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The nzooo of possi bl
dark matter searches

* Some of the most excitingnomalies rélatedto DMre found in this mass range

* Observations precise enough that allow us to accuraebrchfforddistinctive
featuresof (DM
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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 mattdominated systems (regions
with enhanced dark matter density) :
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Why indirect dark matter searches?

Assuming a dark matter particle that is in equilibrium in the early universe:
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Thermairelic cross sectiof

These particles become the dark matter through freeze—. 1-
out, reaching the measured DM abundance at present 51

Potentially observable signatures framme

annihilation/decay of such particle€urrent experiments
are sensitiveto DM annihilating at the thermatlic rate

Gamma raysindantiparticles(et, p, antinucla) are
considered critical channels for G&g¢V DM, whil€€MB
observations provide strong constraints at lower masse

SubGeV DM:
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The 511 kev pUZZIe \w\j’; "~ 511 keV Flux (|b]<15°9)

- (1073 cm™ 57! rad™) SPI 511 keV E

A steady injection of positrons is revealday the cspememnnsnends YOOl Sunetn
observations of a bright and diffuse line at 511 keV A A
since the 70s. However, their origin, distribution and
Intensity of this line remains a mystery.
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with any known candidates
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SubGeV DM(<hundredsMeY, proposed as a
solution by Boehm et ghoehm+ 030968% IS compatible
with CMB and BBN constraints for > afewMeV
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The DM explanation of the 511 keV line

To avoid énsionwithccasmologicabconstraints),/ DM TheanomalousCMZionizationrate can be attributed to

must injectpositronswith E > MeV aS+ 5a [YYAKAfIIGAY3 FT2N RA
These lead to aon-negligiblediffuse .MeV-gamma Correlationwith the 511keVsignat The required
ray emissionHints of an excess over the background annihilation rateis similar tothe oneneeded to explain
was found @rlando1712.07127 Karwin+ 2310.12206 the 511 keV line
— m, =2 MeV — m, =20 MeV Background 10-H
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Annihilation cross-section {(cv) [cm?/s]
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i Strong constraints much below the thermal relic cross sections
Main probes Direct observations ad*e (Voyagerl), X-ray and soft gammaay
measurements (via FSR and inverse Compgay heatingn dwarf galaxies (e.qg.

Leo T)jonization of molecular clouds, th811 keVemission from e+ annihilation,

CMBpower spectrum and th@1 cm line De la Torre+ 2311.04979312.04907 ~ Slatyer 1506.038112411.00087
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Annihilation/decay to photons (lines xx— r°y

§ Main probesX-ray and gammdaiay measurements
§ Effects on the CMB, Lymapha or 21 cm line are only significant below the MeV
§ Hint of line at 3.5 ke Found to be compatible with systematics in the anaBgig+1402.2301
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Features for GeMleV DM (WIMPS)

XX— VY
XX — 1’y
XX—n°n’

A Different specific featureare searched as
smoking gunsbLines, Boxike, VIBDouble lines

A FermiLATprovides very accurate data 8earch
for such features in DM dominated systems

Hint of line at 133 GeV at the @Ccompatible

with systematiC$ermiLAT1305.5597 Bringmann+ 1203.1312,
Weniger1204.2797

Hint of line at 43 GeV in Gal. Cluster$f robust,
Not DM?shen+ 2108.00363, Fag407.11737

ADAMPE, FermiAT, MAGIC, VERITAS and HES:!
have set strong constraints in these models.
High expectations for CTAO and SWGO
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Line features for GeMeV DM (WIMPS)

Recent analyses from different instruments and analyses: And prospects for the future:
FermiLAT 1506.00013, DAMPHE12.08860, MAGIC 2212.10527, HESS 1805.05741
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The FermdLAT GalacticCenterExcess

An excess around the GC has bémmd in many analyses. The excess is highly

significant but its interpretation difficult, due to large back/foreground contributions
FermiLAT1704.03910

Annihilating dark matter?
A Morphologycompatible with a contracted NFW profile

A Spectrumwell fitted with a30-70 GeMWIMP N —

A Annihilation ratecclosectorthermal reliccross section 10 S S |
(But tension with radio and other limits) N BN

Unresolvedmilisecondpulsars (MSPs)? %’ 0

—-0.06

A MSPs are observed with a simifectrum N
A A few analysis claim better match witmaclearbulge |
distribution

-0.12

-0.18

A PixelcountPDR8ut may bebiased 2 eane+ 1904.08430 15y
A But wethave @ und2idzy Rs inYHe: §(@10lsta24031008rs _po M - : Py
But see Malyshev 2406.039! 20 15 10 5 0 -5 -10 -15
| [deg] Di Mauro2101.04694

Very brief list Hooper+ (2009, 2010, 2011)  Gordon+ (2013) Daylan+ (2014) Zechlin+ (2016)
of key papers: Murgia+ (2015) Calore+ (2014) Zhou+ (201Arkerman(2017)
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More about GeV gammas

Gammaray indirect searches point to dark matter dominated
systems and look at regions where the DM signal is higher in

comparison with the background emission

A Constraints frondiffuse (extra)galactidluxes.

Srong background emission. Very strong HESS
constraint from thenner Galaxyat a few TeV
HESS 2207.10471 B
McDaniek 2311.04982 107}
A Dwarf spheroidal Galaxies/ery strong and most . '
robust constraints. Mild tension with the GCE? |, ||
Huge potential of ultrafaint dwarf galaxies = :
Crnogorcevi¢ 2311.14611Circiello+, 2404.01181 i el
A Subhalos Constraints from unidentified sources. E o
Have toNb f e 2 YV dzY SNA Ol f
Bertoni+ 1504.02087CoronadoeBlazquez+ 2001.02536 1020
A Galaxy clusterStrong constraints but not as strong
as the others (Clusters located very far away)

Di Mauro+ 2303.16930

102

1027 ===

T T T T T L I
MW Halo: Ackermann+ (2013)

[ —— MW Center: Gomez-Vargas+ (2013)
— dSphs: Ackermann+ (2015)

Unid. Sat.: Bertoni+ (2015)
Virgo: Ackermann+ (2015)
Tsotropic: Ajello+ (2015)
X-Correl.: Cuoco+ (2015)
APS: Gomez-Vargas+ (2013)
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Flux of CR nuclei and antiparticles (data from AMp

CR antiparticles to
iIdentify DM signals H

103

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 physidd/IMPsare expected:to
leave iimprintsinthe-GeV:range

10!

(GeV/n)18 s~ m=2 g

Caveats Complicated modelling (charge particles © 1o
influenced by magnetic fields and plasma waves) S
no access tgpecific targets (only local CR data),

Qb-GeV CRs do not penetrate the heliosphere

Pros High precision data for the fluxes of CR nuclel
allow us to accurately model the production of CR
antiparticles and uncertainties relatedypically

low backgrounds 10-3

1072

100 10t 102 103
Energy (GeV/n)



Positron measurementsurrent status
'y 4GSEOSaaé¢ 2F LRaAAGNRYAE 20SNJ KS SELISO ¢

We were missing a powerful source of positrons.

TheDM hypothesis is in strong tension with many e S ter
DM searchegneed of~TeV DM particle with @t (E) = 2 | CalB/Ex)e + C |
annihilation rate larger than & cmd/s 25—
Barger+ 0809.0162 B L Positron Spectrum
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Positron measurementsurrent status

Ly

GSEOSaacs

We were missing a powerful source of positrons.
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TheDM hypothesis is in strong tension with many
DM searchegneed of~TeV DM particle with
annihilation rate larger than & cmd/s
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Positron measurementsurrent status

Ly

GSEOSaaé¢ 27
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Likely, this source of positrons is pulsar wind

nebulae.This is supported by observation of
iInverseCompton (gammaay) radiation around
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DM constraints from positrons

AMSO02 data providdeading constraints for WIMPsoupling to the SM

0 KNRdzAK af SLIG2YyAOE

1 John & Linder2107.10261 z=5.6 kpc
L T L L LN |
10 100 1000
m, [GeV]

OKIFIyyStax FNRY m DS+
But very difficult backgrounds. Alsidficult to spot DM signaturesabove~tens of GeV
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Antiproton dark matter searches

Recent studies have claimed the possibility of
anexcesf data over the predicted fluat
around 1320 GeV which can be thsignature

of dark matterannihilating into antiprotons
Cuoco+1610.03071
" CMB Limits Cholis+1903.02549 |
5
W | :
E Dwarf Limits
% GC GeV Exce p Excess
1r
40 60 80 100
my (GeV)

De la Torre+ 2401.10329
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DM production is preferred in the fit for a WIMP
with mass around 70 GeV with annihilation rate
close to the thermal relic one
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De la Torre 2107.06863
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The spectrum of antiprotons is easily reproduced
simultaneously with other secondary CRs when
considering cross sections uncertainties

Gieserr 1504.04276 Calorer 2202.03076

Antiproton dark matter searcheg; e sz

+ 2005.04237 Winkl&701.04866

No significant excess is found in the

data (maximum of 1.8 global)
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{(ov) 95% Upper limit [cm3/s]

Dark matter bounds from vaximal DMinduced signal 21 96% CL
antiprotons (AMS02) -, s e

—— Canonical analysis - Correlated —— Calore 2022
---- Simplified analysis - Correlated Balan 2023
10-2 | NFW profile
thermal (ov)
""""""""""""" Energy (GeV)

10_26 N - - N -
Leading constraints for WIMPs annihilating
into hadronic final statesRule out the
thermal relic cross sections belov®00 GeV

De la Torre+ 2401.10329 ] ] . i

1077 Possible tension with the GCE for hadronic

102 103
DM mass [GeV] channelsdi Mauro+2101.11027
De la Torre+ 2401.10329
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Antl n u Clel d ete Cted ? ﬁnglthr?e existence of extragalactic antid (i I NJ& ®£

_ Cohen, De Rujula, Glashow 9707087
The /AMS)2 collaboratiomhas-reportedhthe

detection of one-antihelium eventsperyear!  Antinucleiproduction in CR collisions is very suppressed.
Also, DM could produce very low energy signals where
CR collisions seem compatible with the antideuteron the CR contribution must be negligible

detect ed, but anti helium I s orders of magnitude
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D30 (GeV/n~L s 1m—25r71)

N~ ~ Ve ~ ~ Ve

: - ¢ KS RSUSOUA 2aiphapafticles 2véudd A O
Antl n u Clel d ete CtEd 7 imply the existence of extrayalactic antia (1 | NB& P €
Cohen, De Rujula, Glashow 9707087

The /AMS)2 collaboratiomhas-reportedhthe

Very few ideas proposed:

CR collisions seem compatible with the antideuteron pojin+ 1808.08961  Winkler+ 2211.000Fedderke+ 2402.15581

detected, but antihelium i s orders of magnitude
AMS-02 (15yr) X +Xx— bb—3He + X
10-7 AMS-02 (15yr)
10°?
g Tk ALADING . N
10—11
- BN 50 GeV
"""" —— Total 3He --- Secondary 3He BN 100 GeV
1074 --- Total unmod. 10 uncert. Bs B 200 GeV
...... Tertiary 3H-'e Bl 500 GeV
10-1 10° 10! 102
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Indirect dark matter searches:

CO"CIUS'O"S status, prospects and potential hints

x Main anomalies related to DM, lastroparticles
§ 511 keV excess (along with CMZ ionizatigrhiuge excess, DM possibility still strong
8§ GCE excessMSPs vs DM, interesting ongoing debate

§ AntinucleiobservationscCS ¢ LINBLI2ZAaSR SELX I yI GA2ya YR @F

x Otheranomaliedisappearedafter acloserstudyof the systematicand
astrophysicatandidates

x Thermal relic cross sections for WIMPs with mass < TeV are being prabed will be
key for TeV WIMPsStillmuch to be_explored: SubGeV DM deserves more attention;
verylowYl aad8 5a Ol YRARI GSa& lTtaz XoT b Sg

x Interesting opportunities to probe a variety of DM models usasfoparticles
Correlations are key to find clear hints of DM. Promising avenues from radio
observations (e.gsSKA, 21 cm line Precision cosmology is also coming closer

Pedrodela Torre Luque i 04/06/2025
pedradelatorre@uanmes
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LHAASO from dwarfs 2406.08698
LHAASO inner Galaxy constraad®$0.15989
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The DM explanation of the 511 keV line

The DM explanation of the 511 keV excess impligbe injection of MeV positrons in the ISM,
which lead taa diffuse gammaray emission through annihilation with ambient electrons

(SeeBeacom & Yuksel 05124)1

100 _
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—
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Eg% [MeV ecm 2 s 1 sr ]

— m, =2 MeV
m, =5 MeV
— m, =10 MeV

[I| < 30-|bl <15

— m, =20 MeV
— m, =50 MeV
— m, = 100 MeV

¥ SPI(INTEGRAL)

+

Background

COMPTEL

10

100

COMPTEL observations rule out masses above &
few MeV (for direct annihilation te*e’)
Tensionwith-cosmologicab constraints

A few ideas proposed to relax this constraint:
DM coupled to ALHSe la Torre2501.10503,

exciting DM cappiello+2307.1511}, DM spike$De la
Torre+2410.1637$. See alsoDas+ 2506.00847

But these lead to aon-negligible-diffuse/MeV
gammaray emissionHints of an excess over the
expected background found in the measurements
(Orlando1712.07127 Karwin+ 2310.12206



Theanomalous€CMZ ionizationrate

De la Torre+ 2409.07515

Com [s71]

10—11

10—13_

10—15_

10—17_

10—19_

10—21,

10—23

(ov) =10732 cm3/s

Expected by diffuse CRs

—— Moore (y=1.5)

—— CcNFW (y=1.25)

—— NFW (y=1)
Observed in the CMZ

10
m, [MeV]

100

The e from MeV DMwould
deposit all their energy into the
CMZ providing a much higher
lonization rate than CRs

TheCMZonizationrate can be
attributed to MeV dark matter
annihilation for Galactic dark
YFOOSNI LIN2PFAL Sa

Correlationwith the 511keVsignal
The requirecannihilation rateis
similar to the oneneeded to
explain the 511 keV line



Backgroundemision at the MeV

A InverseCompton of CR electrons off Some studies point to a diffuse MeV emission that is a
ISRFs dominate the emission factor of~2 higher than expected (still under debate)
A Hints for an excess over the expected 107 ra

emission has been reported in a couple ¢
papers (e.g. seé@rlando, 2018, MNRAS
475, 2724)

A 1s this a hint for positron continuum
emission?

E2 Intensity [MeV cm—2 s—1 sr—1]

109 __Aghaig PDL et aI.ArXiV:2501.1Q504
- —— 5 MeV —— 15 MeV = peps (Line)
= — 7 MeV — 25 MeV ¥+ SPI (INTEGRAL)
o | — 10Mev - Bkg IC 4 COMPTEL Pa = 1/10
E 1077F 11 mev t 1
ol + } I <30-|b] <15
g 10_2 3 LI - U W g e Fpmm—————m T
E A A ’..-’ Orlando (2018) MNRAS 475, 2724
- 7‘? 1077 £ e e 4 et e e e e iaa e e i ..
S 10~ 0™ 10" 10’
E: Energy [MeV]

—4 .
10701 1 10 50
E, [MeV]
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e

MeVDM wouldnot leaveanyl NJ O S X

Forl MeV DM, aNFW profile will requireéivé~p 1 cmils  Nobremsstrahlungor Xray emision can be
while a Moore profile will requireXivé~p Tt cn/s detectedby the productionof electronsat such
low annihilationrate andlow DM mass
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More about GeV gammas

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

Key targets and motivations:

Dwarf GalaxiesLarge mass to light ratios, low
backgroundsrelatively closeNo gammaray signal

found in the direction o~50 dwarfs

Galaxy clustersMost massive systems, higher
mass to light ratios. No gamnway signal found

Subhalos.Galaxy formation simulations predict

the formation of DM clumps

Inner-Galaxy.Very high backgrounds, but very

close and high DM signal
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The Antiproton excess

Recent studies have claimed the possibility obacessf data
over the predicted flwat around 1020 GeV which can be the
signature of dark mattermannihilating or decaying into antiprotons
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Primary antiprotons

Indirect DM searches with antiprotons (similarly to what happens with other
astroparticlesare either intended for specific partich®dels (winoHiggsing etc) or
for a generic WIMP that is modelled as a neuwt@brlessresonance that couples to

the SM through specific channels (tip U ,dtc )
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Primary antiprotons

Indirect DM searches with antiprotons (similarly to what happens with other
astroparticlesare either intended for specific partich®dels (winoHiggsing etc) or
for a generic WIMP that is modelled as a neuwt@brlessresonance that couples to

the SM through specific channels (tip U ,dtc )
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DM production primary antiprotons

The uncertainty in the galactic DM distribution affects the predicted fluxes, roughly
iIndependently 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.
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Antiprotons and propagation
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A precise estimation of the antiproton flux requires a careful analysis of
several CR species and nuclear cross sections
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Cross sections parameterizations for secondary CRs
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Systematics iIn AMS02 data

Including the correlation of AM®2 systematic errors sizeably affects
significance and properties of the DM signaNeed of.covariance matrices!
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Residuals

Systematics iIn AMS02 data

Including the correlation of AM®2 systematic errors sizeably affects
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significance and properties of the DM signaNeed of.covariance;matrices!
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Detailed DM searches found different sources of uncertainties difficult to avoid in current
studies:Cross:;sectioncorrelated errors diffusion imatieX A statisticdl GvhluithordolitAcO | f
signalsshows'thdihere is nossignificantexcess in the:data {maximumiof 1.global)

PDL+, JCATS (2024) 104
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;E;Ct T_/ Final state Model m* (ov)* local signif.
a
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An open question related to antiprotons
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ANTINUCLEI: AME masscharge spectra

Charge Sign * Mass [GeV/c?]
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