number
of neutrons i = 1,2, 3 in UPCs of 2%Pb nuclei at ./syy = 5.02 TeV. Each uncertainty is calculated for the average of the cross sections

measured on the sides C and A.

Relative uncertainty (%)

Op lp 2p 3p
Source Xn Xn In 2n 3n Xn Xn
ozgp determination from vdM scan 2.4
Fitting procedure - 0.8 2.4 10.2 31.8 21.3 25.6
ZDCHZEM efficiency 1.8 3.1 23 5.0 4.9 4.3 18.5
Total 3.0 4.0 4.1 11.6 32.3 21.9 31.7
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TABLE V. The cross sections of the emission of zero, one, two, and three protons accompanied by at least one neutron measured on the C
and A sides. Cross sections calculated with RELDIS are given for comparison. The sum of Op—3p cross sections is presented in the last row.

The uncertainties are given as & (stat.) & (syst.).

o (kp, Xn) (b)

O‘RELDIS(kp, Xl’l) (b)

kp Side C Side A o (kp, Xn) (b) std. w/o pre-eq.
Op 156.5+02+54 158.5+0.2£55 157.5+£0.1 £4.7 155.5 147.0
Ip 41.8+£0.1+1.9 39.1+£0.1£22 404£0.1x1.6 31.6 337
2p 174+£02+59 163 +£0.24+43 16.8£0.1 £3.7 11.2 12.7
3p 7.8£05+24 59+£04=£3.6 6.8£03+22 53 6.4
Op-3p 221.5+£04£75 203.5 199.7

Two kinds of RELDIS results for modeling with steps
(1)-(4) (standard) and only with (1) and (4) (without
pre-equilibrium and coalescence) are presented in Table V
allowing an assessment of the level of uncertainties of the
calculations. Since in the latter case the excitation energy of
the residual nuclei before nucleon evaporation is higher, the
calculated cross sections of 1p, 2p, and 3p emission are also
larger by 7%, 13%, and 21%, respectively. In contrast, the
calculated Op cross section is smaller.

According to the Weizsacker—Williams method, the emis-
sion of neutrons and protons in EMD is induced mostly by
absorbing low-energy equivalent photons. Because of this a
single heavy residual nucleus along with few free nucleons
is a dominant output of low-energy photonuclear reactions.
In Ref. [3] the RELDIS results for the difference AA (AZ)
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FIG. 4. Measured (circles) and calculated with RELDIS [1] (red
solid-line histogram) cross sections of the emission of a given num-
ber of protons k accompanied by at least one neutron in UPCs of
208pp nuclei at /syy = 5.02 TeV. Calculated cross sections of the
production of specific elements, Pb, T1, Hg,. .., Hf, at this collision
energy are represented by the black dashed-line histograms marked
with nuclide symbols. Charge-changing cross sections of the produc-
tion of specific elements measured in collisions of 2°*Pb with Au and
Pb at \/syy = 17.21 GeV [11,12] with subtracted hadronic contribu-
tion (see text for details) are presented by the solid and open squares
and compared with RELDIS results (blue long-dash histogram). The
error bars represent combined statistical and systematic uncertainties
of the measurements.

between the sum of the mass (charge) number of the most
heavy residual nucleus and the number of emitted nucleons
(protons) in each EMD event and A (Z) of the initial 2°Pb
were presented. The values of AA = 0, AZ = 0 were calcu-
lated for the majority of 1n—5n events.

Regarding the proton emission in EMD, the assumption
of the dominance of the production of a single secondary
nucleus also suggests that the emission of one, two, and three
protons can be associated in general with the production of
the respective elements: T1, Hg, and Au. In order to illustrate
this, the cross sections of the production of various elements,
Tl, Hg, Au, Pt, Ir, Os, Re, W, Ta, and Hf, were calculated
using RELDIS in its standard mode. These cross sections are
also plotted in Fig. 4 (dashed black line). As can be seen,
the calculated production cross sections of certain elements
are equal or above the calculated emission cross sections of
the corresponding number of protons k =0, 1, ..., 10. The
difference is noticeable for Pt, Ir, Os, Re, W, Ta, and Hf
because their production by energetic photons is frequently
accompanied by the emission of charged pions, deuterons, or
alpha particles in addition to protons, see Ref. [3] for details.

The validity of RELDIS in calculating the production of
Tl, Hg, and Au as secondary nuclei in EMD associated, re-
spectively, with the 1p, 2p, and 3p emission studied in the
present work, can be demonstrated by comparison with the
charge-changing cross sections measured at lower energies
for these elements at the CERN SPS [11,12]. Since those
measurements contain contributions from both hadronic and
ultraperipheral collisions, it is necessary to subtract the former
from the data [11,12] for comparison with the present ALICE
data and RELDIS calculations, which include only UPCs. The
hadronic fragmentation cross sections were estimated with the
AAMCC-MST model [22,23], and the results of their subtrac-
tion are also presented in Fig. 4. The hadronic contributions
to the measured cross sections to produce Tl in Pb—Pb and
Pb—Au collisions at ,/syy = 17.21 GeV were calculated as
10% and 18%, respectively. Larger hadronic contributions of
24-39% were calculated for the production of Hg and Au.
As can be seen, the EMD cross sections estimated from the
measurements at the CERN SPS [11,12] are in a good agree-
ment with the corresponding cross sections calculated with
RELDIS for the production of Tl, Hg, Au, and Pt. However,
the differences between measurements and calculations are
large for production of other elements, in particular for Ir, Ta,
and Hf, where the dominant physics processes are different
from those for T1, Hg, Au, and Pt. It can be also seen that the
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TABLE VI. Cross sections of the 1p emission accompanied by one, two, and three neutrons measured on the C and A sides. Cross sections
calculated with RELDIS are given for comparison. The uncertainties are given as = (stat.) & (syst.).

o(1p, in) (b)

o MEPIS(1p, in) (b)

kp in Side C Side A o(1p, in) (b) std. w/o pre-eq.
Ip In 1.01 £0.02 £ 0.04 1.11 £0.03 £ 0.05 1.05£0.03 £ 0.04 3.67 3.95
1p 2n 1.30 £0.07 £ 0.13 1.25 +£0.06 £ 0.09 1.35+0.05+0.16 3.52 3.86
Ip 3n 1.32+£0.10+0.12 1.73 £0.04 = 0.86 1.58 £0.06 +0.51 3.12 3.27

results of two experiments diverge for k > 4, indicating poten-
tially large uncertainties in both measurements. Nevertheless,
it can be concluded that the EMD cross sections specifically
for the production of Tl, Hg, and Au measured at both colli-
sion energies, \/syy = 17.21 GeV and /syy = 5.02TeV, are
in agreement with theoretical results.

It is interesting to note that the 3p emission cross section
corresponding to the production of gold nuclei is measured to
be 6.8 £ 2.2 b. Thus, the total inelastic hadronic cross section
of 2%Pb - 2%pPp collisions (7.67 = 0.25b [8]) at the LHC is
comparable to the cross section to produce a gold nucleus
in the EMD of 2°®Pb. This means that hadronic 2*Pb - 2P
collisions, the main subject of heavy-ion physics at the LHC,
occur almost as often as the production of undetected and
mostly unstable gold nuclei from the lead nuclei of the col-
liding beams. However, the gold isotopes produced by the
emission of three to seven neutrons would be intercepted by
collimators along the beamlines and would fragment, creating
hadronic showers, on impact. Others are expected to be lost in
the beam vacuum chamber in locations between the regions
near the experiments where the beams are separated horizon-
tally and the beginning of the regular collider arcs.

B. Emission of protons associated with the production
of 206:205,204

The measured (1p,1n), (1p,2n), and (1p,3n) cross sections
are presented in Table VI along with the respective cross
sections calculated with RELDIS in its standard mode and
also without the pre-equilibrium and coalescence contribu-
tions. The (1p,1n), (1p,2n), and (1p,3n) cross sections are
associated with the production of specific thallium isotopes,
206,205,204 Therefore, both kinds of calculated cross sections
are presented in Fig. 5 along with the data (red circles). The
production cross sections of other thallium nuclei were also
calculated with RELDIS in its standard mode and are also
shown in Fig. 5 along with the cross sections of the emission
of corresponding numbers of neutrons along with a single
proton. As can be seen, the calculated cross sections of the
production of specific thallium isotopes (dashed black line)
are very close to the calculated cross sections of the emission
of the corresponding number of neutrons i =0, 1, ..., 7 ac-
companied by the 1p emission (solid red line).

While most of the neutrons are emitted following the ex-
citation of 2”®Pb by low-energy photons in the region of the
GDR, it can be expected that a major part of 20020520477 g
produced due to the absorption of photons of higher energy
E, > 20MeV [9]. In fact, it is the region of E, which lies

above the proton emission threshold where the dominant pro-
cesses are the absorption of photons on quasideuterons and
the hadron photoproduction on individual nucleons. This is
supported by calculations with RELDIS of the contributions
to the (1p,1n), (1p,2n), and (1p,3n) emission cross sections
from photons of 20 < E, < 140MeV and E, > 140MeV,
as also shown in Fig. 5 (dotted red line and dashed-dotted
red line, respectively). According to these calculations, the
contribution by photons of E, > 140 MeV to the emission of
a single proton is the largest for all neutron multiplicities.

As can be seen from Table VI and Fig. 5, the measured
(1p,1n), (1p,2n), and (1p,3n) cross sections are overestimated
by RELDIS by a factor of 2-3. To the best of our knowledge,
the data on the single proton emission following photoab-
sorption on 2%®Pb are very scarce. The corresponding cross
sections were measured 40-60 years ago, either by detect-
ing the activity of the resulting 2°°T1 and 2°’Tl in targets of
208pp /matpp [31-33], or by the direct detection of the emitted
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FIG. 5. Measured (circles) and calculated with RELDIS (solid-
line histogram) cross sections of the emission of a given number
of neutrons i accompanied by a single proton in UPCs of 2%Pb
nuclei at \/syy = 5.02 TeV. Error bars represent combined statistical
and systematic uncertainties of the measurements. Dotted-line and
dashed-dotted-line histograms present the same cross sections but
calculated with RELDIS for EMD induced by photons with energies
in the domain of the quasideuteron absorption and hadron photo-
production on individual nucleons, respectively. Calculated cross
sections of the production of specific thallium nuclei, 207-206-200T],
are presented by the dashed-line histogram marked with the respec-
tive nuclide symbols.
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photoprotons [34]. While the cross sections measured long
time ago differ by a factor of 2 or 3, the proton emission
cross section calculated by RELDIS is closer to the earlier
ones [31,32] but overestimates the results of two other exper-
iments [33,34] by a factor of 2-3.

It should be noted that the values of the total photoabsorp-
tion cross section on 2*®Pb measured in different experiments
[35-39] are characterized by large measurement uncertainties
and diverge significantly for 20 < E, < 140 MeV where the
Ip emission from 2%®Pb is essential. A phenomenological
approximation is presently used in RELDIS to describe the
average of existing data on the total photoabsorption cross
section on 2%Pb.

Thus, based on the comparison of the available photoab-
sorption data with calculations, a possible overestimate of the
Ip emission by RELDIS by a factor of 2-3 cannot be ruled
out. This may explain a similar overestimate observed for the
EMD Ip cross sections measured in the present work, see
Fig. 5.

Although the noticeable overestimation of the (lp,In),
(1p,2n), and (1p,3n) cross sections by RELDIS seems con-
tradictory to the underestimation of the (1p,Xn) cross section,
it can be explained by the different multiplicity trends of the
partial cross sections in model and data. It can be seen from
Table VI that RELDIS predicts a decrease of the cross sections
with neutron multiplicity. In contrast, the measured cross sec-
tions increase with multiplicity. Hence, the unmeasured cross
sections of the emission of more than three neutrons along
with a single proton essentially contribute to the (1p,Xn) cross
section and alleviate the difference between RELDIS and data
for (1p,Xn). As a result, with a large discrepancy between
calculations and data for (1p,1n), (1p,2n), and (1p,3n) seen
in Fig. 5 a better agreement is seen in Fig. 4 for (1p,Xn).

VI. CONCLUSIONS AND OUTLOOK

The cross sections of the (Op,Xn), (1p,Xn), (2p,Xn), and
(3p,Xn) emission, as well as the cross sections of (1p,ln),
(1p,2n), and (1p,3n) channels in EMD of 2®Pb in UPCs were
measured for the first time. This study challenges models that
aim to describe proton emission in the EMD of 2%®Pb at LHC
energies.

The measured cross sections for certain channels such as
(1p,1n), (1p,2n), and (1p,3n) are significantly overestimated
by RELDIS. For the more frequent events where at least one
neutron is emitted, the measured Op and 3p cross sections are
described by RELDIS, while the 1p and 2p cross sections are
underestimated by the model by ~17-25%. It is shown that
the calculated Op, 1p, 2p, and 3p cross sections are sensitive
to the involvement of pre-equilibrium emission and nucleon
coalescence. In general, these measurements provide new in-
formation on photonuclear reactions and can be very useful
in tuning models of photonuclear reactions as well as EMD
models.

According to RELDIS, the Op, 1p, 2p, and 3p cross sections
are well suited to approximate the cross sections of production
of certain elements, Pb, T1, Hg, and Au, as secondary nuclei
in EMD. In this context, the measured cross sections can be

used as approximations of the cross sections of the production
of Pb, T1, Hg, and Au isotopes at the LHC.

It is known that gold isotopes are produced in nuclear
reactions induced by low-energy neutrons, protons, deuterons
and photons on Hg, Au, and Pt targets (see Ref. [40] for a
review). Gold isotopes were also produced in the fragmenta-
tion of target 2”Bi nuclei induced by high-energy beams of
12 and 2°Ne [41], and in the fragmentation of uranium nuclei
induced by high-energy protons [42]. However, according to
the Experimental Nuclear Reaction Data database [43], no
data were reported specifically for the photonuclear reactions
Pbx (y, *)Aux. In the present work we report for the first
time the production of gold in the photoabsorption by lead
nuclei, purely in ultraperipheral °*Pb - 2®®Pb collisions, with
unusually large cross section comparable to the total hadronic
208pp - 208pp cross section. It can be estimated that a total of
some 2.9 x 10~ g of various gold isotopes were produced
from both LHC beams according to the total integrated lumi-
nosity at all four interaction points during Run 2 (2015-2018)
of the LHC. The Pb-Pb data analyzed in the present paper
were collected in 2018. The transmutation of lead into gold
is the dream of medieval alchemists which comes true at the
LHC.

Although only fluxes of 2°Pb and 2*’Pb from EMD that
accompany the 2*®Pb beam and are not intercepted by colli-
mators pose a risk to LHC operation [44,45], the production
of other secondary nuclei still significantly limits beam life-
time and reduces luminosity. Thus, these new measurements
provide also a valuable contribution to the study of beam
losses due to electromagnetic processes at the LHC and future
colliders.
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