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Magnetic monopoles and the classical physics
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Magnetic monopoles and charge quantisation

Quantised Singularities in the Electromagnetic Field.

e Dirac (1931): the existence of
magnetic monopole would
explain charge quantization (Received May 29, 1931.)

By P. A. M. Dirac, F.R.S., St. John’s College, Cambridge.

* Can be seen by considering a static system of an electric and a magnetic
monopoles separated by a distance r

e System possesses angular momentum
* Quantization of angular momentum — charge quantization

* Dirac monopole = point-like particle (GUT monopoles etc. are composite objects)

* Monopole mass and spin are not theoretically fixed
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Recent monopole searches at the LHC (pp)

ATLAS, JHEP 11 (2023) 112
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* Both searches use production modelled by Drell-Yan or yy-fusion pair production
* Derived from ee scattering using naive substitution aem — amm

* But: large y-MM coupling constant amm ~ 1/(4aem) = 34 — no perturbative expansion!



Magnetic monopoles Iin heavy-ion collisions

| HC Pb+Pb collisions @ 5.02 TeV — peak B ~ 1016 T

 ~104 greater than strongest known astrophysical magnetic fields (Magnetars)
 Occurs at distances (impact parameter) b ~ 2R (twice the nuclear radius)

Credit: ESO/L. Calcada
MoEDAL, Nature, 602 (2022) 63 -



Magnetic monopoles Iin heavy-ion collisions

* Production via the Schwinger mechanism in strong
magnetic fields [Gould, Ho, Rajantie, PRD 100, 015041 (2019), PRD 104, 015033 (2021)]

* Analogy to originally described spontaneous creation of ';*
e+e- pairs in presence of ultra-strong electric field A

 Advantages over pp searches:

* (Cross-sections calculated using semiclassical techniques
— do not suffer from non-perturbative nature of coupling

 Composite monopoles enhance the cross section

 No exponential suppression (e-#2~ 10-236) for composite monopole models
[see Drukier & Nussinov, Phys. Rev. Lett. 49 (1982) 102]



MoEDAL MMT detectors exposed to
0.235/nb of Run-2 Pb+Pb (IP8) data

MoEDAL, Nature, 602 (2022) 63
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LHC as a photon collider

e Boosted nuclel are intense source of EM fields

» Ultraperipheral collisions (UPC)
 b>2R
* Hadronic interactions strongly suppressed

e EM fields

Fermi, Nuovo Cim. 2 (1925) 143

 TJreated as quasi-real photon fluxes
e Small virtuality Q < 1/R ~ 30 MeV
* Proportional to Z2

W

UPC reviews:

Baltz et al., Phys. Rept. 458 (2008) 1-171; Klein & Steinberg, Ann. Rev. Nuclear Part. Sci. 70 (2020) 323
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Run2 ATLAS UPC highlights
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Characterizing (high-multiplicity)
photonuclear interactions

S

Hard-scale photonuclear collisions with jets
ATLAS-CONF-2022-021

Phys. Rev. C. 104 (2021) 014903
ATLAS-CONF-2023-059
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Run2 ATLAS UPC highlights

* Precision QED studies with yy = ee / pyu / T T production

 Measured also in non-UPC events by ATLAS [Phys. Rev. C 107 (2023) 054907]
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Run2 ATLAS UPC highlights

» Series of light-by-light scattering (yy — yy) measurements
* [ncl. analysis interpretations for specific BSM scenario (ALPS)
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EXPERIMENT

Run: 367321
Fvent: 755541675
2018-12-01 08:30:26 CEST



Experimental considerations

 UPC = Rapidity gaps, exclusive final states — veto requirements are essential
* Many sub-detectors available in ATLAS (|eta|<4.9)

* (Absence of) ion breakup tagged with Zero Degree Calorimeters (ZDC)

13



ATLAS ZDC Run3 performance
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ZDC UPC categories

OnOn

OnXn

(~60% events @ mx=30 GeV)

(~30% events @ mx=30 GeV)

Pb*

Pb

(~10% events @ mx=30 GeV)
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ZDC UPC categories

OnOn

OnXn

(~60% events @ mx=30 GeV)

(~30% events @ mx=30 GeV)

Pb*

Pb

(~10%** events @ mx=30 GeV)
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EM breakup modeling

Pb*

Pb

 Models of EM breakup fractions use parameterisations
based on low-energy photonuclear scattering data

e Significant contribution from Giant Dipole Resonanace (GDR)
 Models can describe LHC data at ~20% level

SuperChic 4.2 MC (Harland-Lang et al.)
EPJC 79 (2019) 1, 39
PRD 107 (2023) 9, 093004
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Monopole interactions In the detector

Ahlen, Phys. Rev. D 17 (1978) 229

* Energy loss dE Z o[, 2mec®B%4%  K(lg)) 1
—— P T gy B39 _1n I F—5 5 — Bllgl)

 |onization dominates
 For g=1gp and B~1: (dE/dx)mm = 5000 (dE/dXx)mip s 10

I . o
* Highly ionising particle (HIP) 3 o
— |ots of 6-rays near trajectory T 7F E
S .
 Slow monopoles — less ionisation S sf £
45 E
31 E
* Equations of motions y3 E
* Monopoles accelerated by magnetic field R R TR YR YR 3L A TR

o

* Trajectory bends in r-z plane (straight in r-¢)
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Low-energy monopole interactions in ATLAS

e Simulated pairs of monopoles in UPC (each w/ m=20 GeV)

* Large activity in the Pixel detector
 Monopoles with pt<~30 GeV typically do not reach SCT

Transverse view (Pixel detector only)

Longitudinal detector view

beampipe

IBL PIX1 PIX2

monopole pt = 20 GeV




Low-energy monopole interactions in ATLAS

e Simulated pairs of monopoles in UPC (each w/ m=20 GeV)

* Large activity in the Pixel detector
 Monopoles with pt<~30 GeV typically do not reach SCT

Transverse view (Pixel detector only)

Longitudinal detector view

IBL PIX1 PIX2

monopole pt = 50 GeV
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Low-energy monopole interactions in ATLAS

e Simulated pairs of monopoles in UPC (each w/ m=20 GeV)
* Large activity in the Pixel detector
 Monopoles with pt<~30 GeV typically do not reach SCT

 Monopoles with pt<~300 GeV do not reach calorimeter
Longitudinal detector view
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Ph Pb

Data set and trigger

<

« Use 0.262/nb of 2023 Pb+Pb data at 5.36 TeV oh i
* Signal trigger

* L1: coincidence of ZDC A+C signals + veto on total transverse energy in calo (Et<10 GeV)

 HLT: > 100 Pixel clusters w/o any specific
tracking selection
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* 1.7/nb — 0.262/nb due to enormous rate from > | [ LHC Delivered (Pb+Pb) :
mutual EM dissociation (L1 trigger prescale) g 2 EEATLAS Recorded =
£ | Total Delivered: 1.91 nb”
; 15 |- Total Recorded: 1.75 nb™
e Supporting trigger (for background 5|
estimation): g f B
 /DC signal exactly on one side (ZDC_XOR) § 05 F -
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Signal simulation

 Use predictions based on the semiclassical model

* Free Particle Approximation (FPA)
[Gould, Ho, Rajantie, PRD 100, 015041 (2019), PRD 104, 015033 (2021)]

 Monopole coupling with initial magnetic fields treated exactly (up to all orders);
neglecting possible monopole self-interactions

* Monopole kinematics based on simplified model with back-to-back
monopole production and sampled momentum: —————————

- Same model as used by MoEDAL

* Exploring only g=1gp

 Detector simulation
* Benefits from previous ATLAS pp searches

* Includes descriptions of monopole acceleration in the detector magnetic field, ionization
energy losses in matter and o-electron production along the monopole trajectory

24



Event properties

Events in data after trigger selection Simulated signal events
& B00p ® © g e 5 10%
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o501 Pb+Pb \s, =5.36 TeV, 268 ub™" - L I Pb+Pb s, = 5.36 TeV 17 W
B L1 trigger: L1ZDC_A C VTE10 . 4" - FPA model, m = 50 GeV 4
- =" Al 15— —
200 b -'.'-E-I!l S 10° I 15102
: Wi, 1] : 1
150 N | 10
- 1510 : :
Collision  100F - : 1 10
events 1 10 ° v
i _ S of 1
— i n [ = _IIIIIIIIIIIIII|IIII|IIII|I
05 e e e D) | 0 50 100 150 200 250 300 350 400 450 500 |
Npixcl PG

Beam-induced background °



Beam induced background (BIB) characteristics

ATLAS, JINST 8 (2013) PO7004
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BIB particles largely deflected in the horizontal plane
by LHC magnets
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Event selection

* Ntracks < 1
to remove collision bkg

Q B L L B B L B B
* N <1 <1000 ATLAS Preliminary ~ -+ Data,0.262nb"
fopoclusters 12 Pb+Pb sy = 5.36 TeV [ Background
§ 800 7/ Bkg. uncertainty
. . LL i
* NpixelClusters >150, InCIUdlng NiBLclusters > 50 500 VR -
— SUPPress BIB (BIB-enriched region)
400 -
* Fraction of Pixel clusters from a single module, 200

fleading-module<0-9 |
— 1o suppress events from noisy modules 315

200 400 o600 800 1000 1200 1400 1600 1800 2000-
Npixc
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Event selection

* Final background-discriminating variable
based on azimuthal correlations between

Pixel clusters

* Variable inspired by transverse thrust used:

* Require T>0.95 (SR definition)

e Signal efficiency varies from

4% (M=20 GeV) to 0.2% (M=150 GeV)

Isotropic Event Balanced Event

T,=2/m Thrust T =1

I I I | ] | I | I I I ] | | I I I |
ATLAS Simulation Preliminary

Pb+Pb \/SNN =5.36 TeV
FPA model
Npixc>190

Normalized entries
<
|

— m =20 GeV
m = 50 GeV
——m =100 GeV

09 092 094 096 098 1 -
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Background estimation

* Define two CRs:
 CR1 for events having T<0.87

* CR2 from ZDC_XOR-triggered events with 1-3 (soft) topoclusters, incl. at least one out-of
time (t<-10 ns)

. . . .E | | bl | bl | b | bl | bl | T | | I D I
e CR2 sample IS enriched with BIB events and so 0 10’ ATLAS Preliminary - Data, 0.262 nb” E
7. m [l Background -
NCRI % 10%g Pb+PD \/% =2.36 TeV 7 BKg. uncertainty =
N>R = NER?2 > — Signal, m = 100 GeV -
bkg NCR2 T>0.95 LL] 1 05 . . . —
T<0.87 = CR1 VR SR :
10° | = =
 Extra reweighting of SCT spacepoint distribution e

(requlates average radial range of BIB particles)
in CR2 for improved background modeling

1
SR (T>0.95): 4 = 4 bkg. events expected I A /
NpixCl Cc.\; 11:_ )y :/ / //4’%

et S v Bod e

i=1 065 07 075 08 085 09 0.95 1




CR1 control distributions
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Validation region (VR)

 Formed using events close to the SR (0.87<T<0.95)
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XnXn correction

e Signal model has no EM breakup embedded — correcting signal MC for XnXn requirement applied in data

* Breakup model based on SuperChic 4.2 MC for yy — |+|- process is used

e Full model also takes into account:

 EM pileup (outflow of events primarily from OnXn class to XnXn)

* possib
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ATLAS

Data Vs = 13 TeV (2015) |z| < 400 mm

Systematic uncertainties £ +

% 50_ :‘*‘\\ ]

 Dominant source: bkg uncertainty (stat.) T4 1% \e‘ E
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* Also important: detector material modeling 100 E

« Using alternative Geant4 geometries with [ ST i L
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Systematic uncertainties

o XnXn weight modelling (20%)

» Covers data/MC differences observed for yy — |+|- production
and differences between nominal (SuperChic) and alternative models (STARIlight, gamma-UPC)

* Other sources considered (subdominant)
* Pixel and calorimeter noise modeling
* 0O-electrons propagation range
* O-electrons production modeling
* |ntegrated luminosity
 Background shape systematics



Results

3 events in SR, consistent with

background estimate (4 + 4) S

e Cross-section upper limits Tk
for 20 < m < 150 GeV and
assuming the FPA model

» Better sensitivity compared to
MoEDAL

 Excluded magnetic monopoles
with mass < 120 GeV

(assuming FPA, g=19gp)
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Future directions

* [rigger iImprovements — more data!

* Possible future analysis developments

* EXxplore higher magnetic charges
* MVA methods
* Unconventional tracking
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Summary

* The first ATLAS result using Run-3 Pb+Pb data and the first ATLAS search for
MM in Pb+Pb collisions

* Analysis relying on non-perturbative FPA model, used previously by MoEDAL
 Enable to calculate physically valid monopole production cross sections

* |Introducing new approach in detecting HIPs at the LHC
* Main focus on the Pixel detector activity
 /DC crucial in data selection (L1 trigger)
* Best cross-section upper limits for UPC-produced MM for masses 20-150 GeV (g = 1gp)

* This new approach can be extended for other HIP searches in H|l data
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EM breakup fractions
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Systematic uncertainties

e O-electrons propagation range

* Low energy 0-electrons evolution simulated only down to some kinetic energy threshold
 Change from 0.05 to 0.01 mm

e | ess than 3% effect

» O-electrons production modeling

 dE/dx formulas for ionisation by monopoles have +3% uncertainty in analysis kinematic
region

* Reducing 6-electrons production rate by 3% in the simulation
* About 2-5% signal yield reduction
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Signal model
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Ultraperipheral collisions at the LHC

 Boosted nuclei are intense source of quasi-real photons

 Coherent photon flux
* Emax = Y/R ~ 80 GeV @LHC (~3 GeV @RHIC)

c Q~1/R~30MeV @ LHC/RHIC
 Each photon flux scales with ~Z2

» Various types of interactions possible:

VRN ; Pb Pb

\ ) Pb Pb(*)
\__/
ko
Y > Y Y
e ] JIV . | . ﬁ
| ’}/ .............................
% % : Y %
k1
Pb// N
— N— o
, \ ]
N Pb Pb(*)
Pb Pb

Diffractive Photo-nuclear (Inelastic) Photo-nuclear (SM) Photon-photon (BSM) Photon-photon 42



Future directions

* A wishlist to theory community
* Would be nice to have the non-perturbative calculations embedded in a MC generator
 Could incorporate EM breakup fractions in those calculations
» Better (more realistic) prescription for theoretical uncertainties
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