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1 Introduction

When ultra-relativistic beams of lead nuclei are brought into collision, the processes often studied are those
for which the nuclei have an impact parameter smaller than twice the nuclear radius. Such collisions are
now understood to create droplets of quark-gluon plasma (QGP) that flow as a nearly perfect fluid, i.e.,
hydrodynamically [1]. However, the strong electromagnetic (EM) fields of the fully ionized nuclei can also
induce interactions when the nuclei have significantly larger impact parameters [2, 3]. In the equivalent
photon approximation, these strong EM fields correspond to a flux of quasi-real, high-energy photons.
Importantly, the nuclei can produce high-energy photons coherently from the entire nucleus, resulting in an
enhancement to the photon spectrum over a broad energy range which is proportional to Z? (e.g., atomic
number Z = 82 for Pb).

As a result, the rates for EM interactions (which include photon—photon and photon—nucleus scatterings)
are large enough to be measurable in Pb+Pb collisions at the Large Hadron Collider (LHC). Such collisions
are commonly referred to as “ultra-peripheral collisions” (UPCs) because they can occur when the impact
parameters between the incoming nuclei are large enough such that there is no hadronic interaction
between the nuclei. The ATLAS Collaboration has measured UPC events where the basic interactions are
photon—photon collisions [4-7], including light-by-light scattering and scattering where two leptons in the
final state are produced. The ATLAS Collaboration has also measured UPC photo-nuclear collisions, for
example in the case of dijet production [8]. In photo-nuclear reactions, the photon could act as a point-like
particle interacting with a parton in the nucleus (the “direct” case). However, the vector-meson dominance
picture suggests that the photon could fluctuate to a vector meson, for example a p meson, which then
interacts with the Pb nucleus (the “resolved” case) [2, 9]. Therefore, some subset of these collisions
could be considered as p—nucleus collisions, albeit at a lower center-of-mass collision energy than the
nucleon-nucleon /sy, depending on the p energy. Hence, such events will have an overall rapidity boost
of the center-of-mass frame in the direction of the nucleus.



Two-particle azimuthal correlations have been measured in photo-nuclear (y+Pb) events by ATLAS [10].
These results indicate significant non-zero elliptic (v,) and triangular (v3) flow coefficients. These
coefficients have been interpreted in terms of a hydrodynamically flowing medium [11], and alternatively
in terms of scattering diagrams in the glasma framework [12]. The v, values are significantly smaller
in photo-nuclear events compared with p+Pb events at the same charged particle multiplicity N;°. The
lower elliptic flow in photo-nuclear events may be explained by the stronger longitudinal decorrelations
in the rapidity-shifted photo-nuclear events in hydrodynamic calculations [11]. These authors make the
specific prediction that the radial flow [13] is essentially the same in photo-nuclear and p+Pb collisions, as
measured via the mean transverse momentum, pr, of charged and identified particles. The formation of
a small QGP droplet may also lead to other manifestations of QGP seen in heavy-ion collisions such as
a baryon/meson enhancement [14] and strangeness enhancement [15, 16]. A measurement by CMS of
two-particle correlations in the lower-multiplicity y + p system did not find evidence for collective effects
when compared to the expectation from event generators [17].

This paper presents the yields of charged hadrons and identified strange hadrons (K2, A, ) in photo-
nuclear collisions using 1.7 nb™! of \/syy = 5.02 TeV Pb+Pb data collected in 2018 with the ATLAS
detector at the LHC. The results are compared with measurements in p+Pb collisions specifically to test the
predictions of Ref. [11]. Additionally, these photo-nuclear data are compared with the photo-nuclear Monte
Carlo (MC) ppmieT-111 [18, 19] generator and with hydrodynamic calculations [11] to test the hypothesis of
a small QGP droplet formation.

2 The ATLAS detector

The ATLAS detector [20] at the LHC [21] covers nearly the entire solid angle around the collision point I
It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting magnets.
The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range || < 2.5.

The high-granularity silicon pixel detector covers the vertex region and typically provides three measure-
ments per track. An innermost insertable B-layer [22] has been operating as a part of the pixel detector since
2015. It is followed by the silicon microstrip tracker (SCT) which usually provides four two-dimensional
measurement points per track. These silicon detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction up to |n| = 2.0.

The calorimeter system covers the pseudorapidity range || < 4.9. Within the region || < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
electromagnetic calorimeters, with an additional thin LAr presampler covering || < 1.8, to correct
for energy loss in material upstream of the calorimeters. Hadronic calorimetry is provided by the
steel/scintillating-tile calorimeter, segmented into three barrel structures within || < 1.7, and two
copper/LAr hadronic endcap calorimeters covering 1.5 < || < 3.2. The angular coverage is completed
with forward copper/LAr and tungsten/LAr calorimeter modules optimized for electromagnetic and hadronic

I ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, ®) are used in the transverse plane, ® being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as 5 = —Intan(6/2). Angular distance is measured in units of
AR = +/(An)? + (A®)2. Both the rapidity and pseudorapidity are calculated in the center-of-mass frame per nucleon pair.



measurements, respectively. The muon spectrometer (MS) surrounds the calorimeters and is based on
three large air-core toroidal superconducting magnets with eight coils each. The MS includes a system
of precision tracking chambers and fast detectors for triggering. The minimum-bias trigger scintillator,
reconfigured for Run 2, detects charged particles over 2.07 < |n| < 3.86 using two hodoscopes of 12
counters positioned at z = £3.6 m. The Zero-Degree Calorimeters (ZDCs) play a key role in identifying
UPC events in heavy-ion collisions. They are located at z = +140 m from the interaction point, just beyond
the point where the common straight-section vacuum-pipe divides back into two independent beam-pipes.
The ZDC modules consist of layers of alternating quartz rods and tungsten plates that measure neutral
particles at pseudorapidities |77| > 8.3.

A two-level trigger system [23] is used to select events. The first-level trigger (L1) is implemented in
hardware and uses a subset of the detector information to reduce the accepted rate to at most 100 kHz. This
is followed by the software-based high level trigger (HLT) that reduced the accepted event rate to 1-4 kHz
depending on the data-taking conditions during 2018 Pb+Pb collisions.

A software suite [24] is used in data simulation, in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Event selection and simulations

Photo-nuclear interactions are selected via event topologies where one of the Pb nuclei remains intact,
resulting in no spectator neutrons and very sparse particle production downstream of the given nucleus.
This is taken to be the photon-going direction. The datasets and event selection for photo-nuclear collisions
are identical to those used in a previous measurement of two-particle azimuthal correlations [10], and are
briefly summarized below.

The measurements presented in this paper were performed using the 4/syy = 5.02 TeV Pb+Pb dataset
collected with a variety of triggers in 2018, with a total integrated luminosity of 1.7 nb~!. The 25-track
high-multiplicity trigger (HMT), 15-track HMT, and the minimum-bias (MB) trigger were configured with
progressively higher prescale factors, sampling 1.6 nb=!, 0.13 nb~!, and 1.0 ub~! of data, respectively.
Photo-nuclear candidate events were first selected by the trigger requiring one ZDC side (referred to as
the Pb-going side and corresponding to < 0) to have a minimum amount of energy at L1, £ > 1 TeV,
consistent with the presence of one or more neutrons. The other side (referred to as the photon-going side
and corresponding to > 0) was required to have energy below a maximum-energy cutoff, £ < 1 TeV,
consistent with no neutrons. The per-nucleon energy is 2.5 TeV, leading to a single neutron peak energy
well above this 1 TeV threshold [4]. The selected topology is referred to as “OnXn”. Events were also
required to satisfy an upper bound of 200 GeV on the total transverse energy deposited across all central
calorimeters at L1, for further rejection of hadronic Pb+Pb events.

Reconstructed pseudorapidity gap quantities, constructed using charged-particle tracks and clusters of
energetic calorimeter cells in each event, are used to distinguish between different physics processes such
as photo-nuclear collisions, low-activity (peripheral) hadronic Pb+Pb collisions, and yy — X processes.
The requirement of a rapidity gap above a minimum value in the photon-going direction can efficiently
remove peripheral Pb+Pb events. Rather than the traditional pseudorapidity gap quantity [25], which
determines the pseudorapidity difference between the edge of the detector and the closest particle, an
alternative “sum-of-gaps” definition is used, which adds together contiguous gaps separated by particle
production concentrated in a narrow pseudorapidity region. This alternative definition is used to retain
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Figure 1: The multiplicity distributions (N7;°) from (a) Pb+Pb photo-nuclear and (b) p+Pb collisions. The N’ range
utilized in this paper, 15 < N3 < 60, is highlighted.

a large selection efficiency for resolved photon events where a large contiguous pseudorapidity gap may
otherwise be spoiled by a hadronic fragment on the photon-going side. The quantity 3., Ap™ corresponds
to the sum-of-gaps calculated in the photon-going half of the detector, and is constructed using tracks with
pr > 0.4 GeV, || < 2.5 and clusters with pt > 0.2 GeV, || < 4.9 in each event. It is calculated by first
sorting the tracks and clusters in 7. The differences in 7 between adjacent particles, An, are included in the
sum if they are larger than 0.5. The value of 0.5 was observed in the simulation to retain good efficiency
for resolved photon events. The gap calculation is computed as always starting from mid rapidity to the
edge of the detector; thus, 3., Ap™° ranges from 0 to 4.9. UPC events with >}, Ap™° > 2.5 are utilized in
this paper following the procedure in Ref. [10].

Despite the OnXn ZDC and 3., Ap™* selections, a residual contamination of the photo-nuclear events by
Pb+Pb peripheral inelastic collisions remains, which is smaller than 3%. To account for this, a small purity
correction factor and associated systematic uncertainties are applied, as performed in Ref. [10]. No other
backgrounds, such as from y7y processes, were found to be significant after the event selection.

This paper includes comparisons with the 2016 p+Pb collision data collected at 4/sxy = 5.02 TeV, with an
integrated luminosity of 0.1 nb~!, obtained using a minimum-bias trigger as detailed in Ref. [26]. In the
p+Pb system, positive and negative (pseudo)rapidities denote the proton- and nucleus-going directions,
respectively.

Each event is characterized by the number of reconstructed tracks with pr > 0.4 GeV and || < 2.5,
referred to as the reconstructed charged-particle multiplicity (N3°). This standard ATLAS heavy-ion event
class definition utilizes reconstructed tracks that are not corrected for track acceptance and efficiency, see
for example Refs. [27-30]. Monte Carlo studies indicate that selections on N ¢ correspond to equivalent
selections on truth-level charged particles with pt > 0.4 GeV and || < 2.5 as well, but with an average
value of Ngl”th ~ 1.2 x N;°. Figure 1 shows the N;° distributions in photo-nuclear Pb+Pb and p+Pb
events. The N3¢ range utilized in this paper, 15 < N;° < 60, is highlighted. The N3¢ differential results
are presented in the range 15 < NI° < 60 and N7} integrated results are shown for 25 < N}° < 60. The

ch
p+Pb events are then re-weighted to have effectively the same N3¢ distribution as the UPC Pb+Pb events.



The simulated event sample for the photo-nuclear analysis is generated with DPMJET-1II + STARLIGHT.
Events were generated with different minimum requirements on N;;¢ to provide a good statistical coverage
over the N71° range accessed in data. First, the distribution of photon flux for Pb beams at the LHC was
calculated using sSTARLIGHT [31]. The flux distribution was passed to a multipurpose generator based on
the Dual Parton Model (DPM) and referred to as ppmyeT-111 [ 18, 19], which simulates direct and resolved
photon-lead (y+Pb) interactions at the generator level.

The DPM model is a diagrammatic way of describing particle production in hadron—hadron collisions [32].
There are two major concepts that underlie the dual-parton model. The first is the dual resonance model [33],
which assumes that there are two alternative (or “dual”) descriptions of hadron—hadron interactions — the
t-channel diagram where particles can be exchanged as a form of interaction and the s-channel diagram
where the two incoming particles fluctuate into an intermediate state and then interact. The second is the
Veneziano scattering amplitude, which allows for a convergent calculation of the scattering amplitude for
the exchange of a large set of particles. These two concepts enable calculations in soft hadron physics
through pomeron exchange. The pomeron is a particle with vacuum quantum numbers analogous to a
closed string and can be exchanged between hadrons as a form of interaction. Thus, through the dual
resonance model there are intermediate states in elastic hadron—hadron collisions with a large number of
pomerons. These diagrams can be “cut” to calculate the amplitude of the inelastic process of hadrons
interacting to form a large number of primarily meson final states. The ppmieT-111 MC generator combines
the DPM with perturbative QCD (pQCD), as well as other features, to attempt a full description of
hadron-hadron, hadron—photon, and photon—photon collisions [19]. The full set of particles was then run
through a full GEanTt4 [34] simulation of the ATLAS detector. A sample of thirteen million y+Pb events
were generated.

The simulated event sample for the p+Pb analysis is generated with HING [35]. The HIING model combines
pQCD inspired models for multiple-jet production with low-pT multi-string phenomenology. The model
thus extends the PyTHIA string picture [36] to include modeling of both high-energy pp collisions, as
well at p—nucleus and nucleus—nucleus collisions. The geometry for multiple collisions in p—nucleus
and nucleus—nucleus collisions is provided by MC Glauber [37]. The model also includes multiple
mini-jet production, nuclear shadowing of parton distribution functions, and a schematic mechanism of jet
interactions in dense matter. The phenomenological parameters are adjusted to reproduce essential features
of pp multi-particle production data for a wide energy range (v/snn = 5 GeV to 2 TeV). For the sample
used here the so-called “jet quenching” feature is turned off. A sample of five million p+Pb HIING events
was generated.

4 Analysis

This paper reports charged-hadron and identified-strange-hadron yields reconstructed using tracks in the
inner tracker with pt > 0.1 GeV and || < 2.5. Both utilize the same event selection criteria detailed
above. Additionally, the yields are determined in both photo-nuclear Pb+Pb and p+Pb using identical track
reconstruction and extraction methods.



4.1 Charged hadrons

The charged-hadron analysis utilizes tracks that originate from the collision, referred to as primaries.
Primary particles are defined as charged particles with a lifetime 7 > 3 x 10710 s, either directly produced
in the collision or from subsequent decays of directly produced particles with 7 < 3.0 x 107! s. This
definition excludes charged strange baryons that have a very small probability to actually traverse the
tracker before decaying (for example the 2~ with 7 = 1.6 x 107!° s and Q™ with 7 = 0.8 x 10719 s).
However, it includes charged hadrons from the decay of A resonances and p mesons with lifetimes shorter
than 3.0 x 10~8 s. The contribution of charged leptons is negligible and thus the tracks represent charged
hadrons. The track reconstruction follows that utilized for low pileup pp data-taking [38, 39]. The
reconstructed tracks are required to satisfy quality criteria as detailed in Ref. [40]. Tracks are further
required to have pt > 0.1 GeV, || < 2.5, and a distance of closest approach to the reconstructed vertex in
both the longitudinal and transverse directions of less than 1.5 mm.

The reconstructed tracks are then used to calculate charged-hadron yields as functions of pt in different n
slices:

i pr) = e (1)
P = Ney dedn
and then yields integrated over pr as a function of 7:
1 dNe
V() = ——, @)
Ney dn

where N,y is the number of selected events and N, is the number of charged particles.

The tracks entering these observables in bins of pt and 5 are corrected for reconstruction and selection
inefficiency, as well as for contributions from tracks that are not associated with primary particles, on a
per-track basis using simulation-derived correction factors.

The reconstruction efficiency is defined as the ratio of the number of truth primary charged particles
whose associated reconstructed track has a truth-matched primary charged particle N L‘Ej‘t‘lfhed (as defined in
Ref. [41]) to the total number of truth primary charged particles, Ny, as a function of both pr and n:

matched

Ntruth (]7$ pT)

. 3
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The contributions to reconstructed tracks that are not associated with primary particles are classified into
fake tracks and secondary tracks. In order to correct for these contributions, tracks are weighted on a
track-by-track basis by the “primary fraction”, fyrimary, Which is estimated as a function of reconstructed

kinematics in simulated events by taking the ratio of the number of primary tracks Nf;imary to the number
of reconstructed tracks N¢p:

Nf;lmary(n, pT)

4
New(n, p1) @

fprimary(n’ pPT) =

The yields as a function of 7 are measured for pt > 0.1 GeV and extrapolated using the ppmreT-111 MC down
to pt = 0 GeV, i.e, correcting the yields by the fraction of ppmiET-111 charged particles with pt > 0.1 GeV



to charged particles down to pt = 0 GeV. These correction factors are 5—15% in photo-nuclear Pb+Pb and
5-7% in p+Pb collisions.

Finally, using the yields detailed above, the (pr) in 7 intervals are calculated as a function of N °. When
calculating (pT) the extrapolation down to pt = 0 GeV is performed using a Modified Hagedorn fit [42]:

1 dN 2 m
- Pr (1+”T) : )

Napy - -
pPT p% + mé P1
where my is the rest mass of considered particle, p; and n; are the free parameters, and A; is the

normalization constant. The (pt) in each 77 bin and in each N3° bin is calculated by finding the mean
value of the fit results for pt > 0 GeV.

4.2 Identified strange hadrons

Only the K g, A and E” originating from the primary vertex are considered. The contribution of secondary
A from X0 decay is included, while contributions from the decay products of heavy baryons (£, Q) are
excluded from the definition of primary A. For A and E~, the definition includes only the baryon state and
does not represent an average of baryons and anti-baryons. Anti-baryons have an additional acceptance
correction due to annihilation processes, and GEaNT4 is known to not model this correctly [43, 44].

Identified strange hadrons are reconstructed using oppositely-charged tracks with pt > 0.1 GeV and
|n| < 2.5, which are fitted to a common secondary vertex using a Kalman filter [45]. The Kg candidates in
the 7" + 7~ decay mode (branching ratio of 69.2%) are required to satisfy the following criteria:

* The y? of the two-track vertex fit is required to be less than 15 (with one degree of freedom).

* The cosine of the pointing angle in the transverse plane (cos 8) between the K g momentum vector
and the K g flight direction, defined as the line connecting the reconstructed primary vertex to the
decay direction, is required to fulfill the requirements:

— cos 6 > 0.999 for Pb+Pb photo-nuclear collisions, except in the most backward rapidity bin,
y: [-2.5,-1.6], cos 6 > 0.9999.

— cos 6 > 0.995 for p+Pb, except in the most backward and forward rapidity bins of p+Pb,
y: [-2.5,-1.6] and y: [1.6,2.5], cos @ > 0.999

. . . Lyy
* Requirements on the minimum values of the variables UL

and ’—| in bins of pt and y. These
are optimized using the Toolkit for Multivariate Data Analy51s (TMVA) package within the ROOT
framework [46], where Lyy is the distance from the reconstructed primary vertex to the reconstructed
secondary vertex (decay vertex of the K g candidate) in the transverse plane, oz, is the uncertainty on
Lyy reconstruction, pr is the reconstructed momentum of the K (s) candidate and o, is the uncertainty
in the pT reconstruction.

The A candidates in the p + 7~ decay mode (branching ratio of 63.9%) are required to satisfy the following
criteria:

* The pr of the A candidate is greater than 0.5 GeV.

* The y? of the two-track vertex fit is required to be less than 15 (with one degree of freedom).



* The cosine of the pointing angle (cos 6) is required to be greater than 0.999.

. .. . L o
* Requirements on the minimum values of the variables |% and :—: , in bins of pt and y,
T

Xy

determined using the TMVA package as above.

The Z~ candidates in the A+~ decay mode (branching ratio of 99.5%) are required to satisfy the following
criteria:

e The pr of the E~ candidate is greater than 1 GeV, and |y| < 1.6.

* The y? of the two-track vertex fit for reconstructing both A and Z~ is required to be less than 15
(with one degree of freedom).

* The cosine of the pointing angle (cos 8) associated with &~ vertex is required to be greater than
0.9992.

* The cosine of the pointing angle associated with A vertex is required to be greater than 0.99999.

associated with vertex fit for recon-

. - . L
* Requirements on the minimum values of the variables |(rxy
Xy

structing A and Z7, in bins of pt and y, determined using the TM VA package as above

Below the minimum pT value for A and Z7, the efficiency is very low due to the slow pions. In contrast,
the K. (s) can be measured down to pr = 0 GeV. The tight selection criteria for the pointing angle and the

minimum value of |aLTXny significantly improve the signal significance in all kinematic regions.

Figure 2 shows the resulting invariant-mass distributions for K2, A, and 2~ in Pb+Pb photo-nuclear
collisions. The number of signal candidates in a given pt and y bin is determined by fitting the invariant-
mass distribution of the strange hadron candidates in that bin. The fit utilizes a double Gaussian for
the signal peak and a second-order (third-order for A) polynomial for the combinatorial background.
The background component also includes a functional form modeling the cases where the particles are
mis-identified, e.g., a truth Kg that has its decay products fit under the assumption of a parent A particle.
These functional forms are determined from ppmiET-111 MC. The ratio of the widths and amplitudes of
the two Gaussian distributions is constrained based on the MC truth-matched invariant-mass distributions
within the corresponding pr-y bin. The fit ranges utilized in this analysis are [420, 580] MeV for Kg , [1080,
1170] MeV for A, and [1280, 1360] MeV for Z~. The quality of the fit is evaluated based on reasonable )(2
values.

The signal candidates, obtained in bins of pt and y, are corrected for reconstruction and selection
inefficiencies, using Eq. 3 on the secondary vertex candidates, and for signal inefficiency, which accounts
for the missed fraction of reconstructed candidates due to the TMVA-optimized selection requirements.
Furthermore, signal candidates are corrected for the contributions of secondaries, as defined by Eq. 4. The
largest sources of secondaries are from hadronic interactions of particles with the detector material and the
decay products of heavier strange baryons, which contribute to the A yield at the 10% level [47]. Figure 3
shows the reconstruction efficiencies for Kg , A, and E” calculated using ppPmMIET-TI1 y+Pb simulations.
High-pr neutral strange particles start to have a sufficiently large relativistic boost that the decay occurs
after some of the silicon-detector components, leading to missing hits and an efficiency drop.

The corrected number of signal candidates is used to calculate the identified-hadron yield as a function of
pr in different rapidity bins using Eq. 1, and as a function of y using Eq. 2.
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Figure 2: The invariant-mass distributions of (a) K9, (b) A, and (c) E~ in Pb+Pb photo-nuclear collisions. The data
are fitted to a signal (double Gaussian) and a background component (detailed in the text). The signal counts, and fit
parameters for the mean u and widths oy and o0 of the double Gaussian are also shown in units of MeV.
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The minimum pt values are 0 GeV for Kg, and 0.5 GeV for E=. For A, the minimum pr is
0.5 GeV for |y| < 1.6 and 0.8 GeV for 1.6 < |y| < 2.5. Thus the pr-integrated yields for Kg are
simply calculated by summing the yields as a function of pt, whereas for A and E~ the yield below the
minimum pT must be accounted for. Hence, an extrapolation procedure is performed for A and 27, using
the Modified Hagedorn functional fit, given by Eq. 5. Figures 4 and 5 show the Kg and A yields in Pb+Pb
photo-nuclear and p+Pb collisions as a function of p across six y selections, with the Modified Hagedorn
fit results. The fit to the K, g yield, where measurements extend down to pt = 0 GeV, shows that the function
provides a good description of the data. This confirms that the same fit function can be used to extrapolate
the A and E~ yields down to pt = 0 GeV. The fit is performed using statistical uncertainties only and is
then repeated for each systematic uncertainty variation. Approximately 20% of the total yield lies in the
region of extrapolation (pr < 0.5 GeV) for A, and is larger for the most forward/backward rapidities (where
pr < 0.8 GeV). Approximately 20-30% of the total yield lies in the region of extrapolation (pt < 0.5 GeV)
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Figure 3: The reconstruction efficiencies of (a) K0, (b) A, and (c) E as a function of p‘Truth in intervals of y
as determined using ppmIET-TII. The efficiencies are fitted using polynomial functions for Kg and A. Statistical

uncertainties are shown as vertical lines.

for Z7. Systematic uncertainties on these extrapolations, and from other sources, are discussed below.

Finally, using the pr-integrated yields determined above, the (pT) and the ratio of strange-hadron to
charged-hadron yields are calculated as a function of N;°. These values are calculated after extrapolating
down to pt = 0 GeV.
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12



T T T ] T T T
ATLAS | ATLAS |

% 0 35;/\ ] % 0 35é A b
o Pb+Pb, 1.7 nb", ys =5.02TeV | (T i p+Pb, 0.1 nb™, {5 = 5.02 TeV |
S oaf OnXn, 2, 0> 2.5 > 03 25 <N’ <60
- ' 25 <Ng <60 | = ]
§ 0.251 By [25-1.6] [Hy: [16.25]] § 0-257 [sly: (2.5.-1.6] Hy: [1.6.25]
‘% 0.2F y: [-1.6.-08] [Qly: [08.1.6] ] % 0 2? [¢ly: (-1.6,-0.81 ©ly: [0.8,1.61 ]
5 ©y:[0.800] y:[0.008]] 3 T [0ly: 08,001 ©y:[0.0,08]]
< 0.15¢ 4 | — Mod. Hagedorn Fit: y < 0 < 0.15F — Mod. Hagedorn Fit: y < 0
= | --~Mod. Hagedorn Fit: y > 0 = r --=Mod. Hagedorn Fit: y > 0
01: ] 01: ]
0.05}/ 0.05} /
o] 0¢f
g 150 @ 157
] E © L
a 1; Q 1;
- osp “ o5
0 o
(@) )

Figure 5: The A yields as a function of pr in different y selections in (a) Pb+Pb photo-nuclear and (b) p+Pb collisions.
The bottom panels show the ratio of the Modified Hagedorn fit results to the data. Statistical uncertainties are shown
as vertical lines and systematic uncertainties are shown as colored boxes.

13



S Systematic uncertainties

The sources of systematic uncertainties in this measurement are described in the following. For the
event selection criteria in Pb+Pb photo-nuclear events, the primary sources contributing to both the
charged-hadron and identified-hadron yields include uncertainties associated with the purity estimation
and pseudorapidity gap selection. In both Pb+Pb photo-nuclear and p+Pb collisions, uncertainties are
assigned to track selection by relaxing specific hit requirements in turn, to contributions from fake and
secondary tracks by varying forimary in Eq. 4 by 50% of the rate, and to the mis-modeling of the detector
material [38, 48]. An uncertainty is also assigned for bin migration due to track momentum resolution.
This bin migration effect is quite small and the uncertainty is set by turning off the bin migration entirely.
Furthermore, uncertainties on the fit values of the track reconstruction efficiency are included as systematic
uncertainties.

For the identified-hadron analysis, specific uncertainties are assigned to the selection requirements by
varying the specific requirements from the nominal values. The uncertainty in the signal extraction is
further quantified by varying the fit range of invariant-mass distributions. Finally, to assess the uncertainty
in the extrapolation to pt = 0 GeV, a varied fit functional form for the pt distribution based on Tsallis
statistics [49] is utilized. The fitting procedure is re-done for all other systematic variations.

In all cases, the ratio of the varied to nominal result is either smoothened via fit or directly used, and the
values are assigned as the systematic uncertainty. All uncertainty contributions are added in quadrature
and then symmetrized by taking the maximum variation at each point to determine the total systematic
uncertainty. Other potential sources of uncertainty, such as those related to the trigger efficiency [10], were
found to be negligible compared to the ones described above.

Figures 6 and 7 present the relative systematic uncertainties on charged hadrons, Kg , A, and E~ yields in
photo-nuclear collisions as a function of pt and (pseudo) rapidity, respectively. The dominant uncertainty
in the low p region (pr < 1 GeV) arises from variations in the detector materials and bin-migration effects.
For identified hadrons, in addition to these uncertainties, the uncertainty in the background correction
contributes significantly. For the (pt) calculation, the total uncertainties are on the order of 3—5%. As
a function of rapidity, a significant uncertainty for charged hadrons and A, E~ particles comes from the
extrapolation of the yield down to pt = 0 GeV. For the Kg there is no such uncertainty as the yield is
measured down to pt = 0 GeV. The uncertainty is dominated by systematic rather than statistical effects.
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Figure 6: The relative systematic uncertainties in (a) charged hadrons, (b) K. 9 (c) A, and (d) B~ yields in photo-nuclear
collisions as a function of p. All uncertainty contributions are added in quadrature and the result is symmetrized to
obtain the full systematic uncertainty.

15



o o

S 4 ATLAs 25 <N <60 8 | ATLAS 25 <N™° <60 KO ]

.g "L Pb+Pb,1.7nb?  Exirap. to p,>0GeV 1 .g L Pb+Pb, 1.7 nb™ p, > 0GeV S|

g [ Vs = 5.02TeV ] T 1.1 ysy=502TeV .
[ rec 4 L rec 4

:1%)1 05 %Oan, Z,m >25 < :1%) OnXn, 2, n*°>25

K K

(0] (0]

o o

XA

%
.. d
ok

I _-ﬂ,‘u.‘-'.‘:v'
11 1 R A
[ - Event selection Total sys. uncertaint ] I |
F o Efficiency O Y oY 0.9 ... Event selection [ Total sys. uncertainty 7|
0 9; -= Track selection 7 [ e Efficiency 1
¥ --- Extrapolation to p,= 0 GeV | r == Selection/background 1
o e e b e e b e e e b b o b e e b e e e e b
-2 — 0 1 2 -2 -1 0 1 2
y
n
(@) (b)
c T T T L L c T T T T T T T T T T T T T T
2 - ATLAS 25 <N’ <60 A 2 L ATLAS 25 <Ng’ <60 —_
o | Pb+Pb, 1.7nb"  Extrap.top_> 0 GeV 8 3 - Pb+Pb,1.7nb"  Extrap.top_> 0 GeV =
g M YSyy = 5.02 TeV 1 g F VS = 5.02 TeV 1
o 1.2F onXn, =, 0> 2.5 7 © 1.2 onXn, =, 0> 25 .
] ] S :
oc oc F 1
- s 1
0.81 , A 0.8~ _ e
- Event selection []Total sys. uncertainty | ---+ Event selection []Total sys. uncertainty |
[ o Efficiency 1T e Efficiency
[ == Selection/background 1 | == Selection/background ]
| === Extrapolation to p,= 0 GeV , [ === Extrapolation to p.= 0 GeV 7
o e e b e e b e e e b b L L | L L L L | L L L L | L L
— 0 1 2 4 0 1
y y
© (d)
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6 Results

The resulting yields as a function of pr for charged hadrons are shown in Figure 8 in six pseudorapidity
selections spanning —2.5 < 7 < 2.5 in Pb+Pb photo-nuclear and p+Pb collisions. The yields are
calculated for collisions with 25 < N¢ < 60, with the p+Pb NI¢ distribution re-weighted to match that
of the photo-nuclear collision sample. The photo-nuclear collision yields have a strong pseudorapidity
dependence, with much lower multiplicity in the photon-going direction (positive 7). In contrast, the p+Pb
collision yields are nearly n-symmetric. Unlike in more central p+Pb collisions [50], the yields in the
low-multiplicity selection (25 < N < 60) are symmetric in rapidity; hence, the 5 distribution is more
pp-like.

Figure 9 shows the yields as a function of pr for identified strange hadrons K(S), A, and E” in six rapidity
selections spanning —2.5 < y < 2.5 in Pb+Pb photo-nuclear and p+Pb collisions for the same event
selection as the charged-hadron yields. The A and 2 yields are for baryons only and are not the average
of baryons and anti-baryons. The A yields include decays from X, but otherwise are not inclusive of other
baryon feed-down contributions, e.g., from = and €. As in the charged-hadron case, the yields of all
strange hadrons have a strong rapidity dependence in photo-nuclear collisions.
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The yields as a function of pr are then integrated over the pr range of the measurements, and extrapolated
to be inclusive over all pr, i.e., pr > 0. The resulting pr-integrated yields as a function of pseudorapidity,
for charged hadrons, and rapidity, for identified strange hadrons are shown in Figure 10. The pr-integrated
yields again show a strong rapidity asymmetry in photo-nuclear collisions and are nearly rapidity symmetric
in p+Pb collisions.

Next, the pr distributions are characterized in terms of the {pr), calculated to correspond to the mean
value for pt > 0. These (pr) values for charged hadrons, K, and A particles, in two rapidity intervals, as
a function of finer intervals of N are shown in Figure 11. The top (bottom) sub-figures correspond to
photo-nuclear Pb+Pb (p+Pb) collisions, with the left (right) panels corresponding to backward (forward)
rapidity. In both photo-nuclear and p+Pb collisions, the (pr) increases with increasing N7° and there is a
distinct ordering with {pt) (charged hadrons) < {pr) (K(S)) < {prt) (A). Under the assumption that charged
hadrons are dominated by pions, the pattern follows a distinct mass ordering. In photo-nuclear collisions,
the (pT) show a large rapidity asymmetry, with much lower values for all particles at forward rapidity. In
contrast, the p+Pb results are consistent with being rapidity symmetric.

For the E7, the (p1) can only be calculated in one selection of N¢, 25 < NP < 60, and correspond
to values of 1.60 + 0.02(stat) + 0.24(sys) GeV (1.04 + 0.01(stat) + 0.12(sys) GeV) for photo-nuclear
collisions and 1.33 + (0.03(stat) + 0.18(sys) GeV (1.06 + 0.02(stat) +0.25(sys) GeV) for p+Pb collisions,
at backward (forward) rapidity. These values suggest that the 2~ may have a slightly higher {(pt) than A
particles, although consistent within large uncertainties.
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Figure 12: Theratio of A/KSO and E‘/Kg yields as a function of p in two rapidity intervals for (a) Pb+Pb photo-nuclear
and (b) p+Pb collisions. Statistical uncertainties are shown as vertical lines and systematic uncertainties are shown
as colored boxes.

To further elucidate the data trends, the ratios of A/Kg and E’/K(S) as a function of pr, for two rapidity
intervals, in Pb+Pb photo-nuclear and p+Pb collisions are shown in Figure 12. The most striking observation
is the larger A/K(S) ratio at intermediate pt ~ 1.5 — 4.0 GeV when measured at backward rapidity compared
to forward rapidity in photo-nuclear collisions. This baryon enhancement at intermediate pr is reminiscent
of the “baryon anomaly” observed in p+Pb and Pb+Pb collisions [51] and is often associated with quark
recombination as the dominant hadronization mechanism [52]. The ratios in p+Pb in both rapidity intervals
are comparable to the backward rapidity photo-nuclear values. For the 27, the uncertainties preclude any
strong conclusions.

Finally, the ratio of identified-strange-hadron yields relative to charged-hadron yields is calculated as a
function of N;¢. The resulting ratios at backward and forward rapidities are shown as a function of N*
in Figure 13 for photo-nuclear and p+Pb collisions. In photo-nuclear collisions, there is a clear increase
in strange hadron yields relative to charged hadrons between backward and forward rapidity. If there is
strangeness enhancement due to final-state interactions, this would be consistent with the larger ratios in
the Pb-going direction. The ratios are similar between backward rapidity photo-nuclear yields and the
p+Pb yields in both rapidity intervals. Overall, the ratios are generally consistent with being flat, i.e.,
not exhibiting an N3¢ dependence over the given range, with a hint of a rise in the A to charged hadron
ratios. It is notable that the large strangeness enhancement observed in pp, p+Pb, and Pb+Pb collisions in
Ref. [15] is actually quite small for Kg and A in the multiplicity range corresponding to the measurements
presented here.
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Figure 13: The ratios of identified-strange-hadron yields to charged-hadron yields as a function of N3¢ for (a) Pb+Pb
photo-nuclear collisions and (b) p+Pb collisions. The left (right) panels are for a backward (forward) rapidity interval.
Statistical uncertainties are shown as vertical lines and systematic uncertainties are shown as colored boxes.
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7 Discussion

These experimental results are now compared with ppmIET-111 MC for photo-nuclear collisions and HIJING
for p+Pb collisions, respectively, neither of which includes any final-state interactions or QGP formation.
Comparisons are also made to the so-called “hybrid” model that explicitly includes a hydrodynamic modeling
of QGP formation in both photo-nuclear and p+Pb collisions [11]. The hybrid model incorporates initial
conditions by an extension of MC Glauber to three-dimensions, time evolution via viscous hydrodynamics
using the publicly available package music [53], and finally hadronic scattering via the publicly available
package urQMD [54]. For the photo-nuclear case, following Ref. [9], a parametrization is used for the
photon energy and hence the center-of-mass energy distribution. The y+Pb collisions are treated via the
vector meson dominance picture, i.e., the virtual photon state may be decomposed into a set of vector
meson states, like p, w, and ¢, in a low virtuality regime, Q2 = 0.0625 GeV2. The virtual photon is treated
as a vector meson with two “partonic participants” in the MC Glauber calculation (in contrast to the three
“partonic participants” for the proton projectile in the p+Pb case).

When making such comparisons to the data, the event selection criteria used here are important to
incorporate. In particular, the yields presented here are characterized by specific N3¢ intervals, e.g.,
25 < N3¢ < 60. As discussed earlier, MC studies indicate that the selections on N3¢ correspond to
equivalent selections on truth-level charged particles with pt > 0.4 GeV and |5| < 2.5 as well, but with an
average value of Ngl“th ~ 1.2 x N3;°. Each event is additionally characterized by the sum-of-gaps using
reconstructed tracks and energy clusters. Monte Carlo studies indicate that this selection corresponds to
equivalent selections on truth-level particles with pt > 0.45 GeV and || < 4.9. Differences between the
reconstruction and truth level selections are less than 2—3%. For the ppmyeT-111 and HUING simulations, the
exact event selection criteria used in this measurement are applied through a full GEAnT4 simulation of the
detector response and reconstruction, i.e., to match the experimental event selection of N and >, An™*.
Once an event satisfies these criteria, its truth-level particles are included in the yield calculation. In the
hybrid model case, the model framework was calibrated with p+Pb measurements at a center-of-mass
energy of 5.02 TeV and then made predictions for y+Pb collisions.

Figure 14 shows the measured charged hadron, K, (s) , A\, and E yields as a function of rapidity, compared to
MC results from ppmigT-111 for photo-nuclear collisions and HIING for p+Pb collisions. Both calculations
describe the charged hadron and K g rapidity dependence and the overall normalization at the 15-25% level.
In contrast, the A and Z~ yields are poorly described with HING under-predicting the strange baryon yields
by almost a factor of two and ppmIET-T1T over-predicting the yields at forward rapidity and under-predicting
at backward rapidity.

Figure 15 shows the same ATLAS results now compared with calculations from the hybrid model.
The charged hadron yields are well described in p+Pb collisions, and only qualitatively described in
photo-nuclear collisions. For both collision systems, the K(S) are over-predicted, the A under-predicted, and
the Z~ well described. Since the level of disagreement for strange hadrons (Kg and A) is similar in both
p+Pb and photo-nuclear collisions, it is likely a generic failing of the modeling for strangeness and/or
baryons in general in the hadronization of the hydrodynamic QGP.
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Figure 14: The charged-hadron yields as a function of 77 and the K2, A, and 2~ yields as a function of y for (a) Pb+Pb
photo-nuclear collisions, with comparisons to the MC model ppmIET-111, and (b) p+Pb collisions, with comparisons
to HIJING. Statistical uncertainties are shown as vertical lines and systematic uncertainties are shown as colored boxes.
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Figure 15: The charged-hadron yields as a function of 77 and the K0, A, and Z~ yields as a function of y for (a) Pb+Pb
photo-nuclear collisions and (b) p+Pb collisions. Both are compared to the hybrid model calculations. Statistical
uncertainties are shown as vertical lines and systematic uncertainties are shown as colored boxes. The statistical
uncertainties of the model calculations are shown by colored bands.
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It is also instructive to compare the experimental results for (pr) as a function of N3¢ as shown in Figure 16
with the MC models ppmseT-111 and HIIING and Figure 17 with the hybrid model. Both MC models
substantially under-predict the (p) for all particles, and also under-predict the difference in (pt) between
hadrons of different masses. Strikingly, ppmser-1m1 predicts a higher (pr) for A particles at forward rapidity
compared to backward rapidity, exactly opposite to the trend in data.

In contrast, the hybrid model provides a reasonable description of the (pt) of charged hadrons and
A particles in both photo-nuclear and p+Pb collisions, including the higher (pr) values at backward
rapidity compared to forward rapidity in photo-nuclear collisions. However, the (pT) values for K(S) are
under-predicted in all cases. Until these deficiencies in the hybrid model are resolved, first in the p+Pb
case, stronger conclusions regarding QGP formation in photo-nuclear events remains premature.
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Figure 16: The (pt) for charged hadrons, K2, and A in (a) Pb+Pb photo-nuclear and (b) p+Pb collisions as a function
of N;1°. The left (right) panels are for a backward (forward) rapidity selection. Statistical uncertainties are shown as
vertical lines and systematic uncertainties are shown as colored boxes. Also shown are comparisons to the MC model
pPMIET-T11 and HUING for Pb+Pb photo-nuclear and p+Pb collisions, respectively, with the shaded bands indicating
the statistical uncertainties.
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Figure 17: The (pr) for charged hadrons, KC, and A in (a) Pb+Pb photo-nuclear and (b) p+Pb collisions as a function
of N;1°. The left (right) panels are for a backward (forward) rapidity selection. Statistical uncertainties are shown as
vertical lines and systematic uncertainties are shown as colored boxes. Also shown are comparisons to the hybrid
hydrodynamic model for both collision types.
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8 Conclusion

—_——

This paper reports a measurement of the yields of charged hadrons and identified K. g, A, E” in high-energy
photo-nuclear collisions. Events are selected from 1.7 nb~! of vVsnn = 5.02 TeV Pb+Pb data collected by
the ATLAS detector at the LHC in 2018. The yields are measured as a function of pt and rapidity for
different N3¢ intervals. The results are compared with p+Pb collision data at comparable Ni° intervals.
These photo-nuclear events reveal a strong rapidity asymmetry in all particle yields, with fewer particles
in the photon-going direction as expected. In the Pb-going direction, the particles exhibit larger average
transverse momentum that increases for higher mass particles. There is also a significant enhancement of
the A/K g (baryon/meson) ratio, and a hint of an enhancement of overall strange particle production. These
observations in the Pb-going direction are generally consistent with what is observed in the p+Pb Pb-going
direction, giving credence to the hypothesis that the photo-nuclear collisions are dominated by vector meson
dominance, i.e., hadronic p meson - Pb collisions. Comparisons with MC models reveal a very incomplete
modeling of the physics processes. The hybrid model, based on the assumption of QGP formation and
hydrodynamic expansion, captures some features such as the larger mean pt at backward rapidity in
photo-nuclear events, but fails to quantitatively describe the yields of identified strange particles.
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