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Dark	Matter
◦ Galactic	Rotation	Curves	:	

◦ Gravitational	Lensing	
due	to	galaxy	Clusters:	
Bullet	Cluster	:	
astro-ph/0608247

Contstraint on	DM	self	
interaction

◦ Precision	Cosmology
◦ Planck	CMB	Measurements
◦ Cold	DM	simulations	such	as	Millenium reproduce	observed	LSS

Ω*+ 	≥ 	0.1

Ω*+~	0.2	 − 0.4

Ω*+ = 0.268 ± 	0.02

We	know	DM	exists	from:

M.	RAMEEZ	- NBIA
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The	DM	candidates

Particle	(or	particle-like)

Very	feebly	interacting	with	SM	particles

Stable	(~	age	of	the	universe)

(Mostly)	Cold

Unknowns:
Mass
Spin
Interaction	cross	section
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Neutrinos	from	Dark	Matter?as
• Already	detected
• They	have	mass

• Σ𝑚; < 0.23	𝑒𝑉 from	the	CMB
• Electrically	neutral	

• Not	enough	of	them
• Ω@ℎB ∼ (𝑚;/93𝑒𝑉) ~2.5×10&J ≪ 0.12

• Number	of	neutrinos	in	the	Galactic	Halo	is	limited:
• Pauli’s	exclusion	principle

• Neutrinos	would	make	‘hot’	dark	matter.
• 𝐸MN# >∼ 𝑚; (relativistic)
• Incompatible	with	structure	formation

Light	neutrinos	not	abundant	enough	to	be	the	
dominant	component	of	Dark	Matter

University of Durham

Institute for Computational Cosmology

Non-baryonic dark matter 
cosmologies

Davis, Efstathiou, 
Frenk & White ‘85

HDM 
Ω=1

CfA redshift 
survey

CDM 
Ω=0.2

In CDM 
structure forms 
hierarchically

Early CDM        
N-body 

simulations gave 
promising results

Neutrino dark 
matter produces  

unrealistic 
clustering

Neutrinos 
Ω=1

Davis, Efstathiou, 
Frenk & White ‘85

Heavy	sterile	neutrinos	could	be	DM	
candidates
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Weakly	Interacting	Massive	Particles
Dark	Matter	as	a	thermal	relic	of	the	Early	universe.

◦ Boltzmann	equation	of	the	early	universe

◦ *#P
*Q

+ 3𝐻𝑛U = − σ"##𝑣 𝑛UB 	−	𝑛WX	UB

◦ Relic	ΩYZ~	0.27
For	 σ"##𝑣 = 3	. 10&B\	𝑐𝑚J/𝑠

σ"##𝑣 ≈ 	 `a
b /cd b

Zb ≈ 3	. 10&B\	𝑐𝑚J/𝑠

◦ Stable	WIMPS	present	in	various	theories
◦ Neutralino in	SUSY	theories
◦ Kaluza Klein	photons. Freeze	out

𝑋

𝑋f

𝑓

𝑓̅𝑀
𝑔k 𝑔k

WIMP	Miracle

M.	RAMEEZ	- NBIA
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Dark	Matter	Detection

DM

DM

Di
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LUX
XENON
COGENT
DAMA
…

q, lo, h,Wo, Z, ν, γ	

𝑞f, l&, h,W&, Z, 𝜈̅	γ	
Collider	searches

Indirect	detection

ATLAS,	CMS	….

De
ca
y	
an
d	

Ha
dr
on

iza
tio

n

Annihilation	
products

pfeo𝐷y				γ							ν

Astrophysical	
Messengers

DM	annihilation	rate	 ∝ ρB	
decay	rate ∝ ρ

AMS
PAMELA
…

Fermi
HESS
MAGIC
…

IceCube
Antares
SuperK
BAKSAN
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Indirect	Searches	– The	Targets
Indirect Dark Matter searches — Where to look?

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

5

• Look for potential sources that are well defined and have 
low or understood astrophysical backgrounds

(Image: M.Strassler)

Well	understood/low	astrophysical	backgrounds

Also	regions	of	high	dark	matter	Density

Search	for:
Point-like	excess	of	neutrinos	(the	Sun)

Extended	emission	(Galactic	Centre)

Multipole	expansion	(Galactic	Halo)

Stacking	searches	(Galaxy	clusters	and	Dwarf	Spheroidals)

Zenith	dependent	upgoing excess	(Earth)

Dwarf	Spheroidal	Galaxies

Nearby	Galaxy	Clusters

The	Sun,	
(and	also	Earth)

The	Galactic	Centre

The	Galactic	Halo



Neutrinos from Dark Matter annihilations

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

10

Flux measurement
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Neutrinos from Dark Matter annihilations

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos
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Flux measurement

Neutrinos from Dark Matter annihilations

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

10
Flux measurement

Neutrino	Flux	at	the	detector,	within	a	solid	angle	Ω	depends	on:
• The	neutrino	yield	per	annihilation		*��*� 	 - (from	particle	physics)
• The	annihilation	cross	section	of	DM,	averaged	over	its	velocity	

distribution	 𝜎"##𝑣 - (to	be	measured)
• The	line	integral	of	the	DM	density	𝜌B	along	the	line	of	sight,													
J, - (from	astrophysics)

J = 	�ρB
�

�

l, Ω dldΩ

D = 	�𝜌
�

�

l, Ω dldΩ

Detector

For	annihilating	DM

For	decaying	DM
In	practice	also	account	for	neutrino	oscillations	over	long	
baselines	– flux	predictions	are	made	using	MC	codes	such	as	
WimpSim,	PPPC4DMnu	-

Indirect	Searches	:	The	fluxes
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DM	distributions	and	J	factors
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NFW � 24.42 0.184
Einasto 0.17 28.44 0.033
EinastoB 0.11 35.24 0.021
Isothermal � 4.38 1.387
Burkert � 12.67 0.712
Moore � 30.28 0.105

Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of r

s

(⇢
s

):
this precision is su�cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters r
s

(a typical scale radius) and ⇢
s

(a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be ⇢� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 ! 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌘ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di↵er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a↵ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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Figure 15: J(✓) for annihilating (left) and decaying (right) Dark Matter, for the di↵erent
DM profiles. The color code individuates the profiles (Burkert, Isothermal, Einasto, EinastoB,
NFW, Moore from bottom to top in the inset).

J̄(�⌦) =
�R

�⌦
J d⌦

�
/�⌦. The following simple formulæ hold for regions that are disks of

aperture ✓max centered around the GC, annuli ✓min < ✓ < ✓max centered around the GC or
generic regions defined in terms of galactic latitude b and longitude ` 23 (provided they are
symmetric around the GC):

�⌦ = 2⇡

Z
✓max

0

d✓ sin ✓, J̄ =
2⇡

�⌦

Z
d✓ sin ✓ J(✓), (disk)

�⌦ = 2⇡

Z
✓max

✓min

d✓ sin ✓, J̄ =
2⇡

�⌦

Z
d✓ sin ✓ J(✓), (annulus)

�⌦ = 4

Z
bmax

bmin

Z
`max

`min

db d` cos b, J̄ =
4

�⌦

ZZ
db d` cos b J(✓(b, `)), (b⇥ ` region)

(36)
where the integration limits in the formulæ for J̄ are left implicit for simplicity but obviously
correspond to those in �⌦. For the ‘b ⇥ ` region’ the limits of the integration region are
intended to be in one quadrant (e.g. the b > 0�, 0 < ` < 90� one for definiteness), hence
the factor of 4 to report it to the four quadrants.

The values of the J̄ factors and �⌦ for some popular observational regions are reported
in table 2, for the cases of annihilating and decaying DM and for the di↵erent halo profiles.
Any other region can be computed by using the formulæ in eq. (36) and the J(✓) functions
provided above.

23Galactic polar coordinates (d, `, b) are defined as

x = d cos ` cos b, y = d sin ` cos b, z = d sin b

where the Earth is located at ~x = 0 (such that d is the distance from us); the Galactic Center at x = r�,
y = z = 0; and the Galactic plane corresponds to z ⇡ 0. Consequently cos ✓ = x/d = cos b · cos `.

34

θ	- Angle	from	the	direction	of	
the	GC



Copenhagen	-2015

DM Capture and Annihilation in the Sun

𝜒
Scattering	Cross	

Section
Number	density	
of	element	i ->	
Solar	Model𝜎�Y ∝ 𝐽(𝐽 + 1)	

𝜎�� ∝ 𝐴B	

Capture

Annihilation

	Γ�
WX�N = 	

1
2 𝐶�Equilibrium

Spin	Dependent	scattering
• Only	the	hydrogen	in	the	Sun	contributes	

significantly.
• Lower	event	rates	in	direct	detection	

experiments
• More	interesting	for	IceCube

Spin	Independent	scattering
• Heavier	nuclei	contribute	more	due	to	
∝ 𝐴B enhancement.

• Better	sensitivity	using	direct	detection	
experiments	such	as	LUX,	XENON	etc

11

The	secondary	annihilation	products	can	interact	in	the	dense	
baryonic	environment	inside	the	Sun

Neutrinos	are	the	only	messengers	that	can	get	out

GeV	neutrinos	from	the	Sun- Smoking	gun	for	DM

Sun	opaque	to	neutrinos	above	~1	TeV (Exercise)
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Neutrino	fluxes	from	DM

• ‘Hard’	channel	:	𝜏o𝜏&,	𝑊o𝑊&,𝜈𝜈̅
• Produces	many	neutrinos	at	energies	close	to	

DM	mass.
• ‘Soft’	channel:	𝑔𝑔,	𝑏𝑏f

• Produces	neutrinos	at	lower	energies

50	GeV	DM	in	the	Sun

WimpSim prediction

𝜈 − 𝑛𝑢𝑐𝑙𝑒𝑜𝑛 cross	sections	(and	hence	effective	
areas	of	the	detectors)	also	increase	with	energy,	
compounding	the	effect
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Indirect	Searches	with	𝜈 - The	instruments

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

7The Instruments

IceCube/DeepCore ANTARES Super-K Baksan

See talks earlier this week for more details on all neutrino telescopes/detectors
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The	backgrounds

atmospheric µ
background

ν induced µ

Northern Sky
cosmic ray

νat
m

atmospheric μ
Large background cosmic ray

cosmic ray

Upgoing
events

Downgoing
events

Observed	data
Misreconstructed μ

Example	:	IceCube

atmospheric μ
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Indirect	Searches	with	𝜈s- Improvements	in	Analysis	methods

Better	event	selections	improved	acceptance	
of	~3	GeV	neutrinos	by	factor	of	~50

A	few	years	back
• Count	number	of	events	from	the	

direction	of	the	target		
• Compare		against	off	source

Now:
• Different	event	topology	selections	for	different	energies
• Use	vetos to	reject	muon	background	better
• Energy	proxies	to	resolve	spectral	features
• Use	both	𝜈¡	and	𝜈W signal	events
• Unbinned methods
• Better	handle	on	systematics.

In	the	last	~3	years,	
sensitivities	have	improved	by	
~an	order	of	magnitude	in	
most	searches

No	signal	yet.
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Constraints	on	 𝜎"##𝑣

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

13Limits on the annihilation cross-section

• Assume annihilation into  
!!, &&, %%, bb, WW 

• Models motivated by increase in 
positron fraction can be tested 

• IceCube: GC located above horizon 

• ANTARES: 
~60% of time below horizon 

• Super-K extending to 1GeV in m' 

ANTARES	2016	  
(*Preliminary*)

Super-K	2015	((()  
(*Preliminary*)

—

Searches	targeting	the	GC,	Halo,	Dwarf	Spheroids	or	
Galaxy	Clusters

Can	test	parameter	space	favoured by	the	DM	
interpretation	of	the	rise	in	𝑒o/𝑒& fraction	as	measured	
by	PAMELA	and	AMS

Antares	constraints	are	better	(it	can	see	the	GC	through	
Earth)

GC	is	above	the	horizon	for	IceCube

SuperK constraints	go	down	to	1	GeV	WIMP	mass
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Constraints	on	 𝜎"##𝑣

In	general,	constraints	on	 𝜎"##𝑣 from	𝛾 ray	
searches	are	more	powerful	than	the	𝜈
constraints.

A	comparable	number	of	𝜈 and	𝛾 are	produced	
per	DM	annihilation	but	𝛾-rays	are	much	easier	
to	detect.

𝜈 searches	have	lower	astrophysical	uncertainties	
and	foregrounds
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Monochromatic	Neutrino	Lines
)-Telescopes more sensitive to !-signals?

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

14

Including weak corrections is important! 

• ! final states also give rise to 
a )-ray emission  

• More stringent limits for 
masses > 200 GeV 

• Only !-telescopes can “truly” 
discriminate a !-line

JCAP	05	(2016)	050𝜒𝜒 → 𝜈𝜈 ,	a	neutrino	line	at	the	DM	mass.

However,	𝛾-rays	are	also	produced,	through	Ewk FSR

)-Telescopes more sensitive to !-signals?

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

14

Including weak corrections is important! 

• ! final states also give rise to 
a )-ray emission  

• More stringent limits for 
masses > 200 GeV 

• Only !-telescopes can “truly” 
discriminate a !-line

JCAP	05	(2016)	050

𝛾-ray	constraints	are	still	stronger
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Monochromatic	Neutrino	Lines
)-Telescopes more sensitive to !-signals?
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14

Including weak corrections is important! 

• ! final states also give rise to 
a )-ray emission  

• More stringent limits for 
masses > 200 GeV 

• Only !-telescopes can “truly” 
discriminate a !-line

JCAP	05	(2016)	050

Recent	Antares	analysis	might	have	better	
constraints

Only	𝜈 telescopes	can	really	identify	a	𝜈 line

)-Telescopes more sensitive to !-signals?

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos
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Including weak corrections is important! 

• ! final states also give rise to 
a )-ray emission  

• More stringent limits for 
masses > 200 GeV 

• Only !-telescopes can “truly” 
discriminate a !-line

ANTARES	2016		(!!)  
(*Preliminary*)

The	picture	might	have	changed!!

JCAP	05	(2016)	050
Danninger,	
Neutrino	2016
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Constraints	on	𝜎%&'

For	spin	dependent	scattering,	where	
𝜎%&� ∝ 𝑆%. 𝑆�

Constraints	from	searches	looking	for	GeV	
neutrinos	from	the	Sun	are	the	most	
stringent.	IceCube above	~80	GeV,	and	
SuperK below.

Constraints	derived	by	assuming:	
equilibrium	
Maxvellian velocity	distribution	
local	DM	density	of	0.3	GeV/cm3

pMSSM models	colour coded	by	hardness	of	predicted	
neutrino	spectrum
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Constraints	on	𝜎%&'DD	experiments	have	more	
stringent	constraints	for	Spin	
Independent	scattering:

𝜎%&� ∝ 𝐴B

Target	nuclei	are	large,	in	XENON,	
Argon	etc.

These	limits	are	derived	assuming	
the	interaction	is	isoscalar ,	DM	
interacts	equally	strongly	with	
neutrons	and	protons.

Neutrino	telescope	constraints	
are	more	robust	against	Isospin	
violation	than	DD	constraints	
Phys.	Rev.	D	84,	031301(R)

Apart	from	SD	and	SI,	velocity	and	momentum	suppressed		interactions	possible	at	the	NR	limit.	JCAP	1504	(2015)	no.04,	
052
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Astrophysical	Uncertainties

DM	velocity	distribution	functions

There	are	uncertainties	on:
• The	velocity	of	the	Sun	w.r.t	the	halo

• The	fraction	of	DM	in	a	co-rotating	dark	disk
• The	galactic	escape	velocity

C.	Rott et	al.	JCAP05	(2014)	049

The	uncertainties	are	20%	(50%)	at	low	(high)	WIMP	masses.

Conservative	w.r.t.	the	dark	disk	fraction.

DD	experiments	
are	sensitive	to	
the	high	velocity	
tail

Solar	capture	is	
more	likely	for	
slower	particles
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Jungman and	Kamionkowsky (1996)

There’s	a	threshold	σ�Y below	which	the	
equilibrium	condition	is	not	a	valid	assumption

Our	limits	will	remain	above	this	threshold	for	a	long	time	to	come
Assuming	 σ�𝑣 ~ natural	scale.	

Upcoming	experiments	like	CTA	have	sensitivity	
towards	DM	 σ�𝑣 below	the	natural	scale	even	at	
high	WIMP	masses

Capture	Annihilation	Equilibrium	in	the	Sun
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Complementarity	- EFTs

J.	Blumenthal	et	al	Phys.	Rev.	D	91,	035002	(2015)	– IceCube line	
updated	to	3	years	by	me

Majorana Fermion	WIMP,	Universal	Couplings	to	quarks,	
Axial	Vector	Interactions

EFT
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A	pseudoscalar,	P	of	mass	750	GeV:
• Scattering	is	SD	at	the	NR	limit

750	GeV	>	Ewk Scale
• Lagrangian is	SU(2)L invariant,	P	couples	to	B.
• Guarantees	annihilation	to	ZZ	and	Zγ

P	also	couples	to	gluons	and/or	quarks
• Run	1	constraints

DM	χ (fermion)	or	φ (scalar)	stable	under	Z2 symmetry.
3	scenarios.	
P	couples	to :	

• B,	g,	u,	χ
• B,	g,	u,	χ,	b
• B,	g,	u,	χ,	t

WIMP-proton	scattering	in	the	NR	limit
𝑖(𝑆§�.

Ẍ
+©
) for	scalar	DM	and

(𝑆§%.
Ẍ
+©
) (𝑆§�.

Ẍ
+©
) for	fermionic	DM

Complementarity	:	LHC	Motivated	DM	models	- the	750	GeV	Diphoton excess

PhD Thesis Defense - M. Rameez21PhD Thesis Defense - M. Rameez

The Emerging 750 GeV diphoton excess – portal to the dark sector?
E. Morgante et. al., arxiv:1603.05592

21

A pseudoscalar, P of mass 750 GeV:
• Scattering is SD at the NR limit

750 GeV > Ewk Scale
• Lagrangian is SU(2)L invariant, P 

couples to B.
• Guarantees annihilation to ZZ and Zγ

P also couples to gluons and/or quarks
• Run 1 constraints

DM χ (fermion) or φ (scalar) stable under Z2 
symmetry.
3 scenarios. 
P couples to : 

• B, g, u, χ
• B, g, u, χ, b
• B, g, u, χ, t

WIMP-proton scattering in the NR limit
 for scalar DM and
  for fermionic DM

 

(IC limits calculated using capture rates evaluated in R. Catena et al, JCAP 1504 (2015) 04, 
042) and analytical simplification of IC sensitivity.

21M. Rameez – Universite de Geneve

arXiv:1603.05592
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Constraints	on	𝜎%&' from	Earth	DM	searches
• Just	like	in	the	Sun,	DM	can	be	also	captured	in	the	Earth

• Capture	Annihilation	equilibrium	unlikely	– Earth	is	too	light

• Signal	:	Vertically	upgoing 𝜈 excess.

• No	off	source	region.	Background	estimation	is	challenging

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

25Results for Dark Matter Searches from the Earth

16O

56Fe
28Si

signal-type	event

• Dark Matter could be captured in the Earth 

• Signature: Vertically up-going excess (-flux 

• Experimentally challenging — no off-source data 
expectation

PhD	thesis:	J.Kunnen	(VUB	Oct.2015)
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Heavy	DM	decay
𝐷𝑀 → 𝜈 + 𝛾,	decaying	PeV DM	(Gravitino for	eg)	
𝜈 −telescopes		are	the	most	sensitive,	since	100TeV-PeV	𝛾-rays	don’t	travel	beyond	~10s	of	kPc

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

16Heavy Dark Matter Decays

• Example of DM → !+# (e.g. Gravitino)  

• Using published IceCube data (Atmospheric and astrophysical neutrinos above 1 TeV) 

• !-telescopes remain the most promising instruments

Dedicated	IceCube	
analysis	on-going!

PRD	92,	123515	(2015)

monochromatic gamma-ray lines. As illustrated in Fig. 8,
the following picture emerges:

(i) For DM masses below a few TeV, constraints on
decay lifetimes to gamma lines remain orders of
magnitude stronger than those to neutrino lines.

(ii) Above the maximum energy considered by H.E.S.S,
Eγ ¼ 25 TeV, there are to our knowledge no nu-
merically precise gamma-line constraints (see how-
ever Refs. [9,72,81–85]) but strong neutrino-line
constraints exist now up to energies several orders of
magnitude higher.

(iii) In the multi-TeV to 50 TeV mass range, the lifetime
constraints for these two monochromatic decay
channels only differ by a factor of 1 up to an order
of magnitude.

With foreseen improvements in both neutrino [86–90] and
gamma-ray [91–94] data, this opens up increased chances
to see a “double-barreled smoking gun” signal in the form
of a monochromatic neutrino line plus a gamma-ray line
from DM particles [73].
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APPENDIX A: BEST-FIT SPECTRA

To illustrate how some of the best-fit deposit energy
spectra compare to the IceCube data, we show in Fig 9
(i) our best-fit background model [presented below
Eq. (13)], (ii) our best-fit DM signal model and (iii) our
best-fit DM model with a monochromatic neutrino-line
signal around the two observed events at ∼1 PeV energy.
These are spectra in the case of democratic flavor and equal
parts of ν and ν̄.
The ∼1 PeV DM signal might seem too low to give the

best fit, but we checked that an increased signal would very
slightly worsen the likelihood of the fit. We also show the
IceCube Collaboration’s [32] best-fit model from Fig 1.
Similarly to their best-fit background model (considered in
Sec. II D 1) [32], our best-fit background model gives a
χ2 ¼ 12.4 from Eq. (10). This corresponds to a P-value
of 0.40 from a Monte Carlo validation (as opposed to a

P-value of 0.65 if a χ2 distribution were assumed—
c.f. footnote 7).

APPENDIX B: STATISTICAL COVERAGE

The statistical coverage of our limits was investigated by
simulating a DM line signal on top of our NULL hypothesis
(given in the beginning of Sec. II D 1). We simulated 105

Monte Carlo realizations, and looked at 101 DM masses
between 2 TeV and 200 PeV. The monochromatic neutrino
lines were randomly given a signal strength corresponding
to a τDM between 1 order of magnitude larger or smaller
than our derived DM limits τIClimit.
For lifetimes shorter than our derived limits from the

IceCube data (τDM=τIClimit < 1), the found coverage is 93%,
which is in good agreement with our stated 95% C.L. For
τDM=τIClimit > 1 the coverage is 99%, which corresponds to a
safe overcoverage that is expected for low signal strengths.
In Fig. 10 we show the first 1010 points, where we color
code each simulated DM signal with its corresponding TS
value. For a clearer color scale, we assigned points withffiffiffiffiffiffi
TS

p
> 6 the value 6.

FIG. 9 (color online). Observed deposit energy spectra com-
pared to our best-fit model with a DM particle mass of 44.8 TeV
(blue, and blue-dotted for the DM contribution), our second best-
fit model with a DM particle mass of 2.52 PeV (red, and red-
dotted for the DM contribution), our best-fit background-only
model (orange) and the IceCube Collaboration’s [32] best-fit
background model (grey). The best-fit DM decay signal con-
tributions are shown for the 44.8 TeVand 2.52 PeV DM particles
by the dashed red and dashed blue curves, respectively. DM
models are for democratic flavor composition and with equal
parts of ν and ν̄ flux at the Earth’s surface. The significance for
both these DM signals is less than 1.5σ.

NEW SEARCH FOR MONOCHROMATIC NEUTRINOS FROM … PHYSICAL REVIEW D 92, 123515 (2015)

123515-9
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The	IceCube astrophysical	flux

54	events	seen	on	an	expected	background	of	12.6	± 5.1	𝜇 and	
9.0&B.Bo«.¬	𝜈. 	Atmospheric	only	origin	rejected	at > 6𝜎

No	statistically	significant	clustering

Compatible	excess	also	seen	in	other	channels	(upgoing 𝜇)	global	best	fit	𝐸&B.·B
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The	IceCube astrophysical	flux	:	PeV Decaying	Dark	Matter?

A.	Esmaili	et	al.	JCAP	1311	(2013)	054Motivated	by	the	fact	that	there	are	no	events	
between	400	TeV and	1	PeV,	and	so	a	fit	of	only	
events	below	PeV produces	a	softer	spectrum

43%	of	all	simulations	with	IC	fitted	unbroken	
powerlaw have	no	events	between	400	TeV
and	1	PeV More	data	required

4

DM ! ΝeΝ e !15#", bb !85#"

DM ! ΝeΝ e !12#", cc !88#"

DM ! e$e% !40#", qq !60#"
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FIG. 2: The overall flux of neutrinos at the Earth for de-
caying DM to various channels. The black curve shows our
benchmark DM → νeν̄e, qq̄ with 12% and 88% branching ra-
tios, respectively. The blue (dashed), red (dot-dashed) and
green (dotted) curves represent channels shown in legend
with branching ratios in parentheses. The assumed values
for τDM are in the range (1 − 3) × 1027 s. The shown flux is
(νe + νµ + ντ )/3, including antineutrinos.

channels can be replaced by e−e+ channel. As can be
seen from Fig. 2, the required shape of energy spectrum
is recurring in all the shown channels. The e−e+ channel
shows the importance of EW corrections (which are in
fact quite large!): despite the fact that no hard neutrino
channel is present at tree level, a sufficiently hard neu-
trino spectrum can be still obtained with a 40% branch-
ing ratio in e−e+, thanks to the major role played by
cascade radiation of massive gauge bosons (see [22, 23]).
This fact may appear surprising, so we provide in the fol-
lowing a qualitative justification. First of all, even if one
mostly radiates “soft” gauge bosons, in a splitting pro-
cess (say e−e+ → e−W+ν) both the soft and the hard
neutrino spectra are populated: the low-energy one via
the soft (single or multiple) W decay process and the
high-energy one via the ν’s which the electrons have con-
verted into. Secondly, while naively these processes are
suppressed by a power of α (weak fine structure) with
respect to the three level, the presence of large logarith-
mic factor (of the type α log(m2

DM/m2
W )) makes these

“corrections” sizable for massive particles, at the level of
10% or larger of the tree-level result (for more technical
details see e.g. [23]). As a consequence, by varying both
lifetime and branching ratio within a factor of only a few
with respect to the naive fit obtained with the νν̄ tree-
level diagram, one is capable of fitting the spectrum even
in the absence of tree-level neutrino emission. From the
model building point of view, a DM decay to e−e+ and
νν̄ can be naturally constructed from the coupling of DM
to the weak SU(2) lepton doublet (να, ℓα). For an equal
decay branching ratio in the two components of the dou-
blet, the corresponding modification of the parameters
{τ, bH} with respect to the pure νν̄ case best fit param-
eters is thus less than a factor 2. Other choices for the

102 103
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en
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DM ! ΝΝ , qq
E$2 spec.
data

FIG. 3: Comparison of the energy spectrum of observed
events in IceCube with the expectations from DM decay with
flux in Fig. 1 (red-solid) and generic E−2

ν flux (blue-dashed).
Both the observed events and predictions include background
events due to atmospheric neutrinos and muons [3].

final states (including for example massive gauge bosons,
top quark and muon/tau leptons) would also produce
spectra roughly compatible with observations, but for il-
lustrative purposes in the following we shall concentrate
on our benchmark case which presents the most marked
differences with respect to a featureless power-law spec-
trum of astrophysical origin.
The number of events at IceCube can be calculated by

convoluting the flux at Earth with the exposure of the
detector, such that the number of events in the bin ∆iEν

is given by

Ni =

∫

∆iEν

(

dJh
dEν

+
dJeg
dEν

)

E(Eν) dEν , (10)

where for the exposure E we used the 662 days reported
exposure in [20]. The result of our analysis is shown in
Fig. 3. In this figure the red (solid) and blue (dashed)
curves correspond to expected number of events from DM
decay with the spectrum of Fig. 1 and a generic E−2

ν

spectrum, respectively; and the black points with error
bars show the observed events. The following comments
about Fig. 3 are in order:

1) The branching ratio bH = 0.12 of DM → νeν̄e is
fixed mainly by requiring two PeV events, i.e. the
last energy bin.

2) The DM lifetime τDM = 2 × 1027 s is mainly de-
termined by the low energy part of events. Let
us mention that the assumed value of DM lifetime
is compatible with the lower limit on τDM obtained
e.g. in [8] from the data of IceCube-22 [21], but the
two cannot be compared at face value. In fact, two
issues should be taken into account: i) the lower
limit in [8] is calculated with the assumption of
bH = 1, and as described there, the limit should be

𝑀YZ=	3.2PeV
𝜏YZ = 2×10B¸s
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The	Future	of	𝜈 searches	for	DM
Solar	Searches

PINGU

Also	see	HyperK and	ORCA

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

27Future prospects & Conclusions (1/2)

ORCAHyper-K

Dark Matter in the Sun 
• Discovery channel for Dark Matter 

• Most stringent SD cross-section limit for most models 

• Sensitivity will continue to improve with current 
detectors!! 

• Publishing data and detector responses is important!  
—> allows inclusion into explicit model scans Future 
detectors will further improve limits at low DM masses 

• Inclusion of cascade channel will further improve limits

PINGU

JCAP	04	(2016)	022	  
[code	at:	h>p://nulike.hepforge.org/]
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The	Future	of	𝜈 searches	for	DM
Searches	from	Galactic	center,	halo,	dwarf	spheroidals,	galaxy	clusters	etc

2016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

13Limits on the annihilation cross-section

• Assume annihilation into  
!!, &&, %%, bb, WW 

• Models motivated by increase in 
positron fraction can be tested 

• IceCube: GC located above horizon 

• ANTARES: 
~60% of time below horizon 

• Super-K extending to 1GeV in m' 

ANTARES	2016	  
(*Preliminary*)

Super-K	2015	((()  
(*Preliminary*)

—

Neutrinos	are	the	best	at	high	energies:	prospects	for	ARCA	and	IceCube Gen22016-07-09	 |		Ma$hias	Danninger		|			Review	of	indirect	detec5on	of	dark	ma9er	with	neutrinos

16Heavy Dark Matter Decays

• Example of DM → !+# (e.g. Gravitino)  

• Using published IceCube data (Atmospheric and astrophysical neutrinos above 1 TeV) 

• !-telescopes remain the most promising instruments

Dedicated	IceCube	
analysis	on-going!

PRD	92,	123515	(2015)
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Backups
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The	IceCube astrophysical	flux	:	from	PeV Dark	Matter	Φ decaying	to	Fermionic	DM	𝜒

IC E
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Sub-PeV best-fit

Events from Dark Matter
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Figure 3: Predicted and observed total event rates at the IceCube. The gray shaded region
represents energies at which we expect events predominantly from the DM sector. The green
line shows event-rate predictions from our best fit flux to the sub-PeV event-rates observed
at IC, with the flux given by Eq. (3.2). The event rates predicted due to the IC best-fit E�2

flux (gray dashed line) and the observed data (red diamonds) are shown. The IC-estimate
for the atmospheric background events is shown as the yellow shaded region.

4 Discussion and Conclusions

Given present-day constraints on DM, it is possible that it may not be WIMP-like and thermal
in nature. In the scenario proposed in this paper, we have focussed on the possible direct
detection of high energy DM particles. Such particles cannot form the bulk of DM, which
must be non-relativistic, but may be a small population that lends itself to detection via
methods di↵erent from those currently implemented at current DM detectors. One possible
way such a component could exisit at and around a specific high energy, would be due to
its creation by the decay of another significantly more massive non-thermal DM relic. If
the lighter DM particle interacts with nucleons, its cross-section at high energies may be
detectable as neutrino-like cascades in a massive detector like IC. Using the neutrino-nucleon
NC deep inelastic cross-section as a guiding analogy, we have applied this to the cluster of
three ⇠ PeV events seen at IC.

Thus, this cluster of three events has a di↵erent origin from the remainder of the IC event
sample, which we assume to be primarily astrophysical extra-galactic neutrinos. It results in
a softer astrophysical spectral best-fit than the one which includes the full-event sample. In
this picture, the gap currently seen in the data between 400 TeV–1 PeV is physical, and the
result of two distinct spectra. While it may partially get filled in or otherwise modified due
to future data, it would remain as a demarcating feature between 2 fluxes of di↵erent origins,
a UHE neutrino flux with a softer than currently estimated spectrum, and a DM flux that
generates cascade interactions in the detector. Additionally, the PeV events should continue
to cluster in the 1–3 PeV region, with a galactic bias [19] due to the fact that about half of

– 8 –

A.	Bhattacharya	et	al.	JCAP	1503	(2015)	no.03,	027

Motivated	by	the	fact	that	there	are	no	events	
between	400	TeV and	1	PeV,	and	so	a	fit	of	only	
events	below	PeV produces	a	softer	spectrum

where, E� denotes the energy of each of the produced � particle.
The FDM interacts with the nucleus within the IceCube detector via a neutral current

interaction mediated by a beyond-SM heavy gauge boson, Z 0 (Fig. 1a) that couples to both
the � and quarks and gluons.

gqqZ

� �

Z �

q

q

g��Z

(a)

χ N
ν N (NC)

mZ' = 5 TeV 

mχ = 10 GeV

σ
 [

cm
2
]

10
−45

10
−42

10
−39

10
−36

10
−33

10
−30

〈
y

〉

0.2

0.3

0.4

0.5

E
in
χ   [GeV]

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
11

10
12

(b)

Figure 1: (a) Interaction of the incoming TeV mass DM particle � with a nucleus, me-
diated by a heavy non-standard boson Z 0. (b) The �N DIS interaction cross-section and
the corresponding hy(E)i are shown for the benchmark value of m� and mZ0 . The overall
normalisation to the �N cross-section is set by the product of coupling constants G, and
is here arbitrarily chosen to be G = 0.05. The real magnitude of G will be determined by
comparing event rates to those seen at IC in the succeeding section. For comparison, the ⌫N
neutral current cross-section and the corresponding hyi are also shown.

For both the ��Z 0 and qqZ 0 interactions we assume the interaction vertex to be vector-
like, with hitherto undetermined coupling constants g��Z and gqqZ respectively.5 The DIS
cross-section for �N ! �X is then computed in the lab-frame, with the product G =
g��ZgqqZ as the undetermined parameter, over a broad range of incoming FDM energies,
100 GeV  Ein

�  10 PeV, using tree-level CT10 parton distribution functions [22]. We set
the Z 0 mass to be 5 TeV. For Z 0 with mass > 2.9 TeV, the couplings g��Z and gqqZ are
largely unconstrained by collider searches [23], thus are limited only by unitarity.6

5

We have deliberately tried to avoid limiting the scenario to any particular theoretical model in order to

focus solely on the phenomenological signatures of the two-sector DM that we have discussed here. Theoretical

models that encompass our DM spectrum have been discussed in the literature in terms of Z or Z0
portal

sectors with the Z0
vector boson typically acquiring mass through the breaking of an additional U(1) gauge

group at the high energies (see e.g., [20, 21]).
6

We note here that due to the presence of ��Z0
vertex, the possibility that Z0

-bremsstrahlung a↵ects

the two-body � ! �� decay and thus the energies of the outgoing �-particles becomes worth considering.

We have verified by means of explicit calculations that, for the value of the parameters G2

and ⌧� that we

require in order to fit the predicted events from �N NC scattering with IC observations (see section 3.1), Z0

bremsstrahlung-included decay rate is about 5% of the total decay rate and therefore negligible. A presentation

of the full computation is beyond the scope of this paper, but closely follows a similar computation made in

[24].

– 4 –

𝜒 interacts	with	
nuclei	inside	
IceCube -
signature	similar	
to	𝜈 induced	
cascade

43%	of	all	simulations	with	IC	fitted	unbroken	
powerlaw have	no	events	between	400	TeV
and	1	PeV

Best	fit	𝑚¹ = 5.06	𝑃𝑒𝑉

More	data	required
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Complementarity


