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Classical (local) DM tests
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Figure 1: Circular velocity as a function of galactocentric distance within the Milky Way, as inferred by various
studies used in this work.
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The Milky Way (2):

Different measurements 
displayed in terms of 
circular velocity as a 
function of radius:

The mass modelling is 
generally performed via 
component superposition, 
with parametric profiles 
and global fitting. You find:

The Galaxy has a with total mass of                   . The total mass in "visible 
baryons" (gas+stars) is                       . The dark matter halo extends to radii 
larger than             ; by comparison the stellar disc has a size of                .

⇠ 1012 M�
. 4 · 1010 M�

100 kpc ⇠ 12 kpc

The local DM density (                      ) is about:R� ' 8, 1 kpc

with, say, a 10% precision - but relying on a number of assumptions!
⇢DM (R�) ' 0.01 M� pc�3 ' 0.4 GeVcm�3

[Petac & P.U., (2020)]

Mass decomposition

Universal Mass Profile for dSphs 5

Fig. 1.— Projected velocity dispersion profiles for eight bright dSphs, from Magellan/MMFS and MMT/Hectochelle data. Over-plotted are
profiles calculated from isothermal, power-law, NFW and cored halos considered as prospective “universal” dSph halos (Section 5). For each type
of halo we fit only for the anisotropy and normalization. All isothermal, NFW and cored profiles above have normalization Vmax ∼ 10 − 20 km
s−1—see Table 3. All power-law profiles have normalization M300 ∼ [0.5 − 1.5] × 107M".

by α and γ. Thus the parameter Vmax sets the normal-
ization of the mass profile.
The normalization can equivalently be set by specify-

ing, rather than Vmax, the enclosed mass at some par-
ticular radius. For radius x, the enclosed mass M(x)
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S08 demonstrate that for most dSphs the Jeans anal-
ysis can tightly constrain M300. Here, in addition to
M300, we shall consider the masses within two alterna-
tive radii as free parameters with which to normalize the
mass profile. Specifically, we consider the mass within
the half-light radius, M(rhalf ), and the mass within the
outermost data point of the empirical velocity dispersion
profile, M(rlast).

3.4. Markov-Chain Monte Carlo Method

In order to evaluate a given halo model, we com-
pare the projected velocity dispersion profile, σp(R),
from Equation 3 to the empirical profile, σV0

(R), dis-
played in Figure 1. For a given parameter set S ≡
{− log(1 − β), logMX , log r0,α, γ}, where MX is one of
{Vmax, M(rhalf ), M300 or M(rlast)}, we adopt uniform
priors and consider the likelihood
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where Var[σV0

(Ri)] is the square of the error associated
with the empirical dispersion.
Our mass models have five free parameters (four halo

parameters plus one anisotropy parameter). In order
to explore the large parameter space efficiently, we em-
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(pressure supported) systems

DM dominated

Nowadays not the leading rationale 
to argue for the existence of DM.

Direct/indirect searches for DM 
are mostly done within these DM 
labs: these observations provide 
key ingredients, e.g., DM density 
and velocity profiles.



Cosmological evidence for DM
4 24. Big Bang Nucleosynthesis
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [44]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

He and H in the most metal-poor extragalactic HII (ionized) regions, viz. blue compact galaxies,
generally found at low redshift. There is now a large body of data on 4He and CNO in these galaxies,

1st December, 2023
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perturbations, e.g., the CMB:Dynamics of 
the Universe, 
i.e.      , learning 
about “ordinary 
matter”, i.e.     , 
from BBN to 
deduce 
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⌦DM

“Concordance” cosmology:
⌦DMh2 = 0.1200± 0.0012

[Planck Coll., arXiv:1807.06209]

The leading rationale to argue for 
the existence of DM and the tool 
to precisely measure it.

3

The SM for cosmology (ΛCDM model) as 
a minimal recipe to embed the Universe 
dynamics and a consistent theory for 
structure formation, tested against a 
pletora of cosmological probes, in which 
the DM term is treated as a classical, 
cold, pressure-less fluid subject to 
gravitational interactions only.



“Surprises” versus concordance cosmology
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The ΛCDM model under extreme scrutiny may show, on top  of the astonishing 
successes, also few discordances. Most relevantly for dark matter/dark sector:
- A small-scale crisis of the CDM paradigm (in the deep non-linear regime, 
likely where baryonic component modelling do count)? Observational cores 
versus predicted cusps in the density profile of small dark-matter-dominated 
galaxies; missing satellites, in particular in the count for the most massive sub-
halos in the Milky Way and the Local Group - the too-big-to-fail problem; …
- Tensions in cosmological parameters? Indirect versus direct measurements 
of       -       discrepancy between Planck CMB and SH0ES SNIa + much more; 
early Universe versus late Universe determination of the normalisation of the 
matter power spectrum -  discrepancy between CMB and weak lensing at          
level in estimates of     ;
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H0
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S8
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5�

- Surprise from the JWST discovery of the existence of early massive galaxies 
with stellar masses way larger than what expected within the ΛCDM model;
- DESI baryon acoustic oscillation measurements favouring dynamical dark 
energy (assuming a time varying equation of state: 

at          level the quadrant                              is preferred).  
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w(a) = w0 + wa (1� a)
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w0 > �1, wa < 0

Insights on the “true nature” of dark matter and dark energy?



Rephrasing DM as a particle physics problem
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The small-scale crisis pointing to an excess of power on small scales (or 
maybe to baryonic components/baryonic feedback not properly treated in the 
simulations). Remove power by introducing a new physical scale associated 
to DM particles: a free-streaming scale (e.g. warm dark matter); a self-
interaction scale; a macroscopic “quantum” scale (e.g. dark matter as a BEC); 
a large DM-baryon or DM-photon interaction scale; …

In the ΛCDM model the DM term is scale free: there is no insight on how to 
reformulate the DM puzzle in terms of elementary particles (what mass? what 
interaction strength with ordinary matter or among themselves?)

Suppressing      at late times, letting dark matter decay or cannibalise itself? 
Play with subdominant components which again dump power (self-interacting 
DM, very light axion-like DM, …)?
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S8

Steadily moving towards a scenario in which, rather than the SM + a DM 
particle, you have SM + a multicomponent dark sector in which address the 
dark matter problem and much more (e.g. the      tension with some early dark 
energy component???).
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As a starting assumption, consider a dark sector in terms of 
elementary particles, to be possibly treated in the dilute limit (two-
body interactions dominating over multi-body interactions).

Two extra guidelines have been the main model building prejudices:
1) we need a “natural” mechanism to generate dark matter in 
the early Universe
2) there are some aspects which are not satisfactory in the 
standard model of particle physics, addressing such open 
issues will lead to an extension of the standard model 
embedding dark matter as well.

Disclaimer: this is not the only possible extrapolation! In this talk we 
will not consider, e.g.: scenarios with “macroscopic granularities”, 
such as primordial black holes - possibly still viable; or scenarios in 
which gravity is not described by general relativity - no “DM free” 
variant found so far matching observations on all scales.
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 A common (particle physicist) roadmap some years ago:
i) A (set of) BSM state(s) to be found at colliders;
ii) Direct detection experiments to demonstrate that the  

    (lightest) state is stable and makes the dark matter.

Thermal relics directly coupled to the baryon/photon primordial 
bath:                        (with SM is some lighter Standard Model state)
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⌦�h2 ' 3 · 10�27cm�3s�1

h�AviT=Tf

A recipe that can work below about 100 TeV 
(unitarity limit [Griest & Kamionkowski 1990]; in 
realistic models up to about 15 TeV) and 
gets inefficient below about 1 GeV.

WIMP miracle: “fixed” DM pair annihilation 
cross section into “visible” particles. 

A trigger from naturalness versus the hierarchy problem, and 
thermal relic WIMPs as natural dark matter candidates. 
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 A common (particle physicist) roadmap some years ago:
i) A (set of) BSM state(s) to be found at colliders;
ii) Direct detection experiments to demonstrate that the  

    (lightest) state is stable and makes the dark matter.

A trigger from naturalness versus the hierarchy problem, and 
thermal relic WIMPs as natural dark matter candidates. 

Thermal relics: the familiar and 
beloved scheme
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Early Universe  
≈  halo annihilations 

So far, a scheme which has 
lead only to tentative (and 
controversial) hints of signals: 
the WIMP paradigm is well 
alive (and it will be hard to kill 
it), however the “naturalness 
trigger” is fading away, 
making to some extent the 
framework less appealing.
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In principle a straightforward connection between annihilation in the 
early Universe and in todays DM halos.

[latest update with 14-yr Fermi data, 
McDaniel et al., 2023]Dwarf Searches

• Population of dwarf spheroidal galaxies have 
set strong limits on GeV dark matter 
annihilation.

McDaniel et al. (2023; 2311.04982)
Strong constraints from prompt 
γ-ray emission (continuum 
spectrum) from the local 
population of dwarf spheroidal 
galaxies, ideal DM labs: very 
large mass to light ratios, quiet  
astrophysical environments, 
relatively close.

In the same plot, models 
compatible with the excess 
detected by Fermi from the 
Galactic Center [e.g. Fermi 
collaboration, 2017], not an 
ideal DM lab (is it due to MSPs? 
[e.g., latest: Manconi et al., 
2024]). A window of 

opportunity for CTAO
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Still a chance to detect smoking gun signals, such as γ-ray lines 
(arising at loop level):

[Magic Collaboration, 2022]

prominent in some specific 
models, such as pure Wino DM, 
and a target for CTAO in galactic 
center observations:
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TeV-Lines from WIMP Dark Matter

MAGIC Collaboration (2022; 2212.10527)

• Can also search for dark matter spectral features! 

• Most likely target  

• At TeV energies, this is always accompanied by 
, which has a similar energy above ~300 

GeV. 

• In general, cross-section is suppressed by , but 
models with enhanced lines are possible, especially 
at resonances (e.g., Sommerfeld effect)

χχ → γγ

χχ → γZ

α2

Upper limits on the Wino model, if it accounts for the whole DM
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Figure 16. Combination of the 95% CL upper limits for the Wino DM mass. The black vertical line shows
the position of the peak of the resonance. For a given channel di↵erent shaded regions correspond to limits
derived using di↵erent assumptions. For antiprotons (p̄) this is related to the di↵usion zone thickness, leptons
(e+) the local DM density and energy density in the ISRF and magnetic field, low latitude �-rays (� LL)
the radiation field in the inner galaxy and interstellar gas, high latitude �-rays (� HL) the extragalactic DM
substructures, for dwarf spheroidal galaxies (� dSph) the J-factor and foreground emission, for �-line the DM
profile in the inner 1� and in the case of the CMB constraints di↵erent combinations of data sets. See text
and sections corresponding to its given channel for details.

Upper limits on the Wino model, varying its contribution to whole DM
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Figure 17. Combination of the most stringent 95% CL upper limits for the Wino DM mass, relaxing the
condition of the Wino accounting for the whole dark matter. The shaded regions correspond to reducing the
Wino contribution from 100% (lighter regions) to 10% (darker regions) in steps of 10%. Specifically for the
case of dwarf spheroidal limits, we use those derived by Ursa Minor which we derive ourselves (see section 3.6
and following [105]) rather than those from a joint likelihood analysis as those from [103] which can exclude
an additional '100 GeV in mass on each side of the maximum excluded mass range. The black vertical line
shows the position of the peak of the resonance.

– 31 –

still to be cross-checked against 
other detection channels:

[Hryczuk, PU et al., 2014]

Antideuterons as a further smoking 
gun signal?  GAPS antarctic 
mission later this year
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Measuring the recoil energy in elastic (or inelastic?) scattering of 
(local Milky Way halo population) dark matter particles off nuclei:

DIRECT DARK MATTER DETECTION LANDSCAPE: MAY 2024

Scattering off electrons

1 MeV 1 GeV 1 TeV

Scattering off nuclei

17

K. Schäffner, TAUP2023

1 GeV100 keV 100 GeV

LB, S.Profumo: PDG2023

LAURA BAUDIS, UZH: DIRECT DARK MATTER DETECTION

[Baudis & Profumo, PDG 2023]

(at fixed

              )
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v ⇠ 10�3c

A huge experimental program, originally devised to address 
“vanilla” (?) WIMPs, with mass close to the weak scale:
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Since several years, searches with noble liquid (mainly Xe) detectors 
have taken the lead in the experimental effort (background rejection 
+ scalability):

[Snowmass 2021, arXiv:2203.08084, adapted by Baudis 2024]

CROSS SECTION CONSTRAINTS AND PREDICTIONS

Update: https://lss.fnal.gov/archive/2022/
conf/fermilab-conf-22-180-v.pdf

2016/3/4 9

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

35

~ 20 years

PandaX-xT

/XLZD

LAURA BAUDIS, UZH: DIRECT DARK MATTER DETECTION

- steadily 
increasing the 
mass; 

- steadily 
aiming at 
improving the 
background 
rejection; 

- to and past 
the neutrino 
fog:
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Snowmass2021 Cosmic Frontier Dark Matter Direct Detection to the Neutrino Fog

Figure 5: Plots of dark matter-proton cross section σSI times dark matter fraction fDM

versus particle mass MDM for SI scattering cross sections off nuclei. Examples of pre-
dicted regions in several visible sector models are reproduced: the NMSSM models of [29]
(“NMSSM-1”, in green) and of [30] (“NMSSM-2”, in pink), the two Higgs doublet model
of [31] (“Two Higgs”, in red), the pseudo-Goldstone boson of [32] (“PGB”, in purple)
and the electroweak triplet Majorana dark matter model of [33] (“Triplet Majorana”, in
yellow - however note that the relic abundance for this model was not computed). The
gray region is excluded by existing direct detection limits [34] and the blue line indicates
the neutrino fog level in xenon [20, 26]. Regions predicted by other examples of models
mentioned in the text [33, 35–39] overlap with those shown and were not included for
clarity.

the dark matter relic density could be produced in the early Universe (e.g. for Higgsino
like or Wino like fermions of 0.1 to 10 TeV mass in [33] and [38]). This approach can be
motivated by our lack of knowledge of the cosmology during the epoch in which the DM
relic abundance in these models is produced (see e.g. [42–47]). In this case, one should be
aware that different assumptions about the dark matter production would typically select
only a small portion of the parameter space considered.

In Fig. 5 we reproduce some of the predictions for SI scattering cross sections (in plots
of dark matter-proton cross section versus dark matter mass) for the visible sector models
of Refs. [29–33]. Examples of predictions of dark sector model models for SI scattering
are shown in Fig. 6, as explained below.

In Fig. 7 we reproduce some of the predictions for SD scattering cross sections (in plots
of dark matter-proton cross section versus dark matter mass) for the visible sector models

9

Current limits versus a representative set of dark matter models 
within the standard WIMP paradigm, namely states in thermal 
equilibrium with the SM heat bath, (mostly) because carrying a SM 
gauge charge (e.g.: SUSY, extended Higgs sectors, …): 

[Snowmass 2021, arXiv:2203.08084, & refs. therein]

- covering the full 
expected mass 
range; 

- possibly extending 
to very small cross 
sections (crossing 
symmetry not 
fulfilled); 

- mostly not 
addressing the 
hierarchy problem:



•there is a dark sector thermal bath (with      possibly different 
from    ), with thermalisation and freeze-out:                          
led by extra interactions (e.g.: extra          with      mediator)
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•dark matter produced out of equilibrium, because, e.g.:

- there is a particle-antiparticle asymmetry     (analogous or 
connected to     ), asymmetric DM  

- feebly interacting with the heat bath / never in equilibrium: 

  * super-WIMP freeze-in: 

  * exponential production: 

•there is a different process sustaining (dark) thermal 
populations, such as, e.g.,:

- coannihilations:

- semi-annihilations:

Enlarging the parameter space
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A dark sector containing multiple states offers the possibility of 
having multiple variants to the standard WIMP paradigm, such as:

[Bringmann et al. 2021]
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�i + �j $  +  ̄ [Griest & Seckel, 1991]
[D’Eramo & Thaler, 2010]
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[Pagel & Primack, 1992]

[very incomplete lists of models and references]
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LOOKING BEYOND BILLIARD BALLS

▸ Experimental Panorama
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Below the GeV mass scale alternative techniques and strategies 
(e.g. electron recoils or small band gaps for electrons excitations): 

[Zurek, UCLA Dark Matter 2023]



Filling in the range of possibilities in the EU
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At some early cosmological epoch (temperature much larger than 
the particle mass) the abundance of the DM candidates relative to 
SM particles also spans huge ranges, e.g.:
- It is order 1 for WIMPs (since the sizeable interaction ensures 
thermal equilibrium)
- It is very small for super-WIMPs (never in thermal equilibrium 
because of their tiny interactions, e.g. they leak out the thermal bath 
through the freeze-in mechanism)
- It is very large for super-cold DM (very light bosons, almost non 
interacting, with huge occupation numbers of their lowest 
momentum state, e.g.: axion DM)

Natural matching                   ? Several of the scenarios mentioned 
above simply do envisage fine-tuning. 
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⌦� ⇠ ⌦CDM

Reintroducing a (another) particle physics motivated framework?



The axion solution to the strong CP problem
In the Lagrangian of QCD is not forbidden to have:
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3 Some non-WIMP examples

References: [2].

Some examples: axion, axino, gravitino, sterile neutrino, techni-baryon, Q-balls, topolog-

ical defects, black holes . . .

3.1 Axions

The axions fall under the broader category of Weakly Interacting Slim Particles (WISP), used

to denote the Cold Dark Matter candidates with smallest possible mass. This idea can be

realized by ultra-light scalar fields � provided their average velocity is non relativistic. Other

candidate WISPs are axion-like particles and hidden photons.

3.1.1 The strong CP problem

QCD is a non-abelian gauge theory. As discussed already in Sect. ??, it has a rich vacuum

structure. The vacua are called ✓-vacua and labelled by an index ✓.

LQCD � ✓
g

2

s

32⇡2
GG̃ (3.1)

where G is the gluon field strangth. This lagrangian term violates P and T , and therefore, by

CPT theorem, also CP . The operator GG̃ is a total derivative, but because of the non-trivial

topology of vacua, it has an observable e↵ect. In fact, this operator gives rise to the EDM of

neutron

L � dnN̄(i�µ⌫
�

5)NFµ⌫ (3.2)

from a loop diagram where p and ⇡
� run in the loop and ⇡

� emits a photon

dn ⇠
✓

(4⇡)2
e
m⇡

m
2

N

⇠ 10�16
✓ e · cm (3.3)

Experiments: |dn| . 10�26
e cm, therefore the ✓ parameter must be incredibly small

✓ . 10�10
. (3.4)

There is no explanation in the theory of why this parameter should be so small. This is the

so-called “strong CP problem”.

3.1.2 The axion solution

Among the possible solutions of the strong CP problem, the axion is by far the most elegant

and appealing. Introduce a new (Peccei-Quinn) symmetry UPQ(1), under which LQCD is

invariant, and allowing to change the phases of the quark masses. The fact that mq 6= 0

indicates that the PQ-symmetry must be spontaneously broken at some scale fa. The resulting

Nambu-Goldstone boson is called axion. Because of the chiral anomaly, the PQ symmetry

34

which violates T, P & CP and give rise to dangerous operators such as an 
electric dipole moment for the neutron:

(gluon field strength contracted to its dual)
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The strong CP problem: why 
is this parameter so small?

The axion solution: promote it to a dynamical field and “relax” it to 0:

is also explicitly broken, so the axion becomes a massive Pseudo-Nambu-Goldsone boson

(PNGB).

Consider a redefinition of the quark fields  q ! e
i�5↵q q. The chiral anomaly shifts

the measure of the path integral and introduces the GG̃ operator. This transformation is

equivalent to ✓ ! ✓ + ↵q. Then, ↵q = a(x)/fa becomes a dynamical field and the lagrangian

contains
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At QCD scale, CP must be conserved, so ✓ + a(x)/fa relaxes to zero, solving the strong CP

problem.

3.1.3 Axion mass

On dimensional grounds, one expects ma ⇠ ⇤2

QCD
/fa. The axion mass can be computed using

the same methods used for the pion mass in QCD (see e.g. Ref. [3]). The result is
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where z ⌘ mu/md.

The scale of PQ symmetry breaking fa must be large enough to prevent stars and super-

novae from cooling to much fa & 107 GeV, so ma . 1 eV.

3.1.4 Axions in the Early Universe

There are 2 relevant temperatures for tracking the behaviour of axions in the early universe:

fa, ⇤QCD ⇠ 200 MeV.

The QCD instantons generate a potential for the axion at T ⇠ ⇤QCD, periodic in a/fa
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[ The Hubble parameter at T ⇠ ⇤QCD is

HQCD ' 1.66
p

g⇤
⇤2

QCD

MP

⇠ 2 ⇥ 10�20 GeV (3.8)

so the horizon scale at the QCD phase transition is about H
�1

QCD
⇠ 5 km. Today, this

corresponds to a patch of the size 5 km (TQCD/T0) ' 5 ⇥ 1017 cm ' 0.1 pc.]

The temperature dependece of ma is (see Fig. 8)

ma(T ) ' ma(0)
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⇣
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(3.9)
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Figure 90.5: Exclusion plot for ALP-photon coupling with closeup on the parameter space of RF
cavity experiments as described in the text. This is a zoom-in of Fig. 90.1 that highlights regions
probed by axion DM direct detection experiments. In particular, note that all of the terrestrial
experiments shaded in red, except that of CAST, assume that the axion is 100% of the local DM.
Figure courtesy of Ciaran O’Hare [61], including data from Refs. [43,64–68,76,78,81–84,86,87,91,
93,99,122,123,145,216,480–484]

was sensitive to DFSZ axions over the entire mass range [486]. The corresponding 90% CL exclusion
regions shown in Fig. 90.5 assume a local CDM density of 7.5 ◊ 10≠25 g cm≠3 (450 MeV cm≠3).

Somewhat later, the ADMX experiment commissioned an upgrade [64] that replaced the mi-
crowave HFET amplifiers by near-quantum-limited low-noise dc SQUID microwave amplifiers [487]
and, more recently, with Josephson parametric amplifiers (related to the earlier dc SQUID ampli-
fiers), also with noise near-quantum-limited [481]. With its large volume and low noise, ADMX
has achieved an unprecedented axion DM sensitivity in the mass range between 2.7 and 4.2 µeV
[66–68, 480], down to the DFSZ benchmark axion-photon coupling over much of the range, see
Fig. 90.5. This apparatus is also sensitive to certain other hypothetical light bosons, such as
hidden photons or chameleons, over a limited parameter space [18,488,489].

ADMX continues to scan at DFSZ sensitivity, and has since been joined by an array of halo-
scopes. One of the CAPP experiments has also achieved DFSZ sensitivity over a small range of
frequencies near 4.55 µeV [76]. A number of other experiments from the CAPP group have operated
at higher frequencies, many with KSVZ or near KSVZ sensitivity. [72–74,74,75] The HAYSTAC ex-
periment also operates at or near KSVZ sensitivity and was the first to demonstrate near-quantum
limited noise using a Josephson parametric amplifier [82, 490], and demonstrated ‘state-squeezing’
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The phenomenology mostly based on 
the axion coupling with photons: 

within a specific model:

[P
D

G
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3]

Misalignment production: very light scalars trapped in modes with coherent 
oscillations, which behave cosmologically as CDM:

The QCD axion as a dark matter candidate

Follow the eq. of motion:
<latexit sha1_base64="5aPMXzWDVOpE6a01nk4UShSOq3Q="></latexit>

ä+ 3Hȧ+
dV

da
' ä+ 3Hȧ+m

2
a a = 0

when                , coherent oscillations with frequency       start, i.e. 
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i.e. as matter.                                                               (also term from string decay)
<latexit sha1_base64="j7CbfS1Dp1FZEKQpKTKi1aiBQW8="></latexit>

⌦a ⇠ ⌦CDM ) ma ⇠ 10�6 � 10�4 eV

<latexit sha1_base64="Q5pFBxDkgQJfrNT/rJSO3Gh4OpY="></latexit>

La�� = �ga�
4

Fµ⌫ F̃µ⌫ a = ga� E ·B a

<latexit sha1_base64="Qkj6yqpHb/U1upHY3sZiM7BoIj8="></latexit>

ga� =
↵

2⇡ fa

✓
E

N
� 1.92(4)

◆

<latexit sha1_base64="y+6ojj0220TBXg48544Ks1zloqE="></latexit>

=

✓
0.203(3)

E

N
� 0.39(1)

◆
ma

GeV2



Snowmass 2021 White Paper Axion Dark Matter

10�
12

10�
11

10�
10

10�
9

10�
8

10�
7

10�
6

10�
5

10�
4

10�
3

10�
2

10�
1

100
101

102
103

104
105

106
107

ma [eV]

10�19

10�18

10�17

10�16

10�15

10�14

10�13

10�12

10�11

10�10

10�9

10�8

10�7

10�6

|g
a�

�
|[

G
eV

�
1 ]

X-rays
EBL

Ionisation
fraction

BBN
+N

eff

COBE/FIRAS

Horizontal branch

Solar �

W
hi

te
dw

ar
fs

ADMX

SHAFT

ORGAN

D
M

-R
ad

io

SRF-m 3

ALPHA
MADMAX

FLASH

TOO
RAD

BRASS
BREAD

ADBC

DANCE

aLIGO

WISPLC

LA
M

PO
ST

H
al

os
co

pe
s

CAST

IAXO

ALPS-I PVLAS

OSQAR

CROWS

Fermi-SNe

DSNALP

Hydra

M87

Mrk 421

FermiStar

clu
ste

rs

MWD X-rays

MWD Pol.

SN1987A (�)

SN1987A
(�)

M
U

SE V
IM

O
S

XMM-Newton

Leo T

THESEUS

eROSITA

Neutron stars

B
lack

hole
spins

ABRA
10 cm

A
LP

S-
II

Figure 21: Current (opaque) and projected (transparent) constraints on the axion-photon
coupling. All existing constraints are described in the preceeding sections. The esti-
mated sensitivities of several proposed and in-construction haloscopes are shown including
(from low to high masses, roughly): DANCE [518], ADBC [519], aLIGO [520], SRF cav-
ity [265], WISPLC [521], DM-Radio [239], FLASH [522], ADMX [523], ALPHA [211],
MADMAX [524], ORGAN [525], BRASS [526], BREAD [222], TOORAD [527], and LAM-
POST [220]. We also show projections for IAXO [528] and ALPS-II [529]. Finally, we
have displayed forecasted sensitivity to heavy dark matter ALP decays to X-rays using
eROSITA [530] and THESEUS [531], as well as a projection for a Fermi-LAT observation
of a galactic supernova [425]. Plotting scripts and data available at Ref. [426].
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Misalignment production as a generic scheme for light scalar CDM. Remove 
the link to the strong-CP problem and find much lighter or more strongly 
coupled cases. Models arising, e.g., in stringy frameworks; possible links with 
inflation, dark energy, …

Generalising to axion-like particles (ALPs)

A more generic parameter space and a variety of detection techniques: from 
haloscopes to helioscopes, to cooling of stellar systems, to modifying the γ-ray 
horizon, … 
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A set of new 
ideas and a set 
of new search 
techniques 
being explored 
and looking 
promising:

A few windows 
of opportunity



Opportunity windows or the lamppost cartoon…


20

SUNDAY, JANUARY 22, 2017

3rd Sunday Ordinary A – The Streetlight Effect

The Streetlight Effect – The key is in the dark but the search is
where the light is. 

  I’m sure all of you have heard this popular story:
“A policeman sees a drunk man searching for something under a
streetlight and asks what the drunk has lost. He says he lost his keys
and they both look under the streetlight together. After a few
minutes the policeman asks if he is sure he lost them here, and the
drunk replies, no, and that he lost them in the park. The policeman
asks why he is searching here, and the drunk replies, "this is where
the light is."

This is called the “streetlight effect” -  this term was coined by
David Freedman in 2010 book “Wrong.”  (However the story and
concept has been used by social scientists way back in 1964 like
Abraham Kaplan who referred to this as the “principle of the
drunkard’s search.”)  The streetlight effect  simply points out to us
that people tend to look and search for something where it is
easiest. In short it is an observational bias.
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Waiting for super-precision 
cosmology to solve it all (but on 
small scales and the difficulties 
in modelling baryons, it is not 
expected to happen very soon), 
the dark matter phenomenologist 
faces hard times, running the risk 
of getting trapped by the 
infamous “streetlight effect”.

You can call it lamppost searches, still the scientific program is very 
stimulating; few details on few extra sample cases:



Dark matter boosted by galactic cosmic rays
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for non-relativistic galactic DM halo particles (                ), if the DM 
particle mass         is lighter than               .              . 

v ⇠ 10�3c
m� ⇠ 1GeV

[Bringmann & Pospelov, PRL 2019]:

Reconsider the “light mass wall” in nuclear recoil direct detection 
experiments, namely the maximum recoil energy does not fulfil:

<latexit sha1_base64="NqIfqAS4gwoQRl6NaBceFIMcByg="></latexit>
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However the same coupling 
DM-ordinary matter being 
tested in the experiment, may 
be relevant in the up-scattering 
by galactic cosmic rays (mainly 
protons) of a fraction of the DM 
galactic population to high 
energies, making sub-GeV dark 
matter candidates potentially 
detectable.
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FIG. 2. Constraints on spin-independent DM-nucleon scat-
tering imposed by the XENON-1T and MiniBooNE experi-
ments. Solid (dashed) lines assume a CR density that equals,
on average, the local value out to a distance of 1 kpc (10 kpc).
We compare our limits to those deriving from CMB ob-
servations [40], gas cloud cooling [38], the X-ray Quantum
Calorimeter experiment (XQC) [39], and a selection of direct
detection experiments [43–45] after taking into account the
absorption of DM in soil and atmosphere [33].

For the recent Xenon 1T data (Fig. 5 of [6]), e.g., one has
�
SI,lim
DM

/mWIMP = 8.3·10�49 cm2/GeV form� & 100GeV,
and TXe 2 [4.9, 40.9] keV implies  ' 0.23. The resulting
limits on �� are shown in Fig. 2, for di↵erent assumptions
about the size of the di↵usion zone (with solid lines corre-
sponding to an ultra-conservative choice). For small DM
masses these limits exclude cross sections in the range
10�31 cm2 . �

SI

� . 10�28 cm2, almost independently of
m�. Clearly, these constraints are highly complementary
to existing limits on light DM [33, 36–41]. Direct de-
tection of light energetic dark sector particles was also
discussed in Ref. [42].

Due to its shallow location, MiniBooNE [46] gives a
particular advantage in limiting CRDM fluxes with large
scattering cross sections that prevent � from reaching
deeply placed experiments. We utilize the measure-
ment of elastic ⌫ � p scattering [47], and a recent DM
run [48] that allows to extract the beam-unrelated scat-
tering rate. Requiring the scattering rate of CRDM on
protons at MiniBooNE depth not to exceed the beam-
unrelated background, we obtain (see Appendix)

�p(Tp > 35MeV) < 1.5⇥ 10�32 s�1
. (17)

This additional exclusion region is also shown in Fig. 2.
Strong constraints on spin-dependent scattering, fi-

nally, can be obtained from proton upscattering by
CRDM in neutrino detectors like Borexino [53]. From a
search for events with higher energy than solar neutrino
scattering [54, 55], we deduce that the limiting scattering
rate per proton is (see Appendix)

�p(Te > 12.5MeV) < 2⇥ 10�39 s�1
. (18)

FIG. 3. Constraints on the spin-dependent part of the cross
section imposed by Borexino. Solid and dashed lines as in
Fig. 2. Dotted lines result from adopting the much greater
stopping power expected for spin-independent scattering (so
this contour also applies to �SI). For comparison we indicate
limits from the direct detection experiments CDMS light [50],
PICO60 [51] and PICASSO [52], as well as from delayed-
coincidence searches in near-surface detectors by Collar [41].

To apply this limit, we need to convert the proton recoil
energy to an apparent electron Te equivalent. For liquid
scintillators the recoil energy of the nucleus, TN , and the
detected energy Te are related by the empirical law

Te(TN ) =

Z TN

0

dTN

1 + kBhdTN/dxi
, (19)

where kB is a material-dependent constant. Follow-
ing the procedure outlined in Ref. [56], and thus us-
ing PSTAR tables from http://physics.nist.gov for
hdTN/dxi, we numerically tabulate and invert Eq. (19)
for pseudocumene (the scintillator used by Borexino).
The resulting constraint on spin-dependent scattering is
plotted in Fig. 3. Here the CRDM component is pro-
duced exclusively by p � � collisions, since 4He nuclei
do not carry spin. For the mean free path in Eq. (10),
we assumed exclusively elastic scattering on nuclei as de-
rived from spin-dependent couplings �� = �n = �p to
nucleons (dashed and solid lines). In reality, quasi-elastic
scattering on nucleons would dominate for energy trans-
fers above typical nuclear binding energies. While a full
treatment of these processes is beyond the scope of this
work, we indicate for comparison (dotted lines) the limits
that would result in the extreme case of adopting a stop-
ping power as e�cient as in the case of spin-independent
scattering, c.f. Eq. (13). For m� . 0.5GeV we thus find
highly competitive limits on (both spin-independent and)
spin-dependent scattering with protons, independent of
the attenuation of the CRDM flux.

Conclusions.— We have shown that the DM-nucleon
interaction cross section �� necessarily generates a small
but very energetic component of the DM flux, the



Is there in Nature a potentially more powerful and/or more efficient 
dark matter booster? 

Blazer boosted dark matter
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[Wang, Granelli, P.U., PRL 2022]

Extremely powerful flux of 
protons (electrons) through 
an extremely dense dark 
matter environment (dark 
matter spike accreted 
around the blazer black hole 
engine), potentially 
generating a sizable DM flux 
towards us. 

Blazers are the ideal case:

4

XENON1T, MiniBooNE and Borexino result in 3650 [50],
26 [43] and 3800 MWE [44], respectively. The results of
our simplified method are in good agreement with those
presented in Ref. [10]. The depth x in the Eq. (9) should
include the time-dependence e↵ects of the blazar’s posi-
tion with respect to the detector, but we have verified
that, for the two considered sources, these would only
slightly a↵ect our final results. Moreover, these e↵ects
could eventually be avoided by averaging over the full
set of blazars in the entire sky.

Whereas, if ��p is too small, the BBDM flux and the
DM-proton scattering is too weak to leave any recoil in
the detectors. Correspondingly, there exists a lower de-
tectable bound on ��p which is determined by the de-
tector’s sensitivity. Considering an elastic scattering be-
tween DM and the target nucleus N and denoting with
TN the nuclear recoil energy, the BBDM induced target
nucleus recoil rate can be expressed as

�DM
N =

Z Tmax
exp

Tmin
exp

dTN e��N

Z +1

Tmin
� (TN )

dT�

Tmax
N (T�)

d��

dT�
, (10)

where
⇥
Tmin
exp , Tmax

exp

⇤
is the energy range of sensitivity of

the detector and Tmax
N is the maximal recoil energy of the

nucleus. The nuclear cross section e�N contains the form
factor as in Eq. (7). We emphasize that, since e��N / ��p

and d��/dT� / ��p, then �DM
N / �2

�p. By comparison
with the nucleus recoil limits of di↵erent experiments, we
can derive the bounds on ��p.

For the spin-independent case, we consider the exper-
iments XENON1T and MiniBooNE. The target nucleus
of XENON1T is Xe (⇤Xe ⇡ 141 MeV [51]) and the limit-
ing scattering rate per nucleus is given by �N (4.9 keV 
TXe  40.9 keV) < 2.41 ⇥ 10�34 s�1 For the Mini-
BooNE experiment, the limiting counting rate per pro-
ton is �p(Tp > 35 MeV) < 1.5 ⇥ 10�32 s�1 [10].
The resulting limits on the spin-independent cross sec-
tion �SI

�p from TXS 0506+056 and BL Lacertae are shown
in the upper and lower panels of Fig. 2, respectively. The
solid (dashed) lines correspond to BMP1 (BMP2). For
each blazar, the di↵erence between solid and dashed lines
comes from ⌃tot

DM, and ��p / 1/
p
⌃tot

DM. The sensitivity
of BBDM is orders of magnitude higher than that of cos-
mic ray dark matter (CRDM) [10]. Other complementary
limits are also shown for comparison.

For the spin-dependent case, the limiting scat-
tering rate per proton can be derived from proton
up-scattering in neutrino detectors like Borexino [44],
that is �p(Tp > 25 MeV) < 2 ⇥ 10�39 s�1 , where we
have used the approximation that the ratio between
quenched energy deposit (equivalent electron energy Te)
and proton recoil energy Tp fulfills Te(Tp)/Tp ⇡ 2 for
Tp & 5 MeV [61, 62]. We show the constraints on the
spin-dependent cross section �SD

�p in Fig. 3. Again, the
sensitivities from BBDM are much stronger than that
from CRDM.
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FIG. 2. The constraints on spin-independent DM-proton
cross section imposed by XENON1T [4] and MiniBooNE [43].
The solid and dashed red lines correspond to BMP1 and
BMP2, respectively. The top (bottom) panel is for BL Lac-
ertae (TXS 0506+056). For comparison, the constraints from
CRDM [10], cosmic microwave background (CMB) observa-
tions [52], gas cloud cooling [53], the x-ray quantum calorime-
ter experiment (XQC) [54], and a selection of direct detection
experiments [4, 55–57] are included.

FIG. 3. The constraints on spin-dependent DM-proton cross
section imposed by Borexino [44]. The red (black) lines refer
to BL Lacertae (TXS 0506+056) with the solid and dashed
styles corresponding to BMP1 and BMP2, respectively. For
comparison, the limits from CDMS light [58], PICO60 [57],
PICASSO [59], and Collar [60] are also reported.

Tightest limits/best discovery 
potential for light dark matter
See also:
[Granelli, P.U., Wang, JCAP 2022]



On top of prompt γ-ray emission, in dwarf galaxies there can be 
radiative emission connected to leptonic components from DM 
annihilations/decays: 

Multi-wavelength signals from dwarf galaxies?

23

If you trust these predictions (as 
done in some later analyses), you 
would conclude that from radio 
surveys which did not detect such a 
signal can put constraints in the 
(WIMP)  parameter space at a level 
competing with γ-ray telescopes.

Early analysis predicting such signal 
for Draco:

[Colafrancesco, Profumo & P.U., 2006]
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FIG. 16: Detailed multi-wavelength spectrum for a 100 GeV WIMP annihilating into b − b̄ (left), and the effect of varying
the magnetic field strength. The WIMP pair annihilation rate has been tuned to give a gamma-ray signal at the level of the
EGRET measured flux.

widest range of possibilities within that particular theoretical setup. All the models are fully consistent with accelerator
and other phenomenological constraints, and give a neutralino thermal relic abundance exactly matching the central
cosmologically observed value [53]. We adjusted here the values of the universal soft supersymmetry breaking scalar
mass m0 given in [75] in order to fulfill this latter requirement, making use of the latest Isajet v.7.72 release and of
the DarkSUSY package [67]. The values of the cMSSM input parameters for the various models are given in Tab. I
(see also Ref. [1]). Each benchmark model correspond to a different mechanism responsible for the suppression of the
otherwise too large bino relic abundance: B

′ lies in the bulk region of small supersymmetry breaking masses, and
gives a dominant b − b̄ final state; D′ corresponds to the coannihilation region, and features a large branching ratio
for neutralino pair annihilations in τ+ − τ−; E′ belongs to the focus point region, with a dominant W+ −W− final
state, and, finally, K′ is set to be in the funnel region where neutralinos rapidly annihilate through s-channel heavy
Higgses exchanges, dominantly producing b − b pairs as outcome of annihilations. Not unlike what we found in the
case of the multi-wavelength analysis of neutralino annihilations in the Coma cluster (see fig. 25 in Ref. [1]), the most
promising among the four benchmark models of Tab. I is model E′, featuring a large pair annihilation cross section to
begin with; the less promising model is instead model D′, for which the mechanism suppressing the neutralino relic
abundance in the Early Universe, stau coannihilations, is not associated to pair annihilations of neutralinos today.
Lastly, we found that the SZ effect produced by DM annihilation in Draco, even though is a definite probe of

the DM annihilation in such cosmic structures (see, e.g., [9, 76]) is quite low when we take into account the spatial
diffusion of secondary electrons: we find, in fact, that the SZ signal towards the center of Draco is negligible even
when we normalize the gamma-ray signal at the level of the EGRET upper limit.

Model M1/2 m0 tanβ sign(µ) mt

B′ (Bulk) 250 57 10 > 0 175

D′ (Coann.) 525 101 10 > 0 175

E′ (Focus P.) 300 1653 10 > 0 171

K′ (Funnel) 1300 1070 46 < 0 175

TABLE I: The input parameters of the four cMSSM benchmark models we consider here. The units for the mass parameters
are GeV, and the universal trilinear coupling A0 is set to 0 for all models (see [1, 75] for details).

These predictions are however model 
dependent, with especially a serious 
caveat: what is the level of turbulence 
(required to confine           ) in dwarfs?
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e+/e�

Comparable to the one in the Milky 
Way cosmic ray halo? (as assumed 
in the plot)



Self-confinement of DM-induced cosmic rays
DM would naturally induced a charged particle density gradient, in turn 
sourcing turbulence: solve in a dwarf the two coupled eqs.:
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FIG. 1. Injection spectra of e+/e� for di↵erent annihilation channels, bb̄ (blue), ⌧+⌧� (red) and µ+µ� (green), and for three
di↵erent DM masses, 10 GeV, 100 GeV and 1 TeV (see cuto↵).

the source function and one in the turbulence distribution. On the other hand, the two gradients may not be aligned
(e.g., a spherical source versus turbulence flowing along lines of a regular magnetic field being large scale dipole or
toroidal).

With above assumptions, the transport equation is given by [20]:
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Here, ne is the electron (or positron) density in the energy interval [E,E + dE], D is the spatial di↵usion coe�cient
which may depend on the radial distance r and energy E, vA is the Alfvén velocity that transports the electrons
radially away from the center of the system, c is the speed of light, qCR is the source term, and Ė describes the energy
losses due to synchrotron emission and inverse Compton scattering.1

In this work we consider electrons and positrons to be injected by the pair annihilation of DM particles. We assume
that there is no other source coming from astrophysical processes. Thus, the source term is given by:

qCR(r, E) = h�vif
⇢2
DM

(r)

2m2

DM

dNf

e

dE
, (2)

where ⇢DM is the DM energy density, mDM is the DM mass, h�vif is the velocity-averaged annihilation cross section
into the final state f , and dNf

e
/dE is the energy spectrum of the electrons and positrons produced from the annihila-

tion, which depends on the annihilation channel f . In Fig. 1, we show a few examples of dNf

e
/dE used in this work.

We model ⇢DM with a Navarro-Frenk-White (NFW) DM profile [21]: ⇢NFW(r) = ⇢s rs/r/(1 + r/rs)2, with two free
parameters, ⇢s and rs. In Appendix C we discuss also a di↵erent choice, considering a cored profile.

The advection term depends on the Alfvén speed that, for a given magnetic field, can be estimated from the plasma
density np through vA ' 63 km/s

p
10�3cm�3/np B0/µG.

1 We note that there are two di↵erent ways to write the advection term in literature. The divergence term can be partly reshu✏ed between
electron current (first term) and the adiabatic energy-losses (second term).
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which may depend on the radial distance r and energy E, vA is the Alfvén velocity that transports the electrons
radially away from the center of the system, c is the speed of light, qCR is the source term, and Ė describes the energy
losses due to synchrotron emission and inverse Compton scattering.1

In this work we consider electrons and positrons to be injected by the pair annihilation of DM particles. We assume
that there is no other source coming from astrophysical processes. Thus, the source term is given by:
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where ⇢DM is the DM energy density, mDM is the DM mass, h�vif is the velocity-averaged annihilation cross section
into the final state f , and dNf

e
/dE is the energy spectrum of the electrons and positrons produced from the annihila-

tion, which depends on the annihilation channel f . In Fig. 1, we show a few examples of dNf

e
/dE used in this work.

We model ⇢DM with a Navarro-Frenk-White (NFW) DM profile [21]: ⇢NFW(r) = ⇢s rs/r/(1 + r/rs)2, with two free
parameters, ⇢s and rs. In Appendix C we discuss also a di↵erent choice, considering a cored profile.

The advection term depends on the Alfvén speed that, for a given magnetic field, can be estimated from the plasma
density np through vA ' 63 km/s
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10�3cm�3/np B0/µG.

1 We note that there are two di↵erent ways to write the advection term in literature. The divergence term can be partly reshu✏ed between
electron current (first term) and the adiabatic energy-losses (second term).
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We model the cascading of turbulence and the advection with Alfven waves, and the turbulence power spectrum
evolves according to [29, 30]
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The first term on the RHS describes the turbulent cascade by a di↵usion in k, the second term accounts for advection
with Alfvén velocity vA, and the third term includes the source of turbulence given by resonant streaming instability.
We assume Kolmogorov turbulence, setting the wave number di↵usion coe�cient to:

Dkk(W ) = ckvAk
7/2

p

W,

with the numerical factor ck = 0.052.
The growth rate of the turbulence through streaming instability is given by [24, 25]:
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where B0 is the coherent magnetic field of the system, 4⇡ p2 f dp = ne dE and we consider E ' p since the electrons
are relativistic. In Eq. (4) we neglected damping. There are di↵erent damping terms discussed in the literature. A
nice overview is given for example in Ref. [31]. For the systems under consideration, i.e., with low stellar turbulence,
the most important process would be the ion-neutral damping, due to momentum transfer or charge exchange of ions
and neutrons. We model it adding a term ��INDW to the RHS of Eq. (4) with �IND as described in Ref. [25]. By
considering reasonable plasma densities for dwarf galaxies, we found that damping is not relevant in these systems.
Thus, for simplicity, we neglect the damping term in the rest of the paper.

We solved the two coupled Eqs. (1) and (4) numerically, with a Crank-Nicolson and explicit scheme, respectively.
We refer the reader to Appendix A for details on the numerical implementation.

FIG. 3. Power spectrum of the magnetic turbulence as a function of the wave number, for the same reference DM scenario of
Fig. 2, but with the annihilation cross section increased by one order of magnitude, h�vi = 10�23 cm3/s. We show the e↵ect of
varying the Alfvén speed, considering vA = 6.3 km/s (red), vA = 63 km/s (black), vA = 630 km/s (blue), and vA = 6300 km/s
(green) and report the results at three di↵erent distances from the center of the system, 0.2 kpc (dashed), 0.5 kpc (solid), and
2.0 kpc (dotted).

To understand the level of turbulence that can be provided by DM and the associated di↵usion coe�cient, we
show some illustrative solutions in Figs. 2 and 3. For the plots of Sections II and III, we define a reference model
with the following ingredients (reported also in Tab. I): mDM = 100 GeV, h�vi = 10�24 cm3/s, annihilation into bb̄,
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FIG. 4. Spatial di↵usion coe�cient (left) and equilibrium number density of electrons (right) as a function of energy for a
reference scenario (detailed in the text) and investigating the dependence on the regular magnetic field. We show three di↵erent
radial distances, 0.2 kpc (dashed), 0.5 kpc (solid), and 2.0 kpc (dotted), and three di↵erent magnetic field strengths B0 = 0.1µG
(red), 1µG (black), and 10µG (blue, where Eq. (3) would give D > 1031cm2/s).

coe�cient and larger electron density. It is important to note that the e↵ect deviates from a simple linear scaling.
There are two saturation e↵ects: for too low level of injection from DM, one always gets a “free-escape” scenario,
whilst on the contrary for very large injection one ends up in a scenario where the residence time is mostly determined
by advection (see discussion of Eq. (6)), which is independent from h�vi.

From the determination of the e+ � e� number density ne that we just discussed, we can now compute the
synchrotron emissivity at a given frequency ⌫ by folding ne with the total radiative emission power Psyn [32]:

jsyn(⌫, r) =

Z
dE Psyn(r, E, ⌫)ne(r, E) . (7)

The unpolarized synchrotron power depends on the total magnetic field B, i.e., on the sum of the coherent (that

we call B0) plus random (that we call �B) magnetic fields. We compute the latter from �B = B0

qR
dkW (k). For

models in the ball-park of the bounds we are going to derive in the next Section, �B ⌧ B0, and thus B ' B0, which
is reassuring, since we are working under the quasi-linear approximation.

It is well known that the synchrotron power roughly scales with B2 with a cuto↵ for B <
⇠ ⌫/GHz (15GeV/E)2.

Since B enters in the determination of ne, the dependence of the emissivity from the magnetic field is not trivial (and
depends on mDM, h�vi and on the annihilation channel).

We show some illustrative cases in Fig. 6, taking again a typical dSph, Draco, and a radio frequency of 650 MHz.
We vary the magnetic field strength between 0.1 and 1 µG, and consider two DM masses, 10 and 100 GeV, and two
annihilation channels, bb̄ and ⌧+⌧�. We set the cross section so to have non-negligible confinement (more precisely
we choose the value corresponding to the limit, computed in the next Section, for B0 = 1µG).

We see that for mDM = 100 GeV, i.e., for scenarios e�ciently injecting electrons at energies far from the cuto↵
of the synchrotron power, an increase of B0 from 0.1 to 1 µG does not lead to significantly larger fluxes, or even to
lower emissivity, see the ⌧+⌧� case. Namely, the reduction in ne for larger B0, due to a smaller confinement time,
is compensating the increase in the synchrotron power, and the dependence of the signal on the B0 strength is mild.
On the other hand, for lower DM masses, the scaling with B0 can be dramatic since the peak of the distribution of
the injected e+ � e� is now at an energy lower than the one corresponding to the cuto↵ in the synchrotron power.

Within a simplified 
geometry and at 
steady state a 
relevant diffusion 
coefficient may 
arise:

4

The di↵usion of CRs is mediated by scattering processes on the turbulent magnetic field and we denote the power
spectrum of the magnetic turbulence with W = W (k, r, t). From linear perturbation theory, the relation between the
di↵usion coe�cient and the turbulence spectrum is given by [18]:

D(r, p, t) =
DB(p)4/⇡

kW (r, k, t)
, (3)

where DB(p) = rL(p)c�/3 is the Bohm di↵usion coe�cient. For resonant interaction between Alfvén waves and CR
scattering, the wave number k and the momentum p of the CR are related by via the Larmor radius, rL(pres) =
1/kres ' 3.3 ⇥ 107 (E/GeV) (µG/B0) km.

Turbulence in a galaxy with sizeable star formation rate, such as the Milky Way, is usually assumed to be injected in
the system as an astrophysical feedback, such as from supernova explosions [22]; on the other hand, recent reanalyses -
mostly in connection to spectral features in local CR fluxes - have shown that streaming instabilities of CR themselves
may be an additional and relevant source of turbulence in the Galaxy [23–25]. Self-generation of magnetic turbulence
is also studied as a solution to the observed inhibited di↵usion in TeV halos around pulsar wind nebulae [26, 27]. Here
the turbulence is created by the injection of the electrons and positrons from the pulsar with a burst-like source term.

Considering “dark” systems, like dwarf spheroidal galaxies or isolated DM clumps, in which the star formation rate
is highly suppressed, we discuss here the possibility that this second e↵ect alone can become su�ciently e�cient to
give rise to a di↵usive halo. In this scenarios, we assume that turbulence is self-generated only by the electrons and
positrons from DM annihilation. This is clearly a lower bound for the turbulence (since some rare astrophysical events
might still contribute) and thus a conservative estimate. In particular, if giant halos around galaxies exist, as possibly
suggested by �-ray data [28], some non-negligible CR and plasma densities might be present at the dSph location,
leading to non-negligible generation of turbulence and damping. Also, depending on the annihilation final states, there
might also be a significant protons/antiprotons production from DM, which would enhance the turbulence. Including
these additional contributions is beyond the scope of this work, which focuses on determining an inescapable lower
limit. Let us also stress again that we are assuming spherical symmetry and that the di↵usion is occurring along
magnetic field lines that are radially directed. If the magnetic field configuration of a real target, including all these
contributions, has a di↵erent symmetry, our description has to be accordingly modified.

FIG. 2. Left: Power spectrum of the magnetic turbulence as a function of the wave number, for a reference DM scenario
(detailed in the text) and at three di↵erent distances from the center of the system, 0.2 kpc (dashed), 0.5 kpc (solid), and
2.0 kpc (dotted). We show the e↵ect of varying the strength of the regular magnetic field, considering B0 = 0.1µG (red),
B0 = 1.0µG (black), and B0 = 10µG (blue). We remind that E ' (106pc�1/k) (B0/µG) GeV. Right: Spatial di↵usion
coe�cient as a function of energy for the same particle DM scenario and radial distances of the left panel. We investigate the
dependence on the size and normalization of the DM profile by considering ⇢s = 4 ⇥ 107 M�/kpc

3 with rs = 0.1, 1, 10 kpc
(red, black, blue) and ⇢s = 4⇥ 108 M�/kpc

3 with rs = 0.1 kpc (green).
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Self-confinement of DM-induced cosmic rays
DM would naturally induced a charged particle density gradient, in turn 
sourcing turbulence: solve in a dwarf the two coupled eqs.:
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FIG. 1. Injection spectra of e+/e� for di↵erent annihilation channels, bb̄ (blue), ⌧+⌧� (red) and µ+µ� (green), and for three
di↵erent DM masses, 10 GeV, 100 GeV and 1 TeV (see cuto↵).

the source function and one in the turbulence distribution. On the other hand, the two gradients may not be aligned
(e.g., a spherical source versus turbulence flowing along lines of a regular magnetic field being large scale dipole or
toroidal).

With above assumptions, the transport equation is given by [20]:
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Here, ne is the electron (or positron) density in the energy interval [E,E + dE], D is the spatial di↵usion coe�cient
which may depend on the radial distance r and energy E, vA is the Alfvén velocity that transports the electrons
radially away from the center of the system, c is the speed of light, qCR is the source term, and Ė describes the energy
losses due to synchrotron emission and inverse Compton scattering.1

In this work we consider electrons and positrons to be injected by the pair annihilation of DM particles. We assume
that there is no other source coming from astrophysical processes. Thus, the source term is given by:

qCR(r, E) = h�vif
⇢2
DM

(r)

2m2

DM

dNf

e

dE
, (2)

where ⇢DM is the DM energy density, mDM is the DM mass, h�vif is the velocity-averaged annihilation cross section
into the final state f , and dNf

e
/dE is the energy spectrum of the electrons and positrons produced from the annihila-

tion, which depends on the annihilation channel f . In Fig. 1, we show a few examples of dNf

e
/dE used in this work.

We model ⇢DM with a Navarro-Frenk-White (NFW) DM profile [21]: ⇢NFW(r) = ⇢s rs/r/(1 + r/rs)2, with two free
parameters, ⇢s and rs. In Appendix C we discuss also a di↵erent choice, considering a cored profile.

The advection term depends on the Alfvén speed that, for a given magnetic field, can be estimated from the plasma
density np through vA ' 63 km/s

p
10�3cm�3/np B0/µG.

1 We note that there are two di↵erent ways to write the advection term in literature. The divergence term can be partly reshu✏ed between
electron current (first term) and the adiabatic energy-losses (second term).
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the source function and one in the turbulence distribution. On the other hand, the two gradients may not be aligned
(e.g., a spherical source versus turbulence flowing along lines of a regular magnetic field being large scale dipole or
toroidal).
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Here, ne is the electron (or positron) density in the energy interval [E,E + dE], D is the spatial di↵usion coe�cient
which may depend on the radial distance r and energy E, vA is the Alfvén velocity that transports the electrons
radially away from the center of the system, c is the speed of light, qCR is the source term, and Ė describes the energy
losses due to synchrotron emission and inverse Compton scattering.1

In this work we consider electrons and positrons to be injected by the pair annihilation of DM particles. We assume
that there is no other source coming from astrophysical processes. Thus, the source term is given by:

qCR(r, E) = h�vif
⇢2
DM

(r)
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, (2)

where ⇢DM is the DM energy density, mDM is the DM mass, h�vif is the velocity-averaged annihilation cross section
into the final state f , and dNf

e
/dE is the energy spectrum of the electrons and positrons produced from the annihila-

tion, which depends on the annihilation channel f . In Fig. 1, we show a few examples of dNf

e
/dE used in this work.

We model ⇢DM with a Navarro-Frenk-White (NFW) DM profile [21]: ⇢NFW(r) = ⇢s rs/r/(1 + r/rs)2, with two free
parameters, ⇢s and rs. In Appendix C we discuss also a di↵erent choice, considering a cored profile.

The advection term depends on the Alfvén speed that, for a given magnetic field, can be estimated from the plasma
density np through vA ' 63 km/s

p
10�3cm�3/np B0/µG.

1 We note that there are two di↵erent ways to write the advection term in literature. The divergence term can be partly reshu✏ed between
electron current (first term) and the adiabatic energy-losses (second term).
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We model the cascading of turbulence and the advection with Alfven waves, and the turbulence power spectrum
evolves according to [29, 30]
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The first term on the RHS describes the turbulent cascade by a di↵usion in k, the second term accounts for advection
with Alfvén velocity vA, and the third term includes the source of turbulence given by resonant streaming instability.
We assume Kolmogorov turbulence, setting the wave number di↵usion coe�cient to:

Dkk(W ) = ckvAk
7/2

p

W,

with the numerical factor ck = 0.052.
The growth rate of the turbulence through streaming instability is given by [24, 25]:
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where B0 is the coherent magnetic field of the system, 4⇡ p2 f dp = ne dE and we consider E ' p since the electrons
are relativistic. In Eq. (4) we neglected damping. There are di↵erent damping terms discussed in the literature. A
nice overview is given for example in Ref. [31]. For the systems under consideration, i.e., with low stellar turbulence,
the most important process would be the ion-neutral damping, due to momentum transfer or charge exchange of ions
and neutrons. We model it adding a term ��INDW to the RHS of Eq. (4) with �IND as described in Ref. [25]. By
considering reasonable plasma densities for dwarf galaxies, we found that damping is not relevant in these systems.
Thus, for simplicity, we neglect the damping term in the rest of the paper.

We solved the two coupled Eqs. (1) and (4) numerically, with a Crank-Nicolson and explicit scheme, respectively.
We refer the reader to Appendix A for details on the numerical implementation.

FIG. 3. Power spectrum of the magnetic turbulence as a function of the wave number, for the same reference DM scenario of
Fig. 2, but with the annihilation cross section increased by one order of magnitude, h�vi = 10�23 cm3/s. We show the e↵ect of
varying the Alfvén speed, considering vA = 6.3 km/s (red), vA = 63 km/s (black), vA = 630 km/s (blue), and vA = 6300 km/s
(green) and report the results at three di↵erent distances from the center of the system, 0.2 kpc (dashed), 0.5 kpc (solid), and
2.0 kpc (dotted).

To understand the level of turbulence that can be provided by DM and the associated di↵usion coe�cient, we
show some illustrative solutions in Figs. 2 and 3. For the plots of Sections II and III, we define a reference model
with the following ingredients (reported also in Tab. I): mDM = 100 GeV, h�vi = 10�24 cm3/s, annihilation into bb̄,
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with:                                     and 
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Leading to 
conservative but 
competitive limits 
from uGMRT data 
at 550-750 MHz:

10

of the dSph interstellar medium, in this work we show there is an “irreducible” bound, that is only a factor O(1)
uncertain (for masses above 20-30 GeV).

The two ingredients we need to include in the model (and that are not data-driven, like on the contrary the
parameters of the DM profile) are the advection and the regular magnetic field. The impact of advection is limited.
The value of B0, instead, significantly a↵ects both the synchrotron power and the confinement time, but the e↵ects on
the signal go in the opposite directions, partially canceling each other. Indeed, the larger is B0 the larger is Psyn (thus
enhancing the signal), but also the larger is D (which depletes the signal), as we already discussed in the previous
Section. This implies that the di↵erent scenarios di↵er only by a factor O(1) in the expected signal and so in the
bound.

The only exception to this argument is for scenarios with low B0, low mDM and soft channels of annihilation.
Indeed, in this case the peak of the synchrotron power corresponds to an energy well above the peak of the e+ � e�

spectrum induced by WIMP annihilations. We show it in the case of bb̄, where this e↵ect is maximal, being the
spectrum of emission quite soft, whilst for leptonic channels the spectrum is harder and the e↵ect is more limited,
also at low masses.

For a fair comparison of Fig. 7 with bounds in other analyses of Draco, let us mention that the determination of the
DM profile described in Appendix C leads to a J-factor at 0.5� which is in agreement with recent estimates [33, 34],
but a factor of ⇠ 3 lower than in the computation of [35], which has been widely used in the literature. To understand
the impact of the uncertainty in the determination of the DM profile, we include the colored bands in Fig. 7. They
show bounds derived with a procedure that is slightly di↵erent from the one outlined above, namely, the band reports
the bounds obtained by taking all the ⇢s and rs value within their 95% C.L. region (derived from the Jeans analysis).
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FIG. 7. Bounds at 95% C.L. on the annihilation rate as a function of the DM mass. Our reference scenario has B0 = 1µG
and np = 10�3 cm�3 (which implies vA ' 63 km/s). The colored bands show the impact of the uncertainty associated to the
determination of the DM density, assumed to follow an NFW profile. Blue is for bb̄, red for ⌧+⌧� and green for µ+µ�. In the
left panel, we show also alternative scenarios, where B0 = 0.1µG and/or np = 10�5 cm�3.
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A minimal DM scheme and (g-2)
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Account for the muon (g-2) anomaly within the most minimal BSM 
recipe embedding also a DM candidate: a thermal relic pure Bino + 
2 scale muon partners (this is NOT the MSSM).

It works up to the TeV scale and beyond:
9

FIG. 2: Relative mass spitting between lightest smuon and Bino (solid lines) and sneutrino and Bino (dashed lines) required for
coannihilation processes to drive the thermal relic density of the Bino to match the observed dark matter density. A few values
of the smuon mass splitting parameter y have been selected along the right-handed branch (left panel) and the left-handed
branch (right panel). All models displayed match the gµ � 2 excess. As discussed in Sec. V for cases with larger y associated
with a trilinear coupling between the SM Higgs and the smuons, we also indicate constraints for M

B̃
along the respective curves

arising from perturbative unitarity (square) and EW vacuum stability (‘x’).

is the common magnitude of the 3-momentum of particles i and j in the center-of-mass frame of the i-j pair.
Returning to the specific model we consider in this study and the computation of the Bino relic density, processes

involving states besides the Bino can indeed contribute to the e↵ective annihilation rate. Both the smuons, introduced
as key ingredient for satisfying gµ � 2, and the sneutrino, introduced for theoretical consistency, may have rates for
pair annihilations and coannihilations with Binos larger than the Bino pair annihilation rate. If one or more of these
scalars are su�ciently degenerate in mass with the Bino then its relic density can be depleted to the level favoured
by cosmological measurements. Table I contains the full list of annihilation and coannihilation processes which are
included in our analysis; the relic density computation is then performed via a proper implementation of the model
in the DarkSUSY package [54].

In Fig. 2, for fixed values of the parameter y and models matching the central value in �a
exp

µ
, we show the mass

splitting between the Bino and coannihilating states which yields a Bino thermal relic density matching the central
value of the dark matter density measured by Planck [55],

⌦DMh
2 = 0.11933± 0.00091. (4.11)

The left panel refers to models on the “right-handed” branch (RHB), while the right panel to the “left-handed” one
(LHB); with the exception of the case in which y = 50, for the sample set of y displayed the two branches do not
join. On the RHB the relevant quantity is the mass splitting between the Bino and the (mostly right-handed) lightest
smuon. For the LHB, we have fixed the mass splitting parameter �M

2
W

in the sneutrino mass Eq. (2.6) to its MSSM
value, �M

2
W

' M
2
W
. From the related discussion of the mass spectrum in Sec. II, recall that small smuon mixing

angles imply M
2
⌫̃µ

. M
2
µ̃1

and the mass hierarchy can flip as the mixing angle increases. As shown in the left panel
of Fig. 1, satisfying gµ � 2 requires the smuon mixing angle to become larger as M

B̃
increases. Also, the increase

in the mixing angle must be more pronounced at smaller M
B̃

for smaller values of y. Thus, at small Bino masses
and low y on the LHB, the sneutrino is the next-to-lightest BSM state and its coannihilations drive the relic density.
At moderate values of y, the lightest smuon (in this case mostly left-handed) may become lighter than the sneutrino
for models that satisfy both the relic density and gµ � 2. For example, the lightest smuon becomes lighter than the
sneutrino at Bino masses larger than about 350 GeV for y = 15, and larger than about 220 GeV for y = 25.

Another point worth noting: At values of y . 15 the parameter dependence of models that satisfy the relic density
follows from the intuition that increases to the Bino mass must be compensated for by smaller mass splittings between
the Bino and the coannihilating scalars. As the Bino mass increases, the masses of the scalars increase as well and
the rates of the associated annihilation and coannihilation processes are suppressed. A decrease in the mass splitting
can increase the weights of these processes in the e↵ective thermally-averaged annihilation cross section. The larger
the Bino mass, the smaller the mass splitting, until the e↵ect saturates at a maximum mass and zero mass splitting.
Thus, incorporating the relic density constraint sets an upper bound M

B̃
. 400GeV virtually independent of y . 15,
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FIG. 3: The same as in Fig. 2, but choosing a few sample values of the mixing angle ✓µ̃ and varying y in the range [1,300]. Along
each line, the small black markers indicate values of y, starting from the smallest mass splitting, y = 30, 40, 50, 60, 70, 80, 90,
100, 200 and the endpoints at y = 300; for ✓µ̃ = �⇡/2 + ⇡/64 only, the black marker at the smallest mass splitting indicates
y = 20. Larger colored markers correspond to upper limits on y along the curves from perturbative unitarity (square, circle)
and EW vacuum stability (‘x’), see Sec. V for details. Note that EW vacuum stability constrains all models with ✓µ̃ = �⇡/4
displayed in the left panel and all models in the right panel are constrained except for a subset of those with ✓µ̃ = �⇡/64.
Perturbative unitarity constrains no models displayed for either ✓µ̃ = �⇡/2 + ⇡/64 or ✓µ̃ = �⇡/64.

which only enters marginally in the setting the e↵ective annihilation rate. With the exception of the case with the
smallest y = 1, this upper bound on the Bino mass is more stringent than those which arise from requiring gµ � 2
alone.

Going to larger values of y in Fig. 2, we see the trend can change drastically. Specifically, for y = 25 (RHB)
and y = 50 (RHB and LHB), we see that satisfying the relic density and gµ � 2 for larger Bino masses requires the
mass splittings to remain roughly constant or even become larger. In contrast to the cases with y . 15, this trend
suggests that the rates for the most relevant annihilation and coannihilation processes can grow for larger particle
masses and a corresponding increase in the mass splitting must decrease the weights of these processes in the e↵ective
thermally-averaged annihilation cross section. We investigate the manifestation of this peculiar behavior in the cross
sections most relevant for the calculation of the relic density at large y at the end of this Section. Also, assuming
that y is associated with a trilinear coupling between the SM Higgs and the smuons, we perform a detailed analysis of
perturbative unitarity and EW vacuum stability in Sec. V. We indicate the results of the analysis in Sec. V with the
colored markers along curves for larger y in Fig. 2. For M

B̃
larger than the ‘x’ along a given curve, such models have

shortlived metastable EW vacua and, for M
B̃
larger than the square along a given curve, such models are constrained

by perturbative unitarity. We see that these conditions arising from theoretical self-consistency can severely restrict
the parameter space of our model.

Before considering the theoretical self-consistency of our model in detail, we further explore the parameter space at
large y to identify regions which can satisfy both gµ�2 and the relic density for M

B̃
& 400GeV. This parameter space

is best illustrated in scans with a fixed mixing angle ✓µ̃ and varying y, as shown in Fig. 3. For mixing angles fixed
to ✓µ̃ = �⇡/2 + ⇡/64 (RHB) and ✓µ̃ = �⇡/64 (LHB), M

B̃
' 500GeV is determined by �aµ almost independently

of y. Also, since y is large enough in these cases such that coannihilation processes drive the relic density, increases
in y enhance the e↵ective annihilation rate and must be compensated for by larger mass splittings. For larger smuon
mixing angles, the relationship between the mass splittings and y is similar but the M

B̃
required to satisfy gµ � 2 for

a given value of y largely follows from the parameter dependence of �aµ shown in the right panel of Fig. 1.
For the higher mass scales associated with the coannihilating particles in models with larger mixing angles shown in

Fig. 3, the contributions to the most relevant cross sections from terms involving the trilinear coupling are suppressed.
However, as for the cases with large y in Fig. 2, the cross sections for processes which involve gauge interactions can
grow with the coannihilating particle masses in models with moderately large y and sizable left-right mixing. Again, a
corresponding increase in the mass splitting is necessary to compensate for this peculiar e↵ect. Similarly to Fig. 2, the
colored markers along the curves in Fig. 3 indicate the largest y value along a given curve which is consistent with a
su�ciently long-lived metastable EW vacuum and perturbative unitarity. We can see that vacuum stability constrains
all points show which assume maximal smuon mixing while severely restricting the viable y for other mixing angles.
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Account for the muon (g-2) anomaly within the most minimal BSM 
recipe embedding also a DM candidate: a thermal relic pure Bino + 
2 scale muon partners (this is NOT the MSSM).
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No “traditional” WIMP detection 
method working in this case; 
kinetic heating of neutron stars 
would be instead extremely 
efficient and future infrared 
surveys of old neutron star 
populations should probe the 
entire parameter space!
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FIG. 2. Total NS heating e�ciency for bino annihilation models shown in Fig. 1 (left, same color scheme) and smuon co-
annihilation models along the RHB shown in Figs. 2 and 3 of ASU. Heating e�ciency is normalized to the geometric capture
rate, such that every DM particle incident on the NS would be captured after a single scatter for f > 1. The NS equation of
state is assumed to be BSk24 [19] with NS mass of 1.5M� and radius of 12.6 km.

parameter space where bino annihilation can satisfy the
observed DM relic density. We show the relative mass
splittings between the lightest smuon and the bino as a
function of bino mass for several benchmark curves with
fixed values of �µ̃R,L in Fig. 1. In order for the bino
annihilation cross section to match that of thermal relic
DM, heavier bino masses must be compensated by ei-
ther a larger coupling or a smaller relative mass split-
ting between the lightest smuon and the bino. For the
largest values of �µ̃R,L , we see models where the relic den-
sity can be depleted to the observed value through bino
annihilation mediated by ⇠ TeV smuons. For smaller
relative mass splittings, . 0.2, we see the e↵ects of co-
annihilation start to allow for models with even heavier
bino masses to satisfy the relic density.

Although a detailed interpretation of collider con-
straints on slepton masses [21–23] for our particular
model is beyond the scope of this work, we also show
the constraints from LEP and LHC in Fig. 1 assuming
the production of either a single right [17] or left [18] chi-
ral smuon or two mass degenerate chiral smuons [15, 16],
each decaying to a bino and a muon. Even though these
constraints should only be considered indicative, we can
see that all of the model curves except for the MSSM
benchmark coupling can yield viable parameter points
satisfying the DM relic density. Also, note that indirect
detection searches can in principal constrain DM mod-
els with mB . 100GeV and a thermal WIMP annihila-
tion cross-section, however WIMP annihilation to muons
can be consistent with multimessenger constraints for
mB & 40GeV [24, 25]. Regarding slepton co-annihilation
models, neither current collider searches nor indirect de-
tection experiments are sensitive to parameter space con-
sidered in ASU. However, a future lepton collider with

a & 500GeV center of mass energy [26–28] would be a
complementary probe, potentially able to distinguish be-
tween the slepton mediator models explored in this Let-
ter and other DM models which can be observed by the
kinetic heating of NSs.

Conventional direct detection experiments designed
to detect weak scale dark matter scattering o↵ nuclei
have limited sensitivity to Majorana singlet DM candi-
dates which only couple to the SM at tree-level through
muons [8, 14, 29]. More specifically, the leading con-
tribution to nucleon scattering typically arises from the
anapole moment. In addition to being loop-suppressed,
the anapole moment only yields proton scattering rates
large enough to be detected at next generation direct
detection experiments in scenarios with very small mass
splittings between the lightest smuon and the bino.

We have checked that none of the models shown in
Fig. 1 would be accessible to an experiment with sensitiv-
ity similar to what has been proposed for DARWIN [30].
While the parameter space of the co-annihilation models
considered in ASU can feature su�ciently compressed
spectra to enhance the anapole moment, a future ex-
periment similar to DARWIN would only be sensitive
to a small subset models with MSSM-like �µ̃R,L and
mB ' mµ̃1 . 400GeV [8].

Neutron star kinetic heating.—As an alternative to
conventional direct detection experiments, the e↵ects of
DM scattering can also be detected in observations of
old NSs. More specifically, the transfer of kinetic en-
ergy from the incident DM flux to the neutron, pro-
ton, muon and electron NS constituents can result in
an elevated NS temperature which could be measured
by JWST. Following Refs. [12, 31, 32], we assume the
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Conclusions

Is cosmology shaping a dark sector which will guide us to the 
solution of the dark matter problem?

New prejudice-free paths to address the dark matter problem from a 
particle physics perspective; are there efficient ways of walking 
through them and discriminating among each other?

Several windows of opportunities for dark matter detection still 
open; will we enter the stage in which models are confirmed or 
rejected?


