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Introduction

Thermal dark matter
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m [hermalized with SM particles in early universe.

m To get Q7> = 0.12, roughly 0 ~ 1pb ~ 107°cm?/s ~ 1073%cm?
(only log dependent on DM mass)

m Mass range: 10 MeV — 100 TeV
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Introduction

Status of direct detection experiments
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WIMP Mass [GeV/c?]
m LZ gives the strongest bound 2.2x107™*® cm? at 43 GeV.

m Low sensitivity at low DM mass due to experimental threshold
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Non-minimal dark sector
Zs symmetric DM = cubic coupling £ D y*

m Semi-annihilations

xXx — X¢ (v, = 0(0.1 = 1))
m SIMP. Co-SIMP
XXX — XX XXP — XD

X; :x X; :X
X
X P P

X
X2

X

m Multi-component DM
X2X2 = X1X1 X2
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DM acceleration

Other acceleration mechanisms and models
m Scattering with high energy cosmic-rays
m Scattering with Blazar
m Solar reflection

m Vacuum decay
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Non-minimal dark sector

Boosted DM from semi-annihilations

m We focus on xx — Xv = Dirac DM
(if xx — X¢ — Xff = strongly constrained by indirect detection)

3

m DM energy in the final state: £, = —m, (monochromatic)
E 5
= Moderate boost factor v, = —= = - = 1.25 (v, = 0.6)
m, 4
. /yX < fYChereﬂkOV ~ 1.5 o bé*(,,? . CRESST (Surf)
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Recoil energy spectra
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Attenuation due to overburden
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Bounds and future sensitivity for S| cross section

(25 (6751v) = 10720 cm3s™! m Large o), region is not excluded
due to strong attenuation.
—27 [ L
10 m [ he excluded region is sharply
10-2912 cut at a small DM mass due
to experimental threshold.
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= m XENONnNT excluded
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Neutrino mass models

Neutrino mass models
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Neutrino mass models

Neutrino masses and mixings
Neutrino masses and mixings are confirmed by the neutrino oscillations.
m Am3, = 7.49%x107 [eVz], Am%l — 2.513x107 [eVz] (Normal hierarchy)

m Large mixing angles of the PMNS matrix
sin” f1o= 0.308, sin” fy3 = 0.470, sin” 63 = 0.02215.

Remaining problems

m Mass ordering (NH or IH?)

m Neutrinos are Dirac or Majorana? A -
m How much is CP phase? N
dcp = 2121728 [°] for NH,
5CP — 274t%% O] fOI’ IH m2 e —
= CP conservation? or mi — LV ——
maximal violation?
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Neutrino mass generation mechanims

m Type-l, ll, lll seesaw, Inverse seesaw, Linear seesaw, radiative seesaw

etc.
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Radiative seesaw
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Neutrino mass models

Neutrino Mass Generation (tree level)
m Seesaw mechanism (Type I, Type I, Type Ill...)

In Type | seesaw, heavy right-handed neutrinos Ny are introduced.

— 1
L=—HUy,Ng— SNEMNg + e,

1

Mass matrix

Mp (if mD<<M)

Typical scale
- If Yukawa coupling is O(1), mp ~ 100 GeV and M ~ 10 GeV.
= Collider search cannot reach.
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Type-l seesaw mechanism
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Type-l seesaw mechanism
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Scotogenic Model (Ma-Tao Model)

(skotos = darkness in Greek)

New particles m Neutrino mass generation at one-loop level
N; | n Benchmark model for radiative v masses
SU(2).| 1 2 m Inert n: (n) =0
U(l)y 0 |1/2 | ,
7, |—1 —1 m DM candidates: Ny and 7
_ m No mixing between H and 7
Lagrangian

11— —
=Dl + 5N; (i@ —MZ»> Ni—ymnN@-Lwh.c.—vw,n)
V(6.0) = miy [HP -+ [nf? + 2 S 1| + 2 >l

M [HP Inf + A (H*n) (o' 1) +% (H')"+ (' H)”
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Neutrino mass models

Neutrino masses
After electroweak symmetry breaking, 1" splits into np and ny.

+1 .
0 _ IR (mass eigenstates), m% —m7 = 2\;(H)”
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— (y Ay)aﬁ
m Neutrino mass scale m, ~ 0.1 eV
(H) (H)
~ X m Diagonalization
\\ // T :
' s UpninsmwUpnins = diag (my, moa, ms)
// \\ = Casa-lbarra parametrization
:/ \l —1 /o2 T
Ve N; Vs y=VA R T Upains
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Neutrino mass models

Radiative models
m Zee-Babu model (1986)

SU2), Uy
h* 1 1
kTt 1 2

- Neutrino mass (2-loop level)

m Ma-Tao model (2006)

(Scotogenic model)
SUQ2) ULy | Z;
N; 1 0 |—1
nl 2 12 -1
- Neutrino mass (1-loop level)
. DM candidates (N} or n")
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Neutrino mass models

Radiative models

m Krauss-Nasri-Trodden model (2002)
SU2), Uy | Zs .
Sy 1 RS LT
Sl -1 75 WS
Np1 0 | —1 — T
- Neutrino mass (3-loop level) V= A (STSQ_)Q

- DM candidate (/NR)

m Gustafsson-No-Rivera model (2012)
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2
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ot
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+1 Cocktail diagram

- Neutrino masses (3-loop level)

- DM candidate (inert doublet)
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Neutrino mass models

Zi3 symmetric neutrino mass model = semi-ann.

Lp | e (Yp ¥ H | n | X
U2, 2 1 1 1] 2 2 1
ULy -1/2 1 0 0  1/2 1/2 0
2.3 0 0 1 -1 O 1 1
Spin | 1/2  1/2 |1/2/1/2. 0 | 0 | O
Lagrangian
L=, (i) — My) i + [Duml” + 19,x1” = V(H, n, X)
L R
- v Yi; 7 Yij 7
— | yaH'"ea Lo + vl P Lo + ?]X% Pry; + ﬁx% Prp; + h.c.)

= V(H,n,X) 2 fi (H'n) X" + 5ix
= n’-x mixing  masses
SIN Qv
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Neutrino masses

[y SID2 204 oS

. (s~ DN

. L (H) (H)

m Diagonalization: oy Y 4
UTmVU = diag(ml,mg,mg) 0\\/,/"‘5“\\\,/ 0
with PMNS matrix U d y Y X “77

Yoo ), by VB
m Correlation with DM coupling (assuming diagonal ")

. 0.01 \° [1GeVY /0.1 [ (m)ee
yin = 0.2 - —2
Yer 5in 20 ) \ioop) \1072 eV

DM: the lightest fermion 1y = v
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Dark matter

DM: the lightest fermion ¥ = 1/,
m Semi-annihilation: ¥ — Y,

(02 (8 (2 v (8 v
T A \\
| X L X
X 0 X 0 —oX-
(8 Yoo Yoo ) Ya
m Good: semi-annihilations are naturally involved.
m But DM is leptophilic () m2m
Oype is too small to be detected. Yv)er Myt

. : Oype = 16 4 2
—> an extension of the model is needed. Wmn(mw + m,)

< 0(10™) [em”]
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Model building

/i3 symmetric
neutrino mass model
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Model building

Lp | e Y Y H | X | n | X

SU(2); 2 | 1 2 |1 21
Ulyy |-1/2 1 L 0] 0 [ 1/2 0 1/2] 0
Global U(1), 1 = -1 |-1/3/-5/3] 0 = 2 [2/32/3
Remnant Zs | O 0 1 | -1 0 0 1 1
Spin 1/2]1/21/2/1/2] 0 | 0 | 0 | O

Lagrangian
L =idv; + 0,5 + | Dunl* + @X\Q V(H,%,n,X)

yozHTEOzLoz + ?J@Vaﬁ%PL[za + yl] chp % + Y Z¢ Psz + h.c. >
Ay A (T
@ VUH,Z0.0) > Ansl HPJSP + iy (Hln) x4 20000 = 20y

m Global U(1); = Zs;
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Mass spectra

0 Ve + 0 +1J 77+)
mH=|, , L= , = , =
<%> i (770 A

1 P)*
pNGB: m; = O(100) GeV Wqﬁlx? +he = <M—>222 +h.c.

P P
m Mass eigenstates

. Y (08
o cost) —sind S
(th) B (sin@ cos 0 ) (h) \:/3;/

X
(- ()
0] — : 5
N SIN v COS (¥ 2 N N
O Mlxmg angles m Fermion masses
sin @ o< gy M-:y-zv
SIN Qv OC [y Z

Takashi Toma (Kanazawa U.) BDM from semi-annihilations in a v mass model 6th May 2026

27 /33



Neutrino masses

~

A Ug sin® 2av cos?

W (T )ap ~ 100 ]oo
(110))ap & NGITET ;yyy]wp
(origi I)@)\XU(tdd) ol
(4, (origina extende X
' V2 a ! a
. . . |
o Dl;lgonallzatlf)n: \\VXA—-!-\\X\//
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Dark matter

DM: the lightest fermion ¥ = 1/,
m Semi-annihilation: ¥ — Y,

wvw W ¥ W ¥
5 st
o o Fr
¢/\V w \\V w " y

m Standard annihilation: 9 — ss (p-wave)

(s s (0 s
- / /
- / /
\\ // ,I
(s 8 AN TR
~ ’ \\ \\
v sy - |
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Constraints

m Neutrino masses and mixings = m, o< y” (mixing)

m Lepton flavor violation ¢, — ¢3y = Roughly diagonal 3"
1% V\x |2
1 )ay)1s

m Electroweak precision test (Ap and Z invisible decay Z — ©*p)
= m, K< mg ~ m, ~ TeV and sina < 0.39

m Higgs mixing angle sinf: K™ — nvw
= 107 <sinf < 107

m BBN: 7, < 1s = m, > 1 MeV W X oK
m Potential stabilit X

)
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Model building

Relic abundance

100 — N — 10— -
- (gw)ersin2a =2 107 standard ann. | - (Y)er sin 200 =2 x 107 standard ann.
L semi-ann. <= | = dominant L semi-ann. <= | = dominant
10 dominant e 10 dominant
1072 ¢ -
= :
@ L
1073 | .
1074 ¢ 3 E
10—57 T A0 I 10~5 ‘
1073 1072 1071 10V 10 1073 1072
My, [GGV]

m m, = O(1) MeV, sinf = 10™
my/my = 1.9, 1.98 (resonance), 2.5, 3.0

m Y — @V& > Qb@ — ss for my S 0.1 GeV
VY — Yv, L Y — ss for my, 2 0.1 GeV
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Boosted DM search from semi-ann. (v

1026 1026
10-28 — 10-28 |
10730 — 10-30 |
& —32 L 32 |
E 10 7 10
< 1073 ¢ 1073 ¢
10736 — 10736 |-
10738 — 10-38 |
1040 W?/W ‘:“‘1"‘9 A 10—40
1073 1072 1071 10 10 1073

m Scattering with nucleons Y N — ¢y N
m lestable by DARWIN and DUNE

m Br(p — ey) ~ 107 (close to exp.)

off diag

= 0.1

assuming

diag

| M/ my = 3.0

1072

s
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Summary

Conventional thermal DM scenarios are strongly constrained.
Semi-annihilations accelerate DM coming from Galactic Center.

We found experimental sensitivity for BDM in sub-GeV mass range

through XENON and DUNE.

A concrete model was built with loop induced neutrino masses.

A light mediator ~ O(MeV) is needed to enhance .

Future work
m Matter antimatter asymmetry?

m A specific realization of pandemic DM?
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