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+ Baryon-DM coincidence Problem

+ DM and Baryon make up 27% and 4% of total energy density of
the Universe.

Opmh2~ 0.14 Qg h2~ 0.022
(Planck 2018 : Qx= px/3 Mpi2 Ho?2 , Ho= 100h km/s/Mpc, h ~ 0.7)

Baryon-DM coincidence ?
Qpom:Qp ~ 5: 1

close with each other...

ex) neutrino-DM: Qpm : Oy (Xm,=0.06eV) = 200 : 1

Is this a serious problem ?



+ Baryon-DM coincidence Problem
If it were not for Baryogenesis...

+ DM mass density can be explained by the WIMP mechanism:
1079 GeV ™2
(o)

— the observed density is explained by choosing appropriate mass & couplings

QOpm < mpmynpw =~ 0.1 x (

+ The baryon density is too low due to its large annihilation cross section :

] vy ~ 2 10 Gev?
n gv m% (]

—_—— e

P Tt

— Qpm : Qv(no-asymmetry)= 1:10-1°

+ The observed baryon density is provided by the baryon asymmetry.
Qyp (with asymmetry) = 0.02 (ns/ 10°)

ns=(ns-ng)/ny

Baryon-DM coincidence = conspiracy between npy and Baryogenesis ?



v Baryon-DM coincidence Problem

Answers ?

« Justacoincidence, Qpom/Qs ~ 5 is not a big deal.
— Keep looking for conventional WIMPs !

+ Anthropic requirement ?

For Qg /Qpm < 10-2-4, no disk fragmentation in the galaxies,
which makes the star formation rate very low...

['06 Tegmark, Aguirre, Rees, Wilczek]
(These arguments depend on which parameters we fix. )

+ Some mechanism behind the coincidence ?

— The asymmetric dark matter (ADM) provides an interesting insight !



v Asymmetric Dark Matter (ADM)
[1990 Barr Chivukula, Farhi, 1992 D. B. Kaplan, 2009 D. E. Kaplan, Luty and Zurek]

Basic ldea
+ Matter-anti-matter asymmetries in the SM/DM sectors

ne=(ng-ng)/ny nom = (npm - npm )/ ny

are generated from the common origin so that nom/ns= 0(1).

+ The mass densities of the baryon and dark matter are proportional to
the asymmetries

Qyp (with asymmetry) X mnns

Qpwm (with asymmetry) X mpm Nom

— Qpm/ Qs =(mpm/ms) (nom/Ns)

The baryon-DM ratio Qpm/ Qg ~ 5 can be achieved for
mpm ~ 5mgx(ns/nom) ~ O(1) GeV




v Asymmetric Dark Matter (ADM)

Two main mechanisms

« Sharing mechanism
SM and DM sectors share a primordial asymmetry produced in an arbitrary sector.

[ Asymmetry is thermally distributed in the two sectors \

[ SM j — [darkmatter ]

\ nom/ ne is related to the degrees of the freedom in two sectorsj

« Cogenesis

The asymmetries in the two sectors are produced by the same process.

4 (Pogmmen ) A

Genesis

'4 N

[ SM ] ol [darkmatter )

\ nom/ ns depends on the branching ratio of the asymmetry /

[ Petraki & Volkas 1305.4939 Zurek 1308.0338 for review]



v Asymmetric Dark Matter (ADM)

Two main mechanisms

« Sharing mechanism
SM and DM sectors share a primordial asymmetry produced in an arbitrary sector.

/ Asymmetry is thermally distributed in the two sectors \

[ SM j — [darkmatter j

\ nom/ ne is related to the degrees of the freedom in two sectorsj

In the following, we consider the sharing mechanism.

In the sharing mechanism :

+ What is the origin of the asymmetry ?

« How the asymmetries are shared ?

— there are lots of possibilities...



v Asymmetric Dark Matter via Leptogenesis

« Thermal Leptogenesis (at the decay of the right-handed neutrino Ng)
1 _ _
['N—SM = iMRNRNR + yNHLNR + h.c.
( Ng :right-handed neutrino, Mg > 1010 GeV )

Asymmetry in the SM sector
= the asymmetry of the B-L symmetry (if it is generated T > O(7100)GeV)

+ Dark Sector shares the B-L symmetry with the SM through
1
Mn

*

OpOgy + h.c.

['B—L portal —

Osm: Neutral (other than B-L) consisting of SM fields.
Opm: Neutral (other than B-L) consisting of DM fields.

The SM and the DM sectors are thermally connected at the high temperature
T > Tp ~ M+ (M+/Mp)1/(2n-1)

ADM scenario is achieved by Thermal Leptogenesis for Mg > Tp.



v Asymmetric Dark Matter via Leptogenesis

T~Me | Leptogenesis

B-L asymmetry in SM + Dark sector

Nsm=AsynsL Nom=Apmnsr (Asm+Apm=1)
TD ~ M+ (M*/Mp’_) T/2N-T) e e e e e e e e e e e e e e e e e e e e g

Tew~100GeV [~------mmmmmmmmmmsmsm s mmm e fmm e

Ns=Agns-L n.=AcLns-. Nom = Apm NB-L

( As/Asm=30/97)

/ns =nsny = npm=(Apm/Ag) ng = (Apm/Asm) (Asm/Ag) ng \
Qpm = (Mpm/mp) (Apm/Asm) (Asm/As) Qs

\ Mmpy =5 mp (30/97 ) (Asm/Apm) x (Qom/5Q8) /
T

determined by the degrees of freedom




v Model Building of Asymmetric Dark Matter

+ ADM models require a large annihilation cross section

Npm/S Small Annihilation Cross Section

A
Thermal equilibrium

Symmetric Component

Asymmetric Component

A

L

mpw/T

Npm/S Larae Annihilation Cross Section

A

\

Thermal equilibrium

Asymmetric Component

;\ Symmetric Component

A

»

mpm/T

Annihilation of the symmetric component of DM should be very efficient !

ov >> 102 GeV-2

Lots of possibilities...

' SM final state via heavy mediators ( — similarity with the WIMP models)

' final states in the dark sector ( = the entropy in the dark sector should be

transferred to the SM sector.)



v Model Building of Asymmetric Dark Matter

v We prefer ADM models in which
mpm = O(17) GeV

is achieved without fine-tuning.

The ADM scenario does not solve the coincidence problem but provides
a new interpretation in terms of the mass ratio mpmw/my= O(1) .

The ultimate solution to the problem is obtained when the mass ratio
mpu/my= 0O(1) is explained, which requires higher-energy theory.

At least, mpy = O(7) GeV should not be achieved by fine-tuning to avoid that
Qpm/ Qe ~ 5 is realized by fine-tuning.



v Model Building of Asymmetric Dark Matter

Composite ADM models are highly motivated !

+ DM annihilation cross section is large !

P pm T'pm
—

nDM av~4"/mDM2

—
Pom T'dm

Symmetric components annihilates very efficiently !

+ DM mass can be explained by dynamical transmutation.

g A : The mass scale ~ dynamical scale is determined
: by the gauge coupling constant at the UV scale.

mpm ~ Adyn ~ Muv Exp[ - 8m2/b g(Muyv)? ]
Moy INH [b=11/3 Nc-2/3 Nf for SU(Nc) Ne-flavor ]

Adyn



v Model Building of Asymmetric Dark Matter

( Annihilation )
into SM sector
. - y,
. Elementary —_—
. ADM Annihilation
* \into DM sector)

Thermal ]
g1 J Leptogenesis

Composite Annihilation
[Sharingj ADM into DM sector

[ ADM J
[Cogenesis)

Among various possibilities, ADM with the sharing mechanism through B-L
connecting operators with thermal Leptogenesis is very well motivated !

' B-L symmetry is well-motivated in the SM ( can be gauged, SO(70) GUT)

« Thermal Leptogenesis is very successful for the baryogenesis.



v Model Building of Asymmetric Dark Matter

( Annihilation )
into SM sector
. \ y
. Elementary —_—
. ADM ;.qnmhllatlon
Thermal J _/nto DM sector
Leptogenesis
B-L J Composite Annihilation
[Sharing] . ADM into DM sector
portals to
ADM the SM sector

[Cogenesis)

Compositeness is an interesting addition.

' large annihilation cross section

+ mpy=0(1)GeV without fine-tuning

+ Models are rather complicated

+ The entropy in the dark sector should be transferred to the SM



v Asymmetric Dark Matter and Dark Radiation

What if the final state particle in the dark sector are massless ?

« At T > Tp, the SM and the DM sectors are in the thermal equilibrium

™ (9521 (T) + gont (T)) T

PRZ%(

(g :the number of the effectively massless degree of freedom gsm (T) = 106.75)

' Below T > Tp, the thermal baths of the SM and the DM sectors evolve independently.

To
~ M+ (M+/Mpy)1/(2n-1)

The temperatures of the two sectors are different at a later time.



v Asymmetric Dark Matter and Dark Radiation
+ The radiation energy after the neutrino decoupling
_ 7 (TN gom(Tos) (gDM<TD> )4/3 (gSM<T,,*>)4/3 (T_)‘*
a (1 R (T’y) " 2 gom (Tux) gsm(Tp) T, &
N, = 3.046 T./T,=(4/11)1/3 gsm(Tp) =106.75 gsm(Tv+) =43/4
T+ : vdecoupling temperature (~3MeV) Gom =gom x {1 (B), 7/8 (F)}

ANeff -

ot (o) () 2 (i)

[see also 1203.5803 Blennow, Martinez, Mena, Redondo, Serra]

[ CMB constraints : ANes < 0.30 (95%CL) [Planck 2018] \
gom(Tp) < 11

cf. SU(Nc) Ne-flavor model gom= 2 (N:2- 1) + 7/2 Nr N,
\ Even Nc=2 & Nr= 1 exceeds the bound! /

We need a portal to transfer the entropy in the DM sector to the SM sector
for composite ADM models !



+ Composite Asymmetric Dark Matter with Dark Photon
[1805.0687 Kamada, Kobayashi, Nakano MI]

' The composite dark sector may have QED-like gauge interaction, i.e. dark QED.

« Dark QED can mix with QED through the kinetic mixing.

1 v 1 v € v
EZ_Z HVF’M _ZF//LVF,'UJ +§FMVF/M

kinetic mixing
Fu : QED photon ‘w:dark QED photon &: mixing parameter << 1

« Assume dark QED photon obtains a mass via Higgs mechanism...

The massive dark photon couples to QED current with & gqep.
SM sector DM sector
vV J\N< y JV\(
egoep M sector DM sector

The massive dark photon can be a good candidate for the portal interaction !



+ Composite Asymmetric Dark Matter with Dark Photon
[1805.0687 Kamada, Kobayashi, Nakano MI]

+ Mirror Copy of QCD ( = dark QCD ) with dark QED ( SU(2). is not copied )

e.g.) Matter content for Nr,=2

SUB3)p|B — L|U(1)p
1 3 qs-1 | 2/3
Q1 3 |—qp_1| -2/3
Q2 3 qp-r | -1/3
Q2 3 |—gp-r| 1/3

(gs-L=1/3)

Asymmetry Ratio :

(Asm/Apm) =237/(22Nr) & mpu ~ 8.5 GeV (2/NFE)
[ see also 1411.4014 Fukuda, Matsumoto, Mukhopadhyay ]

+ We need at least Nr > 1 to allow the B-L portal interaction.

EB—L portal —

Mn

*

OpOg\ + h.c.

Osm: Neutral (other than B-L) consisting of SM fields.
Opm: Neutral (other than B-L) consisting of DM fields.



+ Composite Asymmetric Dark Matter with Dark Photon
[1805.0687 Kamada, Kobayashi, Nakano MI]

Dark QCD exhibits confinement at O(1-10) GeV.
+ Dark Matter = Dark protons and Dark neutrons (mn ~ O(1) GeV)
P o @QiQ1Q2, P oxQi@Q1Q2, 1 x Q1Q2Qs, 7 x Q1Q2Q1.
« Dark baryons annihilate into Dark pions (my, =0(100)MeV - O(1)GeV)

0 Q1Q1 — Qz@z; " Q1Q2, T o Q2Q1

« Dark pions annihilate/decay into dark photons (my < my < my)

— _ 7

Pom___ Tom T pm AN Y | 4
NDM mopm
—_— T DM VAVAVAVARRTS Y
Pom T'pm
ov ~ 4w/ mpu? oV ~ ma’2/ my? I~ a'2/64m3 x my 3/ fr?

The dark sector ends up with the dark baryonic matter and dark photon

due to the asymmetry! (Q, : Qn~1:1)



v Composite Asymmetric Dark Matter with Dark Photon
[1805.0687 Kamada, Kobayashi, Nakano MI]

« Dark photons eventually decay into a pair of the electrons or the muons
1 € 2 Mo
'y = Na 2 > 0.3s7" Ne ( ) ( y )
v h3€ am. >~ 0.387° X Ny, [0=10 TN
Lifetime of O(1) sec & & ~ 1010

Constraints on dark photon parameter space

T T T TTT T T TTTT I T T TTTT

1072
Collider Experiments

-3L O

12_4- § § « Formy <20MeV, the y’ shares the thermal

105 e energy withy, e, vatT > my.

106 a o : , . :

- {=fia {oeam Dump Exporinents Some portion of y r.eleases its energy into
L 10_5 e et+e-below Ty+, which reduces ANes.

10-9% E

1077 « They’decay after the v decouple also

10777 Yy’ decays after v-decoupling reduces ANef.

10—12

10-13 S T ————

10° 10’ 102 10°
m,[MeV



v Composite Asymmetric Dark Matter with Dark Photon
[1805.0687 Kamada, Kobayashi, Nakano MI]

« Dark Matter direct detection via the dark photon exchange.

10_2‘; 17T
- o Collider Experiments é Dark proton couples to the proton !
10“5 g ; 3 P’
105 = 5 E goep’
: oi o : ,
1076- Ao E P v’
E (op Beam Dump Experiments =
1077 = e E
w e i P
1078 - =f ) E
10—9E i § ] ©garn
10-102 %
10711L . do ATaemax €272 1
s decay after v-decoupling XL emT A —F2(q%) o Z?
1077< = a 2
i dg? (¢* +m3)* v?
10773}

10°

Region above the red line are excluded by Panda-X ( 54 tonxday exposure )
for mpm = 8.5GeV (roughly corresponding to o < 10-44cm?2)

The ADM model with a dark photon can be tested by the direct detection experiments.



+ Composite Asymmetric Dark Matter with Dark Photon

' Dark Sector Shares B-L symmetry with the SM via
1
Mn

- MLEE(Q1C_22QQ>LH

Dark neutron operator

ODOSM + h.c.

EB—L portal —

+ Through this operator, the dark nucleon decays into anti-neutrinos !

N —->m+v

M, \° /10GeV\®
~ 1024 *
g 07" sec (109 GeV> ( mpwm )
[1003.5662 Feldstein, Fitzpatrick]
[1411.4014 Fukuda, Matsumoto, Mukhopadhyay ]

Composite ADM leads to a monochromatic anti-neutrino signal !



v Composite Asymmetric Dark Matter with Dark Photon

' Constraints on the v- flux from DM decay

full-sky averaged neutrino flux Constraint on the dark matter lifetime
101' DM—)VV —— DM —=wv
;;t** atmospheric neutrinos DM — uprr —--- DM — Zv

e [ v R | B
A Amanda-ii " 107 F 7T B e o)
%, 100} Ry, S — ~ — DM 2zz(WW) =
o “ae v e IAr(r;agda—llx/: fffff BM — We wo) T
c o Ye ™ ceCube-22v,, —o— — Wu (Wt v/",// P
&} 104 V"x‘\\\ ;.f E 4/,/;;/ -
> SN N 25 L7 -
8 S SN a1 > 10 s - )

S - e e
= 10 26 o~ = /'/ :
L mMpy =1TeV, oy =10""s < | S\ —*3 o : )
% 10°® . T //I;_/(N\R \\\ Y 3 " o
e T N Yy
108 b /// /// ‘ \\\\ T
10° 10 2 Ao “ » P
10 Tm 10 10 108 L /7 Super-Kamiokande exclusion region -
EV/Gev v 1 I
) 10’ 10? 10° 10*
For 1 TeV, tom= 1026 sec NFW profile Moy (GeV)

SK, 1679.6 live days, ABsc = 30°

['09 Covi, Grefe, Ibarra, Tran ]

Tom(DM = X +v ) > 1023 sec for mpy ~ 10GeV.
( SK 90%CL constraints on the neutrino flux)
- M«= 1085 GeV

In the ADM models, neutrino detectors sensitive to O(100)MeV - O(1)GeV
play important roles !



v Composite Asymmetric Dark Matter with Dark Photon

' Constraints from CMB (work in progress with Kobayashi, Nagai Nakano )
The dark neutron decay ends up with electrons.

n"—=m'+v
|—> y+y 2 et+e+et+e
The electromagnetic energy injection by the decay of dark matter affects
the spectrum of the CMB anisotropy.

10%¢

[1610.06933 Slatyer, Wu ]

The model with dark photon can be tested by
the CMB anisotropy !

10% 1

g Tom > 1024-25sec
et e 1 (Inthe present model, the neutrino carries
, \Y/\Y/ to away the half of the dark matter energy...)
- -
'|023 P Y E T ! R T B
10° 10 107 107 10 10° 10'
DM mass (GeV)



v Composite Asymmetric Dark Matter with Dark Photon

' Dark neutron - Anti dark neutron oscillation

The portal operator

1 - - -
'C’B—Lportal - W(Q1Q2Q2)LH
*
is generated by the seesaw mechanism:

! (Q1Q2Q2)Ng + h.c.

1 _ _
Ly-sm = §MRNRNR +y~nHLNRg +W
*

2
YN YN A A A oW aNaRY:
Log = LHLH + — LH + _
v YISTE (R1Q2Q2) N (Q1Q2Q2)
neutrino mass portal operator Majorana Mass of n’

/The Majorana mass of n’ = oscillation time scale of the n’ and n’ \

AS o, Agcp \° [101°9GeV [ 100GeV "
Amly, ~ =22 1071 GeV | S22 b
" 1 Y\ 3Gev Mpg M,

\ cf. Ho ~ 10-2GeV /

Some fraction of dark neutron has been converted to anti-dark neutron!
[see also 1202.0283 Tulin, Yu, Zurek, 1402.42500 Hardy, Lasenby, Unwin]




v Composite Asymmetric Dark Matter with Dark Photon

« Dark matter can annihilate in the present universe!

N — mo’

3
3

— (e*+e)x4

p’ —reaes mt’

=

( Effective cross section : fanti OV
fanti ~ min[ 1, Amn’/H]

\Typical electron/positron energy : < Ee>=0(1)GeV /

OV ~ [0V]nucleon X (MN/My’)2
very large !

Constraints from indirect dark matter searches (work in progress)!

' et +e leads to the inverse Compton & synchrotron radiation

— constraints on the galactic y-ray flux by Fermi-LAT

fanti(z=1) ov < 10-26cm3/s [1604.02263 Ando, Ishiwata ]

« et +e injection distorts CMB

fanti(z ~ 600) ov < 10-26cm3/s [ Planck 2018 ]



v UV completion of the Composite Asymmetric Dark Matter

« The dark photon model requires a tiny parameter &

1 L, 1 L, € y
'C’:_ZF/LVF'M _ZF/:VF/M +§FMVF/'M

For U(7) x U(7) gauge theory, € is an arbitrary parameter...

For non-abelian gauge theory, the kinetic mixing is forbidden.

+ Small kinetic mixing can be achieved in the non-abelian GUT theory !
[1811.10232 Kamada, Kobayashi, Kuwahara, Nakano Mi]

SM: SU@XSUR2)xU(1) — SU(5)cur
DM : SUQ@)xU(1) — SU(@)pcur

<2> =v5(222,-3,-3) <=> =v4(1,1,1,-3)
SU(5)qur | SU4)pcut | U(1)s

\Dz’ ]P 1 1 SU(5)GUT SU(4>DGUT U(1)5
@ 5 1 —3 H 5 1 2
N; 1 1 5 > 24 1 0

» 1 6 0 |[H 1 1 5/

A 1 4 5/2 || = 1 15 0

D ! 4 —5/2 ] U(1)s = GUT commuting B-L



v UV completion of the Composite Asymmetric Dark Matter

+ Mixing term originates from the higher dimensional operator

1

Lo=—s
Mg,

tr(FowX)Te(FR'E) = g~vsve/Mp2

E~1010 & v4~1010GeV

« Portal operators are generated by integrating out the colored Higgs in SU(4)pcur

Lyvava = =Y H, QU151 Qps — YoH ™ Qo @p” — Y HLQpN + hec.,

YN Yﬁ —=la—=1b, ,—/lCc== YN YB
o Loon = ——L e, (U D"YDN) —
poat =~ e (0D (DN) -~

Portal scale is explained by the dark GUT scale Mc ~ v4 ~ 107°GeV

€ane(U1 D) (Elcﬁ) + h.c.

SU(5)cur X SU(4)pcuTt provides a good UV completion of the composite ADM!
(vs ~1076GeV & v4 ~ 1010GeV )




v Summary

+/ The Baryon-DM coincidence problem can be an important hint
for the origin of dark matter.

/' The Asymmetric Dark Matter scenario can be a good starting point to find a
solution to the coincidence problem!

(Inthe ADM, Qpm/Qg ~5 can be interpreted by mpw/my~ O(17))

' The ADM via thermal Leptogenesis is very attractive scenario where the asymmetry
in the DM/SM sectors are shared through B-L portal.

« The composite ADM is well-motivated as it provides the large annihilation cross
section & the DM mass via dimensional transmutation.

« Thedark photon portal provides an efficient way to transfer the entropy in the
DM sector to the SM sector.

(A tiny mixing parameter can be achieved in non-abelian extensions)

— The dark photon also provides a high testability of the ADM models !

+/ The dark neutron-dark anti-neutron oscillation makes phenomenology of the
ADM richer!

The ADM is an attractive alternative to the WIMP !



Back up



v Composite Asymmetric Dark Matter with Dark Photon

+ The quark mass term

L=mQ10Q1 + maQ2Qs

+ The dark nucleon

P xQi1Q1Q2, P x@QiQ1Q2, 1 x@Q1Q20Q2, 0 xQ1Q2Q2.

Aqepy qep . Naqcpr

n-p

my: ~ my X My — My =~ M X X ap + ky(my —mo)

Aqep Aqep

smPP — 01787001 GeV Ky = 0957008

+ Thedark pions
™ x Q1Q1 — Q2Q2, T x Q1Q2, T x Q20Q:

A D’ M1 + Mo
QC m721./:|: ~ mgrlo + OéDAéCD’
Aqcep my, +my

2 2
m,]r/O ~ mﬂ.o X



v UV completion of the Composite Asymmetric Dark Matter

Table 2:  Charge assignment of fermions and scalars in the minimal SU(5)gur
SU(4)pgut unified model. The upper rows of the tables show the assignment in SU(5)g
sector while the lower rows show those in SU(4)pgur sector.

SUB)qur | SU4)pcur | U(1)s
\Iji ]P 1 1 SU(5)GUT SU(4>DGUT U<1)5
gi 53 1 -3 H 5 1 2
N; 1 1 ) > 24 1 0
Q,, 1 6 0 |[H 1 4 ~5/2
A 1 4 5/2 || = 1 15 0
g _
. 1 4 —5/2
SU(4)pgur is decomposed as 6 — 393 + 3_g/3:
0 7 Ul D! i
o, — ! B e I Ve 0 — | D g - D”
U — \/5 U/2 _Ull 0 Ué ) D — ]Z:/} ) D — ﬁ/:&
~U, -Uy, —U, 0 L E

' Portal operators are generated by integrating out the colored Higgs in SU(4)pcur

Lyukawa = =Y H\,Qu151Qps — YoH " QUiag Q5% — YnH' Q5N + h.c.

YnYs —. YNV
“ND  (TD)DN) - 2

€. (UT9D'TY(DN) + h.c.
NGIYE VoM ( )(D"N)

- Lportal



v UV completion of the Composite Asymmetric Dark Matter
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' DM capture at the SUN

dN B _ 1 2
E = Fcapt - 2Fann 1_‘ann — E/d rn (aj) <O'U> - §OannN

FC&
— Npy =4/ C P' tanh (tq/FcaptCann)

+ Capture rate at the SUN for mpm < 10 GeV

[capt ~ 1030/sec x (osi/pb) [e.g. Cirelli, PPPC V]

osi : spin-independent DM-nucelon cross section

' The total DM mass in the SUN for non-annihilating DM
Mbpm ~ mpm X [capt X (5 x 10° year )
~ 1070 GeV ( mpm/10 GeV') x ( osi/ 10-4cm?2)
cf. Mo ~ 1057 GeV

For a scalar ADM without annihilation, the ADM captured in the neutron star
may form a black hole inside the neutron star !

[1011.2907 McDermott, Yu, Zurek]



' DM capture at the SUN

dN B _ 1 2
E = Fcapt - 2Fann 1_‘ann — E/d rn (aj) <O'U> - §OannN

FC&
— Npy =4/ C P' tanh (tq/FcaptC’ann)

+ Capture rate at the SUN for mpm < 10 GeV

[capt ~ 1030/sec x (osi/pb) [e.g. Cirelli, PPPC V]

osi : spin-independent DM-nucelon cross section

+ Annihilation rate at the SUN : Fann < Feapt / 2

The energy injection from the DM annihilation

Mpmlann < Mpm rcapt/z
~ 1023 GeV/sec (mpm/10 GeV ) x ( os1/ 10-44cm?2)

cf. solar power : ~ 1036 GeV / sec



