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CŜǊƳƛƻƴƛŎ 5a ŎŀƴΩǘ ŦƻǊƳ 
structures below a few keV

Thermal DM excluded by BBN 
and CMB ṃfew MeV allowed

The ñzooò of possible targets for (Indirect) 
dark matter searches
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The ñzooò of possible targets for (Indirect) 
dark matter searches

* Some of the most exciting anomalies related to DM are found in this mass range

* Observations precise enough that allow us to accurately search for distinctive 
features of DM



Why indirect dark matter searches?
§ Indirect searches involve detecting the byproducts of dark matter interactions, or 

observing the environmental effects that these products may induce

§ Astrophysical and cosmological observations revealed the presence of dark matter 
in the Universe. They can look directly into dark matter-dominated systems (regions 
with enhanced dark matter density) :

Galacticcenter
Dwarfspheroidalgalaxies
Galaxy clusters
Darkmatter halos
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§ Many simple extensions of the Standard Model lead to 
well-motivated dark matter candidates (such as the sterile 
neutrino, Higgsino, the QCD Axion, etc.)



These particles become the dark matter through freeze-
out, reaching the measured DM abundance at present

Potentially observable signatures from the 
annihilation/decay of such particles. Current experiments 
are sensitive to DM annihilating at the thermal-relic rate

Gamma rays and antiparticles (e+, p, anti-nuclei) are 
considered critical channels for GeV-TeV DM, while CMB 
observations provide strong constraints at lower masses
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Assuming a dark matter particle that is in equilibrium in the early universe:

Sub-GeV DM:

WIMP-less DM „ὺ ͯ

Asymm. DM (3Ą2 annihilations)

WIMPs:

„ὺ σͯ ρπ  cm3/s
Thermal-relic cross section

Why indirect dark matter searches?

ὓ ͯὕρππ'Å6



The 511 keV puzzle
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A steady injection of positrons is revealed by the 
observations of a bright and diffuse line at 511 keV 
since the 70s. However, their origin, distribution and 
intensity of this line remains a mystery.

Sub-GeV DM ( hundreds MeV), proposed as a 
solution by Boehm et al (Boehm+ 0309686), is compatible 
with CMB and BBN constraints for m  ̝> a few MeV

The bulge emission requires a spatial morphology 
and injection rate that does not seem to easily fit 
with any known candidates

Prantzos+ 1009.4620



Observed ioniz. rate in the CMZ

Expected by diffuse CRs

Observed in the CMZ
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The DM explanation of the 511 keV line
To avoid tension with cosmological constraints, DM 
must inject positrons with E > MeV

These lead to a non-negligible diffuse MeV gamma-
ray emission. Hints of an excess over the background 

was found (Orlando 1712.07127, Karwin+ 2310.12206)

˔

˔

e+

e-

TheanomalousCMZ ionizationrate can be attributed to 
aŜ± 5a ŀƴƴƛƘƛƭŀǘƛƴƎ ŦƻǊ ŘƛǎǘǊƛōǳǘƛƻƴǎ ǿƛǘƘ ǎƭƻǇŜǎ ʴ Ҕ м

Correlationwith the 511 keVsignal: The required 
annihilation rate is similar to the one needed to explain 
the 511 keV line

De la Torre+ 2409.07515



Annihilation/decay to electrons (e+e-)
ü Strong constraints much below the thermal relic cross sections

Main probes: Direct observations of e+e- (Voyager-1), X-ray and soft gamma-ray 
measurements (via FSR and inverse Compton), gas heating in dwarf galaxies (e.g. 
Leo T), ionization of molecular clouds, the 511 keV emission from e+ annihilation,  
CMB power spectrum and the 21 cm line De la Torre+ 2311.04979, 2312.04907       Slatyer+ 1506.03811, 2411.00087

Cirelli+  2303.08854        Sun+ 2312.11608          Lopez-Honorez+ 1303.5094
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Annihilation/decay to photons (lines)

§ Main probes: X-ray and gamma-ray measurements 

§ Effects on the CMB, Lyman-alpha or 21 cm line are only significant below the MeV

§ Hint of line at 3.5 keVĄ Found to be compatible with systematics in the analysis

Essig+     1309.4091
Calore+  2209.06299
Slatyer   2411.00087
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Watanabe+ 2504.11810

Bulbul+ 1402.2301
Dessert+ 1812.06976



Features for GeV-TeV DM (WIMPs)

ÅDifferent specific features are searched as 
smoking guns: Lines, Box-like, VIB, Double lines

ÅFermi-LAT provides very accurate data to search 
for such features in DM dominated systems 

Hint of line at 133 GeV at the GC Ą compatible 
with systematics Fermi-LAT 1305.5597, Bringmann+ 1203.1312,    
. Weniger+1204.2797

Hint of line at 43 GeV in Gal. Clusters Ą If robust, 
Not DM? Shen+ 2108.00363, Fan+ 2407.11737

ÅDAMPE, Fermi-LAT, MAGIC, VERITAS and HESS 
have set strong constraints in these models.    
High expectations for CTAO and SWGO
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Magic Collab. 2212.10527

Rodd+ 2405.13104



Recent analyses from different instruments and analyses:              And prospects for the future:

Fermi-LAT 1506.00013, DAMPE 2112.08860, MAGIC 2212.10527, HESS 1805.05741         CTA 2403.04857, SWGO 1906.03353

Foster+ 2212.07435

Line features for GeV-TeV DM (WIMPs)
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De la Torre+ 2309.03281



Annihilating dark matter?
Å Morphology compatible with a contracted NFW profile
Å Spectrum well fitted with a 30-70 GeV WIMP
Å Annihilation rate close to thermal relic cross section     

(But tension with radio and other limits)

Unresolved milisecond pulsars (MSPs)?
Å MSPs are observed with a similar spectrum
Å A few analysis claim better match with a nuclear bulge 

distribution
Å Pixel count PDFs (But may be biased? Leane+ 1904.08430)
Å But we havenΩǘ ŦƻǳƴŘ Ƴŀƴȅ a{tǎ ƛƴ ǘƘŜ D/

The Fermi-LAT Galactic Center Excess 
An excess around the GC has been found in many analyses. The excess is highly 
significant but its interpretation difficult, due to large back/foreground contributions 

But see Malyshev 2406.03990
Di Mauro 2101.04694

Hooper+ (2009, 2010, 2011)      Gordon+ (2013)            Daylan+ (2014)         Zechlin+ (2016) 
Murgia+ (2015)                             Calore+ (2014)               Zhou+ (2015)            Ackerman (2017)

Fermi-LAT 1704.03910

Holst+ 2403.00978

Very brief list 
of key papers:



More about GeV gammas

ÅConstraints from diffuse (extra)galactic fluxes. 
Strong background emission. Very strong HESS 
constraint from the inner Galaxy at a few TeV

ÅDwarf spheroidal Galaxies: Very strong and most 
robust constraints. Mild tension with the GCE? 
Huge potential of ultrafaint dwarf galaxies

ÅSub-halos: Constraints from unidentified sources. 
Have to ǊŜƭȅ ƻƴ ƴǳƳŜǊƛŎŀƭ ǎƛƳǳƭŀǘƛƻƴǎΧ

ÅGalaxy cluster: Strong constraints but not as strong 
as the others (Clusters located very far away)
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McDaniel+ 2311.04982

Di Mauro+ 2303.16930

Charles+ 1605.02016

Gamma-ray indirect searches point to dark matter dominated 
systems and look at regions where the DM signal is higher in 
comparison with the background emission

HESS 2207.10471

Bertoni+ 1504.02087, Coronado-Blázquez+ 2001.02536

Crnogorcevic+ 2311.14611, Circiello+, 2404.01181
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The interstellar medium is dominated by matter; 
hence, CR sources produce predominantly matter. 
Antiparticles are a critical channel to test DM

Positrons and antiprotons strongly constrain the 
existence of BSM physics. WIMPs are expected to 
leave imprints in the GeV range

Caveats: Complicated modelling (charge particles 
influenced by magnetic fields and plasma waves), 
no access to specific targets (only local CR data), 
Sub-GeV CRs do not penetrate the heliosphere

Pros: High precision data for the fluxes of CR nuclei 
allow us to accurately model the production of CR 
antiparticles and uncertainties related. Typically  
low backgrounds 

Flux of CR nuclei and antiparticles (data from AMS-02)

CR antiparticles to 
identify DM signals
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AMS-02 Collab.

!ƴ άŜȄŎŜǎǎέ ƻŦ ǇƻǎƛǘǊƻƴǎ ƻǾŜǊ ǘƘŜ ŜȄǇŜŎǘŜŘ /w ǇǊƻŘǳŎǘƛƻƴ ǿŀǎ ŎƭŜŀǊƭȅ ƻōǎŜǊǾŜŘ ōȅ t!a9[!

We were missing a powerful source of positrons. 
The DM hypothesis is in strong tension with many 
DM searches (need of ~TeV DM particle with 
annihilation rate larger than 10-24 cm3/s)

Positron measurements ï current status

Barger+ 0809.0162



We were missing a powerful source of positrons. 
The DM hypothesis is in strong tension with many 
DM searches (need of ~TeV DM particle with 
annihilation rate larger than 10-24 cm3/s)
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AMS-02 Collab.

Ⱶᴼ▄▄

!ƴ άŜȄŎŜǎǎέ ƻŦ ǇƻǎƛǘǊƻƴǎ ƻǾŜǊ ǘƘŜ ŜȄǇŜŎǘŜŘ /w ǇǊƻŘǳŎǘƛƻƴ ǿŀǎ ŎƭŜŀǊƭȅ ƻōǎŜǊǾŜŘ ōȅ t!a9[!

Positron measurements ï current status

Barger+ 0809.0162



Likely, this source of positrons is pulsar wind 
nebulae. This is supported by observation of 
inverse-Compton (gamma-ray) radiation around 
these sources and also by theoretical arguments

Positron measurements ï current status
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AMS-02 Collab.

PWN O ▄▄

!ƴ άŜȄŎŜǎǎέ ƻŦ ǇƻǎƛǘǊƻƴǎ ƻǾŜǊ ǘƘŜ ŜȄǇŜŎǘŜŘ /w ǇǊƻŘǳŎǘƛƻƴ ǿŀǎ ŎƭŜŀǊƭȅ ƻōǎŜǊǾŜŘ ōȅ t!a9[!

Manconi+ 2001.09985
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DM constraints from positrons
AMS-02 data provide leading constraints for WIMPs coupling to the SM                              
ǘƘǊƻǳƎƘ άƭŜǇǘƻƴƛŎέ ŎƘŀƴƴŜƭǎΣ ŦǊƻƳ м DŜ± ǘƻ ŀ ŦŜǿ ƘǳƴŘǊŜŘ DŜ±Σ ŦƻǊ ŘŜŎŀȅ ŀƴŘ ŀƴƴƛƘƛƭŀǘƛƻƴΦ     
But very difficult backgrounds. Also difficult to spot DM signatures above ~tens of GeV

Cholis & Krommydas 2210.04903

John & Linden 2107.10261

˔

˔

e+

e-



De la Torre+ 2401.10329

Antiproton dark matter searches
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Recent studies have claimed the possibility of 
an excess of data over the predicted flux at 
around 10-20 GeV, which can be the signature 
of dark matter annihilating into antiprotons 

Cholis+ 1903.02549

Cuoco+ 1610.03071

DM production is preferred in the fit for a WIMP 
with mass around 70 GeV with annihilation rate 
close to the thermal relic one



Antiproton dark matter searches
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De la Torre 2107.06863

The spectrum of antiprotons is easily reproduced 
simultaneously with other secondary CRs when 

considering cross sections uncertainties

Boudaud+ 1906.07119 

Giesen+ 1504.04276   Calore+ 2202.03076
Reinert1712.00002    De la Torre+ 2401.10329
Heisig+ 2005.04237    Winkler 1701.04866

No significant excess is found in the 
data (maximum of 1.8 ̀ global) 



Dark matter bounds from 
antiprotons (AMS-02)
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Leading constraints for WIMPs annihilating 
into hadronic final states. Rule out the 
thermal relic cross sections below ~200 GeV

Possible tension with the GCE for hadronic 
channels? Di Mauro+ 2101.11027

De la Torre+ 2401.10329

(bb channel)

Maximal DM-induced signal (at 95% CL)

De la Torre+ 2401.10329

NFW profile



Antinuclei detected?
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The AMS-02 collaboration has reported the 
detection of one antihelium event per year! 

Shuckla+ 2006.12707

ά¢ƘŜ ŘŜǘŜŎǘƛƻƴ ƻŦ ŎƻǎƳƛŎ ŀƴǘƛ-alpha particles would 
imply the existence of extra-galactic anti-ǎǘŀǊǎΦέ

Cohen, De Rujula, Glashow 9707087

CR collisions seem compatible with the antideuteron 

detected, but antihelium is orders of magnitude aboveé

Antinuclei production in CR collisions is very suppressed. 
Also, DM could produce very low energy signals where 
the CR contribution must be negligible

Paolo Zuccon MIAPP 2021



Antinuclei detected?
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The AMS-02 collaboration has reported the 
detection of one antihelium event per year! 

Shuckla+ 2006.12707

CR collisions seem compatible with the antideuteron 

detected, but antihelium is orders of magnitude aboveé

De la Torre+ 2404.13114

Simple DM models cannot explain this observation! 

Very few ideas proposed:

Poulin+ 1808.08961    Winkler+ 2211.00025   Fedderke + 2402.15581

ά¢ƘŜ ŘŜǘŜŎǘƛƻƴ ƻŦ ŎƻǎƳƛŎ ŀƴǘƛ-alpha particles would 
imply the existence of extra-galactic anti-ǎǘŀǊǎΦέ

Cohen, De Rujula, Glashow 9707087



Conclusions
× Main anomalies related to DM, in astroparticles:
§511 keV excess (along with CMZ ionization) ς Huge excess, DM possibility still strong
§GCE excess ς MSPs vs DM, interesting ongoing debate
§Antinuclei observations ς CŜǿ ǇǊƻǇƻǎŜŘ ŜȄǇƭŀƴŀǘƛƻƴǎ ŀƴŘ ǾŜǊȅ ŜȄƻǘƛŎΧ

×Otheranomaliesdisappearedafter a closerstudyof the systematicsand    
astrophysicalcandidates

× Thermal relic cross sections for WIMPs with mass < TeV are being probed -- CTA will be 
key for TeV WIMPs. Still much to be explored: Sub-GeV DM deserves more attention; 
very low-Ƴŀǎǎ 5a ŎŀƴŘƛŘŀǘŜǎ ό![tǎΣ ΧύΤ bŜǿ 5a ƳƻŘŜƭǎ ŦƻǊ ±ŜǊȅ ƘŜŀǾȅ 5aΤ 

× Interesting opportunities to probe a variety of DM models using astroparticles. 
Correlations are key to find clear hints of DM. Promising avenues from radio 
observations (e.g. SKA, 21 cm line). Precision cosmology is also coming closer

Indirect dark matter searches: 
status, prospects and potential hints

Pedrode la Torre Luqueï04/06/2025

pedro.delatorre@uam.es



BACK UP
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LHAASO from dwarfs 2406.08698
LHAASO inner Galaxy constraints 2210.15989
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The DM explanation of the 511 keV line

COMPTEL observations rule out masses above a 
few MeV (for direct annihilation to e+e-)  
Tension with cosmological constraints 

A few ideas proposed to relax this constraint: 
DM coupled to ALPs [De la Torre+ 2501.10504], 
exciting DM [Cappiello+ 2307.15114], DM spikes [De la 

Torre+ 2410.16379]. See also: Das+ 2506.00847

But these lead to a non-negligible diffuse MeV 
gamma-ray emission. Hints of an excess over the 

expected background found in the measurements 

(Orlando 1712.07127, Karwin+ 2310.12206)

˔

˔

e+

e-

The DM explanation of the 511 keV excess implies the injection of MeV positrons in the ISM, 

which lead to a diffuse gamma-ray emission through annihilation with ambient electrons 

(See Beacom & Yuksel 0512411)



TheanomalousCMZ ionizationrate
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Observed ioniz. rate in the CMZ

The e from MeV DM would 
deposit all their energy into the 
CMZ, providing a much higher 
ionization rate than CRs

TheCMZ ionizationrate can be 
attributed to MeV dark matter 
annihilation for Galactic dark 
ƳŀǘǘŜǊ ǇǊƻŦƛƭŜǎ ǿƛǘƘ ǎƭƻǇŜǎ ʴ Ҕ м

Correlationwith the 511 keVsignal
The required annihilation rate is 
similar to the one needed to 
explain the 511 keV line

Expected by diffuse CRs

Observed in the CMZ

De la Torre+ 2409.07515



Backgroundemision at the MeV
ÅInverse-Compton of CR electrons off 

ISRFs dominate the emission

ÅHints for an excess over the expected 
emission has been reported in a couple of 
papers (e.g. see Orlando, 2018, MNRAS 
475, 2724)

ÅIs this a hint for positron continuum 
emission? 
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Orlando (2018) MNRAS 475, 2724

Some studies point to a diffuse MeV emission that is a 
factor of ~2 higher than expected (still under debate)

Aghaie, PDL et al. ArXiV:2501.10504



MeVDM wouldnot leaveanyǘǊŀŎŜΧ
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Expected by diffuse CRs

Observed in the CMZ

For1 MeVDM, a NFW profile will require ἂůvἃ ~ρπ cm3/s 
while a Moore profile will require ἂůvἃ ~ρπ cm3/s

No bremsstrahlungor X-rayemisión can be 
detectedby the productionof electronsat such
low annihilationrate and low DM mass

X-raysfrom inverse-Compton emisión of e



More about GeV gammas
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Key targets and motivations:

Dwarf Galaxies. Large mass to light ratios, low 
backgrounds, relatively close. No gamma-ray signal 
found in the direction of ~50 dwarfs

Galaxy clusters. Most massive systems, higher 
mass to light ratios. No gamma-ray signal found

Sub-halos. Galaxy formation simulations predict 
the formation of DM clumps

Inner-Galaxy. Very high backgrounds, but very 
close and high DM signal

Gamma-ray indirect searches point to dark matter dominated 
systems and look at regions where the DM signal is higher in 
comparison with the background emission.       

Charles+ 1605.02016



32

Reinert, Winkler 2018

Jan Heisig MIAPP 2021
Cuoco, Kramer, Korsmeir 2017
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The Antiproton excess

Recent studies have claimed the possibility of an excess of data 
over the predicted flux at around 10-20 GeV, which can be the 
signature of dark matter annihilating or decaying into antiprotons 
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Primary antiprotons
Indirect DM searches with antiprotons (similarly to what happens with other 

astroparticles) are either intended for specific particle models (wino, Higgsino, etc) or 

for a generic WIMP that is modelled as a neutral-colorless resonance that couples to 

the SM through specific channels (bb, tt, ŰŰ, etc )
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Primary antiprotons
Indirect DM searches with antiprotons (similarly to what happens with other 

astroparticles) are either intended for specific particle models (wino, Higgsino, etc) or 

for a generic WIMP that is modelled as a neutral-colorless resonance that couples to 

the SM through specific channels (bb, tt, ŰŰ, etc )
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The uncertainty in the galactic DM distribution affects the predicted fluxes, roughly 

independently of energy. The difference between the flux for a cored and a peaked 

profile is ~ factor of a few for annihilating DM, and much smaller for decaying DM.

Cirelli+ (2024) arXiv:2406.01705

Cirelli+ (2024) arXiv:2406.01705

DM production - primary antiprotons

https://arxiv.org/abs/2406.01705
https://arxiv.org/abs/2406.01705
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Antiprotons and propagation

Npr  θQpr(E)/D(E)

Nsec  θQsec(E)/D(E)

Qsec ɜθ  Npr 
(E) ů(E)

.sec
Npr

Qsec
Qpr ͯ

 ů(E)/ὈὉ  

Secondary-to-primary ratios  
(e.g. B/C) are key to evaluate 
the propagation parameters

A precise estimation of the antiproton flux requires a careful analysis of 
several CR species and nuclear cross sections

1
‬ὔ

‬Ὁ
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Cross sections parameterizations for secondary CRs
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Solar modulation
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×Detailed heliospheric simulations or 
      Force-Field approximation ×Neutron monitor experiments + Voyager-01 data



SOLAR MODULATION
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× Force-Field approximation
× Neutron monitor data + Voyager-01 data
× Cholis-Hooper-Linden (arXiv:1511.01507) correction

https://arxiv.org/abs/1511.01507
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Including the correlation of AMS-02 systematic errors sizeably affects 
significance and properties of the DM signal Ą Need of covariance matrices!

Systematics in AMS-02 data

Heisig+,Phys. Rev. Research 2, 043017 (2020)
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P.D.L. JCAP 11 (2021) 018

Systematics in AMS-02 data

Including the correlation of AMS-02 systematic errors sizeably affects 
significance and properties of the DM signal Ą Need of covariance matrices!



Detailed DM searches found different sources of uncertainties difficult to avoid in current 
studies: Cross sections, correlated errors, diffusion model Χ  ! ǎǘŀǘƛǎǘƛŎŀƭ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ǘƘŜ 
signal shows that there is no significant excess in the data (maximum of 1.8  ̀global) 
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From ñexcessesò to just fluctuations

PDL et al JCAP 05 (2024) 104

Calore+, SciPostPhys. 12, 163 (2022)

PDL+, JCAP 05 (2024) 104
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(bb channel)

De la Torre+ 2401.10329

Maximal DM-induced signal (at 95% CL)

Leading constraints for WIMPs 
annihilating into hadronic final states

Actually, pointing to a possible tension 
with the GCE for hadronic channels?
See Di Mauro & Winkler 2101.11027

Dark matter bounds from 
antiprotons (AMS-02)



An open question related to antiprotons

44

Paolo Zuccon MIAPP 2021



ANTI-NUCLEI: AMS-02 mass-charge spectra
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Paolo Zuccon MIAPP 2021


