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LHC as a photon collider

Colliding charged particles at LHC: p, Pb — Feature electromagnetic (EM) fields
« Can be described as cloud of quasi-real photons (y) wd Colliding photons at LHC
&d Focus on y from Pb

- For coherent y emission from entire Pb nucleus, cross section enhanced by Z2 per emitting
nucleus (Z=82)

- Dominant reaction if impact parameter > 2*Pb nuclear radius — Ultraperipheral collisions (UPC)

Possible reactions:

v+nucleus V+y
- photonuclear photon-induced
7 2




A closer look at the possible interactions

Photonuclear interactions

>
Pb Pb

Y

q

q

Pb+X+Xn

Pb

 Direct y interaction with a quark/gluon in nucleus



A closer look at the possible interactions

Photonuclear interactions

Pb

Vector
meson (VM)

Pb
>

 Direct y interaction with a quark/gluon in nucleus

- Resolved y interaction, i.e. fluctuation into a
vector meson and hard-scattering with nucleus



A closer look at the possible interactions

Photonuclear interactions Photon-induced interactions
Ph Pb
Particle-
antiparticle pair
Pb
Pb

 Direct y interaction with a quark/gluon in nucleus < Exclusice pair-production of Standard Model

(SM) or Beyond SM (BSM) particles
- Resolved y interaction, l.e. fluctuation into a

vector meson and hard-scattering with nucleus

« Coherent VM photo production, i.e. pomeron
emitted coherently by all nucleons in nucleus



A closer look at the possible interactions

Photonuclear interactions Photon-induced interactions

Ph Pb

Additional photon exchanges

 Direct y interaction with a quark/gluon in nucleus -+ Exclusice pair-production of Standard Model
(SM) or Beyond SM (BSM) particles

- Resolved y interaction, l.e. fluctuation into a N _ . L
| | - Additional single or mutual ion EM excitation, e.q.
vector meson and hard-scattering with nucleus via giant dipole resonance — neutron emission

» Coherent VM photo production, i.e. pompon
emitted coherently by all nucleons in nucleus



What can we learn?

Photonuclear interactions

- What is the nuclear parton distribution
function(nPDF)?

 |s and how it is different from free proton/
neutron PDFs?

— Study photonuclear jet and J/{ production

» Are droplets of quark-gluon-plasma (QGP)
produced?

— Study charged-hardon and identified-hadron
distribution modifications similar to pPb



What can we learn?

Photonuclear interactions Photon-induced interactions
- What is the nuclear parton distribution  Are there multi photon-induced processes?
i 2
function(nPDF) * How do production probabilities and
 |s and how is it different from free proton/ photon energy depend on impact
neutron PDFs? parameter?

— Study photonuclear jet and J/ production — Study coincident production of yy—pp and
» Are droplets of quark-gluon-plasma (QGP) vyPb—pPb

produced?

* What is the production probability and

— Study charged-hardon and identified-hadron kKinematics of t-leptons?

distribution modifications similar to pPb
— Study yy— 1T

» Are there magnetic monopoles produced?

— Search for yy—=MM



What can we learn?

Photonuclear interactions Photon-induced interactions
- What is the nuclear parton distribution  Are there multi photon-induced processes?
i 2
function(nPDF) * How do production probabilities and
» |Is and how is it different from free proton/ photon energy depend on impact
neutron PDFs? parameter?

— Study photonuclear jet and J/ production — Study coincident production of yy—pp and
» Are droplets of quark-gluon-plasma (QGP) vyPb—pPb

produced?

» What is the production probability and
— Study charged-hardon and identified-hadron kKinematics of t-leptons?

distribution modifications similar to pPb
— Study yy— 1T

 Are there magnetic monopoles produced?
— Search for yy—=MM

S0, we can learn ... =@ Something about the nucleus, something about the
photons, something about the generated particles



A quick look at the ATLAS detection system

See more in Riccardo talk at 10:15
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at y /Sy = 5.02 TeV (Run 2):

. 0.49 nb1 (2015)

endcap calorimeters - 1.44-1 72 ﬂb‘1 (201 8)

LA P4 L
barrel electromagnetic calorimeter |

endcap toroid
magnet

\

at SNN = 5.36 TeV (RUH 3)

solenoid magnet l
|
- ~3.4nb (202382024)
Charged particle tracking in |n| < 2.5 — electrons, muons, charged hadrons
Calorimeter system in |n| < 4.9 — electrons, photons, jets

Muon reconstruction in |n| < 2.4 (muon spectrometer + inner detector)

ATLAS

EXPERIMENT

barrel hadronic calorimeter

All components used in UPC measurements

N ey R, e g ey aerectors ' UPC datasets from Pb+Pb collisions |

|

10



Zero Degree Calorimeter (ZDC) See more in Riccardo talk at 10:15
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140 m "« 140 m -
ZDC are 140 m away from the IP (|n|> 8.3)

Detect neutral particles: e.g. neutrons, photons

- Separate UPCs from inelastic Pb+Pb collisions
Events are categorised into: On0On / OnXn / XnXn

+  EXxclusive yy processes: mostly OnOn

Photonuclear processes: typically OnXn

Each category probes different impact parameters (b)

TAN

Beam

pipes

ATLAS OnO
PbPb(yy) — w'w(Pb 'Pb")

P> 4GeV, I |<24 oty |
m,, > 10 GeV, Pro < 2 GeV ‘ S\ »

____________________________________________________

STARLIGHT 3.13 |
LHC beam energy

—— XnXn
—— 0OnOn
XnOn
L : |
102 10°
b (fm)

Ann.Rev.Nucl.Part.Sci. 70 (2020) 323-354
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Photonuclear jet production PRD 111 (2025) 052006

 Especially cover region in Bjorken-x (< 0.01) where shadowing effects expected
» Shadowing = Suppression compared to free proton/neutron PDFs

» Cover intermediate momentum transfer Q2 of 102GeV2-104GeV2, given photon energies
up to 80 GeV

» Lower Q2 than reachable with pPb

O.1I illllll

ATLAS

5 : n Pb+Pb 5.02 TeV, 1.72 nb™
q 0% UPC y + A — jets a

dN
d(E__ /E ..)

» Require y-emitting Pb nucleus to
remain intact

» Veto neutron emission in photon-going 2t . L
direction = Use ZDC EA /E

ZDC beam

— Require no neutron on one side, at least one on the other side = OnXn ZDC topology


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.052006

Photonuclear jet production (i)

ATLAS 5.02 TeV, 1.72nb"
PRD 111 (2025) 052006

Select events with > 2 anti-k: jets with radius parameter R=0.4 and pt > 15 GeV

» Use rapidity gaps to suppress hadronic and photon-induced backgrounds

An},

<3

&J Leading order (LO)

simulation under predicts
data in shadowing region

&d NLO predictions

required for proper nPDF
extraction

144
VAR

Jet Event

py > 15GeV | ZDC OnXn: Eo, < 1 TeV and Ex, > 1 TeV
|77]et| < 4.4 Njet > 2

0.9HT < mjes < 4H
>vAn>25 Ana <3,and ), An <9

&d Study as function of scalar transverse momentum sum Hr

(proxy for Q), nuclear parton momentum fraction xa and parton
momentum fraction in photon direction zy
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.052006

Events / 0.01 GeV

Data / Pred.

ATLAS 5.36 TeV, 76.5ub-!

Coherent exclusive J/{— uu production 250204135

Study nPDFs - especially gluon PDFs - through coherent exclusive J/ production

Exclusive J/P has always been difficult for ATLAS due to minimum muon prt constraint due to
calorimeter material (~ 3.5 GeV)

However, iIn Run 3, can use track-based Level-1

TRT trigger

In analysis, select exclusive 2 +/- track events

— o Data ATLAS
2
500 _ I/otal it Pb+Pb |/s,, = 5.36 TeV, 78 ub"’
J/wegg O0<lyl<0.5
Y M 0.2 GeV

2000 - yy—li Pr =%

-..= Photonuclear
1500

526272829 3 313233343.
o [GeV]

5

— T RN B L B
AN 1

S 106 — ATLAS Pb+Pb\/7 5.36 TeV 78 ub —
[0 — O<lyl<0.5 e Data -
O] P —— Total fit ’
— ## Pred. stat. uncertainty —
‘s 5 3 Coherent JAp
<~ 1078 @ ncoherent JAp 3
Q. = [ Dissociative incoh JAp =
© C 3 vy —ll (fixed) .
E B I y(2S) (fixed) -
S 1 04 = e, @ Photonuclear (fixed) =
- 14

D 1.2F

al 1 : i

S5 0.8 :
S O6E. . . . .\ i 8

0 00.20.40.60.81121416182

i“[GeV]

llh Transition
/.« . “radiation tracker

[ATL-INDET-PUB-2009-002]

= |dentify J/{ using fits to invariant
two-particle mass distribution
= Coherent J/Y yield extracted via pair

pt template fits ”


http://arxiv.org/abs/arXiv:2509.04135

ATLAS 5.36 TeV, 76.5ub1

Coherent exclusive J/—up production =>:20502:

E 95_ ATLAS Pb+Pb (5,=5.36 TeV, 78 ub” E

a Ma|n phyS|CS reSUIt ? 8:— UPC ex::lu;;v; coherent J/y _g
- Exclusive, coherent J/y do/dy measured over  ® ..~ TET
4F 3

s Comparisons to other results : o IR E
= Extrapolate to 5.02 TeV = ;jE I o o j

- : : & 08— T 75 5 s

- ATLAS result in approximate agreement with y
forward y data from ALICE, CMS, LHCb E s oG s ey

= But not ALICE data at mid-y g o " ALICE 5621V -

= \Why isn’t agreement better at forward y? S v LHGS, 502 Tov E

65_ * *\\ *\\ ¢ This study, extrap. 10 5.02 TeV -

Could these disagreements result from multi- % 1:1\ E

. . . 41 v N —

UPC processes violating exclusivity i RN E

. . I . ~ " N -
requirements in trigger or analysis? 25 RN
1 ™
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o
o
()]
—
—
(@)
N
AY
(@)
W
w
(@)
N
<
(@)

15


http://arxiv.org/abs/arXiv:2509.04135

ATLAS 5.02 TeV, 1.7 nb1

Charged and identified-hadron yields axivwsososs:

Resolved photonuclear interactions such as p-Pb collisions at lower centre-of-mass

- Droplets of QGP formed? — Look e.g. for baryon/meson or strangeness enhancement

Select tracks as signatures of charged-hadrons — in OnXn ZDC topology

. |ldentify Kg through ntn, A through pz~ and =~

ATLAS |
10)  Pb+Pb, 1.7 nb™ ]
) sy =5.02TeV ]
OnXn, ZYAnreC >2.5 1

25 < N, <60
Extrap. to p_> 0 GeV |

(1/N,) dN/dy(d)

— Strong asymmetry in y for yPb — rather symmetric for pPb (more like pp)

(1/N,) dN/dy(c)

25

20

15

through Az~ decay

Cop
ATLAS |

o]h* (n) (x 1)
- HKS(y) (x 10)  p+Pb, 0.1 nb™
WA (y) (x20) VSw=5.02TeV
: ER = (y) (x 50) 25 =N, =60 ]
N p P b _ Extrap. to p_>0 GeV -
QDDDDD :
! UDDUUI g@ler JUUUUDDDD
S -_":':Izl:_
= £ T ¥ | ]
e

-2 1 0 1 5

y )

I
o
o

Candidates / 2 MeV

100

300

ATLAS + Data
| Pb+Pb, 1.7 nb™, (s, = 5.02 TeV —Global fit -
OnXn, ,An*>25 — Signal fit
25 < N3¢ <60 — Bkg: Poly. 2
~y: [-1.6, 1.6]

_pT: [0.5, 5.0] GeV

200}

of
1280 1290 1300 1310 1320 1330 1340 1350 1360

m, -[MeV]

A event yields as function

of (pseudo)rapidity

— Only moderate agreement with hybrid model, including QGP formation in yPb and pPb
— Firm conclusions about QGP formation requires first better data agreement also in pPb
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https://arxiv.org/abs/2503.08181

ATLAS 5.02 TeV,+5.36 TeV

Coincident yy—ppu and yPb—pOPb e n0s e

ATLAS has made multiple yy—I+I- measurements to ,,calibrate” and test our
understanding of UPC processes

- However, data-theory differences (=10%) persist

= Some of disagreement (with Superchic) could arise from multiple y+y processes
In single Pb+Pb collisions = | ose events to measurement due to exclusivity requirement

Measure rates of yPb—pO%Pb production " ATLAS  PbsPb 5.02TeV. 144nb"

. Select events with yy = p+u—, p{f > 4 GeV C>‘5> 4'_On0n + Pb+Pb, 5.36 TeV, 3.17 nb'_‘
— ® Data
- Look for additional opposite-sign track pairs < Eg i * === MC pP—mm T
: : O - ---MC yy—ee -
(pions) in same event pt > 100 MeV, |n| < 2.5 > | i MO vrwn
- Use Run 2 + 3 data ol

+_ - - Data Bkg 3
= See a clear p peak i N

- Separate p from other contributions |
+ Using template fit in my, o=
= o(+77717) ~80% of pairs | m,.. [GeV]
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https://arxiv.org/abs/2504.07795

ATLAS 5.02 TeV,+5.36 TeV

Coincident yy—ppu and yPb—pOPb e n0s e

—
o
=~

_ | I 1 ]

K ~ ATLAS T T -
2 - Pb+Pb, 5.02 TeV, 1.44 nb” . [ |
< " Pb+Pb, 5.36 TeV, 3.17 nb” T s -
g i 1 1 |

i 0031 + N + N -
% . ® No m,y, selection 1t ® No y  selection 1L ® No E*selection i
- 0 m,, <15 GeV T oy, <t 7 1 o E*<16Gev -

002 © my>15GeV - Ty > 0 EP®Y>16 GeV ee N

: 5 il # _

01— - ‘o [ N

0.0 ] \ .[:] (i o .D i - 8] |

: Q. O :: Q.E] - :: Q.[] :

O_ | | | | 1 | | | | 1 | | | | ]

OnOn OnAn OnXn XnXn AnAn OnOn OnAn OnXn XnXn AnAn OnOn OnAn OnXn XnXn AnAn

Coincident p9 vs. exclusive yy—up

» Evaluate fraction of yy—pu events w/ additional p for different ZDC neutron topologies (A—all,
X—n>1), yy masses, rapidities and photon energies

B3 Presence of multi photon-induced processes confirmed!

B3 See dependence of p rates on topology = Smaller impact parameter increases probability for

coincident p9 production
18


https://arxiv.org/abs/2504.07795

o o o ATLAS 5.02 TeV 1.93 nb-
Photon-induced di-t production ATLAS-CONF-2025-004
Pb Pb
. . . ¥
Study kinematics of yy— 1T production :\ T < v,
» VVeto EM Pb ion excitation, i.e. OnOn ZDC topology r Zl
Y _< 0
- Consider 3 t-lepton decay final states: ‘fr Vr
Pb Pb
* 1T 1 muon, 1 track (=1-prong hadronic or low-pT
| ep’[OniC decay) uq';i 400; goqlﬁgogrenminary ¢ Data, 1.93nb" -
3501 Pb+Pb |5, = 5.02 TeV s =
» u3T: 1 muon, 3 tracks (=3-prong hadronic decay) a0k ;Extec:;ﬁlsamkg
» pye: 1 muon, 1 electron 25“;; ) :
» Background estimates iy
+ yy—pp from MC 1:2
. o -
* Photonuclear from data-driven estimate < ~15% 5 1_22L-—— e
background contributions : MQW////%/////////////////////%

0.5 ———
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https://cds.cern.ch/record/2929691

Photon-induced di-t production ATLAS-CONF-2025-004

Differential cross sections compared to different

photon flux predictions g i e ¥ . ]
: : _ g +A" ¢ "

7 differential cross sections each for \ < 102:—+". +'. ¢ - =

. . . . B ¢ _

3 fiducial regions (FRs) . 6 -

= ~ ATLAS Preliminary R ]

.?, | s\ =5.02TeV, 1.93 nb’” )

ulT-FR
—@— Data @ stat

&d Photon flux modeling by SuperChic (SC) better 10 Eégégﬁyy £,
than by STARIlight (SL) i

—— SL+Py8+T
wd Few trends in data-MC agreement such as in

£ 14 5 | T =
© 1.2 T o v . L 4 =
pr(Y,trk) in p1T-FR S o§—+ ++ “{_ﬁ_*‘ffi_ﬁ_%__g
£ 0.6 S

&d NLO effect or from missing spin-correlations? [1,1.51[1.5,2)[2,2.5] [2.5,3][3,35][3.5,4][4,4.5][4.5.5] [5.6] [6,10]
p.(trk) [GeV]
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Photon-induced magnetic monopoles er.is« 2025 oeizoz

Existence of magnetic monopoles? - Explain quantization of electric charge

. . e
» With magnetic charge |g,,,| = 1gp and gp = > = 68.5¢: Events
: C e : : Background 4 * 4(stat) £ 1(syst
» Highly ionizing in ATLAS inner detector (ID) o . . (stat) = 1(syst)
[ ] [ [ [ [ L] a a
» Unique trajectories in ATLAS solenoid magnetic field:
bend in r-z plane, instead of r-¢ plane as normal tracks - Determined exclusion limits
3‘102"I"'I"'I"!II"\'\\I"'I"'I"'
=. = 4 W =
O [ ATLAS AN -
" [ Pb+Pbsyy=536TeV ;. BN i
L = 262 ub' \\ >
10§_Iqml=1gD ! 3 \/ E
- e -
i Bk -
\\‘\\
1E BX T
E i Observed 95% CL limit \\ E
~ ——  FPAModel, {5, =536 TeV :* - _ - Expected 95% CL limit }

» |dentify through large number of Pixel, including IBL clusters a 0L LorAmotohpae e € Expoed 09% CL it 220

=:»v=. LCFA Model, M =5.02 TeV | MoEDAL observed 95% CL limit
[

* Collision backgrounds largely suppressed, beam-induced 20 40 60 80 100 120 140 160
backgrounds estimated with data-driven method Monopole mass [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.061803

ATLAS 5.36 TeV 262ub

Photon-induced magnetic monopoles Lz 2025 osis0z

Existence of magnetic monopoles? 9 Explain quantization of electric charge

» With magnetic charge |q,,| = 1gp and gp = — = 68.5e: Events
Background 4 £ 4(stat) £ 1(syst)

* Highly ionizing in ATLAS inner detector (ID)

. . L . . Data 3
» Unique trajectories in ATLAS solenoid magnetic field:
bend in r-z plane, instead of r-¢ plane as normal tracks - Determined exclusion limits
3'102"I"'I"'I"!ll"\'\\l"'l"'l"'
= = 4 X
Os  E ATLAS Bk
2= - _ : B
o - Pb+Pb \s =5.36 TeV
L =262 ub” : /
10 E_ Iqml = 19[) :‘%;::.,p,

i Observed 95% CL limit
—— - FPA Model, ys, = 5.36 TeV | - - - Expected 95% CL limit
----- FPA Model, s, =5.02TeV | W Expected 95% CL limit =10

Stronger exclusion Ilmlts than from dedlcated experiment MoEDAL or from |
indirect searches for production close to surface of neutron stars  [GeV]

limit

o F
8TIIII| I IIIIIII| I IIIIIII| I IIIIII|
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.061803

ATLAS

EXPERIMENT

Observation of top-quarks in Pb+Pb

I [ L 1 ] LI |

%) N .
§ 22 :__ ATLASV_ ‘ Data ‘_: I | | || ] 1 1 1 ] 1 1 1 I 1 1 | I | 1 1 ] 1 | 1 ] 1 1 1 ] 1 1
L - Pb+Pb ysnn=5.02 TeV, 1.9 nb" it .

. 20E Centrality 0-80% tW E ATLAS
- SR . =
< FIrst . 18 SR W2l WV - Pb+Pb |5, = 5.02 TeV
o 161 = pon - - -1
observation : ~ Uncertainty - M TULp: 1.9 nb
~ - - Data total unc.
o MCFM nNNPDF30 2l
Of tt in P b P b " | Data stat. unc.
e e S
COI I ISIONS at MCEM nCTEQ15HQ . PDFunc
th e L H C MCFM EPPS21
T — T —
. CMS 5.02TeV Pb+Pb PRL 125 (2020) 222001

©
g
~ ATLAS 5.02TeV pp (scaled) JHEP 06 (2023) 138

pRL ]34 (2025) ]42301 § * | | | N | | - | I | | | I | | 1 l 1 1 1 I 1 1 1 I 1 1 | I 1 | | l | | | I | 1

05750 100 150 200 250 300 4 -2 0 2 4 © S éo b
m., [GeV] tt HD.
ep _ B} _ )

Observed (expected) significance of 5.0 (4.1) standard deviations

tt production cross section is measured to be

Consistent with the previous measurements o7 = 3.0 % (1):8 (stat.) =+ 8:2 (syst.) ub
and NPDF predictions

New probe of the QGP established at the LHC i«
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https://doi.org/10.1103/PhysRevLett.134.142301

ATLAS

EXPERIMENT

Observation of top-quarks in p+Pb

e +j ets >2 b _j ets T T T I T T T I I T T T I T T
o ] —
- S S A S — p+Psz =8.16 TeV
Top-quark pair § wof aias | eoma | ATLAS PR
o — o P - p+Pb \s =8.16 TeV, 165nb”" [t .
o o w | Post-Fit W Wb - | Data stat. unc.
p+Pb collisions 250 mwie - MCFMTU2t
- I W+light ’
_ B Z+b N
200 - B Z+c E MCFM nNNPDF30
- Bl Z+light .
JHEP 11 (2024) 10] 150F [Diboson 1 MCFM nCTEQ15HQ
\ 4 - Bl Fake lepton -
100} ~~Uncertainty
MCFM EPPS21
50
Le ptO N +j et and 0 CMS 8.16TeV p+Pb o PRL 119 (2017) 242001
° - 1.5¢
dilepton channels B 125 S
= 1“}0 ------- e ¢ +++/«/¢/.; ATLAS+CMS 8TeV pp (extrap.) JHEP 07 (2023) 213
(BR:NSO%) % 0&)755 o M 2 2 2 N N N N —é | | | l 1 1 | l | l 1 | 1 l |
o ‘1500 200 300 400 500 600 700 800 900 1000 0 20 40 80 100
HY [GeV] op [nb]

Y4 Most precise measurement of ¢f production cross-section at the LHC:

Consistent with the previous measurements
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Y4 Nuclear modification factor for ¢f production measured for the first time

Hint of nuclear modifications to PDF s


https://link.springer.com/article/10.1007/JHEP11(2024)101

ATLAS

EXPERIMENT

Summary

LHC as a photon collider & Unique access to physics In ultraperipheral collisions

Fascinating physics questions VS. Amazing ATLAS analyses
— Nuclear parton structure — Photonuclear jet production
— Quark gluon plasma droplets — Coherent exclusive J/ production,
— Multi photon-induced — Charged- and identified hadron
production and its impact production
parameter dependence — Coincident yy—pp and yPb—p0Pb
— Photon-induced kinematics production

— Photon-induced di-T
— Magnetic monopole production

= Run 3 is in progress ® 2023-2024 Pb+Pb data set at , /s\\=5.36 TeV collected

— Possible BSM contributions

= Significant improvements in instrumentation, triggers, and reconstruction efficiency

cl:) See more in Riccardo talk at 10:15
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