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Introduction

Distance (light years)

v -—',<‘~‘,‘ “' : ' _’ v
Particle DM TS

Stable (or long lifetime until today)
Electromagnetically neutral (or milicharged)
Cold DM (non-relativistic)

Dark Sector
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SM Sector ...................................................... Dark Sector
Photon/Higgs/Neutrino portal

- J - J

+ Dark matter and associated particles reside in
+ its own (gauge) interaction inside dark sector (avoiding constraints)
+ Secluded from the SM sector except for portal matters




Dark Unification
Based on a SU(5) x SU(5)'/Z, unification model ibe, kamada, Kobayashi, TK, Nakano (2019)

Dark sector consists of a perfect copy of visible sector
Z, breaking by vacuum choices @ unification scale
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SU(S)XSU(S)’)
( SU(5)— Gsm \ identified gauge coupling @ GUT

( SU(5) = SU3)oxU(1)o )

Low-energy d.o.f. Low-energy d.o.f.

hadrons/leptons/photon dark hadrons/dark leptons/dark photon
DM candidate

to avoid AN, constraints

- decoupled dark leptons
- massive dark photon
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Dark Baryon DM as ADM

large annihilation into dark pion
Dark baryons have dark nucleon with mass of 1GeV
Dark baryon number conservation

An analogy to the SM nucleons

Lightest dark baryon can be Asymmetric Dark Matter

Both asymmetry related with each other

(Asymmetry OriginJ “* sharing generated asymmetry (via such as leptogenesis)
/ “* cogenesis (via e.g. PBH evaporation: Tk, Uchida in progress)

similar number asymmetry: nz ~ npum
C=()

Q m
pM _ "pMIDM | 5. DM mass ~ 5 GeV
(2p MpHp
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Dark Baryon DM as ADM

17
ADM mass: mp,; ~ —GeV

O e ]Vf

Weinberg, Cosmology
lbe, Matsumoto, Yanagida (2011)
Fukuda, Matsumoto, Mukhopadhyay (2015)

asymptotically non-free
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O |z :
§ 4.&5) | |
E ; L# => DM# via —(U'D'D')(LH) + ---
3 _ M?
22 ‘_ N, > 2 at least for DS neutral operator
I T ———
ol ... ... ... . . _
0 5 10 15 20, asymptotically free for N < 16

assume no dark quark decoupled
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A Sketch of thermal history -asymmetry sharing-

InNtermediate-scale Portal interaction

for sharing asymmetry

(thermal) leptogenesis

1
_ —WU'D'D"Y(LH) + ---

\

confinement

A 4

B-L asymmetrﬂ decoupling temp. A\
I M (—)
Mp,

ns_1» Mpm CONserved separately for T < T,

Observed Baryon Asymmetry|

DM asymmetry|

confinement

\ 4
Observed DM density|
light d.o.f. (dark pions)

\

dark photon portal
for entropy release

/

via A’decay to e” +e”

thermal history




DM Decay via Portal interaction

Generated asymmetry is transferred via B-L charged portal
(Asymmetry Origin)

1 1
/ Lo 2 75 (UDDILH) +—=(U "D'DYLH)+h.c.

>
< leading to late-time decay of dark baryons
typical lifetime: J
N’ T et

6 5
M. 10 GeV AN
fong = 1026 i A
2 x 109 GeV My \ e~

c.f) 7, ~42x 10" s ~ 13bn. years

"charged"” baryon = (anti-)neutrino + dark meson (missing) Y
"neutral” baryon = (anti-)neutrino + dark meson (cascade decay)

ADM Decay 7



Multimessenger Indirect Detection Constraints

Neutrino-Line Signals

Covi, Grefe, lbarra, Tran (2010)
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Neutrinos flux constraints

monochromatic neutrino energy

L ragamactic _Aosenene . Covi, Grefe, lbarra, Tran (2010)
— 107!} ==~ Galactic Ve Dy E ~ N Feldstein, Fitzpatrick (2010)
Iy v P Fukuda, Matsumoto, Mukhopadhyay (2014)
n 1073
= assuming ADM decay with universal neutrino species
3 10°°
Q
N
W 10— i . .
107 : atmospheric neutrino background
|
) A AV P Honda, Saijad Ather,
-2 -1 0 1 2 3 4
10710 0% 100107 107 10 Kajita, Kasahara, Midorikawa (2015)

E [GeV]

galactic component:
a monochromatic signal from decay

extragalactic component:
integral over the redshifted signals

multi-messenger



Neutrinos flux constraints

1025 — , T r T T — T ]
- —— FC+PC, Super-K, 24.35 years ]
v,
s 1024 B ]
(a)
~
excluded |
102 L T
100 10°

multi-messenger

mpm [GeV]

Neutrino flux
= ADM decay + atm. neutrino bkg

DM hypothesis excluded
by p-value = 0.05 (y? with presence of DM)

SN relic neutrinos: Super-K (2002)
DM ann: Palomares-Ruiz, Pascoli(2007)
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Cascade decay spectrum V(D)

0.20" : A B
I mA/ — 100 MGV "' [ 1 N N €
: 2mA//mﬂ./ —_ 03 ,0.5 ,0.7
0.15
%% Y
~Z_ e* energy spectrum @ A' rest frame
Z‘“ 0.10 .
~ ¢ = 5(1 — x,)
= dXO

0.05/
- xo = 2EO/my,

EDI\/I rest frame
0.00

0001 0010 0100 1

cascade decay softens energy spectrum

non-negligible low-energy fluxes
T

e* energy normalized by rest frame mass: x = 2E»/m,,

Cascade decay 11



electron/positron fluxes observations

Boudaud, Lavalle, Salati (2016) AMS-02 (near earth)
1- ' R ' R ' LB | ' R ' R ' """': - -
t AMS-02 (2014) —— Propagation B | .
T AMS-02 (2014) demodulated j typical energy of E 2 1GeV
0'1? dp =830 MV Voyager-1 (outside solar hemisphere)

unmodulated
typical energy of E < 100 MeV

GeV-scale cascade decaying DM

constrained by both observations

- Secondary e*

Secondary e~
- o —— Secondary e® +e~ \\
1073 0.01 0.1 1 10 100 103

Energy E [GeV]

secondary e* from

e+e- CR nuclei and interstellar gas 12



electron/positron flux constraints

100 E bR | bR | et bR | LR | LR | L I””E
— PD Voyagere* + e~
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e —-- DRE AMS-02 e~
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Energy [GeV]

multi-messenger

cosmic-ray e* with propagation

four different propagation scenarios
Silver, Orlando (2024)
PD (pure diffusion)
DC (with convection by galactic wind)
DRE (with reacceleration in interstellar med.)
DRC (with reacceleration and convection)

with solar modulation
AMS-02 (near earth)
with unmodulated
Voyager-1 (outside solar hemisphere)
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electron/positron flux constraints

2may/my = 0.4 (vector-like)
. . . . B ¢t AMS-02 Bl ¢ +e' Voyager-l

BN e AMS-02

1027

lose sensitivity from AMS-02 for mpy; < 2GeV

] GeV DM cascade decay
probed by AMS-02 if reacceleration present

Tpm [S]

1023 ., . : . . .
E —.. DRE “-....~ 1 Voyager-l constraint significant for soft e*

.
“a,
"

1022- 1 : : : : : L

mpwm [GeV]

Das, Kamada, TK, Murase, Song (2024)
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Gamma-ray observations

Data
o I HEAO—1: £&(58,109)J(238.289),/b|€(20,90)
7 — INTEGRAL:|¢|€(0,30), |ble(0,15)
2 — COMPTEL: [f|€(0,60). |bl€(0.20)
- _ EGRET: (€(0.,360), |be(20,60)
‘T‘E 0.01. . — FERMI: /€(0,360), [bl(8.90) :
> . ' Fermi-LAT
= 3 + + +%%ﬁ%;r i diffuse y-ray emission
G |
;} @@ ++ ﬂ- Hﬂ ?g typical energy of E > 1 GeV
S 103 + 1 .
¢ 107 ”LJF + + +++ . other observations
N:A i TL%% compiling several data from
T\HHH [ R [ R [ R [ R [ [ [ diﬁuse X— and y—ray ObS.
0.01 0.1 1 10 102 103 10# 10°
E, [MeV] energy of £ <1GeV

Essig, Kuflik, McDermott, Volansky, Zurek (2013)

gamma-ray 15



Gamma-ray flux constraints

10-2 | | | y-ray sources from

— = inverse-Compton y ¢ EGRET (2004)

——=- Prompty <4 COMPTEL (2000) ¢+ !orompt ADM decay o _
5" 1074} 4 Fermi (2015) ¢ SMM (1997) - + Inverse Compton emission with
I
“ energetic ¢* from ADM decay
IU) -
D
&
O
2 - prompt y is less significant
O |
o ince y-ray appears as FSR
®& | DRCmodel ,* : since y-ray appears as FS
W 1070 2 : T inverse-Compton

2-body decay : P 4

2ma/my= 0.4, mpu = 10 GeV :

10-12 - P , | | soft (and energetic) y-ray from e*
107> 1073 1071 10t 103
E [GeV]

multi-messenger 16



Gamma-ray flux constraints

1026 -
: B 2m,/my = 0.4 (vector-like) _ |
B 2m,/my = 1.4 (vector-like) depending on propagation models

inverse Compton process via
reaccelerated e¢*

diffuse X-ray/soft y-ray

non-negligible for mpy, ~ 1 GeV

reacceleration can enhances fluxes

| W 2m,/my = 0.4 (chiral) —— PD —:- DRE
2Mma/my = 1.4 (chiral) ——- DC  =rre DRC
1023 | I
0 1 . .
10 10 diffuse y-ray by Fermi
mpy [GeV] dominant for mypy, ~ 10 GeV

multi-messenger 17



Summary plots of multi-messenger constraints

1027

| /+ (AMS-02) D
1026 - -

mpwm [GeV]

Das, Kamada, TK, Murase, Song (2024)

Composite ADM

. assuming pure propagation (PD) for e*
- CMB constraints on decaying DM

with branching fraction of ~ 0.1
Slatyer, Wu (2016)

heavy ADM: strong constraints from
et flux

Constraints on Wilson coefficient of
Intermediate portal interaction

5
. M, °(10GeV
oM = 1070 s :
2 % 10°GeV My
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Summary and Discussions
O

- A framework providing "natural” masses, interactions, and multiple particles
- various exp/obs signals from dark hadrons via portal

- dark photon plays important roles in early universe

Dark Matter Decay

predicted mass scale: 1-10 GeV

- cascade decay: softened em spectrum (importance of compiling several data)

- Good probes for feeble dark sectors

- DM decay into dark meson + vs via portal interaction sharing asymmetries
- dark mesons/dark photon decay into EM particles via dark photon portal

_energetic e* via reacceleration provides high-energy e*/(inverse-Compton) y

19
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Cascade Decay

formulae for two-body cascade decay
decay of scalar: ¢; = 2¢, = 2w + X) light final states y

some irrelevant particles X
spectrum at ¢, rest frame — spectrum at ¢, rest frame

Ny 2 1d 0 ld Ny 15 1 2) cos 0
= COS Xn———0 |x; — — x+\/ —ef)(x €5) COS
=] o[% s [ (o (-3 - &) o)]

energy relation

normalized energy of y: x; =2E,/m,

dimensionless mass parameters: &, = 2m,,/my, € = 2my/m,

decay with massless emission a: ¢, —» ¢y +a = 2¢y+a - 2w+ X) + a

spectrum at ¢, rest frame — spectrum at ¢, rest frame

dN, 1 L' dN, 1 1 +¢e? 1 —e?
— J d cos Hl[ dxl——(S Xy — 2 x| — 2 xl2 — é% cos 0,
d.X2 _1 ¢ d.xl 2 2

dimensionless mass parameters: & =2m,/m,, e =m/m, %



mA/ — 100 MeV

z’ rest®

0001 0010

X

0100 1

photon energy spectrum

photon energy normalized by rest frame mass
x =2E"Im,

photon spectrum widely distributed
at a higher step in cascade decay

several choice of 2m,./m_ € [0.3,0.9]

cascade decay

2mn.//mN/ — Ol
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ADM decay spectrum

_ _G3-p)
NFW DM profil (R) = R\ (_1+RI, y
Profie AR = Pe\ R I+ R./R, ’

y = 1.2 and the core radius R. = 20 kpc
distance of the Sun form the GC R = 8.5 kpc

DM density @ solar system: p..c? = 0.43 GeV/cm3

fluxes originating from the direction 6

(D(E 9) 1 dNS “Smax(e) (R( ))d pSCRSC dNS jdec(e)
, — s))ds =
471'171)(1')( dE 0 Pr 47rm/5% dE

s (0) =R, cos 0+ \/ R? — R2 5in%0

Galactic contribution: integrationup to 0 ==

decay spectrum 23



ADM decay spectrum

extragalactic component for neutrinos: integration over redshift z

mpm = 10 GeV Atmospheric
——- Extragalactic — Ve — W

— 107! ==- Galactic — Ve Uy

|

&

|

ﬁlg” 1073

e

(@]

2 1075

©,

A

Ly 10—7

107°

decay spectrum

102

103

104

(D%Gg(E) — d_Z F(z)

QrnP. dt dN°P
DMP J'dz ~ (ZS — Z)

471' MpwMm

uniform DM distribution in redshift z (up to z = 20)

F(z): redshift evolution of extragalactic DM population (= 1)
Q2 =0.113 and p.h™2 = 1.05 x 107> GeV/cm3

|dt/dz|: cosmological line element

dN®/dE : observed neutrino spectrum on Earth after

propagation of the prompt DM decay spectrum originating at z
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GALPROP

Silver, Orlando (2024)

PD DC DRE DRC

[1028Dc (;;"1”2””8 3 45767  3.6183  4.7776  4.4452

&1 0.4047  0.4448  0.4052  0.4163

62 0.1928  0.1975  0.2315  0.2404

Pbreak [GV] 290.67  283.29  308.04  308.04

n 0.0004  0.8196  0.3851  0.4373

va [km s 26.727 32.187

[kmgyl/kd:c : 10.022 6.3482

solar mod. @ [MV] 368 375 612 622
W — 4G+ - (D Vv - V) + = pD,, 2
— r, . — —
ot q P x YW v 6pp pp ap pz

CR source /

diffusion convection

diffusive reacceleration

model of spatial/model diffusion coefficient

GALPROP

D

pp—xx T

Dxx = Dxx,O:B;7 <

Dxx = l)xx,Oﬂ’7 (

Phbreak
4GV

0
P
4GV> ’

) (

(constant) p*v3

P < Pbreak

)
> ’ P > Pbreak

- PD (pure diffusion)

- DC (with convection by galactic wind)

- DRE (with reacceleration in interstellar med.)
- DRC (with reacceleration and convection)

w =w(p,7,1)
CR density per unit of
total particle momentum p at position 7.

[1‘91//— %(V : 7)1/11,

momentum loss

convection velocity

V=V: V=dVidz-dz
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Neutrino Signal Bound

o) s (aA; + pB; — Nl)2 similar analysis
x* function £ = Z SN relic neutrinos: Super-K (2002)

> )
) Ogtat T Ogys DM ann: Palomares-Ruiz, Pascoli(2007)

three energy bins: 107°°E,, E,,10°°E, with a width of Alog, E, = 0.2 (SK)

O4ys/N;=15%, 0%, = N} assumed

1025 T T T

. . . Barr et al (2006), Evans et al (2016)
oe/E, = 0.05 |

0c/E,=0.10 | N, : # of background in I-th bin
OF/E, = 0.15

A, : fraction of DM decay neutrino events

Ez 102 B, : fraction of atm. bkg. neutrino events
= ' a/p . free parameters of strength of signal/bkg
e m e CSmmm————E=m——----]  NON-z€ro a« = 1,2,3,--- and find the best-fit g for each a
(24.35 years) o\ = 5 GeV ' to normalize P(a) « e * @
1073 Q.I& Q& Q.IQ@ Q.IQQ’ Q;Q Q;:L Q;’b‘ Q.“I/b Q;fb o calculate ay5 (95% C.L.) such that p-value = 0.05
Systematic uncertainty DM event #: npy, = Z Ags4;
[

Neutrino signals 26



ADM mass and Asymmetries

If the asymmetry is fully shared b/w dark and visible sectors

I Qpwm " "B
DM — B
Qp

~ 5GeV—B_

Hpm Hpm

- chemical equilibrium
. conservation of charges (B-L, Q/Y)
rapid sphaleron & top decoupled before EWSB

1B 30 sm 237

Nsm - 97 , Nowm B 44l’lg/

Weinberg, Cosmology _ B -
Ibe, Matsumoto, Yanagida (2011) ng. # of generations, U',U’',D’,D’

Fukuda, Matsumoto, Mukhopadhyay (2015)

8.5
the ADM mass mpy = —GeV

/
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(massless) particle asymmetries

T2
n; — ;= —8;

6

g.: spin d.o.f. and the flavors (factor 2 for bosons)

chemical potential in terms of conserved charges: u, = Z Gilla

a

i, - chemical potential for conserved quantities

q, - conserved charge

asymmetry of conserved quantum number Q,

Aa = Z qai(ni _ ﬁi) — Z Mabiub
I b

with a matrix M, = 2 8 9ai9bi

particle asymmetry in terms of asymmetry A,

n—n; =g, Z uiMa Ay
a,b

resultant asymmetry from non-zero initial asymmetry

Ag = Z Qn,—ny) = Z 08 Z %iMa_blAb 28
i [ a,b



Particle g B L T3 Y
_ ur, 3 1/3 0 172 —1/6
B-L sharing between SM sector and dark sector dr 3 1/3 0 —12  —1/6
UR 3 1/3 0 0 —2/3

dr 3 1/3 0 0 1/3

VL 1 0 1 1/2 172

_ er 1 0 1 —1/2 1/2

ADM B ng'(zong + 6m) N # of DS generations er 1 0 1 0 1
Asm 3”g(22”g + 13m) n,. # of SM generations w 4 0 0 1 0
m: # of light Higgs ot 2 0 0 1/2 ~1/2
¢’ 2 0 0 —112 ~172

gluons 4 0 0 0 0

Ag Sng + 4m
AgMm B 22n, + 13m

sphaleron decoupled after EWSB

A, Sn +4(m+2)
Agy  24n,+ 13(m +2)

rapid sphaleron after EWSB

A, 2(2n, — D(2n, + m +2)
Agy  24n2 + 14n, — 4+ m(13n, — 2)

rapid sphaleron after EWSB + top g decoupling
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i Dark Unification

A Supersymmetric Model lbe, Kamada, Kobayashi, TK, Nakano (2019)

SUG) | U()x
T, 10 1
dg; 5 -3
SU(5) — Gq,, Tor visible, SU(5)' — SU4),, for dark N;,N;, | 1 5
Hg 5 —2
Hg 5 2
Xs 5 —2
X 5 2
( . . o 24 0
Superpotential for Yukawa and Higgs sectors

Ws=UgsY,VsHg +VYsY;PsHg
+ Hg(Mg + \Xg)Hg
+ pustr(3g) + Astr(T2) > (¥g) =0 or O(us)

)~ (XsXs)? - ,
—+ MSXSXS — f > <X5Xs> =0 or O(MleS)
K Mp, j




SU() | U()x
Coupling Unification/Coincidence of Confinement Scales g& 10 1
Si 5 -3
Ibe, Kamada, Kobayashi, TK, Nakano (2019) LYoV | 1 0
Hg 5 —2
- - o
S~ . ] s 5 2
50 "7 s ; Xs | 5 )
* NY . above 1016 GeV 2.5 24 0
| \\\ j visible/dark gauge couplings coincide
40/ N |
—_su@y N (Zy) below 1076 GeV
o 80 T T T T TN j due to different breaking chain

— gauge dynamics develops separately

-—
-
-
-
. -
-
-

/’
/’
-

* Assumption:
SU(S)pcur |

i SU(4)peut _ _
| - . fine-tuned couplings of ¥, & ®, to X, & X,,

= tuning of vector-like dark quark masses
. My, =8x10" Gev

U0 (Zp) 2 (15)

10* 107 10 10" 10'
p [GeV]
Split Supersymmetry: enough for unification

Giudice, Romanino (2003)

Coupling U 31



Relation of Confinement scales Ibe, Kamada, Kobayashi, TK, Nakano (2019)

| N N N Why Aqep/Agep ~ O(1) 7
500 3. = 3 3 a3 | e
| S \ 4 9
| | | | l N\e://\ ’ Qepr = 28\ 102 Tev 8 x 1010 GeV
100 i i | | | Agep =~ 0.3 GeV
s | = 2 v
S 0, RN
~—~ ecay | | | Dark GUT scale
@ after 7, i i : ~ 7 orders of magnitude
< 10 i QCD' scale
5 i ~ 2 orders of magnitude
Aqcp/Aqep 1S NO longer a free parameter!
i i i beam-dump

10 10® 107 10° 10° 10 1073
Mpgur/Mvgut

UV for Composite ADM



Dark neutrinos and Dark electrons
lbe, Kamada, Kobayashi, TK, Nakano (2019)

6uperpotential for Nr sector \
NO see-saw mechanism

Wy = &yynNHy + (I)D?JNN/HD for dark neutrinos
-+ @VYNN/HV -+ (I)DYNNHD
_ + (mass terms), y

(Several fields get their masses \
through interactions to X, and X,

W=y, ¥pUpXp+ys¥pPpXp

Y.
Mp)

Call for tuning mechanism?

+ UpYXp®pXp,

The fine-tuning of couplings is required
\to realize good mass spectrum.. .. J

More on Dark Unification



Intermediate-scale breaking
lbe, Kamada, Kobayashi, TK, Nakano (2018)

X, and X,, are decoupled at SU(5)p breaking scale

Other fields decomposed into
Up —+Ap(6) ®Qp(4), p — Qp(4)
Hp %HD(4) D SD(l) : FD — HD(Z)
Sp —E(15) @ hp(d) @ hp(d) & S (1) .

dark neutrino mass?

W, =

1 — = ——

Mo, ——(Xp®p)* + Mg, N N +yn,®pN Xp

Majorana/B-L violating Dirac Mass

counter part to the visible sector: X,, and X, do not develop their VEV.

More on Dark Unification



