


Evidences — Dark Matter

* There are undeniable evidences for dark matter in a wide range
of distance scales
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Dark Matter as a particle

« Dark Matter as a particle must be
« Massive
Have existed from early Universe up to now

Located around galaxies, clusters
« Stable or lifetime longer than the age of Universe = new symmetry

Dark : No electromagnetic interaction = EM charge singlet

27% of the present energy density of the Universe = Qh? = 0.12

 Cold : non-relativistic at the time of formation of the first
structures

Dark Matter AR/

» Cold Dark Matter
« Weakly Interacting Massive Particle

PRSI 68.3%

Kangwon National University 3



Thermal freeze-out DM production

T > Mpy
« o : Dark Matter
« o : Standard Model X SM
« Dark matter population in an expanding Universe y sM

« Dark matter particles can no longer annihilate
« The number of dark matter particles “freeze-out”

 Standard calculation for WIMP DM relic density _:5_

« The Boltzmann equation 4, |
d—;‘ +3Hny = —(ov) (ni — nfq) =

* Relic density: 2h? = 0.12 - (ov)~107°GeV 2

0.0 0.5 1.0 1.5 20 25
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WIMP Dark Matter

< Production bt DM annlhl|at|0n (XX — XX) /\2
| X My (0 g
X SM “ A
e - > 1
Annihilation e DM scatterlng (XX — XX) Tt X TH%)M

0)(

y

Nucleus  » Direct detection experiments aim to detect

recoil energy from DM-nucleon, DM-

X
o electron scattering
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WIMP Dark Matter

° General idea- Goodman, Witten, 1985

* The Earth is moving through dark matter medium. Or, from our point of
view, there is a flux of dark matter particles going through the Earth

» Once in a while a dark matter particle will interact with a nucleus or
electron

* The nucleus gains momentum and recoils. The existence of dark
matter can then be inferred if there is a significant excess in the
number of recoils compared to the expected recoils induced by natural
radioactivity in the detector

* Try to observe recoil energy coming from DM scattering

Process
* Nuclear Recoil (NR) Electronic Recoil (ER)
« Er = 1~100keV lonization

+ The Earth is moving through dark matter medium. Or, from our point of
view, there is a flux of dark matter particles going through the Earth

+ Once in a while a dark matter particle will interact with a nucleus or
electron

+ The nucleus gains momentum and recoils. The existence of dark
matter can then be inferred if there is a significant excess in the
number of recoils compared to the expected recoils induced by natural
radioactivity in the detector

« Try to observe recoil energy coming from DM scattering
process

+ Nuclear Recoil (NR) Electronic Recoil (ER)
= Ep = 1~100keV lonization
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WIMP Dark Matter
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* The direct detection experiments give upper bounds on the DM-
nucleon scattering cross section

» LZ experiment gives the most stringent bound
* 6 < 3% 107*8cm? for m, = 100GeV
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WIMP Dark Matter and beyond

« The mass range of allowed DM candidates

Warm DM limit Unitarity limit

10-22eV keV 10MeV 100TeV My, 10M,
Ultralight DM Warm DM CDM Non-thermal DM, Primordial black
Non-thermal boson Sterile neutrino WIMP, FIMP, non-thermal DM Composite DM holes

« The motivation for new physics arising from recently reported
experimental results
*« BY - K*vv excess
KM3-NeT neutrino event
511 keV y-ray excess
Fermi-LAT 20 GeV y-ray excess
Null results from dark matter direct detection

* New signals of dark matter?
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Belle ||
- BT - KTvv excess

arXiv: 2401.10112 with Shu-Yu Ho (Academia Sinica), Pyungwon Ko (KIAS)
arXiv: 2511.20430 with Pyungwon Ko (KIAS)



Measurement of BT - KTvv

« The B* - K*vv process is known with high accuracy in the SM:
« Br(B* - K*tvv) = (5.58+ 0.37) x 107° HPQCD, PRD 2023

N

: ﬁb—>syﬂ — _CVELVMbLD’YﬂV

C — g%lf’ g%vvri-v.rb I}E + 2x, 4 33(.!2 — 0x, 1
v = 3 - J 7 X
M3, 167 | 8(x,—1) 8(x,—1)

where x, = m?/M3,.
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Measurement of BT - KTvv

Belle Il, PRD 2024

SM Average
e t‘__,_ Belle II (362 fb-!, Combined
[ . SM 1 elle . (302 Ib™", Combined)
Belle II preliminary i 24407 This analysis, preliminary
—— Hadronic i Belle 11 (362 fb!, Hadronic)
— [nclusive L1+1.1 This analysis, preliminar

—— Combination

———l

t[w

Belle II (362 fb'!, Inclusive)
284 0.7 This analysis, preliminar
Belle 11 (63 fb!, Inclusive

*
Belle (711 fb!, Semileptonic)
1L.0£0.6 PRDY6, 091101
Belle (711 fbl, Hadronic)
3.0+£1.6 PRDS7, 111103
Babar (418 fb!, Combined)
0.8+ 0.6 PRDST7, 112005

Babar (418 fb™', Semileptonic)
0.2408 PRDST7, 112005

D
129 fb!, Hadronic)
D! 2005

Babar (-
15+ o}

1.3 PR

87, 11

12.5 p [ Ldt=(362+42)fb!
10.0F \\U

\

0

2 4 6 8 0 2
/FB/BSM

* Br(B* - K*vV)gy, = (231 0.7) X 107
 Prob(null signal from B* - K*vv) = 0.012%
« = Significance of observation: 3.5 o

4

6 8 10

10° x Br(B*—K " uvp)

* Prob(B* - KTvv) gy = 0.17% (2.80 tension with the SM prediction)

* Br(B* » K*Epijs)ne = (1.8 £0.7) x 107°

* Indirect NP effects: The presence of heavy NP particles
» Direct NP effects: the presence of new invisible particles
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Solution: 3-body decay

« Singlet scalar DM model (m, < 2.3GeV) Bird et al, PRL 2004

AS 2 b W S

—ro=18 @52 + AS2HYH
A A t t
g4 (m + Avky)S? + AvpyS?h + = S2h2, S
4 2 .;L..
Com  44AM

: . 8uZ,, A2 _1
* Relic density: oumvie = —5—( lim m;Tjy). -
h fr Mg

» A should be large to fit the relic as well as Belle Il
* m, < 1GeV is already excluded by BABAR limits (2004 data).

* For m, < 20GeV, CMB bound (DM annihilation @ T~eV')
excludes the thermal DM freeze-out determined by s-wave

annihilation




Alternative solution: 2-body decay
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- Belle Il provides information on the g%, spectrum
* g2,.: mass squared of the neutrino pair
* A peak localized around gZ,. = 4GeV?
» Two-body decay (B —» KX),my = 2 GeV
 2.80 tension under the assumption of heavy new physics
* No excess was found in the BaBar measurements of B - K*vv

A global analysis of the Bellell and BaBar data leads to Br(B — KX) =
(5.1 + 2.1) x 10° with a reduced significane of = 2.4¢

Kangwon National University



U(1),, -charged DM + Dark Higgs

* UMD gark = UMy,
» Let’'s call Z”U(l)L”—LT gauge boson, dark photon since it couple to DM

« UV complete U(1)LM_LT-charged scalar DM model
» Dark photon Z’ gets massive through U(1),,-,, breaking
* A new singlet scalar (Dark Higgs), which mixes with the SM Higgs

Kangwon National University 14



U(1), _; -charged DM + Dark Higgs

Baek, JK, Ko, 2204.04889
« UV-complete U(l)L”_LT-charged scalar DM model

’UQ
Loy = |DX[P—mi | X[ —dex| X|” (|‘I’\2 - 74))

« DM annihilation channels

&s Z\X --n--MNVvZ’ X --1-- Z' X \
\ H1’2
X*e VAR G wmz’ X*--q-- A X*'

X s H [X =mpmmgpmmmes Hy X ==p=ea,  oHL XS
\ Hi» e & \
g Xy s ’x
\X" NHyX'emmbmnmenHy Xommmemd” H x0T H

X ----wvwvz’ X mmp—a A
o
XY X‘L‘){r’
X*--*-* ----- Hl --*- L)



sin@

Bellell excess: 2- or 3-body decay

10_2 :

100

107! 3

.mZI —

10|\/|€V, gX — 10_4 (

my = gx|Qave

 Hubble tension can be relaxed
* Aa, = 1071% (BMW & CMD-3 collaboration)
. BeIIe Il (2-body decay): my <

- Belle Il (3-body decay): ~90MeV < my< 450MeV (my, > mg

m,, = 10MeV, g, = 1x107%, Q,= 0.4

Higgs invisible decay (LHC)
B(H;— Inv.) > 0.13

—

Belle I1-+BaBar(17) H

Belle IT4+BaBar (20) |

B+—> K+H14—|
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e —
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r (Belle IT)
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:?'N
KOTO K — 7w N
’ Z
&P '
1
i
1
Oy > Oppn ==== ! E
I
I .Y '
............ B*— K'H, —!—>B+—>K+XX*
[ T Y | 1 L
1072 107! 10° 10' 102
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CMB constraints

 For my < 20GeV, CMB bound (DM annihilation @ T~eV )
excludes the thermal DM freeze-out determined by s-wave
annihilation

« DM annihilation should be mainly in p-wave

p-wave
ov = a + bv? + 0(v?)
1

« Dominant DM annihilation channel srwave

« XX > 7'Z' H,H,: s-wave annihilation _
« XXT - Z'H,: p-wave annihilation 1072
« 7' decay
« Apair of v
« H; decay
* A pair of DM (open when my > 2my) o Lt
« Apairof Z' (Z' - w) My [GeV]
« SM patrticles (suppressed due to small Yukawa coupling & sin 6)

1072 g

{ov)[cm3/s]

CMB |
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Local Z; scalar DM model

* Local Z; scalar DM model

* QX = 1 QCD =3
Loy = DPXTD, X —mik XTX — dexXTX (

2
(I)T(D_U_@
2

4 e ()(3<I>T 4 H.c.)

« Boltzmann equation
dYx s(x) (0V) x T SM /2 eq\2 1 5(x) (0V) x x5 %y (2 e
2 = Y2 — (Y - —XY (Y2 Yy Y
iz Ha)  Ox - OX)F gy ( Yy
« Semi-annihilation DM channels
N ’ v = X""'T + X X~ -,
X Vi 4 X X-—-»——:——-(-——_x N X ” o X
:>— B A Y /‘k :x:
/4 \\\ : r _L/ \\\ /1 \\\
X ¢ N Hy/H, x-->-L---- g/m Xo—= P = Hy/Hs X7 N Hi/H,
(a) (b) () (d)
X~ A X-—->-T-=<--X X == - X



Bellell excess: 2-body decay

* When my, < mp —mg, H; is on-shell b W S
|Kep|2sin?0 (mZB+— mi(+>2 2 \12 t t
I'p+, =2 i
Bt+—>K+TH, 647|'m3B+ mb — ms I:fo(mHl)} sin @ < 1 ~
. \/K(m%+, m,, mirl) form factor ~~H,

|kep| >~ 6.7 x 107%  K(a,b,c) = a® + b* + c* — 2(ab + bc + ca)

*Br(H{ - 7Z'Z")= 1, Br(Z' - vv) = 1
* Local Z; scalar DM model

1 mz=10MeV, gx=10"" mz=10MeV, gx=10""

1 e
0.100 ¢ 0.100 1
f Higgs invisible decay @ LHC ,—
. . HL-LHC .-
£ 0.010 =
92 ledecay @ LHC /— = RE
= HL-LHC -~
0.001 | Bellell+BaBar (29) o
' FCCee -
O e T R R G T X R SO S AL R O R O O IO IR
ILC
-4 | A A . ‘ n
1%%.01 0.10 1 10 100 : 100
My, [(_]CV]

) 19
mp, |GeV]



Local Z; scalar DM model

e Semi-annihilation:
» Cross section is independent of the choice of v

2 3

av v = \gv v = —
( )XX—rXZ’ ( )XX—}XHl 64,}1_7”)2)(

« CMB bound: Dark Higgs, Z' predominantly decays into

neutrinos
mz=10MeV, my, =2GeV
10 — —
E XX->XZ' : XX->XH,;
1 - | XX=2XZ'
10~1
1072 L
10_3§
1074 L
- 1
10—5 L1 1L L L LI | IR L L LLLil L1 L R L L LIl
102 10! 1 10 102 103 104 105

my[GeV]



KM3-230213A
-220PeV neutrino event

2504.16040 with Sarif Khan, Pyungwon Ko
2509.17129 with Sarif Khan, Hyun Min Lee



KM3Net event: KM3-230213A

« Former Energy Champion
* Glashow Resonance @ IlceCube
* 0(100) upgoing tracks and HESE events

] S. Glashow, Phys. Rev. 118, 316
* Glashow resonance: cross section enhancement from on-shell

W production
1 . mﬁ,
with E,..; = —~ = 6.3 PeV

* 0 X

X

Arrival directions of most energetic neutrino events

Galactic

Kangwon National University




KM3Net event: KM3-230213A

71 R(68%) i R(90%) 1 R(99%) north NGP
celestial pole 90°
< VLBI (O Gammaray 4 5BZCAT [J X-ray + radio + infrared
- galactic
center
Milkyway
-5 Galaxy
........... 0°/ 0°
-6
e #10) _
= Ql#2) ™, : Sense of rotation of galaxy galactic equator
% O#“ *KM3-23021:3A L
S8 Pt I E3E0 (1 CAES -90°
5 . | ( / 7
£ S Y SGP
& south Figure 5: NGP: North Galactic Pole, SGP: South Galactic Pole
-9 celestial pole I: galactic longitude
KM3NeT Collaboration, Nature 638 (2025) 8050, 376-382 h:galacticiatitude
— 0
-10 £ —— Nominal direction
._5 +1.5° in altitude
1>) -1000
11 ©
&
g —2000
98 97 96 95 94 93 92 91 E
RA J2000 (°) < —3000
°
[
o

—4000
40 60 80 100 120 140 160

« KM3NeT i B Distance to ARCA [km]
» Consists of two detectors at different locations: ARCA & ORCA
« ARCA detected a neutrino event on 13 Feb 2023
* RA:94.3° + 1.5°, Dec: —7.8" + 1.5°, E, = 220*37%PeV
- Galactic coordinate (I,b) = (216.06,—-11.13")
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KM3Net event: KM3-230213A

* |If we try to understand this as a (diffuse, isotropic) cosmogenic
neutrino flux, there is a huge tension with IceCube, ranging
from 2.50 to 3.80.

« Considering the central (90%) 72PeV-2.6EeV energy range, the
steady isotropic flux that would produce one event is

E’®(E) = 5.871%1 x 1078GeV em 25~ 1gr—1

1078

----- Upper limits
mflem KM3-230213A
7 B
" + oo @0\?«" IceCube fits
= . @.e| »*
e % ATA 0 s 0,'. \c‘eo ““ + NST (2022)
TLn . . . ' ."\"\‘_; lllllllll *“. ..'...'...-..‘\ + HESE {2021}
* CH e L A
T T T | ------------------- Wimpnantte —}— Glashow (2021)
E . SPL 68% NST (2022)
S 1T SPL 68% HESE (2021)
T 1074 ——
T?’ Models
Cosmogenic band
1o Sources band
10—11 T T T T T T — T - ——rr . - ___ : SR : S
10 10° 10° 107 108 10° 10'° 10"

Neutrino energy (GeV)

NAlywolil INdLOIIdl UTHVETSILY 24



KM3Net event: KM3-230213A

« What is the origin of the source?
* Heavy DM with very long lifetime(tppy > Typiv)

* The neutrino flux from DM decay is composed of galactic &
extragalactic contributions.

« Galactic component & Extra-galactic component
25G
d=® _ 1 D dNy(y) Ao _ [, AN/AB, [(142)E)]
dEy(fy)dQ oM 47 Mpum dE,/(,Y) dE, = Jo VO + Q1 +2)3

1 Smax —12 ]_ PeV 1027 S 2 —1
D= —— dQ d R2 — 9sR.. 2 Doy =14 x10 ( cm” s sr
AQ /AQ /0 Sp(\/ sc S COS%/) + 5 ) g MpM DM ( )

» Suggest the similar magnitude of the Galactic and extragalactic signals
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Heavy DM decay

D. Borah et al, 2503.00097

 After ® acquires a non-zero VEV, the RHNs and Z’ acquire
masses
Mz = 2gprvpL, M; = V2Yn,vBL

« Lagrangian
3 3 L .
Lefermion = 1 ZNR,{DNRR - Z ng l%HNg%
k=1 =1

J_ .
, Gt ) Ng,, =" (8, —igsL Z,,) N,
_ Z YNijCI) NijC:;NRj + h.C.?

1,j=1

« DM decay widths & lifetime

Y‘al 2M
D(Ny = va h(Z)) = YD M1 -
32m 128 o (240 PeV yal
L(Ny — I, W) Y5 [PM, e i M, Z 4.7 x 1031
1 o — . o

167
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Heavy DM decay

D. Borah et al, 2503.00097
« DM can not be of thermal origin: Violation of the Unitarity bound
« Can not be produced non-thermally via Yukawa portal

* Freeze-in mechanism
« Singlet scalar is in thermal equilibrium
e ¢p—>27'Z',N;N; & Z' - N;N;

« Two-body decay modes: N; —» v,h(Z,y) & N; » IZW+

10_1{’:”_!_" T — 10—9§
FH LHAASO-KM2A Inner Galactic E
— -11 |-I-||+| _ 10-105- IceCube HESE
= 10 H EAS-MSU 2017 {1 = : .
’ + o [ e
o 10-12¢ : o ; '—HH_|
5 3 5 107
> = > :
E 1013 7 g -
| W v '9‘| - E |1
== 20 T = | T E
—_— To=10"5 o [ C
W 104 _ rz:zmms 24 W 10_14//
10—15 I I ! I 10—15- _.-'u/ ! I I
10 100 1000 104 10° 108 10 100 1000 10* 10° 108
E [TeV] E [TeV]
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Dark U(1)p, DM model

* UV complete U(1)p-charged DM model

« UV complete U(1)p-charged DM model
« Dark photon Z, gets massive through U(1), breaking
* A new singlet scalar (Dark Higgs), which mixes with the SM Higgs

Kangwon National University 28



FDM with effective operator

» Lagrangian
1 -, 1 —rc T T7 1 v 1. KV
L = Lsm+ 5N@$N — §mNN N+ yLHN+hec. | — ZXWX"L —3 sineX,, Iy,

+D,® DFP — V(®, H) + X (i) — my) x|— (kX®N + h.c.),

* After SSB, various higher-dimensional effective Ops

%’UCPIUH)_(V’ %U_(p)zhy’ ——)_(Qbf/, y__iéhy
2 my 2 muy 2 mpy 2 my

« Mixing between DM and active neutrino 4 . Y% _YeUH
2 mym,

 Decay modes
x —= Z'v, Zv, WFE ~ ’U%{ : ’U?b : 2’035-

Xﬁhv,qbywvézv?q
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FDM with effective operator

[ ]
M,=440PeV, 1,=5x10%s M, =440PeV, 1,=5x10s
10_6 T T T T E 10_9 T T T UL T T T T T T
+++ Galactic - - - ExtraGalactic =——Sum ] i

P
w 10 ++
. | . LHAASO-KM2A
o 08| + EAS-MSU
5 "t yooo
; TR
8 f
S 107
w
T
Z
o -10
4y 10

10_11 IV A Lol Lol L L1l | IR

104 108 108 1010 10 100 1000 104 10°
Ey[GeV] Ey[TeV]

Kangwon National University



FDM with effective operator

* DM production

* Thermal freeze-out mechanism fails to generate the correct relic
density

* We consider UV freeze-in mechanism
- DM production is dominated at very high temperature

1/2
: 1 [2k2\° |s—4M?
e Cross section ogg—yx = i (M ) [ X] (s — 40M3)
N

* Boltzmann Eq

dYy  2Ms.s(T) ) ,
iz ZH(I)T [<UU>¢’¢*’?XY¢ ~ (o) ety

Y, ~

* N
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FDM with effective operator

 Gravitational Waves production from cosmic string

~ 3
G _ 12k FT®OGE o Copr(t) [a(wr At )| g )
W pe fala+TGp) Jy = (@)1 Lalto)] | alf) o

101 [Epa

10~

2
ngh
Q
]
—-
<

Gp = 10"

C 1 1 1 1
1079 10°° 1073 1 1000

f [Hz]

* Interesting GW from string networks with 1071° < Gu <
10711 (101%GeV < vy < 10'* GeV)
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Galactic center
-511keV y excess

2409.07851 with Sarif Khan, Jinsu Kim, Pyungwon Ko



511keV Gamma-ray excess

 The first discovery in 1973

« y-rays from the galactic center (GC) region was detected with a line
center at 476 + 24 keV.

nts /5 Min

* INTEGRAL/SPI
« 20 keV — 8 MeV, 500 cm?,
« FOV 16deg, angular resolution 2.5deg,
« Energy resolution: 2.5keV @1.3MeV
 Data taking: Dec 2002 ~

Residual Cou

Sun:s bulge
disk  location ' * halo

1,000 light-years

28,00,light-years >globulér
’ ’ . clusters p
i W )

100,000 light-years —
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511keV Gamma-ray excess

C. Kierans et al, 1912.00110

« Sharp line can obviously be interpreted as originating from the
annihilation of non-relativistic e*e™ pairs.

+ @, 51, = (1.02 + 0.10) x 1073 ph cm ™45~ 1. |
* The detection significance is 7.20

[t COSIFlight Data

. Positronium 450'4'3304904';3'04&@'&-;0051022”1533?&35;0
 Positronium can be in two states Para-positronium (25%) and Ortho-
positronium (75%) depending on the orientation of the spins of electron

and positron

« Para-positronium represents total spin zero which can decay to two
photons of 511 keV photon energy.

» Ortho-positronium represents total spin equal to one and having three
states which decays to three photon of lower energy than electron
mass.

* The electron and positron eventually annihilate, releasing energy in the
form gamma-rays.
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511keV Gamma-ray excess

E d®/dE [10”" em?s™]

Beacom et al, PRL 06

« 511 keV line can be produced from the electron and positron
through Inflight annihilation (1A) and Internal Bremstrahlung

(IB).

* |A can be the potential source 511 keV line if the energy of positron is
smaller than 3 MeV and IB is disfavored because broadening shape in

spectra.

« We consider ete™ production below 3 MeV when we explain the 511

keV

2 |

IA (thick lines) |

0.2 : ——ry —

IA (cusped lines) :

TA + 1B (thin lines) - r / > 1B (smooth lines)

Field

Value

Total intensity

Bulge intensity

Disk intensity
Bulge/disk ratio
Bulge extent (6,,0})

Disk extent (o4, 6)

274+025%x 1073 em™ ' s7!
096 +0.07 x 107> cm™' 57!
1.66 +£0.35 x 10° em™!s7!
0.58 £0.13
(8.7, 8.7) [degrees]

(6075°,10.5777) [degrees]

Ps fraction fp, (bulge) 1.080 £ 0.029
Injection energy of e* <3 MeV
36
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511keV Gamma-ray excess

« Various possible Sources of positron

 Astrophysical sources

« Massive stars, Hypernovae, Cosmic-ray interactions (N + p — 1T+ —
e+), X-ray binaries (HMXB, LMXB), Classical novae, Thermonuclear
Type la supernovae (SN la). .

@ —

[roron]
 Particle physics g2
« DM annihilation or decay

» The shape and flux of the emission impose severe constrains
on the principal galactic e+ sources.
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511keV Gamma-ray excess

: T C. Boehm et al, 0408213
* nght WIMP DM annthilation Y. Ema et al, 2007.09105

« DM annihilation into an e*e™ pair

A positron injection energy smaller than 3MeV

« s-wave cannot explain due to small cross section

° p-wave or xy — @@, — e*e” (m, <m, < 6MeV)

Mpm )2 cm’

(ov)s] ~ 5 X 10—31(3 oy

’
S

« XDM decay: XoXo — X1X1, X1 — X08+e_ C. Cappiello et al, 2307.15114
 Relative velocity btw DMs

must be above v, = \/46m/m,
* 100GeV < m, < 3TeV

e 107%m3s~1 < (ov) £ 107 16cm3s~1
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511keV Gamma-ray excess

W. Lin et al, 2205.08171

« Galactic 511keV emission has a rather diffuse morphology but
IS more concentrated towards the GC - focus on the bulge flux

« Explain the observed Galactic 511keV gamma-ray
: : frexp(ty/7) < 1.
« DM can only constitute a small fraction of DM i CXP\ly
Am << m, Am=1MeV am =5 MeV
b — Am=136eV 101 104
3 Am =1 keV

~ E; - fAm =100 keV ~ Tao the righ _ To the righ

1072 4 S% 102 o?tﬁ'n:\:tlagrtitcal line: 1072 1 o?tﬁl:\:z?-tif:al line:
n— V- = 10' Gev Vg1 = 10% GeV
L I - {rmy = 2 MeV) (m; =6 MeV)
1074 T ) & 107 107 1
= “tee. :E:) e s
0-6] \\ X 1075 {7 . 1076 {7
T~ \\\ o T
1072 4 \\\ i 1078 4 “‘\\ 1072 4 -
-~
S S

10-1¢ - 10-10 — 10-1¢ - —

IO—HU 10—1‘.’ 10—1” 10—{'} 10—]3 10—[8 10—20 10—1‘? 10—1“

Ja-t Oe-1 Ja -1

FIG. 2. Parameter space in cases with different m; (and Am = m; — 2m,). Left: Am << m,. The light blue region is the cosmologically
viable parameter space. The vertical line indicates the value of g ; = m;/(2V_, ) for some specific values of V_, . The dashed lines
are parameters that can account for the bulge positron annihilation flux, while the thicker portions also satisfy the cosmological
constraints and the motivation from the seesaw mechanism. Middle: m; =2 MeV. Right: m; = 6 MeV. There is no viable parameter
space when m; Z 6 MeV.
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Dark U(1)p, DM model

 Let’s call Z,,U(1)p gauge boson, dark photon DM (VDM)
« Thanks to tiny kinetic mixing

« UV complete U(1)p-charged DM model
 Dark photon Z,, gets massive through U(1)p breaking
* A new singlet scalar (Dark Higgs), which mixes with the SM Higgs
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Dark U(1)p, DM model

H

Babu et al, PRD 98

 Lagrangian 1 4 , sine , |
AN 1y = Lo — 7 XX — T R, B™ + Dyl + |DH ~ V(9. H)

 Scalar potential
V(¢p, H) = —uplépl + Aplépl* — uh|HI? + Au|H|* + Auplop*|H|* .
 Relation between mass and flavor gauge basis (g, {)
Bﬂ = cosf,A, — (tanesin( + sin 6, cos () Z, — (tanecos ( —sinf,, sin¢) Zp, ,
A sin ¢

X#: 'Z#—|— 'ZDH,

COS € COS €

W; = sinf, A, + cosby, cos(Z, — cos by, sin (Zp,, .

- Scalars after SSB, Z, gets massive: mz, = gp|Qa|Ve

g

AHpvHYD  2Apvp hy = ¢cosf — hsin 6

1 vy Ampv Iy — heosf + Gsing
:—(0 'UH-l-h) P :7§(U¢.+¢,) ‘ m%@:( H"‘H HDI%{QUD) [ 11 cos (ps?n J
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Scatter plots

 Vector DM relic is directly proportional to the square of the
gauge coupling gp

« Any fraction of VDM is allowed for the FIMP case to explain the
511 keV line which was not possible for WIMP case

10" ¢ . — —— -
02 1077 162 17-5 107* 10~° 0.0

p— 1 0.1

10-—14 =

0.1

Kangwon National University 42



Pseudo Nambu-Goldstone
Boson DM

Ongoing work with Junho Kang, Sarif Khan, Hyun Min Lee



WIMP Dark Matter
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* The direct detection experiments give upper bounds on the DM-
nucleon scattering cross section

» LZ experiment gives the most stringent bound
* 6 < 3% 107*8cm? for m, = 100GeV

Kangwon National University

44



WIMP Dark Matter

>

DM SM

> q~m, @ DM annihilation
» q~0(10)MeV @ direct detection

Bulisyyeos

DM SM

annihilation

* If amplitude depends on momentum, we can suppress the
scattering amplitude in direct detection while keeping the
annihilation process

» Consider WIMP DM models that have momentum dependent
amplitude
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Pseudo Nambu-Goldstone DM

symmetry © Gy X U(1)global new fields : complex S € 1

2 2 A A
V(H,S) = - HLHP - ES|SP + SLH| + Aus|HP|SP + 5 |S]*

« After Hand S acquire VEVs,

0 Ve + §+ix
H = v+ h ’ S = : \/ﬁ
V2

X :NGBDM
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Thank you very much
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