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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



Weakly Interacting Massive Particles
Dark Matter as a thermal relic of the Early universe.

◦ Boltzmann equation of the early universe

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

𝑋

"𝑋

𝑓

̅𝑓𝑀
𝑔$ 𝑔$

WIMP Miracle
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Dark Matter Detection
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Indirect Searches – The Targets
Indirect Dark Matter searches — Where to look?
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• 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
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Flux measurement
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Neutrinos from Dark Matter annihilations
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Flux measurement

Neutrinos from Dark Matter annihilations
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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 𝜌!	along the line of sight,             
J, - (from astrophysics)

J = 	4ρ) l, Ω dldΩ

D = 	4𝜌 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



M. RAMEEZ - TIFR

DM distributions and J factors
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DM halo ↵ rs [kpc] ⇢s [GeV/cm3]

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 rs (⇢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 rs (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
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DM Capture and Annihilation in the Sun

𝜒
Scattering Cross 

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

𝜎%' ∝ 𝐴(	

Capture

Annihilation

Γ)
*+,- =

1
2𝐶.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 
∝ 𝐴( enhancement.

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

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 : 𝜏/𝜏0, 𝑊/𝑊0,𝜈𝜈̅
• Produces many neutrinos at energies close to 

DM mass.
• ‘Soft’ channel: 𝑔𝑔, 𝑏"𝑏

• 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
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IceCube/DeepCore ANTARES Super-K Baksan

See talks earlier this week for more details on all neutrino telescopes/detectors
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Ranjan Laha

Some near-future neutrino telescopes

Hyper-Kamiokande website

Hyper-Kamiokande detector in Japan; 
total detector mass = 258 kton (currently under 
construction) 
water Cherenkov detector

JUNO detector in China; 
total detector mass = 20 kton (expected  
to take data from 2024) 
liquid scintillator detector arXiv: 2103.11939

Other planned neutrino detectors (DUNE, KM3NeT,  
IceCube Gen-2, and others) are also important 

7

Future instruments
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The backgrounds

atmospheric µ 
background

ν induced µ

Northern Sky
cosmic ray

νat
m

atmospheric μ
Large background

signal

atmos n

cosmic ray

signal

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 𝜈1 	and 𝜈* signal events
• Unbinned methods
• Better handle on systematics.

In the last ~10 years, 
sensitivities have improved by 
more than order of magnitude 
in most searches

No signal yet.
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Limits on dark matter decay from various neutrino detectors
Indirect detection of dark matter
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Larger life-time implies a smaller dark matter signal strength 

Arguelles et al., 2210.01303 
Ando et al., 2103.13242 
Bhattacharya et al., 1903.12623

Solid line: existing results 
Dashed line: projected limits
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Constraints on 𝜎!""𝑣Limits on dark matter annihilation from various neutrino detectors
Indirect detection of dark matter
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Arguelles etal., 1912.09486 
Klop et al., 1809.00671 
Bell et al., 2005.01950 
Miranda et al., 2211.12235

The aim is to probe lower annihilation cross-sections 
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Lower annihilation cross-sections implies a smaller dark matter signal strength 

Solid line: existing results 
Dashed line: projected limits
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Constraints on 𝜎!""𝑣

In general, constraints on 𝜎233𝑣  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?
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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

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?
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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

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?
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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@AB

For spin dependent scattering, where 
𝜎405 ∝ 𝑆4. 𝑆5

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@ABDD experiments have more 
stringent constraints for Spin 
Independent scattering:

𝜎405 ∝ 𝐴(

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

K Choi 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



M. RAMEEZ - TIFR 21

All’s not well with the SMH
12

0 200 400 600 800

|v| [km/s]

0

1

2

3

4

5

10
3
f
(|v

|)
[k

m
/s

]�
1

SDSS-Gaia DR2

Heliocentric |v|
|z| >2.5 kpc
d� <4.0 kpc

Halo

Subs

Total

SHM

Figure 8. (Left) Posterior speed distribution for the halo (dashed red) and substructure (dotted blue) components. The solid
black line represents the total contribution. These results are based on fits to the SDSS-Gaia DR2 data within heliocentric
distances of d� < 4 kpc and |z| > 2.5 kpc. For comparison, we show the Standard Halo Model (dashed gray), defined in (6). The
empirical distribution does not include contributions from DM accreted from non-luminous satellites or di↵usely. (Right) The
95% background-free C.L. limits on the DM-nucleon scattering cross section, ���n, for spin-independent interactions as a
function of DM mass, m�, assuming a xenon target with an exposure of 1 kton⇥year exposure and a 4.9 keVnr energy threshold.
These limits are illustrative and do not account for experimental energy e�ciencies near threshold (Aprile et al. 2018).

The right panel of Fig. 8 shows the corresponding lim-
its on the DM mass and DM-nucleon scattering cross
section, ���n, assuming the simplest spin-independent
operator. For this example, we assume a xenon tar-
get, energy threshold of 4.9 keVnr, and exposure of
1 kton⇥year. The 95% one-sided Poisson C.L. limit (3
events) obtained using the velocity distribution inferred
from SDSS-Gaia DR2 is shown in solid black, and com-
pared to the SHM in dashed grey. The substructure
component drives the sensitivity at all masses, while
the halo contribution is subdominant, but becomes more
important at lower masses. In both cases, the exclusion
is significantly weakened for m� . 30 GeV relative to
that obtained using the SHM. For m� & 100 GeV, the
black and gray-dashed lines approach each other because
vmin ! 0 in (9).
The overall e↵ect of the empirical velocity distribu-

tion on the scattering limit depends on the details of the
nuclear target, experimental threshold, and DM mass—
all parameters that feed into the minimum scattering
speed defined in (7). A more model- and experiment-
independent way of understanding these e↵ects is to
study the dependence of the time-averaged inverse-
speed, hg(vmin)i, as a function of the minimum speed, as
this term captures the dependence of the scattering rate
on the DM velocities. The left panel of Fig. 9 plots this
quantity for the empirical speed distribution obtained
in this work (solid black) and the SHM (dashed gray).
The scattering rate for the empirical distribution is re-
duced relative to that for the SHM at vmin & 300 km/s;

it is enhanced for lower minimum speeds. The scatter-
ing rate is completely suppressed for vmin & 550 km/s,
whereas the SHM continues to contribute events above
this point.
To better understand the implications of these re-

sults, let us consider the concrete example of a 10 GeV
DM particle interacting in several detectors. Such a
DM particle needs a minimum speed of ⇠ 570 km/s
to scatter a xenon nucleus at an energy of ⇠ 5 keVnr

in Xenon1T (Aprile et al. 2018). As seen from the left
panel of Fig. 9, this is highly suppressed relative to the
SHM expectation.6 In contrast, the DarkSide-50 low-
mass analysis (Agnes et al. 2018) can detect argon re-
coils down to 0.6 keVnr in energy. A 10 GeV DM particle
only needs speeds of ⇠ 130 km/s to create such a recoil
and these speeds are well-supported by the empirical
distribution.
The empirical velocity distribution also impacts the

time-dependence of a signal. The DM scattering rate
should modulate annually due to the Earth’s motion
around the Sun (Drukier et al. 1986).
The right panel of Fig. 9 compares the modulation

amplitude assuming the newly derived velocity distri-
bution, as compared to the SHM. To obtain the ampli-
tude, we transform the velocities from the Galactic to
the heliocentric frame, taking into account the Earth’s
time-dependent velocity as defined in Lee et al. (2013).

6 In actuality, Xenon1T has non-zero e�ciency below
⇠ 5 keVnr, which improves its sensitivity in this range.

Necib, Lisanti and Belokurov  1807.02519
|Z coord| < 2.5 kpc
4 kpc sphere around the Sun

“the debris from the youngest mergers may be in 
position and velocity substructure. Referred to as 
tidal streams, these cold phase-space features tend 
to trace fragments of a progenitor’s orbit (Zemp et 
al. 2009; Vo- gelsberger et al. 2009; Diemand et al. 
2008; Kuhlen et al. 2010; Maciejewski et al. 2011; 
Vogelsberger & White 2011; Elahi et al. 2011). ”



Copenhagen -2015

Figure from https://arxiv.org/pdf/1308.1703.pdf

V0 ≈ 235 km/s

Indirect detection Direct detection

SHM Standard Halo Model = 
Maxwellian with vesc

Celestial Bodies Velocity Distribution

2
2

Vesc ≈ 544 km/s

Heavy dark matter particles can only be captured at low velocities

Dark Shards: velocity 
substructure from Gaia 
and direct searches for 
dark matter 
[arXiv:1909.04684v1]

https://arxiv.org/pdf/1308.1703.pdf
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Velocity Independent PICO and IceCube

•Limits assuming the 
superposition of 
streams with fixed 
velocity.•Only the velocity 
stream with the 
highest allowed 
scattering cross-
section is selected:
- Conservative 

limits
2
3

Eur.Phys.J.C 80 (2020) 9, 819

equilibrium!

Φ" → 𝐶# 𝐶$ → 𝜎%&
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Secluded Dark matter

PoS(ICRC2021)521
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Constraints on 𝜎@AB  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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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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Table 1. Charges of the SM matter content under the gauge symmetries of the SM and the gauge
U(1)0 with the generator (2.3). i stands for the family index.

Because the charges of the SM fermions under the new U(1) are a two-parameter

family, we will conveniently parametrize the generator of the new symmetry as

cos ✓ tY + sin ✓ tB�L (2.3)

where tY and tB�L stand for the generators of the hypercharge and B � L symmetries

respectively. To ensure that the fermion masses are gauge invariant, the SM fermion

charges under the U(1)0 unambiguously determine the SM Higgs charge under the U(1)0.

For completeness we list all the charges under the gauge symmetries, including the U(1)0,

in Table 1.

These charges have a strong impact on the DM phenomenology in this scenario. Be-

cause the SM Higgs couples to the Z
0, tree level couplings between the Z

0 and the EW

gauge bosons are induced after EW symmetry breaking. In this case Z
0 mixes with the Z.

This allows annihilations of the DM to EW gauge bosons at the tree level.

2.1 Direct constraints on Z
0 from LHC searches

Here we review direct constraints on this Z
0 from the LHC. In addition, we will consider

monojet constraints on DM production in Sec. 3.2. The easiest way to spot a Z
0 at a

collider is via an analysis of the leptonic modes, unless they are highly suppressed. For

these purposes we recast a CMS search for a narrow Z
0 in the leptonic channel [55], which

conveniently phrases the constraints in terms of

R� ⌘
�(pp ! Z

0)⇥BR(Z 0
! l

+
l
�)

�(pp ! Z)⇥BR(Z ! l+l�)
(2.4)

and for the reference point we take �(pp ! Z) ⇥ BR(Z ! l
+
l
�) = 1.15 nb at

p
s =

8 TeV [56].

models demand the introduction of spectator fermions to cancel the anomalies. One should necessarily take

into account the contribution of spectators when calculating the DM annihilation branching ratios to avoid

non-physical results.

– 6 –

Figure 8. Bound on ⇤ = mZ0/(gZ0
p
g�) from direct detection, LHC’s monojet analysis, IceCube

and Fermi-LAT, for di↵erent values of ✓.

⌧ and µ pairs, energetic neutrinos produced in their decay would make IceCube bounds

the dominant ones.

We notice that the bounds shown in Fig. 8 fall in the region where the DM is under-

abundantly produced via the freeze-out mechanism (compare with Fig. 2). The di↵erence

between the two values of ⇤ goes up to one order of magnitude for large m�.

An important remark about IceCube results is that they are almost independent of

mZ0 and �Z0 (together with gZ0 , g�, as stressed in Sec. 3.5). There are two reasons for

this: first, as explained previously, when the equilibrium between annihilation and capture

in the Sun is reached, neutrino fluxes at Earth only depend on branching ratios, which

are not modified dramatically by the resonance except for a very narrow region around

it. Electroweak corrections further dilute the di↵erence, and as a result IceCube bounds

– 21 –

Complementarity – UV complete consistent theory

Figure 2. Top: Value of gZ0
p
g� that yields to the correct relic density, for three masses of the Z

0

and di↵erent values of ✓. The regions colored with multiple shades of gray in the upper part of the
plot (one for each ✓, mZ0) show the regions where �Z0 becomes of the order of mZ0 , signalling the
transition to the non-perturbative regime. Bottom: Same data as left, in the plane ⇤ vs. m�.

mediator scale. The e↵ective contact terms that one gets between the DM and SM quarks

are
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with coe�cients g given in Table 2, and 1/⇤2 = g
2
Z0g�/m

2
Z0 .

It is straightforward to translate these interactions to the more intuitive language of

the NR e↵ective theory. Using the dictionary of Ref. [19] and considering a nucleus N

instead of the partons q we get
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The IceCube astrophysical flux

Phys.Rev.D 104 (2021) 022002

angle. In the down-going region, the data are well described
with the addition of an isotropic astrophysical neutrino
flux. Atmospheric components alone cannot describe the
data well because the atmospheric neutrino components are
suppressed in the down-going region by accompanying
muons; see Sec. VI B for details. The null hypothesis
(namely, the atmospheric only scenario) is rejected with
respect to the alternative hypothesis, including an astro-
physical component at greater than 5σ with this sample.

The left panel of Fig. 14 shows the data and expected
number of events in bins of reconstructed deposited
energy. The region below 60 TeV is not included
in the analysis because of larger background uncertainties.
However, we present the data to MC comparison in
this region to demonstrate the level of agreement below
the cut. From the stacked histogram, it is clear that the
sample is dominated by the astrophysical component
above 60 TeV.

FIG. 14. Deposited energy and reconstructed cos θz distributions. In these panels, the data are shown as crosses, and the best-fit
expectation is shown as a stacked histogram with each color specifying a given flux component: astrophysical neutrinos (golden),
conventional atmospheric neutrinos (red), and penetrating atmospheric muons (purple). Left: distributions of events and expected event
count assuming best-fit parameters as a function of the deposited energy; events below 60 TeV (light blue vertical line) are ignored in the
fit. Right: distribution of events with energy greater than 60 TeV in the cosine of their reconstructed zenith angle. Up-going events are on
the left side of this panel, and down-going events are on the right. The expected number of events is split by components and displayed
as a stacked histogram. The normalization of the prompt atmospheric neutrino component fits to zero, and so is not shown in the stacked
histogram. The distribution of data events appears to be largely flat as a function of cosine zenith with a small decline toward the up-
going region. The lower event rate in the up-going region is expected as a result of the Earth’s absorption of the neutrino flux and appears
to be compatible with the Monte Carlo expectation.

TABLE X. Single power-law model parameters. The frequentist analysis column shows the best-fit parameters and their
corresponding 68% C.L. interval according to Wilks’s theorem for the single power-law model. The Bayesian analysis column
shows the most likely values of the parameters as well as the 68% HPD interval. Parameter name descriptions and priors (constraints) are
given in Table V.

Frenquentist analysis Bayesian analysis

Parameter Best-fit value 68% C.L. Most likely value 68% HPD

Astrophysical neutrino flux:
Φastro 6.37 [4.75, 7.83] 5.68 [4.13, 7.24]
γastro 2.87 [2.68, 3.08] 2.89 [2.69, 3.12]
Atmospheric neutrino flux:
Φconv 1.01 [0.67, 1.35] 0.93 [0.61, 1.29]
Φprompt 0.00 [0.00, 5.34] 0.54 [0.00, 6.15]
RK=π 1.000 [0.901, 1.100] 0.993 [0.894, 1.095]
2ν=ðνþ ν̄Þatmo 1.002 [0.902, 1.102] 0.986 [0.901, 1.100]
Cosmic-ray flux:
ΔγCR −0.053 ½−0.184;−0.005% −0.036 ½−0.088; 0.010%
Φμ 1.19 [0.75, 1.64] 1.20 [0.73, 1.61]
Detector:
ϵDOM 0.952 [0.886, 1.045] 0.935 [0.848, 1.002]
ϵhead-on −0.06 ½−0.54; 0.45% −0.07 ½−0.63; 0.39%
as 1.00 [0.80, 1.20] 1.01 [0.80, 1.20]

ICECUBE HIGH-ENERGY STARTING EVENT SAMPLE: … PHYS. REV. D 104, 022002 (2021)

022002-19

Neutrino Astronomy achievements

Identification of the first TeV and extragalactic 
source of neutrinos with the help of realtime 
alerts – TXS0506+056
Science 361 (2018) 6398, 147-151
Science 361 (2018) 6398, eaat1378

Evidence for neutrino emission from nearby 
active galaxy NGC1068
Science 378 (2022) 6619, 538-543
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Neutrino-Dark Matter Scattering

• Astrophysical neutrinos assumed to be extra-Galactic:
- Isotropic distribution of arrival directions.• Scattering of high energy cosmic neutrinos on DM:
- Deficit in the direction of Galactic Center• Two simplified models tested:

2
9
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doi:10.5281/zenodo.1300506

Neutrino-Dark Matter Scattering

T Yuan
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Observation of high-
energy neutrinos from 
the Galactic plane
Science 380 (2023) 
6652, adc9818

Key assumption going into the previous 
constraints is wrong
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Dark Matter
◦ Galactic Rotation Curves : 
◦ Mon.Not.Roy.Astron.Soc. 496 (2020) 2, 2107-2122 (see subsequent debate)

◦ Gravitational Lensing 

◦ Precision Cosmology  (In Crisis)
◦ Hubble tension
◦ Cosmic Dipole Anomaly Astrophys.J.Lett. 908 (2021) 2, L51

We know DM exists from:

Is there really any actual evidence for Dark Matter?

Newtonian

Circular Logic

See essay by Jenny 
Wagner (The 
cosmological Cheshire 
cat)
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Backups
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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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Example
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Neutrinos from Dark Matter?as
• Already detected
• They have mass

• Σ𝑚6 < 0.23	𝑒𝑉 from the CMB
• Electrically neutral 

• Not enough of them
• Ω7ℎ( ∼ (𝑚6/93𝑒𝑉) ~2.5×1008 ≪ 0.12

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

• Neutrinos would make ‘hot’ dark matter.
• 𝐸9-3 >∼ 𝑚6 (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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The IceCube astrophysical flux : from PeV Dark Matter Φ decaying to Fermionic DM 𝜒 

IC E
-2

 best-fit

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.
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� �
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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  E

in
�  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

5We 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]).

6We 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 𝑚: = 5.06	𝑃𝑒𝑉

More data required
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Complementarity
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Jungman and Kamionkowsky (1996)

There’s a threshold σ%& below which the 
equilibrium condition is not a valid assumption

σ)𝑣 = 3x10-27  *

σ)𝑣 = 2x10-26  *

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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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
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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!
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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.
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