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galactic rotation curves
weak lensing (e.g. in clusters)

‘precision cosmology’ (CMB, LSS)
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ΩX ≈
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⟨σannv⟩

Boltzmann equation  
in the Early Universe:

Weak cross section:

⟨σannv⟩ ≈
α2

w

M2
≈

α2
w

2
1TeV

ΩX ∼ O(few 0.1)⇒ (WIMP)

�DM � 0.23 forRelic

⇥�annv⇤ = 3 · 10�26cm3/sec

��̄ � ff̄ ��̄� ff̄ ��̄ � . . .

DM as a thermal relic  
from the Early Universe
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α2
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≈

α2
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TeV2

⟨σannv⟩ ≈
α2

x

m2

Feng & Kumar 0803.4196

a.k.a. hidden sector DM 
    secluded DM∼

Production mechanism:
just thermal freeze-out  
of these annihilations

�

�̄

�, Z�

� �, Z

e+

e�

µ�

µ+

g0

g0

if       is small, 
     ‘naturally’ small 
(but nothing points to a precise value)

gx
m

Theory

Sub-GeV DM



 ‘SIMP miracle’:  
  scalar DM with relic abundance set by 3 -> 2 processes 

   points to 

Hochberg et al 1402.5143

DM

DM

DM
DM

DM

αeff

‘naturally realized’ in a dark-QCD-like setup
αeff = 𝒪(1) i . e . gx ∼ 4π

Theory

Sub-GeV DM
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 ‘simplified (light) DM models’ Knapen, Lin, Zurek 1709.07882

scalar DM and
hadrophilic 

scalar mediator

scalar DM and
leptophilic 

scalar mediator

fermionic DM and
vector mediator

(e.g. dark photon)

X

X

VD γ

✏

Theory

Sub-GeV DM
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 WIMPless Dark Matter 
 ‘SIMP miracle’ 
 Asymmetric DM 
 ‘MeV (scalar) DM’ (Integral 511 KeV excess) 
 ‘simplified (light) DM models’  
 …

Theory

Sub-GeV DM?  Why not! 
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Direct Detection constraints on SI scattering

status 3/2023
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DarkSide-50 '23

DEAP3600 '19

CDEX10 '21

SuperCDMS '14-'18
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DAMIC '20 CDMSII '18

COSINE-100 '19-'21

bb
W+W-

τ+ τ
-

Xe
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CnFm
Si
NaI

ν backgro
und

M. Cirelli, A. Strumia, J. Zupan 2406.01705

Direct Detection of sub-GeV DM

deposited energy is 
below threshold for typical
nuclear recoil experiments

DM
nucleus

- electron recoil signal
- Migdal effect
- new experimental strategies
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Collider searches of sub-GeV DM
Missing  signature is challenging for 
LHC experiments

ET

- fixed target / beam dump experiments

- search for associated states, 
i.e. particles of a new ‘dark sector’ 

B. Batell, M. Pospelov and A. Ritz, Exploring Portals to a Hidden Sector Through Fixed Targets, Phys. Rev. D 80 (2009) 095024, [0906.5614].  

LDMX collaboration, T. kesson et al., Light Dark Matter eXperiment (LDMX), 1808.05219.  
L. Doria, P. Achenbach, M. Christmann, A. Denig, P. Glker and H. Merkel, Search for light dark matter with the MESA accelerator, in 13th 
Conference on the Intersections of Particle and Nuclear Physics, 9, 2018. 1809.07168.  

M. Battaglieri et al., US Cosmic Visions: New Ideas in Dark Matter 2017: Community Report, in U.S. Cosmic Visions: New Ideas in Dark Matter, 7, 
2017. 1707.04591. 

e.g. LDMX coll. 1808.05219
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    and      from  DM annihilations in halop̄ e+

Indirect Detection: charged CRs

Problem:  
sub-GeV charged CRs do not penetrate the heliosphere, 
experiments cannot collect… with one exception!

Voyager1



Data: leptons

e++e-Voyager-1 left the heliosphere in 08.2012

First ever measurement of sub-GeV e++e-

low energy

Cummings+ (Voyager-1 coll.), The Astrophysical Journal, 831:18, 2016  

courtesy of M. Boudaud, based on 
Cummings+ (Voyager-1 coll.),  

The Astrophysical Journal, 831:18, 2016 



Boudaud, Lavalle, Salati 1612.07698

Electron+positron measurements by Voyager I

Propagation A = strong reacceleration
Propagation B = weak/no reacceleration

Indirect Detection: charged CRs
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Electron+positron measurements by Voyager I
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(2009      )

Indirect detection: photons

Past/current experiments:
Integral, Comptel, Fermi
(2002      ) (1991-2000)

Planned/proposed experiments:
e-Astrogam?, Compair?,

 Amego?, COSI?

Cirelli, Strumia, Zupan 2406.01705

adapted from 1611.02232

-INTEGRAL
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Indirect detection: photons

Past/current experiments:
Integral, Comptel, Fermi
(2002      ) (1991-2000)

adapted from 1611.02232

-INTEGRAL

MeV 
gap Planned/proposed experiments:

e-Astrogam?, Compair?,
 Amego?, COSI?

Cirelli, Strumia, Zupan 2406.01705
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Essig, Kuflik, McDermott, Volansky et al., 
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NB: ‘prompt’ emission only

Laha, Muñoz, Slatyer, 2004.00627v1



Some recent studies
Essig, Kuflik, McDermott, Volansky et al., 
1309.4091

NB: ‘prompt’ emission only

Laha, Muñoz, Slatyer, 2004.00627v1



Indirect detection: photons

-INTEGRAL

adapted from 1611.02232

MeV 
gap

How to do better?
ICS & X-rays!

Cirelli, Fornengo, Kavanagh, Pinetti 2007.11493



Sub-GeV DM & X-rays
Annihilation channels, focus on the MW (assume standard NFW profile)

DM DM → e+e−

DM DM → μ+μ−

DM DM → π+π−
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‘Prompt’ emission:
   Final State Radiation (FSR)
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Results

Updated with a refined propagation (incl reacceleration)
De La Torre Luque, Balaji, Koechler 2311.04979
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Results: uncertainties

Cirelli, Fornengo, Koechler, Pinetti, Roach 2303.08854
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Candidates

WIMPs

new physics at 
the TeV scale

thermal
freeze-out

LHC Direct 
Detection

1. even without a larger framework, WIMPs are still appealing
2. the three search strategies are complementary

Indirect
Detection



Data: leptons

e++e-Voyager-1 left the heliosphere in 08.2012

First ever measurement of sub-GeV e++e-

low energy

Cummings+ (Voyager-1 coll.), The Astrophysical Journal, 831:18, 2016  

courtesy of M. Boudaud, based on 
Cummings+ (Voyager-1 coll.),  

The Astrophysical Journal, 831:18, 2016 
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the di�erent observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in di⇥erent angular windows and for di⇥erent halo profiles. For each case we plot the
total gamma-ray flux and its di⇥erent components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
di⇥erent from what is observed. In a �2 d�/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to⇥TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3⇤�3⇤’ and ‘5⇤�30⇤’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ� with a cross section
of 3 10�23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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More analysis!
NuSTAR 2015-2020 data

Krivonos et al.2011.11469 
Mori et al., 1510.04631 

Hong et al., 1605.03882 
Perez et al., 1609.00667 
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More analysis!
Suzaku 2009 data

Yoshino et al., 0903.2981
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More analysis!
XMM-Newton 1999-2018 data

Dessert et al., 1812.06976 
Foster et al., 2102.02207 

https://github.com/bsafdi/XMM_BSO_DATA 
Kudos to Safdi, Rodd etc!
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More analysis!

Results decay Results annihilation
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Results: uncertainties
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