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DM problem & What we Know about the DM

O The dark matter (OM) problem:
We Kknow thaf dark matter exists in our universe,
We know how the DM is distribufed in our universe,
We know little about the microscopic nature of the OM

O What we know about the DM:
The DM must be (almost) electrically neutral
The DM must be (enough) stfable (Ifs lifetfime >> Age of U)

The DM must be (enough) cold (non-relativistic) af present
The DM must be (enough) weak -inferacting
The average mass density of the DM is 10%GeV, cnP

The mass of the DM must be between 10722eV and 1059
I I >DM Mass

10-22eV 1035 g

myy > 10722eV: 1,(De Broglie W. L) = 2r/(mv) < Galaxy size
myy < 10°3% g : DM must be liohter enough than a host galaxy,
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Lightest WIMP among DM.candidates

| Wave-like | Particle-like Macroscopic |

| | | —>DM Mass
1022eV leV 10° GeV 1035 g
Axion-ALP WIMP pBH
O Three DM mass regions:
myy < 1077 eV: The occupation number of DM in a galaxy > 0(])
myy > 107°GeV: DM cannot be a particle, Ap=2rx/m > re=2m,/m,f.
107 eV < my, < 107°GeV: DM can be a particle in this region,
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Lightest WIMP among DM.candidates

| Wave-like | Particle-like Macroscopic |
| | | —>DM Mass

1022eV leV 10° GeV 1035 g

The WIMP was in thermal equilibrium with SM particles in the early U
> Free from the initial condition problem of the DM abundance,

The abundance is detfermined by the well-established freeze-ouf
It can be defected via the inferaction used for the equilibrium
WIMP is predicted by various BMSs (SUSY, GUT, Hidden secfor, efc)

We focus on light WIMP/

| (Light WIMP) | EWWIMP | Heavy WIMP |
| | T4

| IIII
G 4,nY ~ Ipb.c!

i1increasing

1 MeV 1GeV 1TeV 1 PeV
< ov >
| Unitality limit on (cv) mh_i____

Consistency with cosmology




Experimentsl searches for light Wive. [

v Strategy of the light WIMP search

@ Acce/emfor exps, @ Una’e/'g/'olma’ labs @ Astrophysical obs.
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Experimental searches for.light WIMP
v Strategy of the light WIMP search

@ Acce/emfor exp.s' @ Una’ergmuna’ labs @ Astrophysical obs.
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v’ MeV gamma-ray observatory, COSI will be launched in 2027
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Theoretical & cosmological.perspectives

v’ Theory i Light & Singlef

Dark Matfer Mediafor Standard Model/
A
| Singlet o S e G _®_ No direct coupling i

s Myyyp > O(1) MeV.

An exception (non-singlet one) exists.
v Cosmology .- ___. :

1 Photo-dissociation

v vV v

CMB B]IBN v-decoupling

| | | | > T

2.7K 3000K 0.1MeV 2MeV (1eV=10*K)

:E:_ fTo have a correct relic abundancev.’ . v W/MP /)a_s‘ a ye/ocify—a’epgndgnf
| annihilation cross-section @ NR,

v’ WIMP annihilates info harmless
particles, namely neufrinos.

v' Relic abundance is determined by

10728

1072°

<6 v> (cm’/s)

10730 "L

10™®

10732

1072 .
10°® 10°

10™ 102 102 107" 10°

DM mass (GeV)

[M. Kawasaki, K. Nakayama, et al, 2010, 2015, 2021]
[Tracy R. Slatyer, PRD93, 2016]

another process rather fthan ann
v’ Taking non-standard cosmology,
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Velocity-dependent scenario

Thanks fo ZMediator the velocity dependence @ NR is realized!/

All possible diagrams in the framework of the SM + dark matter
(OM) + mediator (MED) assuming renormalizable interactions.

"M\ mep M oV >.< MED < sMms
DM SM A MEep & SMs
e - < >

<ov> v-averaged ann. X-section
p-wave Resonance  Forbidden 4

DM DM SM DM———MED
I >MED< 1pb+
DM -« DM SM DM—\—MED u

ov oy’ 2mpy, ~ My, Mpy S Mypp

i i —>» <y>
103 1073 1071



Scalar mediator

"Dark photon" mediator

U(1); mediator

Scalar WIMP SS
Fermionic WIMP FS

SV
FV

SV(B)
FV(B)

Bulk ("p-wave") region Resonance region Forbidden region

SS model

FS"

sv’

V"
SV(B) "
Fv(B) "

N/A
FS-B
SV-B
N/A

SS-R

FS-R

SV-R

FV-R

SV(B)-R
FV(B)-R

SS-F
FS-F
SV-F
FV-F

ysis

Likelihood ana

-
Lagrangian based on the minimality and renormalizability:

)
‘

MmeDp

Velocity-dependent scenario
O Comprehensive study of light WIMPs

Muep = 2Mpm
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Mmep = Mpm

Mpm

Masses DM-MED Int. DM-SM Int. MED-SM Int. Self Int.

SS-F My Ve Copp Cocpp Choo sinf Ceop Ay Coce As
SV-F m, Vug & he & "
SV-R m, & g, ho &g Ay
FV-R my, o gy '3
SV(B)-R | m, & g, Ahp £ feg Ay
FV(B)-R | m,, o &y £ b4

SS-R FS-R SV-R FV-R SV(B)-R FV(B)-R, SS-F FSF SV.F FVF
Relic abundance cond. o o o o o ) I o o o o
CMB & BBN on mpy, o o o o o o | o o o
CMB on (O'v) o o o o o o I o o o o
BBN on (ov) o o o o o o :
Accelerator detection o ) o o o o | o o o
Indirect detection o ) o o ) o : o o o
Unitarity limit o o o o o o | o o o
Vacuum stability ) o I o o

No entries for
the bulk regions
are provided in
these tables.



v’ 7 Viable paramefer space?

Bulk Resonance (6 > 0) Resonance (6 <0) Forhjgden

Velocity-dependent scenario
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SS-F: ¢¢ 2 gc & ¢ 2 ee'y

SS | N/A No viable region No viable region ( @’

FS | Weak No viahle region No viable region Weak
SV | Weak ® ®
FV | N/A o No viable region Weak

No viable region -

No viable region -

SV(B) -
FV(B) -

v’ 7 Signal @ COSI?

The accelerator and direct detection
searches are not good at exploring
resonance and forbidden scenarios.
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Neutrinophilic scenario

7 Medliafor that couples only fo neufrinos af low energy scales/
le, if does not couple fo electrons!

DM D SM DM >.< MED < sMis
DM SM A MED £ SMs
(e - RS2 >

Having such a neutrinophilic mediaftor is nonfrivial since the
neutrino is a part of the leff-handed lepfon doublef in the SM

v' Majoron-type scalar mediator ¢ (having a lepfon number 2)
¢ (LH)(LH) with <¢>=0 type inferaction (or sNN + LHN)

[N. Bell, M. Dolan, A. Ghosh, M. Virgato, 2025. (Inverse seesaw scenario)]
v U(]),,- . 9auge boson Z" (not couples to the I* generation)

Z’ couples fo iy, v, v, v, v,v, (No I** generation)

[P. Foldenauer, PRD 2019, arXiv:1808.03647. (Extended model required for n masses/mixings]
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Neutrinophilic scenario
U(1)g.; ..y 9auge boson 2’ (Higgs doublet is also charged!)

v
/ x ~—1/cos*6,, > Z couples only fo neutrinos af low energies
\ [T. Aonashi, S.M., Yu. Watanabe, Yuki Watanabe, 2025.]

It accommodates both the seesaw & lepfogenesis mechanisms/

In all the models, large parameter regions remain uncharfed,
being consistent with the relic abundance condition and with
the constraints obfained so far from dark matfer defections.

- [t is even possible fo have large self-scattering in the 3" one
- Indirect detection at neutrino felescopes plays a crucial role/
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Solving the small-scale crisis? I sfarts covering the region!
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Summary

We have discussed the light WIMP. namely, the sub-GeV dark mattfer!

v' The sub-GeV DM requires a mediafor that connects the WIMP fo SM
particles. Moreover its mass and inferactfions are constrained by
cosmological observations, leading fo four viable possibilities, such
as velocity -dependent WIMP. neufrinophilic WIMP. efc,

v' Sub-GeV DM may annihilate and produce MeV gamma rays in space,
a signal that has not been exfensively explored due fo
observational challenges. Recent fechnological developments make
it possible fo probe this energy range, and the velocity-dependent
DM will be explored, notably by the upcoming COSI observation,

v Sub-6GeV DM annihilating only info neufrinos, ie, neutrinophilic DM,
evades the CMB bound on the annihilation cross-section Realizing
such a sub-GeV DM requires careful model-building, as the neufrino
is part of an SU(2) doublet with the elecfron Indirect dark matfer
defection at neutrino felescopes play a crucial role fo fest it
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