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Ultraperipheral collisions (UPCs) of heavy ions are a useful probe to study nuclear parton
distribution functions (nPDFs) and, in particular, to characterize nuclear matter at Bjorken
z < 107° and low squared momentum transfer Q* (shadowing/saturation regime). In order
to fully exploit these collisions, dedicated triggers on such event topologies were developed for
the heavy ion data-taking period in 2023 by the CMS experiment. These triggers relied on the
possibility of using the Zero Degree Calorimeter (ZDC) as a level-1 (L1) trigger detector for
the first time. As a result, they allowed for an improved selection performance in addition
to existing UPC triggers (as well as minimum-bias hadronic triggers), and enabled the study
of hard processes (jets and heavy flavor hadrons) in photon-photon (vv) and photon-nucleus
(YN ) scatterings [1].
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1. Introduction

Presented at the “New Trends in High Energy and
Low-x Physics” conference in Sfantu Gheorghe, Ro-
mania, this article delves into the advancements and
potential of Ultraperipheral Collisions (UPCs) within
the CMS (Compact Muon Solenoid) experiment dur-
ing Run IIT at the LHC.

2. Physics of UPCs

UPCs represent a frontier in electromagnetic inter-
action studies, occurring when relativistic heavy ions
collide at large impact parameters, thereby prevent-
ing direct hadronic interactions. This setup allows the
LHC to probe photonuclear and photon-photon inter-
actions at unprecedented energy levels, offering in-
sights into several phenomena.

¢ Nuclear Shadowing and Structure Analy-
sts: UPCs enable a detailed study of nuclear shadow-
ing, enhancing our understanding of nuclear structure
and interactions beyond the Standard Model.
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¢ Photonuclear and Photon-Photon Interac-
tions: UPCs allow for the study of exclusive and
coherent photoproduction of vector mesons, light-by-
light scattering, and dilepton production, revealing
rare and complex nuclear interactions.

These Feynman diagrams illustrate the variety of
photon-induced processes studied in UPCs (Fig. 1).
For example, incoherent and coherent photoproduc-
tion (diagrams (b) and (d) provide insights into nu-
clear structure, while light-by-light scattering (dia-
gram (g)) tests the quantum electrodynamics (QED)
predictions at high energy.

3. CMS Run III and ZDC Configurations

The CMS Run III is investigating UPC events at
the LHC with new technological advancements. En-
hanced photon detection, such as the Zero Degree Ca-
lorimeter (ZDC), will extract higher-energy photons
without requiring increases in LHC energy, broad-
ening research possibilities in high-energy physics
(Fig. 2).

Key points:

e Photon Kinematics: The flux of photons is
proportional to Z2. The transverse momentum pz is

1 This work is based on the results presented at the 2024 “New

Trends in High-Energy and Low-x Physics” Conference.
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Fig. 1. Feynman diagrams for various processes in UPCs. Each diagram represents different interactions that can occur:
Generic photonuclear interaction with nuclear breakup target (a). Incoherent photoproduction (b). Exclusive photoproduction
of a vector meson (c). Coherent photoproduction of a vector meson (d). Dilepton production (e). Dilepton production with

higher-order processes (f). Light-by-light scattering with no nuclear breakup (g). Central exclusive diphoton production with
double breakup (k) [2]
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Fig. 2. Ultraperipheral collisions at the LHC, where the impact parameter b exceeds the sum of the radii of the
nuclei R4 + Rp [2]
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Fig. 3. Diagram of the ATLAS experiment setup including the Zero Degree
Calorimeter (ZDC) for detecting vN events in ultraperipheral collisions [2]
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Fig. 4. Diagram of the CMS experiment setup including the Zero Degree Calorimeter
(ZDC) for detecting yvNN events in ultraperipheral collisions |[2]
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ZDC Layout
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Fig. 5. ZDC detector composed of three sections: EM, RPD,
and HAD |[3]
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Fig. 6. ZDC Out of Time Pileup Subtraction: ADC counts in
the ZDC second hadronic layer on the minus side as a function
of the time slice (TS) in 25 ns intervals for a zero-bias sample [3]

less than i/ R4 &~ 30 MeV, while the energy Fi,ax can
reach O(100) GeV at the LHC.

¢ Effective Photon-Photon and Photon-
Nucleus Collider: When running on PbPb, the
LHC effectively operates as a vy and vN collider,
allowing access to high-energy photon-nuclear colli-
sions to test nuclear matter effects in the absence of
final-state effects (similar to proton-Pb collisions).

3.1. ZDC in ATLAS and CMS

In the LHC, two Zero Degree Calorimeters (ZDC) are
installed in both the ATLAS (Fig. 3) and CMS(Fig. 4)
experiments to enable the detection of photons in ul-
traperipheral collisions. These detectors provide es-
sential data for studying high-energy photon-nuclear
and photon-photon interactions.

3.2. Nuclear Breakup Detection

The ZDC is used to detect neutrons produced in the
nuclear breakup process in UPCs. Neutron energy is
measured by summing up energy in the electromag-
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Fig. 7. ZDC offline energy sums for a sample of 3 million
zero-bias events with fits to the 1n, 2n, and 3n peaks. For
out-of-time pileup, a TS2-TS1 subtraction is applied [3]
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Fig. 8. Turn-on curve for ZDC 1n triggered events as a func-
tion of the ZDC online energy sum for ZDC minus (a) and
ZDC plus (b) with a threshold of 22 counts [3]
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Fig. 9. Comparison of collected UPC dijet and hadronic
events in Run 3 (2023) vs. Run 2 (2018) [3]

# events / billion

netic (EM) and hadronic (HAD) sections. The Reac-
tion Plane Detector (RPD) is not used here (Fig. 5).

3.3. Out of Time Pileup Subtraction

During the 2023 run, the “out-of-time” contamina-
tion from the ZDC signal was managed using pile-up
subtraction(Fig. 6). The probability of two hadronic
collisions in two subsequent time slices (TSs) in 50 ns
intervals is negligible. However, this subtraction helps
remove noise and addresses contamination from EM
pileup.

Two approaches were used:

¢ Offline Approach:**TS2-TS1.

¢ Ounline Approach:**TS2-0.4*TS1 (a more conser-
vative method used in trigger mode).

3.4. Offline Energy Sums

The ZDC offline energy sums were analyzed in a sam-
ple of 3 million zero-bias events (Fig. 7). No addi-
tional offline selection was made.

3.5. Turn-On Curve
as a Function of Online Sums

The turn-on curve for ZDC 1n triggered events is an-
alyzed as a function of the ZDC online energy sum
(Fig. 8).

4. Comparison of UPC

Events in Run3 vs. Run2

The number of collected UPC dijet and hadronic
events per billion in Run 3 (2023) shows a signifi-
cant increase compared to Run 2 (2018), due to the
new L1 trigger strategy (Fig. 9).

5. Applications of UPCs
in High-Energy Physics

1. Vector Meson Production: UPC events facili-
tate the exclusive photoproduction of vector mesons,
like J/psi in PbPb collisions, allowing the detailed
study of photon interactions with heavy nuclei.

2. Photon Flur and Tau-Lepton Studies:
UPCs enable improved photon flux analysis, partic-
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ularly focusing on the properties and interactions of
tau leptons.

3. Axion-Like Particle Probing: By exploring
UPCs, there is a unique opportunity to probe axion-
like particle interactions, pushing the boundaries of
Standard Model physics.

6. Summary

The LHC’s high-luminosity upgrades (HL-LHC) are
designed to enhance detection capabilities, partic-
ularly for rare photon-induced processes. CMS and
ATLAS will implement advanced triggering sys-
tems, increasing the efficiency of capturing exclusive
photon-photon and photon-nucleus interactions. Ul-
traperipheral collisions hold significant potential in
high-energy physics, providing insights into photon-
induced processes and the study of phenomena be-
yond the Standard Model. With ongoing and planned
upgrades, the LHC is positioned to achieve unprece-
dented results in UPC research, paving the way for
new discoveries.
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JOCJIIXKEHHSA YIIBTPAIIEPUOEPIMHIUX
SITKHEHBb BA>KKIX IOHIB HA JETEKTOPI
CMS YCTAHOBKHU CERN LHC RUN 3

Vabrpanepudepiitai sitkaenns (UPCs) Baxkkux i0HIB — 3pyd-
HUU METOJ /Il BUBUEHHs (DYHKIIH PO3IOAITY IapTOHIB y sapi
(nPDFs) i, 30kpema, Jj1si TOro, o6 XapaKTepusyBaTH sIEePHY
Marepiio mpu 3MinHiit Bitopkena x < 103 Ta mamomy kBaapari
nepenanoro iMmymbey Q2 (peskum 3arinenns/nacudaenns). s
[TIOBHOT'O BUKOPHCTAHHS WX 3ITKHEHb OyJIM CTBOPEHI CIrerjiaib-
Hi Tpurepu Juisa dikcanil Takux moxaiil y mepioz 300py maHUX
npo BakKKi HoHu B ekcrnepumeHTax 2023 poKy 3 BHKOPHCTAaH-
uam gerekropa CMS. Ili Tpurepu Buepme Gysnu ocHoBani Ha
MOKJIMBOCTI BUKODHCTaHHS KaJIODUMeETPa HYJIbOBOI'O I'pajlyca
(ZDC) six Tpurepnoro nmerekropa pisasa 1 (L1). fIk Hacminox,
BOHH J[O3BOJIMJIM TIOKPAINUTU IIPOJIYKTUBHICTH BiIOOpY MOAii
Ha J1oAaToK 1o icHyounx tpurepis UPC (a Takox raJpoHHUX
TpUrepiB 3 MiHIMAJIBHUM 3MIMIEHHAM) 1 JO3BOJIAIN JTOCIIIZKY-
BaTH »KOPCTKI nporecu (cTpyMeHi Ta BasKKi ragponn) y $hoToH-
dororroMy (y7v) Ta doror-snepromy (yN) poscirosanHi [1].
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