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Key	ideas	from	last	lecture	

ü 	Direct	detec.on:	three	layers	of	EFT	

ü 	Almost	hi5ng	the	neutrino	floor,	strongly	constraining	models	

ü 	Indirect	detec1on:	very	indirect,	pre:y	indirect,	not-so	indirect	

ü 	Charged	cosmic	rays:	diffusion	vs	energy	loss	.me	scales	good	
approxima.on	to	diffusion	equa.on	

ü 	Positron	anomaly:	es.mate	of	point	source	age,	distance;	case	
for	dark	ma6er	very	weak…	

ü 	Neutrinos	from	the	Sun:	background-free,	capture	vs	annihila.on	
.me	scales	



What	is	leJ	on	the	menu	

ü 	Gamma-ray	Galac1c	Center	Excess	and	Diffuse	Emission	Models	

ü 	Collider	searches	for	Dark	Ma:er	

ü 	Axions	and	axion	searches	

ü 	Sterile	neutrinos	and	the	3.5	keV	line	puzzle	

ü 	Bes1arium	of	other	dark	ma:er	candidates	



AMer	early	reports	(primarily	by	Hooper	et	al)	Galac1c	Center	
Excess	reported	independently,	and	with	a	variety	of		

different	assump.ons	for	background	etc,	by		
Daylan	et	al	(Harvard+MIT+Fermilab);	Abazijian	et	al	(UCI);		

Macias	and	Gordon	(NZ)	



What	produces	the	Galac1c	Center	excess?	

FiQng	the	excess	with		
Dark	Ma6er	Annihila1on	not	problema1c	

ü  Morphology	~OK	
ü  Spectrum	~OK	
ü  Constraints	from	dSph,	radio,	CMB	
					~sort	of	OK	



What	produces	the	Galac1c	Center	excess?	

Most	obvious	astrophysical	counterpart	
(unresolved	pulsars)	does	not	work	

ü  Morphology	NOT	OK	
ü  Spectrum	NOT	OK	
ü  Not	enough!	



What	produces	the	Galac1c	Center	excess?	

WRONG	QUESTION!	

Rather:	is	the	excess	indeed	there?	

Are	models	of	diffuse	emission	
adequate	to	current	data?	



Ingredients	of	diffuse	emission	
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All	groups	that	find	an	excess	assume:	

1.   2-D	Gas	Density	Distribu1on	
2.   2-D	Cosmic-Ray	Propaga1on	
3.   Steady	State	
4.   Simplis1c	Cosmic-ray	source	distribu1on	

Every	assump1on	costs	a	systema1c	effect	
of	the	same	order	as	the	excess	(~	few	%)!		



Towards	the	next	genera1on		
of	diffuse	gamma-ray	models	

1.   3-D	Gas	Density	Distribu1on	
2.   3-D	Cosmic-Ray	Propaga1on	

3.   Cosmic	Ray	Bursts/Transients	

4.   Physically	mo1vated	Cosmic-ray		

			source	distribu1ons	

*	Carlson,	Linden,	Profumo	1510.04698	(Phys.Rev.Le6.),	1603.06584		



1.   3-D	Gas	Density	Distribu1on	

Preliminary	

~3-10%	effect	H2	column	density	

*	Carlson,	Linden,	Profumo	1510.04698	(Phys.Rev.Le6.),	1603.06584		



2.   3-D	Cosmic-Ray	Propaga1on	

Preliminary	

few	%	effect	

*	Carlson,	Linden,	Profumo	1510.04698	(Phys.Rev.Le6.),	1603.06584		



3.   Steady	State	

Carlson	and	Profumo,	PRD	2014	

Energy	[GeV]	



4.   Physically	mo1vated,	3D	Cosmic	Ray		
							source	distribu1ons	

*	Carlson,	Linden,	Profumo	1510.04698	(Phys.Rev.Le6.),	1603.06584		



4.   Physically	mo1vated,	3D	Cosmic	Ray		
							source	distribu1ons	

*	Carlson,	Linden,	Profumo	1510.04698	(Phys.Rev.Le6.),	1603.06584		



Good	to	push	the	(theory)	envelope.	
But	do	you	get	a	be6er	or	worse	fit	to	data?	



Good	to	push	the	(theory)	envelope.	
But	do	you	get	a	be6er	or	worse	fit	to	data?	

*	Carlson,	Linden,	Profumo	1510.04698,	sub.	to	Phys.Rev.Le6.		



What	do	these	improved	models	imply	
for	the	Galac1c	Center	“Excess”?	

*	Carlson,	Linden,	Profumo	1510.04698	(Phys.Rev.Le6.),	1603.06584		



What	do	these	improved	models	imply	
for	the	Galac1c	Center	“Excess”?	

*	Carlson,	Linden,	Profumo	1510.04698	(Phys.Rev.Le6.),	1603.06584		



We	are	making	significant	progress	
towards	understanding	Galac1c	gamma	rays	

	
Cosmic-Ray	injec1on	and	3D	models	are	key!	

Discrimina1on	between	
unresolved	point	sources	
and	diffuse	emission*,**	
also	highly	dependent	on	

emission	model!	

*	Bartels	et	al,	2016,	PRL	116	051102,	**	Lee	et	al,	2016,	PRL	116	051103	



	
I	remain	skep1c	about	establishing		

a	conclusive	Dark	Ma6er		
detec1on	signal	from	the	Galac1c	Center	

Is	DM	detec1on	with	gamma	rays		
possible	at	all?	 Yes.	



A	monochroma1c	gamma-ray	line		
with	a	diffuse	morphology	

has	no	astrophysical	counterparts*	

*Carlson,	Linden,	Profumo,	JCAP	2013		



Unfortunately,	the	130	GeV	line	was	a	
sta1s1cal	fluke		

(some1mes	happens	to	di-photon	excesses…)	

•  too	narrow	right	off	the	bat	
•  significance	did	not	increase	with	1me	
•  Pass	8	does	not	see	any	line	

*	Weniger	2012	



thermal	equilibrium	?	
[pair	annihila1on]	
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DM	par.cles	can	be	produced	at	colliders,	but	at	very	low	rates	
compared	to	Galac.c	DM	fluxes...	(see	problem	on	next	slide)	

Idea:	look	for	anomalous	events	with	
missing	energy	and	SM	par1cles		
(e.g.	monojets,	monophotons,	etc)	





Two	possible	approaches:	
	
(i)	top-down:	pick	a	model,	select	best	search	strategies,	
op.mize	cuts,	scan	parameter	space	(e.g.	SUSY,	UED)	
	
(ii)	bo6om-up:	effec.ve	theory,	or	simplified	model	–	sketch	
of	how	DM	could	manifest	itself	at	colliders...	







Par1cle	proper1es	can	then	be	reconstructed	using	e.g.	
kinema.c	edges	in	invariant	mass	distribu.ons:		



Possible	to	construct	invariant	mass	of	mul.ple	par.cles,	

Name	of	the	game:	devise	cuts		
(missing	energy,	number	of	jets,	OS,	SS	leptons	etc)	

that	maximize	S/N	





EFT	approach:	assume	some	quantum	numbers	for	DM	(m,J),		
write	down	effec.ve	operators		

arXiv:1008.1783	[hep-ph]	



Algorithm	is	usual:	calculate	produc1on	cross	sec.on,	
simulate	events,	devise	best	possible	set	of	cuts,		
compare	S/N,	set	limits	on	effec.ve	operator	scale	

Issue:	EFT	has	certain	range	of	validity!		
	(“cutoff”)	scale	Λ	corresponds	to		

Whether	or	not	constraints	make	sense	depends	on	
whether	the	typical	energy	of	the	reac.on	(say	
momentum	transfer	Ptr)	is	smaller	than,	say,	4πΛ



Good	example	of	a	test:		

In	prac.ce,	scales	probed	by	LHC	very	borderline	for	EFT	to	
make	sense...	cutoff	scale	close	to	Ptr,		

one	would	expect	to	produce	new	physics	on-shell...	



Alternate	approach	of	simplified	models,	e.g.	

Set	(meaningful)	constraints	on	combina.ons	of	
mediator	mass	and	couplings,	for	given	DM	masses	

Can	compare	with	direct	detec1on	results,	but		
beware	of	RG	effects	in	matching	scales!!	





Addi.onal	probe:	invisible	Higgs	decay	to	DM!	



What	is	leJ	on	the	menu	

ü 	Gamma-ray	Galac1c	Center	Excess	and	Diffuse	Emission	Models	

ü 	Collider	searches	for	Dark	Ma:er	

ü 	Axions	and	axion	searches	



Axions	and	ALPs	as	dark	ma:er	candidates	

"theta"	term	innocuous	perturba1vely	(total	deriva.ve),	but	
entering	pheno	via	non-perturba1ve	QCD	effects,	producing		

large	neutron	el.	dipole	moment	

PQ:	promote	θ	to	dynamical	variable,		
driven	to	zero	by	its	own	classical	poten1al	



QCD	effects	produce	effec.ve	(slightly	model-dependent)	
couplings	to	fermions	and	photons,	which	drive	

phenomenology		

Axion	mass	is		

Postulate	a	global	(quasi-)symmetry	of	the	theory		
(broken	by	non-perturba.ve	effects)	U(1)PQ	;		
Symmetry	spontaneously	broken	at	a	scale	fa.		

Axion	is	the	(pseudo-)Nambu-Goldstone	boson	associated	with	U(1)PQ	



Similar	setup	for	axion-like	par.cles	(ALPs):	new	global	U(1)	symmetry		
spontaneously	broken	by	a	hidden	Higgs-type	mechanism	at	a	scale	vh	
	
	Recast	Higgs	field	as	

The	poten.al	for	the	ALP	field	a(x)	is	flat,	and	
depending	on	the	model	realiza.on	one	generates	

couplings	to	SM	par.cles	



Because	of	coupling	to	SM	par.cles,	esp.	to	photons,		
axions	decay	to	two	photons,	

To	have	a	sufficiently	long-lived	axion	we	must	demand	



Axions	can	have	drama.c	impact	on	stars:		
Compton-like	and	brems-like	processes	

produce	an	axion	luminosity,	e.g.	for	the	Sun,	of		

Since	solar	luminosity	is	whatever	it	is,	axion	emission	would	require	
enhanced	nuclear	energy	produc1on,	thus	larger	neutrino	flux!		

Limits	are	around	1	eV...	



Axions	would	also	cool	supernovae,		

If	axions	are	too	massive,	they	get	trapped	and	they	
don't	contribute	to	SN	luminosity	efficiently		



How	can	axions	be	produced?	Thermally?	



However,	at	lower	temperatures	(below	QCD	phase	transi.on)	

...but	we	know	this	doesn't	work!	Hot	DM	not	good!	Also,	other	
constraints	on	axion	mass...	how	about	non-thermal	produc1on?	



mis-alignment	mechanism	and	axion	strings	



Axion	laboratory	searches	based	on		
light-shining-through-wall	experiments		

microwave	cavi.es,	and	"helioscopes"	



microwave	cavi.es,	and	"helioscopes"	





What	is	leJ	on	the	menu	

ü 	Gamma-ray	Galac1c	Center	Excess	and	Diffuse	Emission	Models	

ü 	Collider	searches	for	Dark	Ma:er	

ü 	Axions	and	axion	searches	

ü 	Sterile	neutrinos	and	the	3.5	keV	line	puzzle	



Sterile	neutrino:	killing	two	(or	three)	birds	with	one	stone	

“prendere	due	(o	tre)	piccioni	con	una	fava”	

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

Simplest	addi.on:	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	produc.on	rate		
.mes	Hubble	.me	tH=MP/T2	



Maximal	yield	in	100-200	MeV	range	à	QCD	phase	transi.on	effects	

(Dodelson-Widrow)	

T	[MeV]	

θ(T)	



Addi.onal	important	effect	from	Mikheyev-Smirnov-Wolfenstein	
effect	with	large	lepton	asymmetries		

(Shi-Fuller	resonant	produc.on)	

Other	possibili.es:	non-thermal	produc1on	from		
singlet	scalar	coupling	



Sterile	neutrino	interes.ng	from	the	standpoint	of		
structure	forma1on	–	remember		

...and	could	explain	high-velocity	pulsars!	

How	would	we	detect	sterile	neutrino	dark	ma:er?	





key	background:	diffuse	cosmic	X-ray	background	

Have	we	detected	it?		



Bulbul+	(2014)	

Boyarsky+	(2014)	

Jeltema+Profumo	(2014)	

Ø  Stacked	clusters	

Ø  Perseus	

Ø  M31	(Andromeda)	

Ø  Perseus	

Ø  Galac1c	
Center	



X-ray	lines	predicted	from	sterile	neutrinos	

•  SU(2)L	gauge	singlet,	but	(small)	mixing	angle	with	ac1ve	neutrinos

•  Viable	DM	candidates	(Dodelson-Woodrow	produc1on;	“warm”	DM)	

•  Possibly	connected	with	baryogenesis	(νMSM)	

•  Would	decay	via	mixing	with	ac1ve	neutrinos	

3.5	keV	lines	(roughly)	compa1ble	with	this!	



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]	

Galac.c	
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	

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	

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	veloci.es	
					(can	be	resolved	by	Hitomi/Astro-H)	



A	highly	falsifiable	scenario

•  Line	Shape	–	geometric	average	of	thermal,	DM	veloci.es	
					(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?	


