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SO GREAT TOGETHER YOU'LL WISH THEY'D NEVER PART AGAIN!
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AIM: The search for the highly ionizing particle avatars of New
Physics with magnetic and/or electric charge

CERN COURIER

May 5,2010
MoEDAL becomes the LHC's magnificent MoEDAL
seventh

A new experiment is set to join the LHC fold. As James
Pinfold explains, MoEDAL will conduct the search for

magnetlc monopoles. ITECHNICAL DESIGN REPORI1
OF THE MoEDAL EXPERIMEN'T

Résumeé
MoEDAL devient la septiéme expérience du LHC

“ In September 2009 the Large Hadron Collider Committee (LHCC),
accepted the MoEDAL Technical Design Report.

“ The CERN Research Board (CRB) unanimously approved the MoEDAL
during their 190" meeting on December 3rd 20009.
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Extensive data frdm test'dépioyments has already been >
taken and being analyzed -

b-and p-A_runmng ‘at13-14 TeVin 2015\
\.. T [ /\-.,,_.h_ﬂ m;\
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66 physicists from 14 countries & 23 institutions on 4 continents:

U. Alberta, UBC, INFN Bologna, U. Bologna,CAAG (Algeria), Algeria U. Cincinatti, Concordia U.,
CSIC Valencia, DESY, Gangneung-Wonju Nat. U., U. Geneva, U. Helsinki, ICTP Trieste, IEAP/CTU
Prague, IFIC Valencia, Imperial College London, INP/PAS Cracow, ISS Bucharest, King’s College
London, Konkuk U., Muenster U., National Inst. Tec. (india),Northeastern U., Simon Langton
School UK, Tuft’s. (Stanford University is the latest ( associate) member of MoEDAL)
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Avatar [av-uh-tahr]: An incarnation, embodiment, or manifestation of a person or idea:
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MOoEDAL — Highly lonizing Particles  ATLAS & CMS — New physics
directly detected as messengers of  largely reconstructed from SM

new physics — no SM backgrounds  particles — large SM backgrounds
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“ [Electriccharge - ionization increases with increasing charge &
falling velocity p (B=v/c) — use Z/P as an indicator of ionization

dE E L. D P e, o O
_-—:-1-:- — [@A@ [5 In 12 - [3 e '§
_- - ionization increases with magnetic charge

and decreases with velocity  —a unique signature

I y)
—d—E—Kg@:>ln2me +K|g| 1
dx A I 2 2

m
“ The velocity dependence of the Lorentz force cancels 1/ term

“ The ionization of a relativistic monopole is (ng)? times that of
a relativistic proton i.e 4700n°!! (n=1,2,3...)






arXiv.org > hep-ph > arXiv:1405.7662

High Energy Physics - Phenomenology

The Physics Programme Of The MoEDAL Experiment At The LHC

B. Acharya, ). Alexandre, . Bernabéu, M. Campbell, 5. Cecchini, J. Chwastowski, M. De Montigny, D. Derendarz, A. De Roeck, J. R. Ellis, M. Fairbairn, D. Felea, M. Frank, D. Frekers, C.
Garcia, G. Giacomelli, M. Giorgini, D. HaSegan, T. Hott, ). Jakibek, A. Katre, D-W Kim, M.G.L. King, K. Kinoshita, D. Lacarrere, S. C. Lee, C. Leroy, A. Margiotta, N. Mauri, N. E. Mavromatos,
P. Mermod, V. A. Mitsou, R. Orava, L. Pasqualini, L. Patrizii, G. E. Pavdlas, J. L. Pinfold, M. PlatkevE, V. Popa, M. Pozzato, S. Pospisil, A. Rajantie, Z €~" M Sakellariadou, S. Sarkar, G.
Semenoff, G. Sirri, K. Sliwa, R. Soluk, M. Spurio, Y.N. Srivastava, R. Staszewski, J. Swain, M. Tenti, V. Togo, M. Trzehi=-! “ykydal, A. Widom, et al. (1
additional author not shown)

(Submitted on 29 May 2014 (v1), last revised 15 Jul 207+ " L
.r Oth 2014)
The MoEDAL experiment at 6 te,mb‘vr gt
extending significantly the d! ]U ST PUBL}SH-;?D Cgi \IJ)()]] 29 A NO . ?_?j (?.0 14\] 1 430[)5“
n Physics -

and largely passive LHC detq on the LHC ring, Another
novel feature is the use of p 11‘[1211 Of MOdLr wantludes an array of

TimePix pixel devices for mo. Intern'g\tlonal ]OL je ‘system, electronic readout, or online
computerized data acquisitic E ;m!%ﬁmﬁ ofthe large multi-purpose LHC detectors
ATLAS and CMS.
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6 SCENARIOS

LLY

IVIGSSIVE

Dyons/Monopoles in general
Electroweak Monopole
Electroweak strings

Light 't Hooft-Polyakov monopoles
Monopolium

D-particles




Peter Higgs

“ Just as the general purpose experiments ATLAS & CMS have
as their prime physics purpose the discovery and
elucidation of the Higgs......

“ ....Then the equivalent “benchmark” physics process for
MOoEDAL is the magnetic monopole production — thus we shall
concentrate more on this topic due to time constraints

“ But ATLAS, CMS and MoEDAL can do much more!
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 The symmetrized Maxwell’s equations are invariant under
rotations in the plane of the electric and magnetic field

* This symmetry is called Duality - the distinction between
electric and magnetic charge is merely one of definition

* SEE VERY NICE TALK BY ARTTU RAJANTIE ON THE FIELD
THEORY OF MAGNETIC MONOPOLES (Thursday parallel-9).:
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dans un champ maguétique, on aurait wne force, et ceci semble &
peemiire vue en contradiction avec Vexistence du plan de sym
Sur la possibilité d'existence de la conductibilité magnétiy normal au champ. La disparition du plan de syeséurie ost précisé
et du magnétisme libre; ment duc & la dissymétrie cametéristique du magodtisme libre. La
I Lelw

Pas M. P. Conse symétrie du champ magnétique est ( C, celle de la sph

L chargée (18)mLw; en superposant les dissymétries, il reste
£ pan sme ¢ . ,

5 {x) groupe (¢), qui est o intergroupe de la
nous améne naturellensent & nous dem or e ’ ’ \ "

o § y ne force grompe (¢) (Lo, = P)
plus compléite. Estil absurde de supposer quiil existe des corps . .
. b chargé de magnétisme hibre serait done nécesss
conductcurs du magnétisme, des courants magnétiques ('), du s : e
. Yt w0 dnantiomorphe, c'est-i-dice mon superposable

magnetisme Lbee!

god . son image oblenue par mirage. Deux sphires chargées respecti

Il convient ¢ ver si des phénomines de ce genre ne serasent ; .

pas eo contradiction aveo les priacipes de I'Energétique ou avee

iitds égales de emgodtisme stral et bordal

t symétriques Pone de Vautre. On voit qu'il n'y aonit

les conditions de symétrie. Oa constate qu'il »'y aurait avcune \ h
» : s ; J 3 rien d'sbsurde, au point de vee de ls symétrie, r que
contradiction. Un courant magnétique dégagenait de la chalen 2 N 2
> d ° lex molécules disayn
il surait fa symérric hamp soagoétique qui lui & donné 1
J p 3 eaturolloment ch ¢ magnélisme libre
s et jouirsit de la curicuse propriéed, pour us coursnt, . £y
3 ¥ ¥ F Asnsi, aw point de voe de I'éoergétic viot de vae de la
dtre symdtesque par rapport & ua plao sormal & ss dicecticn. Le .
" rie, om peot ¢ evoir sans absardité ants de magné-
courant de magnélis créermit un champ decirique comme le ! o
tisme et les charges de magnétisme libre. 11 seraite Eraire

coarant dectrique o godtique et suivant les

diadaire de 4 que ees p nes existent réellessont. Si oo

mémes lo
pendant i en élait sinsi, ils devraient satialaice aux conditions
Une sphére isc
nous avons énon
serait caractéeisbe
Cest-i-dire upe infinité d'ases disoteopie doublés
nire do la sphére dass 1outes les direc atour analogos sy
’ 3 condzclear de s
pas de cantre et aucun plan de symétric. En effet, la sphire est M
< "
entoorée de champs magnétiques tous orientés suivant les rayons [ E <n et . bieee smcun
et 1oas diri ! "y gée de magod
: . . Cun pivanemiin s g aik eires
vers lintérienr, si elle est el mognétisme el pyaingriets e e
ot co pastant deas une sulre serie de o o
boréal. 1l ne pest y avoir de plan de symétrio passant § on tide de plamd circe
Vexistenco d'on champ magnéti : compat loquel gassait o3 comruat dran, & Bares
lo d'um plan de syméine t par sa direction. Au con circuit par Je coarast dw sece
traire, rien ne s ase 4 'existence des axes d'isotropie, ona d
le groupe (18

Si l'on pousa r une sphéve charg ¢ Nbre

ot de Megnc-

“ Pierre Curie was the 1°t to suggest that we should search
Monopoles (Seances, Société Francaise de Physique, 1894)

15
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* In 1931 Dirac hypothesized that the Monopole exists as the
end of an infinitely long and thin solenoid - the “Dirac String”~

®* Requiring that the string is not seen gives us the Dirac
Quantization Condition & explains the quantization of charge!

ge=[@n OR g=ie (from 4ﬂeg=2am n=1,2,3.)
2 20 hc ;
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22 August 1969, Volume 165, Number 3895 SCIE NCE

. never seriously doubted that here was
A Magnetlc MOdel 0‘ Mattel' the missing gincral principle referred
to in 2). And Dirac himself noted the
basis for the reconci &
A speculation probes deep within the structure of in 1). The law of r
and magnetic charge
such that the unit of magnetic charge,
deduced from the known unit of elec-
tric charge, is quite large. It should be
very difficult to separate opposite mag-
netic charges in what is normally mag-
netically neutral matter. Thus, through
the unquestioned quantitative asym-
And now we might add something and hypercharge, which serve also to metry between electric and magnetic
concerning a certain most subtle specify the electric charge of the par- charge, their qualitative relationship
Spirit, which pervades and lies hid ticle. What is the dynamical meaning might be upheld.
in all gross bodies, of these properties that are related to What is new is the proposed contact
—Newton but distinct from electric charge? In  with the mysteries noted under 3) and

nuclear particles and predicts a new form of matter.

Julian Schwinger

Postulated a “dyon” that carries electric & magnetic charge

Quantisation of angular momentum with two dyons (q.,,q,,,)
and (q.,4,,,) yields

(q.,,49..:) - (4.,,49,.,) =2nh/m, ( nis an integer)
Fundamental magnetic charge is now 2g,

— If the fundamental charge is 1/3 (d-quark) as the fundamental electric
charge then the fundamental magnetic charge becomes 6g,, 18



In 1974 ‘t Hooft and Polyakov showed that monopoles exist
with the framework of Georgi-Glashow with an SO(3) gauge
symmetry broken to the U(1) of EM — with charge 2g,

The 't Hooft and Polyakov monopole arises when the Higgs field vector
points away from the origin everywhere - the “hedgehog” configuration

Such monopoles are topological solitons (stable, non dissipative, finite
energy solutions) - Like a knot in the Higgs field configuration

19



fi

t tlogit's & Polvelcav's Wageaala A0S Biargelz)y




——2
———2
— 3
——
3
—3
—
— &
—3
—
-
H
]
3
H
T
H
T
I
i
1
]
i
I

I\/Ionopole"’hedgehog"

The structure of the SU(5) GUT is similar to the Georgi-Glashow EW
theory — thus it also predicted 't Hooft-Polyakov with mass around 106

GeV (or 10 ng in Sl units).
A symmetry-breaking GUT phase transition triggered the creation of

topological defects (domain walls cosmic strings, monopoles) when the
universe froze out at the GUT transition (Kibble-Zurek mechanism)

GUTS+ standard cosmology leads to a monopole glut that
enouraged Guth to introduce inflation to dilute their density

They are obviously much too heavy to be produced on Earth






** Yongmin Cho’s pioneering paper in 1986 envisioned a
spherically symmetric Electroweak Monopole, with:

“* Magnetic charge 2g, & mass potentially in the range 427 GeV/c?

** The Cho monopole is a non-trivial hybrid between the Dirac
monopole & the ‘t Hooft-Polyakov monopole

* His monopole arises from the Weinberg Salam model

** The Cho-Maison monopole would be detectable by MoEDAL
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Data from Cabrera’s apparatus taken on St

Valentine’s day in 1982 (A=20 cm?).

The trace shows a jump — just before 2pm - that one

would expect from a monopole traversing the coil.

In August 1985 a groups at ICL reported
the:“observation of an unexplained event”
compatible with a monopole traversing the
detector (A= 0.18 m?

SAME TECHNOLOGY IS UTILIZED BY MoEDAL
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MoEDAL

11
PR -1

NUCLEAR TRACK DETECTOR TRAPPING DETECTOR ARRAY  TIMEPIX Array a digital
Plastic array (~100 sqm) A ton of Al to trap Highly Camera for real time
— Like a Giant Camera lonizing Particles for analysis radiation monitoring




MAKROFOL

3 sheets each

500 pm

Aluminium face plate

25 x 25 cm

“ Largest array (150 m? of NTDs every deployed at an accelerator

“ Plastic NTD stacks consist of CR39 (threshold 5 MiPs) and Makrofol ( 50
MiPs) — that are “damaged” by the highly ionizing particle

“ The damage is revealed by controlled etching in a hot Sodium
Hydroxide solution — etch pits are formed

“ Charge resolution is ~0.1[e [, where [e]is the electron charge

“ NTD system acts like a giant camera that is only sensitive to
new physics - no known SM backgrounds

31



Trapped monopole SQUID magnetometer (ETH Zurich) ~ S€arch for trapped quasi-
stable decays at SNOLAB

“ We will deploy trapping volumes (~1 tonne) in the MoEDAL/VELO
Cavern to trap highly ionizing particles

# The binding energies of monopoles in nuclei with finite magnetic dipole
moments are estimated to be hundreds of keV

“ After exposure the traps are removed and sent to:
# The SQUID magnetometer at ETH Zurich for Monopole detection
@ Underground lab (SNOLAB) to detect decays of electrically charged MSPs

32
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Designed & optimized for SM
relativistic MIPs
& photons

Designed & Optimized for highly
ionizing particles

Insensitive to

SM particles Mass ~10K tons

Mass ~ 1 ton Size ~25m diam.

Size ~ 5 m3 x 46 m length
Thickness in RL Th/ckne:;f é’; I;L
~0.002 X, 0

Cannot detect

Can directly magnetic charge

detect & trap
magnetic charge

Calibrated by heavy-ions

Cannot be directly
calibrated for HIPs

The totally different systematics and mode of detection of
MOoEDAL compared to the ATLAS/CMS experiments =
important validation of and insights into a joint observations E



detector energy threshold | angular coverage | luminosity | robust against timing | robust efficiency

ATLAS medium central high no no
CMS relatively low central high no no
ALICE very low very central low yves no
LHCDb me <111111V forward medium no no
MoEDAL low full v 111<).(li11111./ yves v ves 74
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Cross-section limits for magnetic (LEFT) and electric charge
(RIGHT) (from arXiv:1112.2999V2 [hep-ph])
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Dirac showed that the existence of at least one magnetic
monopole would explain charge quantization

—) Charge
Quantization

Thus, Polchinski conjectured, any theory requiring charge
quantization must have a monopole

Quantization

He also maintains that in any fully unified theory, for every
gauge field there will exist electric and magnetic sources.



“ The existence of magnetic monopoles

is suggested by Electromagnetic
theory. But, Grand unified and
superstring theories, predict the
existence of the monopole.

“ Dirac felt that he "would be surprised

if Nature had made no use of it". It,
being the Magnetic Monopole.

“ Ed Witten once asserted in his Loeb

Lecture at Harvard, “almost all
theoretical physicists believe in the
existence of magnetic monopoles, or
at least hope that there is one.”
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Pole alone: The quest for a north without a south

13 August 2014 by Richard Webb
Magazine issue 2982. Subscribe and save
For similar stories, visit the Quantum World Topic Guide

We've never seen a magnetic north pole without its opposite number, but
theory demands that these strange monopoles exist. So why don't we make
one instead?

JIM PINFOLD hurries me through the low-lit corridors of the theory department
at the near Geneva in Switzerland. Posters announcing

Gerard ‘t Hooft a father of the GUT was quoted in the recent
New Scientist article on MoEDAL:

“Many attempts to improve on the standard model have emerged in
recent years. Some of these exotic theories, such as ones that predict
the existence of extra dimensions, predict a significantly lighter
monopole too....Their energy would be much closer to where the LHC
or its future descendants can reach, so the prospects look brighter”.
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 The discovery at the LHC of what looks like
the SM Higgs boson has reinforced the
case for the electroweak(EW) monopole.

 Yongmin Cho the discoverer of the EWM
had this to say on the topic:

“Only the electroweak, monopole is
consistent with the theoretical framework
of the standard model. It has twice the
magnetic charge of a Dirac  monopole and |
estimate that its mass would be in the TeV
range — making it ideally suited to be

detectable by MoEDAL.
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[ would like to express my strong support for the MoEDAL experiment.
Although monapoles do not get as much press as dark energy and other
hot topics, in fact they are the most certain prediction of theory beyond the
Standard Model - more so than supersymmetry, strings, extra dimensions,

modified gravity, or many other widely discussed ideas. As I have

discussed in my Dirac Centenary lalk, their existence seems inevitable in
any framework that explains the quantization of electric charge. Of
course t/aez'r mass scale and abundance are highly uncertain, but the same

-
| 55 .
Ed Witten
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electric charges magnetic dipole

magnetic monopoles?

Does magnetic charge exist?

Bosoning

SUSY

mirror
gFermion

What happened just after Fermion
the big bang?

SUSY-
WORLD

What is the nature of Are there new symmetries

Dark matter? of nature?
41
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higher luminosity. MoEDAL will throw a new light on this search

ATLAS SUSY Searches* -

95% CL Lower Limits (Status: March 26

/ [ATLAS-CONF-2012-1¢
Le58 167, 8 TaV [ATLAS-CONF-2012-108]

Ls4.8 07, 7 TeV [ATLAS-CONF-2012-144)

w.‘ (] \vwmmmaq
L=12815", 8 TeV [ATLAS-CONF-2012-145]
L=12.5 1", 8 TeV [ATLAS-CONF-2012-185]

1=20.7 ", 8 TeV [ATLAS-CONF-2013-007]
LeA.7 B, 7 TV [1208.4305, 1209.2102]
L=20.7 1", 8 ToV [ATLAS-CONF-2013-037)
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REST

Mass scale [TeV]

“ No evidence for SUSY at the LHC as yet but we should not
despair - the search will continue in 2015 at 13.8 TeV and
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g* (qg), dijet
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q*, dijet pair
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gluino, 3jet, RPV

gluino, Stopped Gluino
stop, HSCP =&
stop, Stopped Gluino |

stau, HSCP, GMSB

hyper-K, hyper-p=1.2 TeV |
neutralino, ct<50cm &

LQ2, B=0.5

LQ2, B=1.0

LQ3 (bv), Q=x1/3, B=0.0

LQ3 (b1), Q=+2/3 or +4/3, B=1.0
stop (b1)

Compositeness

#*¥" MD, monojet, nED = 3

MD, monojet, nED = 6

MD, mono-y, nED = 3

MD, mono-y, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2
MBH, boil. remn., MD=8TeV, nED =2
MBH, stable remn., MD=3TeV, nED = 2
MBH, Quantum BH, MD=3TeV, nED =2

Extra Dimensions
& Black Holes

The search for physics beyond the Standard Model will continue

at the LHC — MoEDAL expands this discovery horizon
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Topological soliton

“ In 1974 ‘t Hooft and Polyakov showed that monopoles exist
with the framework of Georgi-Glashow with an SO(3) GS
broken to the U(1) of electromagnetism — with charge 2g,

The 't Hooft and Polyakov monopole arises when the Higgs field vector
points away from the origin everywhere - the “hedgehog” configuration

** Such monopoles are topological solitons with a topological charge
Like a knot in the Higgs field configuration
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