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Monopoles: introductory remarks

* Dirac argument (1931): existence of magnetic charge
would explain electric charge quantisation

— Fundamental magnetic charge: g = 68.5N (N =1,2,3...)

* Coupling to the photon > 1
— Non-perturbative dynamics
— Very large ionisation energy loss

* Magnetic charge conservation ensures that
monopoles are stable and produced in pairs

LHC
reach primordial GUT monopole
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Outline

* Monopoles at the LHC
— ATLAS results and plans
— MoEDAL status
— Monopole trapping experiments
« Stellar (trapped in stardust) monopoles s msg
— New polar rock results

* Limits on cosmic (free) monopoles
from detector arrays

SQUID magnetometer



ATLAS monopole search

Monopole

PRL 109, 261803
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2012), arXiv:1207.6411
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* Electron trigger requires energy in second calorimeter
layer (EM2) — sensitive to high energy or low charge (N = 1)

* Dedicated tracking and simulation

* Signature: high ionisation hits and narrow energy deposition

Results: cross section limits 2-30 fb for masses up to 1500 GeV


http://arxiv.org/abs/1207.6411

ATLAS monopole search — next step

PRL 109, 261803 (2012), arXiv:1207.6411
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Recover monopoles stopping in first calorimeter layer
 New dedicated high-level trigger based on high-ionisation hits
 Large acceptance increase, allows to probe N = 2

« 7 fb' of 8 TeV data in 2012, analysis in progress


http://arxiv.org/abs/1207.6411

MoEDAL

LHC experiment dedicated to highly-ionising particle
detection

Principle: passive detectors are exposed to
collision products around LHCDb collision point

Ma'f‘ dete_cmr: %l E% I e
* Thin plastic foils | & Y & |
» High ionisation signature %" % o %
* Track-etch technique — _ b TR f
New subdetector:

* Mag. monopole trapper (MMT) on [ P

* Aluminium absorber ‘(ﬂ
. . /\_
* Induction technique - N



MoEDAL — status

http://moedal.web.cern.ch/ LHC bealr{n pipe; interaction point — (x)
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Test arrays deployed in 2012
Main run planned for 2015 ,


http://moedal.web.cern.ch/

Magnetometer tests for trapped
monopoles searches (1)

Laboratory of Natural Magnetically DC-SQUID
Magnetism, ETH Zurich  shielded room magnetometer
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Magnetometer tests for trapped

monopoles searches (2)
Proof-of-principle using accelerator material near CMS
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http://arxiv.org/abs/1206.6793

Trapped monopoles at the LHC

Ongoing project:

Search in dedicated aluminium trapping
volume (MoEDAL MMT)

Future proposal:
Search in ATLAS and CMS

beryllium beam pipes
« Being replaced this year

« Only vacuum between interaction point and beam pipe
— sensitivity to very high magnetic charges (N>4) 0




Monopoles at the LHC: Summary

Cross section needed for 10 events in acceptance

cross section (fb)
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A. De Roeck et al., EPJC 72, 1985 (2012), arXiv:1112.2999
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— where should they be?

Stellar monopoles
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Searches for monopoles in bulk matter

Monopoles expected to bind strongly to matter
Stellar monopoles sank to the Earth's interior
— Absent from planetary crusts

— Searches in water, air, sediments,
rocks, moon rocks... are sensitive
only to cosmic monopoles

Motivates searching in meteorites

— 100 kg of chondrites analysed with
induction technique PRL 75, 1443 (1995)

Recent idea: search in polar volcanic rocks
— Migration along Earth's magnetic axis




Polar volcanic rock search
— equilibrium conditions

Gravitational force Fg= ma in

equilibrium with magnetic force
F = gecb

Mantle Ridgt T‘Tfﬂf h

Trench

Core

« Dirac charge (g = 68.5) —
equilibrium above the core-
mantle boundary (B) for:

m < 4-10" GeV

» (solid) mantle convection brings
up monopoles to the surface

Over geologic time, accumulation in the
mantle beneath the geomagnetic poles for
a wide range of masses and charges 14



Polar volcanic rock search — samples

High latitude (63}, mantle derived
» Hotspot (Iceland, Jan Mayen, Ross Island)
e Mid-ocean ridge (Iceland, Gakkel Ridge)

« Large igneous province (North
Greenland, East Greenland)

 |sotopic content indicating deep
origins (Coleman Nunatak)

gt 1 ’ ) W

Crushed to reduce magnetisation for
precise magnetometer measurement 15



samples

Polar volcanic rock search — results

50:_' | R arXiv:1301.6530, accepted in PRL (2013)
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persistent current (gD) candidate number

* No monopoles found in 24 kg of polar volcanic rocks

— In simple model, translates into limit of less than 0.02
monopole per kg in the Solar System (90% c.l.)

* Comparable and complementary to meteorite search
16


http://arxiv.org/abs/1301.6530

Stellar monopole searches:
limits on monopole density
In the Solar System

Meteorites
< 2.310° mon./g

Polar volcanic rocks
<1.6-10° mon./g
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Cosmic monopole searches: flux limits

Induction —
in-flight

Superconducting arrays F < 10" cm™s™'sr”

MACRO (underground)
F <107 cm?2s™'sr” lonisation

SLIM (high altitude) arrays
F<10"™ cm®s”sr’
ANTARES / ICECUBE (relativistic)
F <210 cm™s”'sr"

RICE (ultra-relativistic)
F<10" cm?s'sr’

Cherenkov

Seawater, air, sediments

Terrestrial rocks Induction — trapped
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Summary

« Magnetic monopoles are fundamental, well-
motivated objects
« Searches for monopoles are very much alive
— In-flight detection with ATLAS
— In-flight detection with MoEDAL
— Monopoles trapped in the MoEDAL MMT

— Monopoles trapped in the ATLAS and CMS
beam pipes

— Primordial monopoles trapped in rocks and
meteorites

— Cosmic monopoles in neutrino telescopes...

19



Extra slides
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Dirac's argument
Proc. Roy. Soc. A 133, 60 (1931)

 Field angular momentum of electron-
monopole system is quantised:

/ﬁy. L= [rxExB dr = flng
4

€ = gy =ni (n integer number)
qm r o

« Explains quantisation of electric charge!
— Fundamental magnetic charge (n=1):

— 1 — 5 8 — Ve B3 - .
gp = 5. = 68.5 (with g, = gec and q. = e)

21



Schwinger's argument
Phys. Rev. 144, 1087 (1966)
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» Postulate particle carrying both electric and
magnetic charges — dyon

 Quantisation of angular momentum with two dyons
(9,.9.) and (g .9 ) yields:

Ge1Qm2 — Ge2Qmi = 2?1“—’“ (n integer number)

. Fundamental magnetic charge is now 2g !

— With |q [=1/3e (down quark) as the fundamental
electric charge, it even becomes 69,

22



't Hooft and Polyakov's argument

Nucl. Phys. B79, 276 (1974)

Assume the U(1) group of electromagnetism is a
subgroup of a broken gauge symmetry

— Then monopoles arise as solutions of the field equations.
Very general result!

— Monopole mass typically of the order of the unification scale

LHC
reach GUT monopole
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Property: production

EM coupling constant for Dirac charge = 34.25
— non-perturbative dynamics, no reliable cross
sections and kinematics!

“Natural” benchmark models:

photon fusion Drell-Yan

Remark: magnetic charge conservation prescribes
that monopoles are stable and produced in pairs

24



Monopole binding in matter

« To atoms
— Binding energies of the order of a few eV
* To nucleil with non-zero magnetic moments
— Binding energies of the order of 200 keV
« At the surface of a ferromagnetic
— Image force of the order of 10 eV/A
— Robust prediction (classical)

1777/

KITTT7777,

________________

25



distance to beam axis (m)

Monopole bending

arXiv:1112.2999
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plane
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http://arxiv.org/abs/1112.2999

dE/dx (GeV cm%g)

Monopole ionisation

Electric

energy loss

Magnetic
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Monopole production kinematics

arXiv:1112.2999

310000__,_”' LA L L L L L L L T T T T T T T T ] %30000_| LA L Y I N Y N N Y I B L L
g :h 14 TeV pp collisions ] E ; 14 TeV pp collisions .
s - — PYTHIA Drell-Yan, m=200 GeV - § 25000 ——— PYTHIADrell-Yan, m=200 GeV ]
5 80001~ ——— PYTHIA Drell-Yan, m=1000 GeV ] B - ——— PYTHIA Drell-Yan, m=1000 GeV ]
© - ——— PYTHIA Drell-Yan, m=2000 GeV 1 ©20000 ——— PYTHIA Drell-Yan, m=2000 GeV
% 6000 — - Isotropic ] % g - Isotropic, m=1000 GeV ]
> C i 15000 -
4000 - - .
- ] 10000 — -
2000F- . 5000F- B
0_ | | | IS e | 0:- Ll R R s
0 05 1 15 2 25 3 35 4 45 5 0 1000 2000 3000 4000 _ 5000 _ 6000
n| Kinetic energy (GeV)
330000_"'I""I""I""I""""I"""""""'_ S 4Q000F T T T ]
° L 14 TeV pp collisions 5 5 - El e
© - PP . O 3500F_ 14 TeV, PYTHIA Drell-Yan, m=1000 GeV =
325000 — ——— PYTHIA Drell-Yan, m=200 GeV —] - = - 700
g C —— PYTHIA Drell-Yan, m=1000 GeV ] @ 3000 = =
£20000f- —— PYTHIA Drell-Yan, m=2000 GeV = S - 15600
o e Isotropic, m=1000 GeV . £ 2500 = 500
[1h] - @ E .
15000 ] < 2000 = —400
10000} = 1500t i 5 300
: . 1000 — £5]200
5000 E 500 48100
0: ........... : 0 ||||||||||||||||||||||: 0
0~"0.1 02 03 04 05 06 07 08 09 1 0 3 35 4 45 5

=
=


http://arxiv.org/abs/1112.2999

Magnetic charge (gD)

Range of monopoles in ATLAS and CMS

arXiv:1112.2999 (2012)
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ATLAS search multiply-charged particles

First HIP search at the LHC S fffflv 1102039 (2011)

\s=7 TeV

— Very first data (summer 2010) i

— Standard EM trigger and reco ,

0.6

— Interpretation 6e < |q | < 17e .
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from acceptance (punch through)

— Model-independent

approach: 1-2 pb limits set in
well-defined kinematic ranges

Sequel: monopole search with 2011 data (next slides)
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http://arxiv.org/abs/arXiv:1102.0459

ATLAS monopole search — principle

Data from 2011 (2 fb") £
Standard EM trigger _fE 800
Special tracking 700f

ATLAS-CONF-2012-062

[(rrrrrrrrrr e T T
- ATLAS Preliminary
[ Simulation

— Count TRT hits in window o00r S

around EM cluster

— Robust against delta-electrons
and anomalous bending

Signature: high-threshold TRT hits  et5™565" 5565505
associated to narrow EM cluster

500F

400F

1 I I 41
-400

Arpr [Mm]

TRT

Interpretation for magnetic monopole with minimum charge

(g9l =g,)
— Applying HIP correction in LAr

— Simulating monopole dE/dx and trajectory in Geant4



https://cdsweb.cern.ch/record/1456263

Visible energy in Liquid-Argon

* Birks' law models electron-ion recombination effects
— over-suppresses signal at high dE/dx

* For high charges, need HIP correction obtained from heavy

lon data |

S. Burdin et al., Nucl. Inst. Meth. A 664, 111 (2012)
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http://www.sciencedirect.com/science/article/pii/S0168900211019942

ATLAS monopole search — acceptance

Efficiency > 80% for
transverse energy
above 600 GeV in
range |n| < 1.37

— model-independent
approach: 2 fb limit set
in fiducial region

Drell-Yan pair production
— acceptance 1-10 %
— model-dependent limit

EX" [GeV]

3000~
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2000+

1500F

1000

500F

ATLAS- CONF 2012 062

ATLAS Prellmmarf
— Simulation

mass 800 Ge\f

S T R R R N B
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ATLAS monopole search — results

 Valid for Dirac (N=1) monopoles
* Blue curve is model-independent (factoring out acceptance)

PRL 109, 261803 (2012), arXiv:1207.6411
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http://arxiv.org/abs/1207.6411

Collider cross section limits for a Dirac monopole
Each limit is valid in a given mass range,
generally assuming Drell-Yan like pair production mechanism

M. Fairbairn et al., Phys. Rept. 438, 1 (2007), arXiv:hep-ph/0611040
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http://arxiv.org/abs/hep-ph/0611040
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http://prd.aps.org/abstract/PRD/v46/i3/pR881_1
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Magnetic charge (g

LHC reach in mass and charge

7 TeV PYTHIA Drell-Yan
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http://arxiv.org/abs/1112.2999

LHC plugin module
(18 m from CMS interaction point)

BEFORE
AFTER

Figure 1: X-ray pictures (from above) of the plugin module with buckled fingers (left) and
the new one after replacement with fingers around the beampipe (right). The sample used
in this search corresponds to the fingers of the plugin module in the left picture, which
reach to a position nearer the beam than the beampipe (36 mm diameter, to be compared
to 40 mm diameter for the beampipe).



Magnetic charge (g,)

Monopoles in ATLAS/CMS beam pipe —
acceptance

Monopole, ATLAS or CMS beam pipe, 7 TeV PYTHIA Drell-Yan
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MMT design

Material: Aluminium

— Large nuclear dipole moment (spin 5/2) — likely to bind
monopoles

— No activation
— Low magnetisation
— Cheap

Module:

— cylinder 2.5 x2.5x7 cm
— Nicely fits magnetometer sample holder

Two arrays

— one in front and one on the side
of VELO vacuum chamber

MoEDAL track-etch module in front of each array




MMT acceptance estimates
(assuming Drell-Yan pair production mechanism)

MMT 2 layers, 14 TeV PYTHIA Drell-Yan
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2—10 % acceptance for monopoles in the range 1-4 g,

— Higher charge — stops in VELO chamber
— Lower charge — punches through the MMT
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MMT tests with magnetometer

number of measurements
s

T T N W AN TN TN T T NN U M A [ ||_l 1
—%.4 -0.3 -02 -01 0 0.1 0. 2 0. 3 U 4
persistent current (g )

Aluminium modules identical to those used in the
MMT setup

Monopoles with charge down to N = 0.5 can be
identified without ambiguity 40



New polar volcanic rock search — samples

site latitude| tectonic setting rock type samples| mass (kg)
[celand [47] 64° N hotspot, mid-ocean ridge| basalt 144 5.916
gabbro 26 1.404
Jan Mayen Island [38] 71° N | hotspot alkali basalt i 0.139
Hawaii (c) 21° N hotspot tholeiitic basalt 17 0.610
North Greenland [48] 72° N LIP, 71-61 Ma old alkali basalt, trachyte,
trachyandesite, rhyolite T3 1.579
East Greenland [49] 68° N | LIP, intrusion gabbro 39 1.830
(Gakkel Ridge 84° N mid-ocean ridge tholeiitic basalt 26 0.707
Mid-Atlantic Ridge (c) 33" S mid-ocean ridge tholeiitic basalt 5 0.207
East Pacific Rise (c) 287 § mid-ocean ridge tholeiitic basalt 7 0.241
South. Vietoria Land T 5 hotspot basalt, basanite 233 8.163
North. Victoria Land T2° § intraplate volcanism basalt, trachyte 12 0.335
Marie Byrd Land [46] T6% S intraplate volcanism alkali basalt (HIMU) 50 2.184
lherzolite 3 0.14%8
basalt, trachyte 17 0.440
Ellsworth Land T4° § intraplate volcanism basalt 11 0.300
Horlick Mountains 87° § intraplate volcanism basalt 1 0.021
Antarctic Peninsula (c) 63® S subduction zone basalt 5 0.146
Total search 641 23.366
Total control (c¢) 37 1.204

arXiv:1301.6530, accepted in PRL (2013)
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http://arxiv.org/abs/1301.6530

H1 beam pipe (HERA, induction)

* Monopoles and dyons with very high magnetic
charges would stop in the Al beam pipe!

- 0.1-1 pb limit (up to 140 GeV monopole with g = g )

| Calibrated Magnetometer Current (gp) |
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= 3F
e 1 |
g 0 ;_ ;:\ _
v -1 E o
f" aﬁ -2 E e =t 2.3 gg
| i\lgfﬁ-g \ L1 M|
| . 0.8 1.2
t 2, (M)
|
o = +/-2.3 g
|
|
|
E g
.
: No coil
| L L L | L L L L | P L L | L L L L | L L L L
o 0.5 1.5 2 2.5
z. (m) 44

m


http://arxiv.org/abs/hep-ex/0501039

Superconducting arrays (induction)

Response depends only on magnetic charge
— can probe very low velocities / high masses

Cryogenics typically limit area to 1 m’
Exposure time of the order of 1 year

Spurious offsets can happen — include multiple,
independent detectors (e.g. closed box)

F<10" cm?s’'sr’

PRL 64, 839 (1990)
PRD 44, 622 (1991)
PRD 44, 636 (1991)
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MACRO

~1400 m underground
Area: 1000 m’, 10 m height
Exposure: 5 years

Various detection techniques:

— Scintillator (time-of-flight):
0.0001 < B <0.01

— Scintillator (dE/dx):
0.001<B<0.1

— Streamer tubes:
0.001 <B <1

— Track-etch:
0.001<B <1

* F<10" cm’s’sr

arXiv:hep-ex/0207020 (2002)
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— Can identify intense Cherenkov
light expected from relativistic
monopole (B > 0.8)

* Dark area: sensitive to up-going
(much less backgrounds)
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ANTARES search

 Relativistic (B > 0.75) — abundant Cherenkov light

« Only upgoing signals considered to reduce
atmospheric muon backgrounds — need monopole

to traverse the Earth (m > 10’ GeV)
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Astropart. Phys. 35, 634 (2012), arXiv:1110.2656
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MM from above

_12 at MACRO depth
MM at 5230 m

3 altitude

E MM at 20 km
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SLIM (track-etch)
« Altitude: 5230 m

(Chacaltaya observatory)
« Area: 400 m’
« Exposure: 4 years

« F<10® cm’s'sr’
arXiv:0801.4913 (2008)
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http://arxiv.org/abs/0801.4913

RICE (radio Cherenkov)
* Antennas buried in polar ice

— Can identify strong radio wave signal from
coherent Cherenkov radiation expected from
ultra-relativistic monopole (B = 1)

— “Intermediate mass”

« F<10"®cm?s'sr’ (y>10)

arXiv:0806.2129 (2008)
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Deeply buried rocks and seawater
(induction — cosmic)

PRA 33, 1183 (1986)

« Hundreds of kilograms
of material analysed
with large
superconducting
detector

* Depths of up to 25 km
— stop higher-energy
monopoles

* p < 510" mon./nucleon
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Magnetic .charge (Dirac unit,+=north)
1

0.5

Moon rocks (induction — cosmic)

Exposure: 4 billion years!
— No movement (few meters depth)
No atmosphere and no magnetic field
— Robust assessment of monopole fate after stopping
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Old (460 Ma) mica crystals

« Very highly ionising particle causes lattice defects

revealed after etching

— Needs assumption of a low-velocity (B ~10°)
monopole which captured a nucleus

e F<10" cm’s'sr

PRL 56, 1226 (1986)
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lron ore

* |nduction detector placed under a furnace at
ore-processing plant

— Large amounts (>100 tons) of material

— Assume ferromagnetic binding, but must also
assume no binding to nuclei

* p < 10" monopoles/nucleon  PRD 36, 3359 (1987)
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Deep-sea sediments (extraction)

PRD 4, 1285 (1971)
 Where would monopoles have accumulated

preferentially?

 Monopoles thermalised in ocean water would drift to
the bottom and become trapped near the surface
of sediment

— Sedimentation rate 0.1 — 1 mm/century
* The extraction method used in this search could only
probe masses up to 10' GeV
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Annihilation of monopoles inside Earth

* Heat generation from monopole-antimonopole
annihilations during geomagnetic reversals

* p < 10® monopoles/nucleon Nature 288, 348 (1980)

JN

56



Recent searches for cosmic monopoles

« Free monopoles with m < 10" GeV accelerated to relativistic
speeds by galactic magnetic fields

« Superconducting arrays (induction technique) PRL 64, 839 (1990),
PRD 44, 622 (1991), PRD 44, 636 (1991)
— No velocity dependence — masses up to planck scale!

« Large-surface arrays (ionisation)
— Underground: MACRO EPJ.C 25, 511 (2002)
— High altitude: SLIM EPJC 55, 57 (2008)

* Neutrino telescopes (relativistic)

— Cerenkov light: BAIKAL Astropart. Phys. 29, 366 (2008),

ICECUBE EPJC 69, 361 (2010), ANTARES Astropart. Phys. 35,
634 (2012)

— Cerenkov radio: RICE Phys. Rev. D 78, 075031 (2008), ANITA

Phys. Rev. D 83, 023513 (2011) 57
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