


						Highly	Ionizing	Par/cles	from		the	Cosmos		



 Maxwell,	in	1873,		makes	the	connec6on	between	electricity		
&	magne6sm	–	the	Victorian	Grand	Unified	Theory!	

											Maxwell’s	Grand	Unifica/on	
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The	symmetrized	Maxwell’s	equa5ons	are	invariant	under	
rota5ons	in	the	plane	of	the	electric	and	magne5c	field	
This	symmetry	is	called	Duality	-		the	dis5nc5on	between	
electric	and	magne5c	charge	is	merely	one	of	defini5on

Monopoles	Symmetrize	Maxwell’s	Eqns
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 The	symmetrized	Maxwell’s	equa6ons	are	invariant	under	
rota6ons	in	the	plane	of	the	electric	and	magne6c	field	

 This	symmetry	is	called	Duality	-		the	dis6nc6on	between	
electric	and	magne6c	charge	is	merely	one	of	defini6on	

		Monopoles	Symmetrize	Maxwell’s	Eqns	



																Pierre	Curie’s	Challenge	



	The	123rd	Birthday	of	the	Monopole	Quest	



																				Dirac’s	Monopole	

•  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	
Quan6za6on	Condi6on	&	explains	the	quan6za6on	of	charge!	
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 In	1974	‘t	HooU	and	Polyakov	showed	that		monopoles	exist	
with	the	framework	of		Grand	Unified	Theories	
 Such	monopoles		are	topological	solitons	(stable,	non	dissipa6ve,	finite	
energy	solu6ons)		with	a	topological	charge	

The	topology	of	the	soliton’s	field	configura6on	gives	stability			EG	a	
knot	in	a	rope	fixed	at	the	ends	(boundary	condi6ons)	

Gerard	t’HooU	

							The	‘t	HooK-Polyakov	Monopole	
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Alexander	Polyakov	
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																		The	GUT	Monopole	

 
GUT	monopole	Water	freezing	to	ice	

The	GUT	transi6on	

 A	symmetry-breaking		phase	transi6on	caused	the	crea6on	of	
topological	defects		as	the	universe	froze	out	at	the	GUT	trans.	
 The	GUM	is	a	6ny	replica	of	the	Big	Bang	with	mass		~	0.2	µg	(1017	GeV.	

 Lighter	“Intermediate	Mass	Monopoles”	can	be	produced	at	
later	Phase	Transi6ons	–	mass	105	à	1012	GeV	or	lower,	eg:	



Yongmin	Cho’s	pioneering	paper	in	1986	envisioned	a	
spherically	symmetric	EW	(Cho-Maison)	monopole	arising	
from	the	framework	of	the	Weinberg-Salam	model	
 The	Cho-Maison	monopole	is	a	non-trivial	hybrid	between	the	
Dirac	monopoles	&	the	‘tHooU-Polyakov	monopole	
 Magne6c	charge	2gd	&	mass	es6mated	to	be		~4	à	~10	TeV	

 If	the	Cho-Maison	monopole	is	not	detected	at	the	LHC	it	can	
be	detected	in	Cosmic-MoEDAL	

											The	Cho-Maison	Monopole	



											The	Cho-Maison	Monopole	
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					The	Importance	of	the	Monopole	



Magne6c	charge								
=	ng	=	n68.5e	

(if	eà1/3e;	gà3g)		
		HIGHLY	IONIZING 

Energy	acquired	in	
a	magne6c	field	
=2.06MeV/gauss.m	
=	2TeV	in	a	10m,	
10T	solenidal	field		

The	monopole		mass	is	
not	predicted	within	
the	Dirac’s	theory,	~	
4-7		TeV	EW	monopole	

Coupling	constant	=	
g/Ћc	~	34.	Spin	½?	

	Proper/es	of	the	Magne/c	Monopole	
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MAGNETIC		
	CHARGE	(g)	

																						The	velocity	dep.	of	the	Lorentz	force	cancels	1/β2	term	

ELECTRIC		
	CHARGE	(e)	

MINI-ELECTRIC		
	CHARGE	(mQe)	 ~	

		Highly	Ionizing	Par/cles,	Avatars	of	New	Physics	





		MACRO	Observatory	Grand	Sasso	(1989-2000)	

 3	Subdetectors:	
 Scin6llators	
 Limited	Streamer	Tubes	
 Nuclear	Track	Detectors	

 NTD	surface	:	∼	1300m2	

 ΣΩ	fast	MM	∼	7100	m2	sr	

MACRO	Limits	on	GUT	
Cosmic	MMs	s6ll	the	best	
(on	the	PDG	since	2000)	



											The		IceCube	Search	for	Monopoles		

SEARCH	1	
Upward	coming	rela6vis6c	
GUT	monopoles	

SEARCH	2	
Upward	coming	non-	
rela6vis6c	GUT	Monopoles		
using		catalysis	of	proton	
Decay	



•  Intermediate	monopoles	with	mass	in	the	range	105	GeV	à	
1012	GeV	

•  IMMs	can	be	accelerated	in	the	galac6c	B	field	to	rela6vis6c	
veloci6es	

	

	 	 	Galaxy	W	∼	6	x	1019	eV	

	 			Neutron	stars	W	∼	1020	-	1024	eV	

	 	 	AGN	W	∼	1023	-	1024	eV	

•  If	monopole		mass	is	less		than	~	1013	GeV	it	will	not	penetrate	
the	Earth	to	reach	underground/underwater/under-ice	
detectors	

		Limits	on	Intermediate	Mass	Monopoles		

W	=	gD	B	L	~	6	x	10	19	eV	(B/3x10-6	G)	(L/300pc)	



 IMMs	will	oUen	be	ranged	out	in	the	Earth	or	the	atmosphere.	
and	they	can	only	be	detected	from	above.	
 One	needs			large	areas	to	push	down	below	the	Parker	Bound	
 Thus,	the	solu6on	is	to	deploy	a	IMM	detector	at	High	Al6tude	

		How	to	Efficiently	Detect	IM	Monopoles	



•  Search	for	Light	and	IM	Monopole	(SLIM),	Chacaltaya,	
Bolivia,	5230	m	asl	using		an	array	on	Nuclear	Track	Detector	
(NTD)	modules	
•  Dura6on	of	experiment	1999-2006	

•  Surface	area	of	Nuclear	Track	Detector	Modules	∼	410	m2			

																						The	SLIM	Experiment	



Limits	on	GUMs	from	Cosmic	Detectors	(1)	

Catalysis	not	used	



Limits	on	GUMs	from	Cosmic	Detectors	(2)	

a)  Upper	flux	limits	for	GUT	Monopoles	(GUMs)	’s	as	a	func6on	
of	their	mass	M	for	β	=	0.05	as	set	by	MACRO,	Ohya,		&	SLIM.		

b)  	Upper	limits	on	the	flux	of β =	10−3	M	as	a	func6on	of	the	
catalysis	cross	sec6on	σCat	for	2	IceCube	analyses,	2	MACRO	
analyses,	IMB,		&	Kamiokande	.	

1	

2	
IonizaKon	 Catalysis	Nucleon	decay	

a)		 b)		



  Data	from	Cabrera’s	apparatus	taken	on	St	
Valen6ne’s	day	in	1982	(A=20	cm2).	
  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:“observa6on	of	an	unexplained	event”	
compa6ble	with	a	monopole	traversing	the	
detector	(A=	0.18	m2	

  SAME	TECHNOLOGY	IS	UTILIZED	BY	MoEDAL	
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						Induc/on	Experiments	-	Evidence?		

Cabrera’s Event 

ICL 
Event 

A monopole traversing a SQUID coil 



In	1975,	researchers	from	Berkeley	and	the	
University	of	Houston	claimed	to	have	seen	a	
monopole.	
Price	and	colleagues	were	studying	cosmic	ray	
interac6ons	in	stacks	of		emulsions	and		plas6c	
track-etch	detectors	liUed	to		high	al6tude	by	a	
balloon	(	130K	U)	over	Sioux	City,	Iowa.	

The	characteris6cs	of	the`monopole	event’	,said	the	
researchers,	“strongly	favour	the	iden6fica6on	of	
the	par6cle	as	a	magne6c	monopole	with	a	charge	
of	137	and	a	mass	greater	than	200	6mes	that	of	a	
proton,	travelling	at	a	velocity	half	the	speed	of	
light”.	(TIME	Aug.	25th	1975)	

Alvarez	offered	an		alterna6ve	explana6on	-	
the	cosmic	ray	magne6c	monopole	could	be	a	
pla6num	nucleus	fragmen6ng	to	osmium	and	
then	to	tantalum.	
There	are	some	ques6ons	but	the		GUT	
monopole	explana6on	is	not	ruled	out	

									Buford	Price’s	Strange	Event	





																					The	Beginning	



				Monopole	Produc/on	at	Colliders	



•  The	two	general	purpose	LHC	detectors	ATLAS	and	CMS		
–  Standard	collider		electronic	detectors	with	magne6c	field	
comprised	of:	Inner	Tracker;	EM	calorimeter,	Hadronic	
Calorimeter	and	Muon	detectors	

–  	Mul6	level	trigger	is	required.	

ATLAS	Detector	 7000	tonnes		&	46m	x	25m	

														Results	from	ATLAS	(1)	



•  ATLAS	event	selec6on	
–  Level-1:	Hardware	triggers	select	events	
with	ET		>	18	à	20	GeV	in	the	EM	calo	
(ECAL)	and	ET	<	1	GeV	in	hadronic	calo	

–  Level-2:		ECAL	associated	hits	in	a	wedge	
of	=	±0.015	rad	in	φ;	

–  Discriminants:	frac6on	&	#	HT	TRT	hits		
(	Ntrig

HT	>	20	&	ftrigHT	>	0.37)	

–  EM	energy	deposit	dispersion	(frac6on	of	
EM	energy	contained	in	most	energe6c	
cells,	w)	

–  Background	determined	from	data	using	
ABCD	regions	

														Results	from	ATLAS	(2)	



•  Limits	on	integer	magne6c	charge	gD=1	

Drell-Yan	Lower	Mass	Limits	(GeV)	

														Results	from	ATLAS	(3)	



	66	physicists	from	14	countries	&	26	ins6tutes.	on	4	con6nents:	
1)	U.	Alberta,	2)	U.	Alabama,3)		UBC,		4)	INFN	Bologna,	5)	U.	Bologna,6)	CAAG-Algeria,	7)	U.	Cincina|,	8)		
Concordia	U.,	9)		CSIC	Valencia,10)	Gangneung-Wonju	Nat.	U.,11)		12)	U.	Geneva,	13)	U.	Helsinki,	14)	IEAP/
CTU	Prague,	15)	IFIC	Valencia,	16)	Imperial	College	London,	17)		ISS	Bucharest,18)		King’s	College	London,	
19)	Konkuk	U.,	20)	U.	Montréal,21)	MISiS	Moscow,	22)	Muenster	U.,	23)	Na6onal	Inst.	Tec.	(india),	24)	
Northeastern	U.,	25)	Queen	Mary	College	UK,						25)	IRIS/Simon	Langton	School	UK,	26)		TuU’s.	

ATLAS			CMS				ALICE			LHCb			TOTEM		LHCf		MoEDAL							

		The	MoEDAL	Experiment	&	Collabora/on	
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MoEDAL	is	largely	passive	and	made	up	of	three	detector	systems	

														The	MoEDAL	Detector	
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NTD	Stack	

VELO-LHCb	

NTDs	–	A-side	

NTDs	–	C-side	

NTDs	–	Top	

NTDs	–	Front	

NTD-High	Charge	Catcher	

MMT-2	
MMT-2	

MMT-3	

MoEDAL	 LHCb	

•  Acceptance	for	at	least	one	monopole	from	monopole	pair	
produc6on	to	hit	NTDs	~70%	(over	150	m2	of	plas6c)	

Geant	4		
Panoramix	

LHCb	MoEDAL	

		Full	MoEDAL	Deployment	2014-2015	
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•  Largest	NTD	array	(150m2	tot)	ever	deployed	at	an	accelerator	
–  NTD	tacks	consist	of	CR39	(Thr.	5	mip)	&	Makrofol	(Thr.	50	mip)		

–  Damage		revealed	by	controlled	etching	-	etch	pits	are	formed	

–  Charge	resolu6on	is	~|0.1|e,	where	|e|	is	the	electron	charge	
–  Precision	of	each	etcha	pit	measurement		~20-50	microns	

•  NTDs	are	calibrated	at	heavy-ion	beams	at	NSRL	&	NA61		
•  ATLAS	and	CMS	cannot	calibrate	for	highly	ionizing	plas6c	

														The	Signal	in	the	NTDS	



THE	Zurich	DC-SQUID	
magnetometer	

Monopole	trapped		
by	aluminium	nuclei		

The	MoEDAL	trapping	
detectors	at	IP8	

The	Signal	 	SQUID	coil	current	
Is	a	constant	amount	
aUer	the	passage	of	
A	monopole		
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						Signal	in	Squid	MMT	Detectors	



  MAPP	will	be	able	to	take	data	in	p-p,	p-A,A-A	and	also	fixed	
target	interac6ons	using	SMOG	(an	internal	gas	target	in	LHCb)	
  MAPP	has	three	mo6va6ons	

  To	search	for	par6cles	with	charges	<<1e		(ATLAS	&	CMS	limited	to	
searches	with	par6cles	of	charge	e	≥	1/3)	
  To	search	for	new	pseudo-stable	neutrals	with	long	life6me	and		
anomalously	penetra6ng	par6cles	 37	



MoEDAL	 ATLAS	

																				First	MoEDAL	Results	
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  MoEDAL’S    LATEST     RESULT 

	PRL	11
8	06181

1	(2017
)	

	LHC’s	First	13	TeV	Result	on	Monopoles	



•  First	monopole	constraints	in	13	
TeV	pp	collisions	
•  Probe	TeV	masses	for	up	to	5gD		

for	the	1st	6me	at	the	LHC	
•  Exclude	monopole		with	|g|=4gD	

for	the	1st	6me	at	the	LHC	

																	Latest	MoEDAL	Results	
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MoEDAL	+	

																		MoEDAL’s	Sensi/vity	
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Designed	&	Op6mized	for	highly	
ionizing	par6cles	

Designed	&	op6mized	for	SM	rel.	
			charged	par6cles	&	photons	

								 			
	

Insensi6ve		to	
SM	par6cles		

	Cannot	be	calibrated	for		
highly	ionizing	par6cles			

	
			

		Cannot	detect		
	magne6c	charge	

	Can	directly	detect		&	
trap	magne6c	charge	

MoEDAL	 ATLAS	
CMS	

Calibrated	by	heavy-ions	

Soon	able	to	detect	~	0.01e	
	

Passive		 Triggered		

The		different	systema6cs	and	mode	of	detec6on	of		MoEDAL	
allow	important		valida6on	of	joint	LHC	observa6ons	

												MoEDAL’s	Complementarity	

	Mass	~	1	ton	

Mass	~10K		tons	

		Size	~	5m3	

Size	~	25m	diam.	
x	46	m	length	

~	25	X0	RLs	thick	Thickness	in	RL			
~	0.02	X0	

Can	only	detect	charge	>	~0.3e	
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Search	for	Long-lived	
charged	SUSY	par6cles		

Beam-pipe	search(CMS+)	
High	magne6c	charge	>6g		

Search	for			
mini-charged	(<	1/3e)	

par6cles		
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								More	Luminosity	and	Higher	Energy	

•  Luminosity	acquired	by	MoEDAL	before	the	end	of	RUN-2	is	
likely	to	be	~6	�-1.	Our	request	was	for	10	�-1			

•  We	will	be	reques6ng	an	addi6onal	20-30	�-1	of	data	in	RUN-3	
to	Run	1t	the	increased	Ecm	of	14	TeV	
–  Con6nue	the	search	for	magne6c	charge	to	higher	energy	&	luminosity	
–  A	higher	luminosity	is	necessary	to	push	the	search	for	electrically	
charged		massive(	pseudo)-stable	par6cles	from,	e.g.,	SUSY		scenarios.	

–  Start	the	search	in	earnest	for	mini-charged	par6cles		and	long-lived	
secondaries	using	MAPP	
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5K-50K	m2	

>	5/50	6mes	



 Assume	area	of	detector	is	5-	50,000	m2
,	is	exposed	for	4	years	on	

Mt	Chacaltaya	and	for	monopoles	a	charge	of		1gd		(Dirac	charge)	

												Cosmic-MoEDAL	Flux	Limits	

PRELIM
INARY	

PRELIM
INARY	

Monopoles	 Nuclearites	

Cosmic	MoEDAL	5K	sqm	

Cosmic	MoEDAL	50K	sqm	



												Cosmic-MoEDAL	Flux	Limits	

PRELIM
INARY	

PRELIM
INARY	

Monopoles	 Nuclearites	

Cosmic	MoEDAL	5K	sqm	

Cosmic	MoEDAL	50K	sqm	

Even	for
	an	area

	of	5K	sq
m	we	can	

probe	fo
r	exoKc	
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didates	

such	as	m
onopole
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,	Q-balls

	

and	nuc
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to	well	b
elow	the

	Parker		
bound	a

nd		

beaKng	
	MACRO	se

nsiKvity	
in	this	ar

ena.	

 Assume	area	of	detector	is	5-	50,000	m2
,	is	exposed	for	4	years	on	

Mt	Chacaltaya	and	for	monopoles	a	charge	of		1gd		(Dirac	charge)	



•  A		≥	5Kà50K	sqm	Cosmic-MoEDAL	array	will	take	enable	us	
to	pursue	the	search	for	light/IMM	and	GUT	monopoles	to	
well	below	the	Parker	Bound.	
•  There	con6nues	to	higher	energy	the	search	for	magne6c	monopoles	

at	the	LHC.	

•  This	array	will	also	enable	us	to		to	pursue		search	for	
Monopoles/Nuclearites/Qballs		to	fluxes	of		10-16cm-2s-1sr-1	
or	less		with	greater	sensi6vity	than	MACRO.	

•  Great	payoff	in	the	search	for	exo6c	dark	ma�er	and	with	
great	discovery	poten6al	

•  No	show	stoppers	arising	from	technology,	experience,	cost.	
The	cost	for	the	(5000	sqm)	detector	es6mated	at	between	
3-4M	Euros	is	rela6vely	modest	

											Capability	of	Cosmic	MoEDAL	



																										Conclusion	

The	synergy	between	Collider	and	Cosmic	Ray	Physics	is	well	
	illustrated	by	the	Search	or	the	magne6c	monopole	–	MoEDAL	
can	take	the	search	from	the	LHC	TeV	scale	up	to	the	GUT-scale	
with	Cosmic-MoEDAL	using	the	same	detector	technique.	


