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Sub-GeV Dark Matter

∼ 10−22eV TeVMeV GeV
MDM

Why?

Cosmo histories motivate it/exist

We can look for it “easily”

in this talk

Could be required to solve `anomalies’ in data
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Sub-GeV Dark Matter

Cosmo histories that predict sub-GeV

3

Thermal freeze-out 
at small coupling

SIMP

ELDERs Forbidden DM

Hochberg+ 1402.5143

Kuflik+ 1512.04545 D’Agnolo Ruderman 1505.07107

…
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Sub-GeV Dark Matter

Cosmo histories that predict sub-GeV

`Anomalies’ in data

3

Galactic photon line @ 511 keV? Gravity Waves at PTAs?Small scale troubles of DM? …

Ema FS Sato 2007.08440
Nanograv 2104.13930, …
Bringmann+ 2306.09411, …

Boylan-Kolchin 1103.0007, Tulin Yu 1705.02358,…

Thermal freeze-out 
at small coupling

SIMP

ELDERs Forbidden DM

Hochberg+ 1402.5143

Kuflik+ 1512.04545 D’Agnolo Ruderman 1505.07107

…
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An example: 511 keV line
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Line observed since the 70’s (INTEGRAL,…)

Origin: e+ e− annihilations & bound states 

Problem 
where are the        from??e+
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Origin: e+ e− annihilations & bound states 

Problem 
where are the        from??

From astrophysics?
Bartels Calore Storm Weniger 1803.04370 

Fuller Kusenko Radice Takhistov 1811.00133

Low-mass X-ray binaries? 

Neutron Star Mergers?

e+

From dark matter annihilations?

⟨σv⟩511 ≃ 5 ⋅ 10−31 ( MDM

3 MeV )
2 cm3

sec
Yes if:

≲ 3 MeVDM mass

Vincent+ 1201.0997 (NFW DM profile)

 Beacom Yuksel astro-ph/0512411

First explored in Bohem+ astro-ph/0309686

Line observed since the 70’s (INTEGRAL,…)



Filippo Sala (U. Bologna)                                         Hunting for DM with its high-energy fluxes 4

An example: 511 keV line
C

O
SI

 b
al

lo
on

 1
91

2.
00

11
0

Origin: e+ e− annihilations & bound states 

Problem 
where are the        from??

From astrophysics?
Bartels Calore Storm Weniger 1803.04370 

Fuller Kusenko Radice Takhistov 1811.00133

Low-mass X-ray binaries? 

Neutron Star Mergers?

e+

From dark matter annihilations?

⟨σv⟩511 ≃ 5 ⋅ 10−31 ( MDM

3 MeV )
2 cm3

sec

≲ 3 MeVDM mass

Vincent+ 1201.0997 (NFW DM profile)

 Beacom Yuksel astro-ph/0512411

Equilibrium with SM in Early Uni

Excluded by BBN + CMB

Wilkinson Vincent Boehm McCabe 1602.01114

First explored in Bohem+ astro-ph/0309686

Yes if:Line observed since the 70’s (INTEGRAL,…)
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Sub-GeV DM can explain the 511 keV line Ema FS Sato 2007.08440
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Sub-GeV DM can explain the 511 keV line Ema FS Sato 2007.08440

Escudero 1812.05605, Sabti+ 1910.01649 
              (no 511 keV line here)

DM at 3 MeV OK with cosmo if it also annihilates into neutrinos
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Ema FS Sato 2007.08440

We made it work with thermal DM!

Rich pheno: Direct DM detection

Accelerators

Small-scale astro structures
…
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Sub-GeV DM can explain the 511 keV line Ema FS Sato 2007.08440
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Stay tuned:  our new analysis lowers 

Ema FS Sato 2007.08440

Balaji DeLaTorre Fairbairn FS Silk, in progress

⟨σv⟩511 and allows for MDM ≳ 10 MeV

More DM models will work!

We made it work with thermal DM!

Rich pheno: Direct DM detection

Accelerators

Small-scale astro structures
…

Escudero 1812.05605, Sabti+ 1910.01649 
              (no 511 keV line here)

DM at 3 MeV OK with cosmo if it also annihilates into neutrinos
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Direct Detection of Sub-GeV Dark Matter ?

Challenge

…

…

…

…
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Direct Detection of Sub-GeV Dark Matter ?

Challenge

Solutions 1: lower mN Solutions 2: lower the thresholds

NEWS-G  
e.g. SciPost Phys. Proc. 12 (2023) 024

… 

PHONON(S) & similar beasts

Campbell-Deem+ 2205.02250…

…MIGDAL

…

SuperCDMS 2302.09115

…

…
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…

Direct Detection of Sub-GeV DM: Status

SuperCDMS 2302.09115

Promising, but not cutting deep yet
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Direct Detection of Sub-GeV DM: Status

SuperCDMS 2302.09115

Promising, but not cutting deep yet New exp. techniques: better understanding needed

SuperCDMS, XENON, PandaX,…MIGDAL effect widely used

BUT: was never observed in the Standard Model

When tried in liquid Xenon
SM signal not found 
while ~100 events were predicted!
Xu+ 2307.12952, PRD 2024

Same prediction that go into DM searches…

7
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on Detection of sub-GeV dark matter

8
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This Talk:   from this …
Lowering thresholds, current limits
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ℒ ⊃ gχϕχ̄χ + gqϕq̄q

mϕ = 1 GeV
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This Talk: … to this with 2 ideas

ℒ ⊃ gχϕχ̄χ + gqϕq̄q

mϕ = 1 GeV

9



Filippo Sala (U. Bologna)                                         Hunting for DM with its high-energy fluxes

New Idea for Direct Detection
High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Ema FS Sato 1811.00520
Bringmann Pospelov 1810.10543

10
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New Idea for Direct Detection
High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Ema FS Sato 1811.00520
Bringmann Pospelov 1810.10543

Electrons, protons
Dark Matter

10
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New Idea for Direct Detection
High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Ema FS Sato 1811.00520
Bringmann Pospelov 1810.10543

Electrons, protons
Dark Matter

10°10 10°8 10°6 10°4 10°2 100 102

K¬ [GeV]

10°13

10°10

10°7

10°4

10°1

102

105

108

K
¬
©

¬
[c

m
°

2 s
ec

°
1 ]

scalar

pseudoscalar

halo component

MDM = 10 MeV, Mmediator = GeV, gχgu = gχgd = 0.1
10



Filippo Sala (U. Bologna)                                         Hunting for DM with its high-energy fluxes 11

New Idea for Direct Detection
High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Ema FS Sato 1811.00520
Bringmann Pospelov 1810.10543

Also by Solar Upscattering 

Emken Kouvaris Nielsen 1709.06573
An Pospelov Pradler Ritz+ 1708.03642

…
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New Idea for Direct Detection
High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Ema FS Sato 1811.00520
Bringmann Pospelov 1810.10543

Also by Solar Upscattering 

Emken Kouvaris Nielsen 1709.06573
An Pospelov Pradler Ritz+ 1708.03642

Also by Atmospheric Showers
Alvey+ 1905.05776 , …

Pascoli FS Xotta in progress

…
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New Idea for Direct Detection
High-velocity DM component unavoidably generated by Cosmic-ray scatterings

Ema FS Sato 1811.00520
Bringmann Pospelov 1810.10543

Also by Solar Upscattering 

Emken Kouvaris Nielsen 1709.06573
An Pospelov Pradler Ritz+ 1708.03642

Also by Atmospheric Showers

Also by Blazars

Also by …

Alvey+ 1905.05776 , …

Pascoli FS Xotta in progress

Wang Granelli Ullio 2111.13644, …

11
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Recoil Spectra from fast Sub-GeV DM

From Cosmic Rays, Ema FS Sato 2011.01939 From Atmosphere, Arguelles+ 2203.12630
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New Idea 2: use Neutrino Detectors

Ema FS Sato 1811.00520  CR-upscattered DM, electrons

Recoil Energies > 10 MeV go to biggest existing detectors!

Ema FS Sato 2011.01939  CR-upscattered DM, nucleons

Pascoli FS Xotta in progress  Atmospheric DM, nucleons
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Ema FS Sato 2011.01939  CR-upscattered DM, nucleons

New Idea 2: use Neutrino Detectors

13
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CR-DM vs nucleons at Neutrino Experiments
Protons with pp > 1.07 GeV emit Cherenkov light, already used for in Super-K 0901.1645ν′ s We repurposed it!
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CR-DM vs nucleons at Neutrino Experiments

Ema FS Sato 2011.01939

Protons with pp > 1.07 GeV emit Cherenkov light, already used for in Super-K 0901.1645ν′ s We repurposed it!

ℒ ⊃ gχϕχ̄χ + gqϕq̄q

14
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CR-DM vs nucleons at Neutrino Experiments

Ema FS Sato 2011.01939Ema FS Sato 2011.01939
These ideas test also inelastic DM 
unlike `standard’ direct detection

ℒ ⊃ gχϕχ̄χ + gqϕq̄q

14
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CR-DM vs nucleons at Neutrino Experiments

Ema FS Sato 2011.01939

Experimentalist
from Super-K, DUNE…

UV-complete with vector like quarks gq ∼ gQ
v

MQ
≲ 0.1 is OK!

Probe region allowed by all other constraints!

Ema FS Sato 2011.01939

14
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Super-K then did the search! Super-K 2209.14968
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Ema FS Sato 2011.01939  CR-upscattered DM, nucleons

New Idea 2: use Neutrino Detectors
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New Idea 2: use Neutrino Detectors

Pascoli FS Xotta in progress  Atmospheric DM, nucleons

16
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PRELIMINARY

17

ℒ ⊃ gχϕχ̄χ + gqϕq̄q

mϕ = 1 GeV

Here only DM from eta mesons

Pascoli FS Xotta in progressNeutrino Detectors & Atmospheric DM 



Filippo Sala (U. Bologna)                                         Hunting for DM with its high-energy fluxes 18

Relic Neutrino Background

From Dark Matter

To
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RNB 2024: never observed, capture on tritium (PTOLEMY) does not work without tech. breakthrough
e.g. PTOLEMY 2203.11228 

Upscatter the Relic Neutrino Background?
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Upscatter the Relic Neutrino Background?

σ(CR − νrelic) ∝ ECR Relic neutrinos are most upscattered by Ultra-High-Energy CR!

RNB 2024: never observed, capture on tritium (PTOLEMY) does not work without tech. breakthrough
e.g. PTOLEMY 2203.11228 

Ciscar-Monsalvatje Herrera Shoemaker 2402.00985 

used only UHECR on Earth and TXS 

assumed they are protons

ην ∼ 1012
To be seen, it needs overdensity

wrt  ΛCDM
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Relic Neutrino Background?

Use UHECR in their accelerators and reservoirs

Use actual composition of UHECRs

De Marchi Granelli Nava FS in progress

Auger JCAP05 (2023) 024

e.g. as modeled in Fang Murase 1704.00015
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Relic Neutrino Background?

Use UHECR in their accelerators and reservoirs

Use actual composition of UHECRs
Auger JCAP05 (2023) 024

e.g. as modeled in Fang Murase 1704.00015

ην ∼ 108

De Marchi Granelli Nava FS in progress
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Summary: Fast DM + Neutrino Detectors =

…
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De Marchi Granelli Nava FS in progress

Outlook: Other sources + other detectors (KM3Net, IceCube,..)
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Come to Bologna!

Invisibles24 School

Invisibles24 Workshop
1-5 July

24-28 June

https://agenda.infn.it/event/39073/

https://agenda.infn.it/event/39074/



Back up



More on: DM-nucleon scatterings



Cross Sections

PCAC relation

ℒ ⊃ gχSχ̄χ + gqSq̄q

ℒ ⊃ gχ a χ̄iγ5χ + gq a q̄iγ5q



Flux of Accelerated DM Component
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Earth Attenuation

10°2 10°1 100 101 102

Kp [GeV]

10°4

10°2

100

102

104

106

d2
N

p

dt
d

lo
g
K

p
[y

ea
r°

1 ]

z = 0 km

z = 1 km

z = 2 km

z = 5 km

10°2 10°1 100 101 102

Kp [GeV]

10°4

10°2

100

102

104

106

d2
N

p

dt
d

lo
g
K

p
[y

ea
r°

1 ]

z = 0 km

z = 10 km

z = 20 km

z = 50 km

ℒ ⊃ gχSχ̄χ + gqSq̄q

MDM = 10 MeV, Mmediator = GeV, gχgu = gχgd = 0.1

ℒ ⊃ gχ a χ̄iγ5χ + gq a q̄iγ5q
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Limits for other values of parameters
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ℒ ⊃ gχSχ̄χ + gqSq̄qℒ ⊃ gχ a χ̄iγ5χ + gq a q̄iγ5q
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