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Abstract

In ultraperipheral collisions (UPCs) of relativistic nuclei without overlap of nuclear densities, the
two nuclei are excited by the Lorentz-contracted Coulomb fields of their collision partners. In these
UPCs, the typical nuclear excitation energy is below a few tens of MeV, and a small number of nu-
cleons are emitted in electromagnetic dissociation (EMD) of primary nuclei, in contrast to complete
nuclear fragmentation in hadronic interactions. The cross sections of emission of given numbers of
neutrons in UPCs of 2°8Pb nuclei at V/SNN = 5.02 TeV were measured with the neutron zero degree
calorimeters (ZDCs) of the ALICE detector at the LHC, exploiting a similar technique to that used
in previous studies performed at /sy = 2.76 TeV. In addition, the cross sections for the exclusive
emission of 1, 2, 3, 4 and 5 forward neutrons in the EMD, not accompanied by the emission of for-
ward protons, and thus mostly corresponding to the production of 207:206:205,204.203pp  regpectively,
were measured for the first time. The predictions from the available models describe the measured
cross sections well. These cross sections can be used for evaluating the impact of secondary nuclei
on the LHC components, in particular, on superconducting magnets, and also provide useful input
for the design of the Future Circular Collider (FCC-hh).
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1 Introduction

Studies of collisions of ultrarelativistic nuclei typically focus on the participant zone where the nuclei
overlap and the quark—gluon plasma (QGP), a state of matter where quarks and gluons are free, can be
created [[1]. This is the domain where hot and dense matter is produced due to the enormous collision
energy of the participating nucleons. At the same time, a domain of cold nuclear matter is expected
to coexist with the participant zone in peripheral collisions. It is represented by spectator nucleons,
which mainly preserve the velocity of the initial nuclei and travel forward. Measurements at the CERN
Super Proton Synchrotron (SPS) [2] have shown that some of the spectator nucleons remain bound in
nuclear fragments produced in peripheral collisions of ultrarelativistic 2°Pb nuclei with a beam energy
of 158 GeV per nucleon with a lead target. At this energy heavy spectator fragments were also detected
in interactions of 2°*Pb nuclei with various target nuclei [3]. This was explained by a modest excitation
of spectator matter in peripheral collisions [3].

In ultraperipheral collisions (UPCs) of relativistic heavy ions without nuclear overlap the colliding nu-
clei can be considered entirely as spectators. While their geometrical overlap is excluded because the
collision impact parameter exceeds the sum of the nuclear radii, nuclei are still excited by the Lorentz-
contracted Coulomb fields of their collision partners. In comparison to hadronic nucleus—nucleus colli-
sions, electromagnetic excitation is a rather soft process that results in the electromagnetic dissociation
(EMD) of primary nuclei with the emission of just a few nucleons [4].

Large EMD cross sections for the emission of one, two and three forward neutrons have been reported
by the ALICE collaboration [S] for UPCs of 2°®Pb nuclei at a centre-of-mass energy per nucleon pair
V/SNN = 2.76 TeV at the Large Hadron Collider (LHC). EMD products retain beam rapidity similarly to
spectators from hadronic nucleus—nucleus collisions. The EMD of 2Pb nuclei contributes significantly
to the decay of the beam intensity [6] and produces various secondary nuclei in all four interaction points
(ALICE, ATLAS, CMS and LHCb) of the LHC [7]. Certain secondary nuclei with their charge-to-mass
ratio close to 2%Pb (principally 2°/Pb) can travel for long distances around the collider rings because
their magnetic rigidity is close to that of 2°®Pb and they may potentially be lost in superconducting
magnets [7, 8]. With a proper set-up of the collimation system, most of these secondary nuclei are
intercepted efficiently by the off-momentum collimators and the dispersion suppressor sections around
the LHC experiments. A dominant source of beam loss in the latter regions is the process of bound-free
ete™ pair production in UPCs with the electron capture by 2°3Pb [7, 8].

The methods to study fragmentation of projectile nuclei at multi-GeV or TeV collision energies differ
significantly from those used at much lower collision energies. In the latter case, fragments of projectiles
with an initial energy of hundreds of MeV per nucleon are emitted at large angles with respect to the
beam axis, so that their spread permits complete identification of projectile fragments using, among
others, scintillator hodoscopes and time-of-flight detectors [9, [10]. In particular, the multi-fragment
break-up of spectator matter has been investigated at intermediate collision energies [9].

In contrast, the detection of projectile fragments in experiments at ultrarelativistic energies exceeding
tens of GeV per nucleon is harder. It is difficult to separate these fragments from beam nuclei because
they are emitted at very small angles with respect to the beam axis. For example, projectile fragments
were intercepted by imposing an external magnetic field and placing fragment detectors far from the
interaction point [2]. High resolution nuclear emulsions [[11] and solid-state track detectors made of
CR309 plastic [12] have also been employed to study fragmentation of ultrarelativistic nuclei. The charge
distributions of fragments have been measured [11/,/12] in a wide range of charges of secondary nuclei,
but nuclear emulsions and stacks of CR39 remained insensitive to spectator neutrons. Measurements of
the charge-changing cross sections for lead and indium nuclei at an energy of 158 GeV per nucleon were
performed with multiple-sampling ionisation chambers in Refs. [3] and [13], respectively, also without
detecting forward neutrons.
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It should be emphasised that, to date, the production of charged spectator fragments has not been studied
neither at RHIC nor at the LHC. There exist only two proposals for future experiments to detect charged
fragments in collider experiments, in particular, by means of a centrality detector at RHIC [14] and by
the ATLAS Forward Proton detectors at the LHC [[15]. The ALICE experiment already has a unique pos-
sibility to detect forward protons as well as neutrons with its neutron and proton zero degree calorimeters
(ZDCs) [16-18].

According to the RELDIS [4, [19, 20] and FLUKA [21]] models, the production of various secondary
nuclei is expected in EMD of 2%8Pb at the LHC. It is impossible to identify masses and charges of sec-
ondary nuclei at the LHC and thus directly measure the cross sections of production of specific nuclides.
However, the cross sections of production of 207:206:205.204.203pp are closely related to the cross sections
to emit 1, 2, ... 5 neutrons, respectively, in the absence of proton emission.

The aim of the present work is twofold. Firstly, to determine the cross sections of neutron emission
in EMD of heavy nuclei at the highest collision energy available in accelerator experiments. Various
models [4, 21-23] that are used to calculate neutron emission in EMD can be tested with these new
data. Secondly, to measure the cross sections of emission of 1, 2, ... 5 neutrons without protons, to be
used as approximations of the cross sections of production of 207:206:205,204203pp - The validity of this
approximation is studied by means of the RELDIS model.

In Section2]the ALICE ZDC:s are briefly described. In Section[3]the data sample and the adopted trigger
configuration are presented. Section 4] describes the methods of fitting ZDC energy spectra, and the
corrections for detection efficiency and acceptance that provided the measured cross sections presented
in Section[3l In Section [, on the basis of the RELDIS model, the neutron emission without protons
in EMD of 2%Pb is associated with the production of secondary lead nuclei. Finally, conclusions and
outlook are given in Section [7]

2 Experimental set-up

A detailed description of the ALICE experiment can be found in Ref. [24]. In the following, only the
detectors relevant for the measurements discussed in this paper will be described. Two identical systems
of hadronic calorimeters are placed on both sides (C and A) of the nominal interaction point (IP), 112.5 m
away from the IP along the beam direction. The neutron (ZNC and ZNA) and proton (ZPC and ZPA)
calorimeters [16-18] were denoted as ZN and ZP, respectively. The letter C(A) was assigned to the
corresponding calorimeter because it intercepts the forward nucleons emitted by nuclei of the clockwise
(anticlockwise) beam 1(2). Each ZDC is segmented into four towers. Half the optical fibres uniformly
distributed in the calorimeter are read out by four tower photomultipliers (PMTs) and the other half are
read out by a single fifth photomultiplier (PMC) common to all towers. Thus, there exist two options to
obtain the energy deposited in the ZDC, either from the sum of signals in all PMTs (including PMC), or
from the signal in the PMC alone.

ZNC and ZNA are placed at zero degrees with respect to the neutron flight path from the IP to detect
neutral forward particles at pseudorapidities 1| > 8.8. ZPC and ZPA detect forward protons guided
to these calorimeters by the LHC magnet system. Two small electromagnetic calorimeters (ZEM1 and
ZEM?2) are placed only on the side A, at 7.5 m from the IP, covering the pseudorapidity range 4.8 <n <
5.7 [18] and two intervals —16° < ¢ < 16° and 164° < ¢ < 196° of azimuthal angle.

3 Data sample

Data on 28Pb—2%8Pb collisions at \/sny = 5.02 TeV collected by ALICE in 2018 were analysed. Special
runs for the EMD cross section measurement with reduced instantaneous luminosity and, consequently,
with reduced event pile-up were considered. For these runs the average number of hadronic inelastic
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interactions per bunch crossing Uine; ~ 1.3 x 107* was about 10 times lower than during the ALICE
standard physics runs. Events were triggered requiring a signal over threshold either in ZNC or in ZNA.
This condition is referred to as the ZED trigger and it is sensitive to one-sided EMD events with neutrons
emitted either towards the C or A sides, as well as to EMD and hadronic events with neutrons emitted on
both sides. It is customary (see, e.g. [5]) to define as single EMD events those with at least one neutron
emitted in EMD processes, and as mutual EMD events those with at least one neutron emitted per side
in EMD processes, so that mutual EMD events are a subset of single EMD events.

Using the ZDC timing information, only events corresponding to interactions happening at the nominal
bunch crossing were selected, thus rejecting collisions between the beam and residual gas in the beam
pipe, and collisions involving nuclei circulating outside the nominal bunch slots. The total number of
selected events amounts to Ny = 2.050 x 10°. The ZED trigger cross section ozgp was measured in a
van der Meer (vdM) scan [25] and found to be ozgp = 420.5+9.3 b [26].

The triggered events were classified into electromagnetic and hadronic events according to the signals of
the forward calorimeters ZEM1 and ZEM?2. Events with a signal in either ZEM were tagged as hadronic
and rejected, leaving a sample of NFMP, = 2.009 x 10° single or mutual EMD event candidates. How-
ever, as follows from the modelling of particle emission in UPCs of 2%Pb at the LHC [[19], in a small
fraction of EMD events, protons and pions are emitted at || < 6. Detection of these particles by one
of the ZEMs may lead to the rejection of EMD events due to the ZEM veto condition. Therefore, it is
necessary to estimate the efficiency of the ZEM veto to select electromagnetic events.

Let the numbers of single EMD, mutual EMD and hadronic events be denoted as s, m and h, respectively.
The number of detected events with neutrons, say, only on side C is defined as s — m + hpm = A1. In
this equation a small fraction {j,,, of hadronic non-mutual events with the emission of forward neutrons
only on one side is taken into account. The number of events with neutrons only on side C, but obtained
without signal in ZEM is calculated as s€ —me,, + hyu, €, = 5. Here the fractions of single EMD, mu-
tual EMD, and hadronic events, which survive the ZEM veto, are denoted as &, g, and &,, respectively.
The condition that neutrons are detected only on side C can be released, thus providing the equations:
s+ h = 4 and s€ + he, = A4, without and with the ZEM veto, respectively. In Ref. [5] a small value
&, = 0.076 was reported on the basis of HIJING modelling. According to the AAMCC model [27], the
fraction of hadronic events with 1-5 forward neutrons on a given side, but without neutrons on the other
side, is calculated as ,,, = 0.003. As estimated with the RELDIS and AAMCC models, for each of
the 1n—5n channels, the relation s >> h is valid, and consequently, s > hg;,. Because of the dominance of
single EMD events over mutual EMD events, the relations s —m > hj,,, and s€ —me,, > h{,,, are also
valid and the hadronic contribution can be neglected in all four equations for each neutron multiplicity
with the solution € = 44 /.A45 and g, = (N5 — N3) /(N5 — M).

The resulting &; for each neutron multiplicity i = 1,2,...5 for events with less than 6 neutrons and for
events with any number of neutrons (Xn) are given in Table [l together with their uncertainties calculated
following Ref. [28]. The values of ¢&; estimated on both sides exceed 99%. As can be also seen from
Table [l there is a trend that the higher the neutron multiplicity, the higher the fraction of EMD events
lost due to the ZEM veto. Hereafter, events with zero, one, two, ... six neutrons are denoted as On, 1n, 2n,
... 6n events. Less than 0.125% of 1n events are lost due to the ZEM veto, but up to 1% for 5n. This is
explained by the fact that EMD products associated with high neutron multiplicity events are emitted at
larger angles and in some rare cases can hit ZEM. Nevertheless, the efficiency of selecting EMD events
by imposing the ZEM veto remains extremely high (> 99.8%) for the In—-5n channels. The values of ¢;
listed in Table [Tl were used to correct the numbers of detected events n;, of each neutron multiplicity in,
for the efficiency of the ZEM veto to select EMD events.

The emission of neutrons in the EMD of one or both colliding nuclei can be accompanied by two-photon
interactions ¥y — e*e™ in the same UPC event. This process was considered in Ref. [29] for mutual
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Table 1: Efficiency of the ZEM veto to select electromagnetic events with a given neutron multiplicity and for
events with any number of neutrons, estimated from the data collected with and without the ZEM veto for the sides

Cand A.
Neutron & (%)
multiplicity in Side C Side A
In 99.875£0.005 | 99.902 £ 0.005
2n 99.766 £0.014 | 99.819+£0.013
3n 99.457£0.039 | 99.349 £0.042
4n 99.479£0.043 | 99.321 £0.049
5n 99.368 £0.050 | 99.025 £0.064
total In-5n | 99.802+0.005 | 99.806 £ 0.005
total Xn 96.722£0.017 | 96.117£0.019

EMD. By modelling with STARIight [30] dilepton production and neutron emission on one side, the
energy distributions of e™ and e~ within the acceptance of the ZEM were calculated. The probability to
obtain leptons with energy above the ZEM veto threshold of about 10 GeV was found to be negligible.

4 Analysis
4.1 Collection, calibration and fit of ZDC energy spectra

In the present work the ZDC energy spectra collected with the PMC were used to obtain the neutron
emission cross sections. These spectra were calibrated to satisfy as precisely as possible two main
criteria: (1) the pedestal peak is centred at zero energy; (2) the distance between consecutive peaks
amounts to the beam energy Ey = 2510 GeV per nucleon.

The numbers of detected events n; for each neutron multiplicity class in were extracted by fitting the
calibrated distributions of energy E deposited in ZN using the y? fit method. The fitting procedures were
validated with Run 1 data in Ref. [5]. The fitting function F (E) is the sum of six Gaussians corresponding
to up to six detected neutrons

(E-p)?

. 1
Z it ()

The Gaussian G;(E) represents the i-th peak and it is characterised by the mean value y;, the standard
deviation o; and the normalisation constant n;, which denotes the number of detected events with i
neutrons. Because of the large widths of the peaks corresponding to neutron multiplicities larger than 5
in the neutron spectra, it was not possible to identify unambiguously the numbers of events with six or
more neutrons. Though the 6n peak is not well-defined, it is still used to improve fit results for 1, 2, ... 5
neutrons. The values of t;, 67 and n; for the first nucleon peak were considered as free parameters.
Despite the expected exact correspondence of [ to Ey, some variations of y; in the course of the fitting
procedure were allowed within a 10% deviation from E. In addition, the value of 6 was constrained to
be between 0.1 x Ey and 0.5 x Ey to improve the fit quality. These conditions make it possible to account
for imperfect ZDC calibration. The parameters of the Gaussians describing the two-, three-, four-, five-
and six-nucleon peaks were also restricted: u; varied within £20% around i x y; while o; varied from
o) to \/io;. The numbers of detected events n; in each peak were introduced as free parameters of the fit.
As described below, after taking into account the acceptance x efficiency of the ZDCs, corrected numbers
of events N; were finally obtained from n;.



Neutron emission in UPC Pb-Pb at /sy = 5.02 TeV

ALICE Collaboration
’>\105__|---|---|---|---|---|---|---__ S [T i
2 E — Data |°_)10 — Data
N — Fit, In-6n 1 N — Fit, In-6n ]
e i 1 o
= == Fit, 1n =
Elo4§_ Elo“v—

c B c E

S ' S h
0 ' ) .
°10°t \ ° :

'. 2 :

: \ ALICE : 107 : ALICE 5
107 1 Pb-Pb ys, =5.02TeV | ' Pb-Pb ys,,=5.02TeV ]

* No signal in ZEMs 3 V' No signal in ZEMs

. '-. 107} :
10 : - :.

T T I P P T L [ I RS T PP T T

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

E_\c (TeV)

E_a (TeV)

Figure 1: Colour online: distributions of energy in ZNC (left) and ZNA (right) from EMD events (histograms)

and resulting fit functions (solid curves) representing the sum of Gaussians. The Gaussians representing 1n peaks
are shown by dashed curves.

The distributions of energy deposited by forward EMD neutrons in ZNC and ZNA are shown in Fig.[Il
These distributions were obtained for events with at least one neutron registered either in ZNC (Fig. [I
left) or in ZNA (Fig. [} right), surviving the ZEM veto. As seen from this figure, the spectra collected
on the C and A sides are very similar. These spectra were fitted with the functions given by Eq. (I).

The yields of 1n, 2n, ... 5Sn EMD events were extracted from these spectra and used to calculate the

cross section of emission of given numbers of neutrons along with any number of forward protons, as
described in Section 5,11

4.2 Correction for detection efficiency and acceptance of neutron and proton ZDCs

Some of the forward nucleons are lost on their way to the ZDCs due to the limited ZDC acceptance
and scattering on various components of the LHC, in particular, on injection collimators, beam pipes,
recombination chamber and in air. Also, a peripheral impact of some nucleons on the calorimeter is
responsible for an increased shower leakage leading to reduced energy deposited in the ZDCs. Because
of such effects, the distributions of energy deposited in the ZDCs are distorted, particularly in events
with a high nucleon multiplicity. For example, either one or two nucleons can be lost in a three-nucleon
event. As a result, the three-nucleon event can be misidentified, respectively, as a two-nucleon or as
a one-nucleon event. The probability to obtain a fake one-nucleon event will be different in two- and

three-nucleon events. This suggests the need to calculate the efficiency of event detection separately for
each multiplicity class, as demonstrated in Ref. [31].

The acceptance x efficiency correction factors fi, = NiMC / nﬁwc were calculated for ZNC and ZNA and,
for the study of neutron emission without protons, also for ZPC and ZPA. In a realistic Monte Carlo
simulation of the ALICE apparatus, and after transporting neutrons generated with RELDIS, the number
of generated events Nl.MC and the number of events nz.V'C registered in ZDC were calculated for each
neutron multiplicity class in. RELDIS has been validated with data on neutron emission in EMD of
208pp at the LHC [S] and at lower collision energies [32]. The acceptance x efficiency correction factors
calculated for the channels with the emission of 0, 1, 2, ... 5 neutrons, possibly along with other particles,
are given in Table 2l The values of f;, were obtained by two different methods described below, and the
simple averages f;, were applied to raw data, as explained in Section .3l The first method was based
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Table 2: Acceptance xefficiency correction factors for detecting neutrons in ZNC and ZNA and their estimated

uncertainties.

Neutron Average of two methods
multiplicity
in ZNC ZNA
On 0.286 £ 0.126 | 0.302 £ 0.097
In 1.064 £ 0.031 | 1.064 £ 0.030
2n 1.092 £+ 0.024 | 1.010 £ 0.095
3n 1.057 £0.032 | 1.066 £ 0.020
4n 1.001 £ 0.046 | 0.962 £ 0.094
5n 0.907 £0.132 | 0.917 £ 0.104

on counting nucleons crossing the front area of each ZDC, while in the second method simulated ZDC
energy spectra were fitted by the functions given by Eq. (I). Finally, in both methods the numbers of
events of each multiplicity in generated by RELDIS were divided by the numbers of detected events
to obtain the correction factors. The difference between the results of the two methods divided by v/2
is considered as the systematic uncertainty for the final average correction factors. These factors are
given in Table 2] together with their combined statistical and systematic uncertainties. As seen from this
table, most of the obtained f;, values exceed unity, because the loss of EMD neutrons in a channel of a
certain multiplicity is not compensated by the migration of events from less frequent channels of higher
multiplicity induced by the loss of one or two neutrons. In contrast, according to RELDIS, only in 3.2%
of EMD events neutrons are not emitted, but the On channel is filled with events of different neutron
multiplicity when all neutrons are lost. This explains a noticeable correction of fy, ~ 0.3 for the On
channel.

When considering neutron emission without associated proton emission, additional correction factors for
the proton ZDC, fo,, were applied to the raw yields. Hereafter, events with zero protons are denoted as
Op events. These correction factors were calculated with the same two methods as for the neutron ZDC
resulting in the average values of 0.848 £0.015 and 0.852 4+ 0.018 for ZPC and ZPA, respectively. In
general, results from MC simulations are consistent with results of the probabilistic model of Ref. [31]
with the probability p, = 0.9 to detect a neutron in ZN and with p, = 0.55 to detect a proton in ZP.

4.3 Determination of neutron emission cross sections

The cross sections for specific EMD channels o (in) with a given number of neutrons i and an arbitrary
number of protons were obtained by combining ozgp introduced in Section[3land n; from the fit functions
given by Eq. (I). The cross sections were measured separately on the C and A sides by ZNC and ZNA,
respectively. After the signal extraction, the corrections for the efficiency of the ZEM veto ¢&; introduced
in Section 4.1l and for the ZDC efficiency and acceptance, f;,, Sectiond.2] were applied:

N; ni fi nj

m
= Ozep——— = Ozep—Fin - ()
Niot Nt & Niot

G(in) = OZED

Here N, is a corrected number of events with given neutron multiplicity i, Ny is the total number of ZED
trigger events defined in Section[3] and F}, is the resulting correction factor. The cross sections of specific
EMD channels o(in,Op) with given number of neutrons i and without protons on the side C or A were
obtained in the same way, but with the additional correction factors fy, for the efficiency of registration
of Op events in ZPC and ZPA, respectively:

N; n; finfop n;

= OzED—— = 0zED~— Finop - (3)
Nio Neot & Neot

G(in, Op) = OZED

7
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Table 3: Relative systematic uncertainties of the cross sections of emission of given numbers of neutrons i accom-
panied by an arbitrary number of protons (Yp, including zero protons) and without protons (Op), in UPCs of 2%Pb
nuclei at /sny = 5.02 TeV. Each uncertainty is calculated for the average of the cross sections measured on the
sides C and A.

Relative uncertainty (%)

Source In 2n 3n 4n S5n

Yp | Op Yp | Op Yp | Op Yp| Op Yp | Op
Fitting procedure | 0.55| 0.55 [ 0.32] 0.29 | 0.83] 0.72 [ 0.73 | 0.67 | 1.14| 1.01

ZDC+ZEM efficiency | 2.03 | 2.45 | 4.68 | 4.88 | 1.78 | 2.25 | 5.35| 5.52 | 9.26 | 9.36
ozgp determination
from vdM scan

Total 3.04] 334 [ 5.18] 536 | 2.95]| 3.23 | 5.83| 5.98 | 9.59 | 9.67

2.2

Here Fj, qp is the resulting correction factor as in Eq. (2), but for Op events. Because of the very large
number of collected ZED trigger events, the uncertainty of N is negligible. The statistical uncertainties
of n; originate from the uncertainties on the numbers of events found by the fit procedure. The systematic
uncertainties of n; were estimated from a variation of the fit procedure by considering the difference in
n; obtained with the nominal and double bin size. Only systematic uncertainties were considered for Fj,
and Fj, op. Following Ref. [26], the relative systematic uncertainty of ozgp was taken as 2.2%, resulting
from the vdM scan analysis.

The final cross sections were obtained as the average between the measurements performed on the sides
C and A from the event numbers and resulting correction factors introduced in Egs. @) and (3)):
o€+ oh nCFC +nAFA

6=2""9 _gpptl T 4
5 ZED N 4)

The contributions to the relative systematic uncertainties of & were propagated from the systematic
uncertainties on each side as summarised in Table 3l These uncertainties were calculated separately for
the cross sections of neutron emission accompanied by an arbitrary number of protons (Yp, including
zero protons) and without proton emission (Op).

In these measurements, the pile-up of EMD events was lower with respect to the previous ALICE mea-
surements of the EMD cross sections [5]. Nevertheless, the uncertainty due to the residual pile-up of
EMD events was also addressed. The main issue with the pile-up is to count two 1n events as a 2n
event. For these runs the average number of hadronic inelastic interactions per bunch crossing ine] Was
about 1.3 x 10~*. The same value, but calculated for 1n emission in EMD is Win = Uinel X (O1n/Ohad) =
1.8 x 1073, where oy, = 108 b is calculated with RELDIS and Gp,q = 7.67 £0.24 b is the inelastic
hadronic interaction cross section measured in Ref. [26]. With 02,/01, ~ 0.24, also estimated with
RELDIS, the relation tp, ~ 0.24 x u, is obtained. Following the Poisson distribution, the ratio of the
probabilities to obtain two 1n events in the same bunch crossing p(2,U,) and to have one 2n event
p(lau2n) is

p(znuln) _ »u12n exp(_”ln) _ Hin

p(1,tn)  2tonexp(—pan)  0.48
One can conclude that the pile-up effect of 0.4% for 2n emission can be neglected in view of the total
~ 5% uncertainty for this channel reported in Table[3l

exp(—0.76u1,) =~ 0.004 . (5)
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5 Results

5.1 Cross sections of emission of given numbers of neutrons

The EMD cross sections ¢ (in) for 1n, 2n, 3n, 4n and 5n emission accompanied by an arbitrary number
of forward protons (including zero protons) were measured separately on the C and A sides. They are
listed in Table[dl In order to obtain these cross sections, EMD events were selected by applying a veto on
ZEM, as described in Section[3l The cross sections given in Table [ were corrected for the ZDC and ZEM
efficiency separately for each side as described in Section As seen, the cross sections measured on
the side C are slightly larger compared to those on the side A. However, the side C and A cross sections
are in most cases consistent, because this difference is within the uncorrelated uncertainty of the side A
cross section. As follows from Table 3 the main contribution to the systematic uncertainties of the cross
sections is due to the uncertainties of the corrections for ZDC and ZEM efficiency.

The average o (in) between the C and A sides were calculated for each neutron multiplicity i according
to Eq. @). The resulting o (in) are given in Table [ with their statistical and systematic uncertainties
propagated from the uncertainties on each side, which were considered as uncorrelated, except for the
contribution from the vdM scan uncertainty, which is fully correlated between the C and A sides. The
differences between the cross sections obtained on the sides C and A depend on the chosen method to
calculate the ZDC efficiency, with the exception of 1n channel, so the uncertainties on the efficiency can
justify the difference between the cross sections on the C and A sides. On the basis of this finding, the
difference between C and A sides divided by v/2 was considered as an additional uncertainty only for
the average 1n cross section.

In Table [ the measured cross sections are compared with results of the RELDIS [4] and n8n [23]
models. Both models are based on the Weizsidcker—Williams method to calculate the cross sections
of neutron emission in EMD of nuclei by considering the respective photonuclear reactions induced
by equivalent photons. RELDIS simulates nuclear reactions induced by Weizsidcker—Williams photons
on 2%Pb by means of the intranuclear cascade model of photonuclear reactions with the subsequent
de-excitation of residual nuclei via neutron evaporation and other processes [33]. A phenomenological
approximation for the total photoabsorption cross section on 2Pb is used as an input to RELDIS together
with calculated relative contributions of various final states to obtain the absolute values of o (in) and
o(in,0p). A similar phenomenological approximation of the total photoabsorption cross section is also
used in n8n. In this event generator the calculations of probability of a given neutron emission channel
are based on approximations of partial photoneutron cross sections measured on 2*®Pb below 140 MeV
and extrapolated to higher photon energies [23]. Only neutron emission events can be generated with
n8n, but the On EMD cross section of 6.85 b corresponding to 3.2% of EMD events with the emission of
other particles without neutrons was calculated with RELDIS.

The uncertainties of RELDIS results (~ 5%) given in Table [ stem from the uncertainty of the phe-
nomenological approximation of the total photoabsorption cross section on 2%Pb used by this model.
As shown in Ref. [20], the uncertainties of the calculations of specific neutron emission channels (1n,
2n) in absorption of low energy photons are typically as high as 7%. Another source of uncertainties
is connected to the estimations of unknown total nuclear photoabsorption cross section at high photon
energies (> 60 GeV) from the measured total yp cross sections taking into account nuclear shadowing.
As evaluated recently [34], the total EMD cross sections calculated with different high-energy approx-
imations for 2%®Pb—2%8Pb collisions at the LHC differ by ~ 2%. Similar uncertainties of ~ 2—4% were
attributed to the measured total cross section of the absorption of real intermediate energy photons (0.5—
2.6 GeV) by "™Pb [33]. The total EMD cross section is the sum of the contributions of processes induced
by Weizsidcker—Williams photons from the above-mentioned energy domains. Therefore, the combined
error of ~ 5% is attributed to the cross sections calculated with RELDIS also for each individual neutron
emission channel in Table [l The uncertainty of 2% also applies to the cross sections calculated with n8n
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Table 4: Cross sections of emission of one, two, three, four and five neutrons along with an arbitrary number of
protons in EMD of 293Pb at V/SnN = 5.02 TeV measured on the C and A sides and their average along with their
statistical and systematic uncertainties. Cross sections calculated with RELDIS [4] and n8n [23] are given for
comparison. The sum of 1n—5n cross sections is presented in the last row. The uncertainties of the measurements
are reported in the order 4 (stat.) & (syst.).

N o (in) (b) o (in) GRELDIS () [ G100 (jn)
Side C Side A (b) (b) (b)
In 109.7+£0.1£4.0 107.24+0.1£4.0 108.4+0.1£3.7 108.0+5.4 | 103.7+2.1
2n 25.84+0.1£0.8 24.14+0.1£2.3 250+0.1£1.3 2594+1.3 23.6t£0.5
3n 7.974+0.07+0.32 | 7.94+0.04+0.24 | 7.954+0.044+0.23 | 11.4+0.6 6.3+0.1
4n 5.734+0.04+0.30 | 5.56+0.04+0.56 | 5.65+0.034+0.33 | 7.8+0.4 4.8+0.1
5n 4.614+0.04+0.68 | 4.47+0.04+0.52 | 4.544+0.034+0.44 | 6.3+0.3 4.7+0.1
In-5n 151.5+0.2+4.6 159.8+5.6 | 143.1£2.2

because of the uncertainties of the approximation of the total photoabsorption cross section on 28Pb.

The sum of the measured 1n—5n cross sections amounts to 151.5+0.24+4.6 b, and it is within 20 in
agreement with the same sum calculated with RELDIS as 159.8 +-5.6 b, see Table 4l The 1n-5n sum
calculated with n8n as 143.1 £2.2 is lower. In general, the measured sum is in the middle between
the models. The total single EMD cross section for neutron emission can be simply estimated from the
cross sections measured in Ref. [26] as (0zgp — Ohad) /2 = 206.4 b assuming 100% efficiency of the ZED
trigger. It is in good agreement with the corresponding cross section of 204.6 £ 7.1 b calculated with
RELDIS. As seen, the measurements and calculations demonstrate dominant contributions of 73% and
78%, respectively, of 1n—-5n channels to the EMD of 2%Pb leading to neutron emission.

The measured cross sections are also shown in Fig. [2] together with results of the models. As seen, the
cross sections of 1n- and 2n-emission calculated with RELDIS and n8n agree with the measured ones. On
the other hand, the measured 3n and 4n cross sections are overestimated by RELDIS and underestimated
by n8n. At the same time, the 5n cross section is described very well by n8n, but overestimated by
RELDIS. One can note that the models agree well with respect to the 1n and 2n cross sections, but differ
for higher neutron multiplicities. This indicates the importance of 3n, 4n and 5n measurements for tuning
the parameters of the models mentioned above.

5.2 Comparison with previous ALICE results

Previous ALICE results on neutron emission in EMD were reported in Ref. [5] for 208 pp_208pp collisions
at \/snn = 2.76 TeV. Events were required to have a signal in one of the two ZN and no signal in the
other one, so events of symmetric emission, such as those occurring in hadronic and mutual EMD were
rejected, and the sample contained single but not mutual EMD events. The ZEM veto was not used to
suppress hadronic events. With this selection the fractions of 1n, 2n and 3n events were determined in
Ref. [J]. Following the same selection, the spectra in ZNC and ZNA for single minus mutual EMD
process were obtained also in the present work at /sy = 5.02 TeV without the ZEM veto described in
Section 3l

The fractions of 1n-, 2n-, 3n- and 4n-events over the total number of events without neutrons on the
opposite side Nope-side are listed in Table [Sl These fractions were extracted from ZNC and ZNA spec-
tra and were corrected for ZNC and ZNA acceptance as described in Section The measurements
are compared with RELDIS results given in the same table. The previous ALICE results for 2°Pb—
208Pb collisions at \/sNy = 2.76 TeV [9] are also given together with RELDIS results for this collision
energy.
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Figure 2: Colour online: measured (points) and calculated with RELDIS [4] (solid-line histogram) and n8n [23]
(dashed-line histogram) cross sections of emission of given numbers of neutrons i in UPCs of 2°8Pb nuclei at
v/SNN = 5.02 TeV. Combined statistical and systematic uncertainties of the measurements are presented.

Table S: Fractions (in %) of EMD events with given numbers of neutrons but without neutrons on the opposite side
measured and calculated for 208Pb—298Pb UPCs at ,/snn = 2.76 TeV [3] and /snn = 5.02 TeV. The uncertainties
of the measurements are given in the order £ (stat.) & (syst.).

Single minus VSN = 2.76 TeV [5] /SN = 5.02 TeV
mutual Experiment RELDIS Experiment RELDIS

Ni/None-side | 51.5+£0.44+0.2 | 542424 | 524+0.1£1.3 5134223
N2 /Nope-sige | 11.6+£0.34+0.5 | 12.74+0.8 | 11.944+0.03+£0.56 | 12.2+0.8
N3/Nope-sige | 3.6+£0.2+£02 | 54+0.7 | 3.74+£0.02+0.07 | 54+0.7
Ni/None-side 2.66+0.01£0.14 | 3.7+0.5

As seen from Table[3] similar fractions of 1n, 2n and 3n events are measured at V/SNN =2.76 TeV [5] and
VSN = 5.02 TeV. The dominance of 1n emission is evident at both collision energies. The measured
In and 2n fractions are in very good agreement with RELDIS. A slight reduction of calculated 1n events
is seen at higher energy because of the redistribution of events in favour of higher multiplicities. This
can be explained by a higher average equivalent photon energy at ,/syy = 5.02 TeV. However, such
a subtle effect cannot be traced with confidence because of measurement and modelling uncertainties,
which were calculated as described in Section

5.3 Emission of neutrons without protons

In order to measure the cross section for 1n, 2n, ... 5n emission without proton emission (Op), the energy
spectra in ZNC and ZNA were obtained for events not having a signal in the respective ZP. Measured
cross sections of 1n-, 2n-, 3n-, 4n- and 5n-emission without protons are given in Table [6] together with
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Table 6: Cross sections of emission of one, two, three, four and five neutrons without protons on the same side
in the EMD of 208Pb at
statistical and systematic uncertainties. Cross sections calculated with RELDIS are given for comparison. The

sNN = 5.02 TeV, measured on the C and A sides, and their average along with their

sum of 1n—-5n cross sections is presented in the last row. The uncertainties of the measurements are given in the
order + (stat.) £ (syst.).

ZN | zP Ye o (in, Op) (b) cTh o (in,0p) (b) GRELDIS (jn 0p) (b)

In 92.6+0.1+38 |909+0.1+39 | 91.8+0.1+£33 1041452

2n 214£01+08 | 200£0.1£2.0 | 207+0.1+1.1 219L1.1

3n | Op | 6.14£0.07+£0.27 | 6.21£0.04-£0.23 | 6.17£0.04£0.20 7591038

in 42140045023 | 4.08+£0.04 1042 | 4.15+£0.03+£0.25 4291022

Sn 3.16£0.04£047 | 3.08+0.03+0.36 | 3.12+0.03£0.30 2.05+0.15
In—5n 126.0+£0.2+4.0 1408 %53

RELDIS results. As can be seen, the cross sections measured on side C are systematically slightly larger
than on side A, but the difference remains within the uncorrelated uncertainty of side A cross sections for
all neutron multiplicities. The cross sections were calculated with Eq. (3) from the numbers of events n;
of each neutron multiplicity in obtained from the fit of spectra with the functions given by Eq. (). In this
case of Op measurements, the numbers of true events of each multiplicity N; were obtained by correcting
for the efficiency of ZNC and ZNA and also for protons undetected in ZPC and ZPA, as described in
Section[4.2] Statistical and systematic uncertainties were calculated as described in Sections [4.3]and [5.1]
Contributions to the total systematic uncertainties are presented in Table 3l

The measured cross sections of 1n, 2n, ... 5n emission not accompanied by protons, shown in Table [6]
are lower than the cross sections of 1n, 2n,.. 5n emission along with other particles presented in Table 4l
This difference is larger for 4n and 5n channels because protons are emitted more frequently at higher
equivalent photon energies associated with multineutron events. With the exception of 5n emission, the
measured Op cross sections are lower than the cross sections calculated with RELDIS. Nevertheless, the
agreement between the measurements and calculations for Op cross sections is better than for Yp cross
sections presented in Table [l

The sum of the measured Op cross sections from 1n to 5n is estimated as 126.0+0.2+4.0 b. It is
also listed in Table |6 for comparison with RELDIS. This sum of Op cross sections provides a dominant
(~ 83%) contribution to the sum of Yp cross sections 151.5 +0.2 4.6 b given in Table 4 In other
words, only ~ 17% of 1n—5n events are accompanied by the emission of protons.

The measured Op neutron emission cross sections are shown in Fig.[3land compared with RELDIS results
for the same cross sections and also with the calculated cross sections to produce specific secondary
nuclei: 207:206,205,204.203py, - According to RELDIS, the cross section of the production of 2°7Pb, is almost
the same as (1n,0p) cross section, while the cross sections of production of 2°Pb and 2*>Pb are smaller
than (2n,0p) and (3n,0p) cross sections only by 3% and 10%, respectively. According to this model, the
calculated Op cross sections of emission of four, five, six and seven neutrons can be considered as upper
limits for the cross sections of production of 204203:202.201pp, " respectively. The difference is due to the
emission of additional particles, e.g. protons and/or charged 7-mesons, which leave residual nuclei other
than Pb, as explained in Section

6 Discussion

The measured cross sections ¢ (in) of neutron emission accompanied by an arbitrary number of protons
in EMD can be used to validate various EMD models. The cross sections of neutron emission o (in,Op)
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Figure 3: Colour online: measured cross sections of emission of given numbers of neutrons i in UPCs of 2%8Pb
nuclei at \/syn = 5.02 TeV without proton emission (points) and the cross sections calculated with RELDIS [4]
(solid-line histogram). Calculated cross sections to produce specific secondary nuclei, 207:206:205,204,203,202,201py,
are presented by the dash-dotted histogram marked by nuclide symbols. Combined statistical and systematic

uncertainties of the measurements are presented.

without protons were also measured. Because of the absence of proton emission, these cross sections can
be associated with the production of 207pp, 206pp_205pp 204ph and 293Pb as secondary nuclei in EMD of
ZOSPb

In order to test this association, the RELDIS event generator, validated with data on neutron emission [3,
32] and production of secondary nuclei [3] in EMD of 2%Pb at lower collision energies, was used. In
each simulated event AA = Aes + Ny + N, — 208 and AZ = Zs + N, — 82 were calculated from the mass
number As and charge Z,.; of the heaviest residual nucleus and the numbers of emitted neutrons N, and
protons N,. The calculated probability distributions to obtain AA and AZ in events with a given N, are
presented in Fig.dl As seen from this figure, in RELDIS simulations the probabilities to obtain 1n, 2n,
... Sn events with AA = 0 or AZ = 0 among all EMD events are within the range of 3-50%. However,
the probability of In, 2n, ... 5n events with AA < 0 or |AZ| > 0 is well below 1%.

Two examples of such rare events are presented in the following. The first one is represented by the
excitation of an intranuclear neutron with its conversion to a proton: yn — A° — p+ . In the case of the
undetected 7~ escaping the nucleus, the total charge of the system, including emitted nucleons, differs
from 82: AZ = 1. In Ref. [36] the production of g3Bi from 158A GeV g, Pb nuclei in their ultraperipheral
collisions with different targets has been explained by the production of 7. In the second example,
the products of the fragmentation contain an undetected ¢-particle in addition to nucleons: AA = —4. In
Ref. [37] a similar reaction of the emission of ct-particles from '°7 Au induced by bremsstrahlung photons
was investigated.

One can conclude from Fig. 4] that, according to RELDIS, in the majority of In-5n EMD events AA =0
and AZ =0, and it is sufficient to measure N, and N,, for evaluating Ares and Z.;. The dominance of
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Figure 4: Colour online: Probability, calculated with RELDIS (in %), of the difference AA between the sum of the
mass number of the most heavy residual nucleus and the numbers of emitted nucleons and A of the initial 2°*Pb
(left) and probability (in %) of the difference AZ between the sum of the charge of the most heavy residual nucleus
and the number of emitted protons and Z of 2°8Pb (right) plotted as functions of N, in each event.

AA =0 and AZ = 0 events is explained by a rather modest excitation energy per nucleon E*/A delivered
in the absorption of Weizsicker—Williams photons by 2*®Pb. This was demonstrated in Ref. [@] where
(E*/A) were calculated for photospallation of "™Pb by real photons with energies from 20 MeV to 4 GeV.
As found in Ref. [33], (E*/A) is typically below 1 MeV. This suggests the creation of an excited single
heavy nuclear residue as a result of the emission of free neutrons and protons during the intranuclear cas-
cade. Such an excited nucleus would evaporate few nucleons and possibly undergo nuclear fission [IE]
rather than a multi-fragment break-up which becomes possible only at E* /A > 3 MeV [38]. For example,
the decay of the giant dipole resonance in 2*®Pb with E* = 7-20 MeV mostly produces one neutron [39].
According to RELDIS [20], the production of two neutrons is ten times less frequent in EMD of 2°8Pb
in this interval of E*. The residual nuclei, 2°’Pb or 2%Pb, can be distinguished by detecting the number
of emitted neutrons.

The contribution of electromagnetically induced fission of 2*®Pb in UPCs can also be estimated with
RELDIS. The fission process violates the condition AA = 0 and AZ = 0, but its calculated probability at
V/SNN = 5.02 TeV is as low as 0.6%. The EM fission probability for 158A GeV 208Pb projectiles on Pb
target is calculated with RELDIS as 0.18%. It is of the same order as the fission probabilities of 0.66%
and 0.75% measured at the CERN SPS in Refs. [@] and ], respectively. One can conclude that both
theory and experiment indicate fission probabilities below 1%. This process can be safely neglected in
favour of the creation of a single residual nucleus and several nucleons in EMD of 2%8Pb.

7 Conclusions and outlook

The cross sections for emission of given numbers of forward neutrons in EMD of 2%Pb nuclei in ul-
traperipheral collisions at /sxy = 5.02 TeV have been measured with the ALICE neutron zero degree
calorimeters. The fractions of 1n, 2n and 3n events were measured at the highest 2°Pb—28Pb collision
energy available so far in accelerator experiments. These fractions were found to be similar to those
measured at /sy = 2.76 TeV. The predictions from the RELDIS [@] and n8n ] models describe
well the measured cross sections, in particular, for low neutron multiplicities. These measurements are
important for the extraction of the contributions of high- and low-energy photons from coherent vector
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meson photoproduction measurements accompanied by neutron emission [42, 43].

The cross sections of EMD events with the emission of exactly 1, 2, 3, 4 and 5 neutrons and without
emission of protons have been measured. According to the RELDIS model, in EMD a single heavy
residual nucleus is typically produced after the emission of several nucleons. The probability of nuclear
fission in EMD is estimated to be below 1%. Therefore, the EMD events of In, 2n, 3n, 4n and 5n
emission without protons can be associated with the production of 2°7Pb, 2°Pb, 295Pb, 294Pb and 2*3Pb,
respectively. In other words, the measured neutron emission cross sections can be considered as upper
limits for the respective isotope production cross sections.

Since the charge-to-mass ratio of 20’Pb remains close to 2%Pb, these frequently produced secondary
nuclei emerge from the interaction points and propagate in the field of the LHC magnets on dispersive
trajectories in the vicinity of the primary beam [7]. The collider collimation system is adjusted to in-
tercept them (off-momentum collimators around Point 3 of LHC) to avoid the risk of beam dumps or
quenches of superconducting magnets [7, 8, 44, 45]. The moderate fluxes of 2°°Pb nuclei may hit the
beam pipe closer to the interaction points. The smaller fluxes of 293204 Pb generated in the collisions
are lost at the start of the dispersion suppressor or taken up by physics debris absorbers and do not present
any risks in collider operation.

A good quantitative understanding of the cross sections and fluxes of these nuclei provides valuable
input for evaluating luminosity decay and beam losses in the design of the Future Circular Collider
(FCC-hh) [46]. They also increase confidence in similar calculations for interactions of beam nuclei
with carbon and other materials in the collimation systems of the LHC and FCC [8].
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