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Key	ideas	from	last	lecture	

ü 	Galac1c	Center	excess:	large	systema0cs	from	2D	treatment,	
steady	state	assump0on;	key:	cosmic	ray	injec1on	sources	

ü 	Searching	for	DM	with	colliders:	missing	energy+something;	top-
down	versus	boBom-up;	beware	of	EFT!	

ü 	Axions:	likely	exist	in	SM;	mass/PQ-breaking	scale	unknown;	if	
QCD	axions,	couple	to	photons	(key	for	detec0on);	cannot	be	
produced	thermally,	non-thermal:	misalignment,	string	decay	



SM	Neutrinos	are	strictly	massless;		
however,	they	are	not	observed	to	be!	

Simplest	addi0on:	set	of	n	singlet	fermions	Na,	gauge	singlets	



If	the	following	holds	

“See-saw”	mechanism!	



Sterile	neutrinos	mix	via	explicit	(but	possibly	very	small)		
mixing	with	ordinary	neutrinos	

...as	such,	they	decay	(into	3	SM	neutrinos)	

Being	fermions,	m	>	keV	(e.g.	Tremaine-Gunn)	



How	can	sterile	neutrinos	be	produced?	

Basically,	freeze-in:	dump	out-of-equilibrium	sterile	ν's		
through	the	universe	history

Subtlety	is	ma6er	effects,	inducing	T-dependence	in	the	mixing	angle	

Sterile	n	yield	Y=n/s	scales	as	produc0on	rate		
0mes	Hubble	0me	tH=MP/T2	



Maximal	yield	in	100-200	MeV	range	à	QCD	phase	transi0on	effects	

(Dodelson-Widrow)	

T	[MeV]	

θ(T)	



Addi0onal	important	effect	from	Mikheyev-Smirnov-Wolfenstein	
effect	with	large	lepton	asymmetries		

(Shi-Fuller	resonant	produc0on)	

Other	possibili0es:	non-thermal	produc1on	from		
singlet	scalar	coupling	



Sterile	neutrino	interes0ng	from	the	standpoint	of		
structure	forma1on	–	remember		

...and	could	explain	high-velocity	pulsars!	

How	would	we	detect	sterile	neutrino	dark	maBer?	





key	background:	diffuse	cosmic	X-ray	background	

Have	we	detected	it?	3.5	keV	line!		



Bulbul+	(2014)	

Boyarsky+	(2014)	

Jeltema+Profumo	(2014)	

Ø  Stacked	clusters	

Ø  Perseus	

Ø  M31	(Andromeda)	

Ø  Perseus	

Ø  Galac1c	
Center	



X-ray	lines	also	from	atomic	transi1ons	
of	highly-ionized	Z	~	16-20	atoms*	

K	XVIII	has	(two)	lines	near	3.5	keV	
[K	(Z=19)	ion	with	18-1	electrons	missing,	i.e.	“He-like”]		

*	Ez~	13.6	Z2	eVà	Z	~	(3,500	/	13.6)1/2	~	16,	but	Zeff<Z…	

3.5	keV	 4.0	keV	 4.5	keV	3.0	keV	2.5	keV	



How	do	we	tell	K	apart	from		
sterile	ν	or	other	exo1ca??	

Try	to	predict	K	XVIII	line	brightness		
using	other	elemental	lines	

two	key	complica1ons:	

#1	Plasma	Temperature	
#2	Rela1ve	Elemental	Abundances	



Bulbul+	argues	against	K	XVIII		
since	predic1on	for	K	3.5	keV	line	too	low		
(by	factors	~20	for	solar	abundances)	

…but	this	predic1on	makes	two		
key	mistakes:	

#1	Plasma	Temperature	
#2	Rela1ve	Elemental	Abundances	



Bulbul+	uses	very	large	T		
highly	suppresses	K	emission!	



also,	under-es1mate	~10	of	K	abundance!	
(Photospheric	versus	Coronal)	

*	Phillips	et	al,	ApJ	2015,	RESIK	crystal	spectrometer	



Jeltema+Profumo	(2014)	showed	that		
for	clusters,	and	for	our	Galaxy		

KXVIII	could	explain	the	3.5	keV	line	

Other	tests?	

(1)	look	elsewhere!	

(2)	use	something	different	than	spectrum!	



Ø  no	signal	from	dSph*	

Ø  no	signal	from	stacked	galaxies	
					and	groups,	low-T	plasma**	
	

Ø  no	signal	from	M31***	

(1)	look	elsewhere:	depressing	

*Malyshev	et	al	2014	
**	Anderson	et	al	2014	
***	Jeltema	and	Profumo	2014	



Ø  no	signal	from	dedicated	1.4	Ms		
		XMM	observa1on	of	Draco	dSph*	

*	Jeltema	and	Profumo,	MNRAS	(2015)	



Morphology!		

(2)	use	something		
different	than	spectrum!	

Look	at	where	the		
3.5	keV	photons	come	from!	



Milky	Way	 Perseus	

Carlson,	Jeltema	and	Profumo,	JCAP	2015	

Morphology:	looks	like	thermal	line	
decaying	DM	strongly	disfavored	



Recap!	

Signal?	 Morphology?	 K	XVIII	

Clusters	
[Perseus]	

Galac0c	
Center	

dSph	
[Draco]	

✔	

✔	

✗	

~Cool	core	

~Quadrupolar	

N/A	 N/A	

✔	

✔	



Dark	Ma6er,	or	Potassium?	



En1a	non	sunt	mul1plicanda	praeter	necessitatem	
(William	of	Occam,	c.	1286-1347)	



Rare	picture	of	William	of	Occam,	perplexed	by		
XXI	century	par1cle	theorists	working	on	dark	ma6er	



What	if	it	is	Dark	Ma6er?	
	

simplest	models	(sterile	neutrino)	don’t	work	
	

every	challenge	is	an	opportunity…	
…interes1ng	riddle	for	theorists!	



Redman’s	Theorem	

Roderick	O.	Redman	
(b.	1905,	d.	1975)	

Professor	of	Astronomy		
at	Cambridge	University	

“Any	competent	theore1cian	
can	fit	any	given	theory	

to	any	given	set	of	facts”	(*)	

(*)	Quoted	in	M.	Longair’s	
	“High	Energy	Astrophysics”,	sec	2.5.1		
“The	psychology	of	astronomers		
and	astrophysicists”	



D’Eramo,	Hambleton,	Profumo	and	Stefaniak,	1603.04895,	PRD	

3.5	keV	line	…an	excuse	for	an	exci1ng,		
new	mechanism	for	a	signal	from	Dark	Ma6er!

Signal ∼ ρDM	x	ρgas	

Good	Thermal	Relic!	



D’Eramo,	Hambleton,	Profumo	and	Stefaniak,	1603.04895,	PRD	

Why	should	you	be	excited	by	our	model?	

1.	Brand	new	indirect	detec1on	channel!	

2.	Unmistakable	signature,	background	free	

3.	“Good”	model:	economical,	natural		
UV	comple1on,	thermal	relic	DM	

4.	Bunch	of	cool	physics!	



A	highly	falsifiable	scenario

•  Line	Shape	–	geometric	average	of	thermal,	DM	veloci0es	
					(can	be	resolved	by	Hitomi/Astro-H)	



A	highly	falsifiable	scenario

•  Line	Shape	–	geometric	average	of	thermal,	DM	veloci0es	
					(can	be	resolved	by	Hitomi/Astro-H)	

•  Unique	morphology

•  Unique	target-dependence

•  Lines	could	appear	anywhere	from	eV	(visible)	to	UV,	to	X-ray



Plasma-excited	DM:	
New	mechanism	to	detect	DM	

Unique	obs.	predic1ons,	background	“free”	

K	XVIII	remains	Occam’s	razor’s	fav.	op1on	

Lines	anywhere	eV…keV	

Structure	forma1on?	Small-scale	structure?	



Bes0arium	of	other	
notable	DM	candidates	

Ø Gravi1nos	(and	other	depressing	
candidates)	

Ø WIMPzillas	(and	other	superheavy	
non-thermal	par0cles)	

Ø Self-interac1ng	DM	
Ø Asymmetric	DM	
Ø "Minimal"	DM	



Gravi1nos	–	prototypical	DM	with	Planck-suppressed	interac0ons	



Thermal	gravi0nos	are	hot	relics		
(in	fact,	first	SUSY	DM	candidate	ever	proposed!)	

However,	this	neglects	single-gravi1no	processes		
that	keep	dumping	out	of	equilibrium	gravi0nos	

Generically,	there	is	a	gravi1no	over-produc1on	problem:		
need	to	dilute	them	away!	



gravi0nos	are	also	produced	from	NLSP	decays,	

BoBom	line:	light	gravi0nos	ruled	out,	heavier	gravi0nos	OK	for	
combina0ons	of	mass,	TRH	

Gravi0nos	might	also	be	the	next-to-lightest	SUSY	par0cles,		
with	long	life1mes	



Can	we	ever	hope	to	detect	gravi0nos?	

Clever	ideas:	use	long-lived	sleptons	produced	at	LHC		
trapping	them	in	water	tanks,	wait	for	decay	to	gravi0nos	

	
	

use	neutrino	telescopes	to	search	for		
neutrino-induced	long-lived	sleptons	



Interes0ng	class	of	models:	non-thermally-produced		
super-heavy	par0cles	(WIMPzillas)	

Detectable	in	UHECR	detectors	(e.g.	Auger)	



Other	interes0ng	super-heavy	DM	candidates:	strangelets	

macroscopic	clumps	of	quark	ma6er,	10	mm	to	10	cm	radius,		

strangelets	are	possibly	connected	with	baryogenesis!		
	

Also,	they	could	be	detectable	via	cosmic-ray	collisions,	
or	by	poking	holes	in	the	Earth…	



Self-interac1ng	dark	maBer	



Credit:	Hai-bo	Yu	



which	par1cle	physics	model	could	work?	

e.g.	a	dark	QCD	with	glueballs	dark	maBer	

Other	possibility:	dark	atoms!		
	

Which	relic	density?	Working	on	it…	



other	possibility:	light	mediator	

Effects	turn	off	at	large	veloci0es,		
but	significant	at	small	scales/low	v…	



assuming	mediator	has	a	small	coupling	ε	to	SM	fermions...	



Other	interes0ng	model:	complex	scalar	field	



Asymmetric	Dark	MaBer	

(formerly	known	as	"Technocosmology"	)	

Idea:	there's	a	generalized	baryon	number,	with	the		
DM	lightest	charged	par0cle	under	BD	

These	combina0ons	are	preserved/broken	at	some	energy	scale.		
At	that	high	scale	produce	a	net	

Otherwise,	produce	asymmetry	in	either	sector,	and	transfer	asymmetry	



charge-to-entropy	ra0o	

for	baryon-symmetric	universes	

if	chemical	decoupling	of	the	two	sectors	happens	when		
DM	is	non-rela1vis1c	



Minimality!	

What	does	it	mean?	minimal	number	of	new	parameters?		
Minimal	number	of	new	field	content???	

minimal	number	of	ingredients:	heavy	neutrinos.		
But	death	by	direct	detec0on	unless	suppressed	coupling	to	the	Z...	

Minimal	number	of	new	fields:	real	scalar	singlet	



Profumo	et	al,	2014	



The	"Original"	Minimal	Dark	Ma6er	model:		
SU(2)L	mul0plet,	given	spin	and	mass	

need	zero	hypercharge,	electric	charge	

no	operators	that	could	mediate	decay	(e.g.		

very	constrained	set	of	possibili0es:	n=5	M=9.4	TeV	spin	½	fermion....	

for	n=2,	Y=1/2		



such	heavy	SU(2)	par0cles	have	important	Sommerfeld	
enhancement	effects,	affec0ng	indirect	DM	constraints...	

Other	minimal	possibility:	inert	doublet	model:		
new	SU(2)	Higgs	doublet,	with	Z2	symmetry		

Lightest	Z2-odd	par0cle	is	stable,	and	a	good	WIMP!	



One	more	I	like:	dark	photons!	with	kine0c	mixing	term	

can	be	long-lived	enough!	

Produc0on	from	oscilla1on,	or	from	processes	like		

...or	from	dark	photon	condensate		
(~axion	misalignment!)	



If	new	dark	photons	are	charged	under	a		
non-Abelian	symmetry	group,		

kine0c	mixing	term	is	automa0cally	prohibited,		
and	par0cle	is	stable!	e.g.	

interes0ng	phenomenology:	e.g.	for	SU(3)	semi-annihila0on,	
and	bright	gamma-ray	lines	(~α	instead	of	~α2)	



Theore0cal	landscape	is	quite	large...	

Credit:	Tim	Tait	



Landscape	of	possible	par1cle	candidates	very	broad	too..	



Many	other	interes0ng	possibili1es...	

The	pages	on	the	par1cle	nature	of	
dark	ma6er	in	the	great	book	of	

physics	are	yet	to	be	wriBen	–	a	field	
full	of	opportuni1es,	which	will	reward	

crea0vity	and	cri0cal	thinking!	

Make	sure	to	learn	lessons	from	recent	successes	and	
failures,	and	the	bag	of	tricks	that	comes	with	those	lessons!	


