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Dark Matter

Dark Matter Is five times more abundant than baryonic matter

Neutrinos '
0.1-2%

Dark Matter

PDM =~ 9B

Dark Energy

73 % Cosmic coincidence

Content of the Universe

mmm) A common origin for baryons and DM?



Standard (symmetric) production

Freeze-out: DM is In thermal Freeze-in: DM is not in thermal
equilibrium with the SM equilibrium with the SM
Y WIMP SM SM FIMP Y
X SM SM g<1 X

Tiny couplings evade
experimental bounds!

Dark Matter is symmetric (?)

YX — YX



Asymmetric Dark Matter

The Baryon abundance Is set by an asymmetry
ng =Y, —Y; =0.88 x 10711

The nature of DM could also be asymmetric!

nD:YX_Y)Z

Attractive scenario: 7p ~¥np —— mpMm =~ 5my, >~ 5 GeV



Asymmetric Dark Matter

np = Yy — Y r=Yy/Yy

Symmetric Asymmetric Partially Asymmetric
r > 0.9 r < 1072 1072 <r < 0.9

L

- 11D

X X

X

ppM o 1/0v PDM X M D pom = f(m,ov,np)



Asymmetric freeze-out

nD:YX_Y)_(

Asymmetry generation

oo

Unavoidable

L Symmetric

population

Asymmetry

T:YX/YX

Symmetric (thermal) population




Asymmetric freeze-out
np =Yy — Yy r=Yg/Yy

Annihilation of the symmetric Annihilations (thermal equilibrium)
component / X SM

}UD v 1

r <1

T (J «
T'oo OC XD [— 45€Cf Mpiovnpm

Graesser, Shoemaker, Vecchi
[1103.2771] 8



Asymmetric freeze-out
np =Yy — Yy r=Yg/Yy

Asymmetric component

r <1 x=MIT

T (J «
T'oo OC XD [—ﬁMPlavan

Graesser, Shoemaker, Vecchi
[1103.2771]



Asymmetric freeze-out
np =Yy — Yy r=Yg/Yy

Annihilation of the symmetric Lar%erg';qosgdssg;ﬂons
component !

ov > OUWIMP
}UD

T (J «
T'oo OC XD [— 45€Cf Mpiovnpm

Graesser, Shoemaker, Vecchi
[1103.2771] 10



Asymmetric freeze-in?
np =Yy — Yy r=Yy/Yy

Large cross sections
are needed!

Annihilation of the symmetric
component

.4 ov > OUWIMP
I}nD
X X

x=M,IT

Asymmetric DM out of equilibrium (tiny couplings, freeze-in) ?
(How to erase the symmetric component?) .



Asymmetric freeze-in?
np =Y, — Yy r=Yy/Y,

Large cross sections
are needed!

Annihilation of the symmetric
component

}n .4 ov > OUWIMP
D

x=M,IT

Idea: late decays of an asymmetric species

12



Early vs Late decays

x—(
Late decays take
A placeatx > 1

13

Dominant production from AT o

early decays takes place takes place around x ~ 20
around x ~ 1

No annlhllatlons



Early vs Late decays

X¢ H}n

Contribution from late

I TX:]-

Y 4 decays — asymmetric .
population X
\ XX = ZpZ4p
.]_ My r, <1072
X X
' \x%w+¢

m
Production from egrly .} A—
i o Asymmetric FIMPDM! ) ¢

population
14



A Cogenesis scenario

Falkowski, Ruderman, Volansky [1101.4936]

CP-violating decays of RHNSs
out of equilibrium

Lepton asymmetry /K Dark asymmetry generation
Yy ys — No ~
Sphaleronsl /E\ /\%/m TIx =1s ~ 1B
S

@/ \J XX ,StS

Baryon asymmetry g In thermal equilibrium annihilations erase
symmetric components

15



A Cogenesis scenario

CP-violating decays of RHNs
out of equilibrium

Lepton asymmetry /\\ | Dark asymmetry generation
Yy ys p— ~
Sphaleronsl I/E\ NJ{ NIx =1s ~ 1B
\Z/ \E Ay,
Baryon asymmetry 7s In thermal equilibrium \ FIMP DM particle

\{;';/ (out of equilibrium)

X0+ b The asymmetry Is transferred to ¢
_ via late decays after x symmetric
e = Tix population has been erased

16



A Cogenesis scenario

CP-violating decays of RHNs
out of equilibrium

)
Lepton asymmetry N Dark asymmetry generation
" Y - 4s — ~
Sphaleronsl If/ L} ’ e = s B
\&/ \
Baryon asymmetry 7s In thermal equilibrium \ FIMP DM particle

\{;';/ (out of equilibrium)

The asymmetry is transferred to ¢
. X —=Uv+o . )
Neutrino masses _ via late decays after x symmetric
m, = —mpMy'mF% e = Tix population has been erased

This scenario can explain neutrino masses, baryon asymmetry and (FIMP) Dark Matter!



The model

—

Field Spin 1)B—L (U )p U(l ;;) DDl\l/Irgéall\Jlgtlbre+
NL 172 -1 \ﬂvﬂ/

o 0 12 0 0

Yo 1/2 -1 1 0

g 1 2 ] 0 +1

S 0 0 1 0

b 0 +1 -1 +1

My, My, > My, > m) > m, ms > m,

HSS:”* RXD

‘f’ll‘jt _yy LL&H" T? o yé'-'jl . TE*\;J]E

Neutrino masses
T

_ —1
My, < (0) =vp- —— m, = —mpMy'm}

k/

Thermal
equilibrium
gp,Ys ~ 0(1)

Yedboxo + Hec..

Yo <1 gx <1

1) is not in thermal
equilibrium

18



The model

U(l)B_L®U(1)D®U(1)X — U(l)D®U(1)X — U(l)X+D

l

<O‘> =vVB_J, > 10t GeV (qb) = V¢ < VUB—L

Particle U(l)X_|_D
X +1

DM candidates @ +1
—1

S —¢+v or ¢ — ST+ are allowed but suppressed

Both cosmoloqically stable
Multicomponent DM




DM production (Fermion)

¥ — No thermalization, stable DM (freeze-in)
o

¢ — decays through Higgs portal

~R | — Mo=fa _ —41 | .
S S [me=35Tov.81] Early decays are dominant
Syrnmietric DM —
- Freeze-in Fp =09 Y¢ = Y?,E
“““““““““““ . Symmetric DM
L0 il _ParilyssymmenicOM |
- 0.8 > ry > 107
107"}
m_uz;"' T ete decays | N Tm%m - Late decays are dominant
].D_I':; Y'(/) — T]@b > Yqﬁ
EBHN .
- ' Asymmetric DM
10! 10" 10!

mw [&.‘U] 22



DM production (Scalar)

= N

1s

@Thermal
N — :)Z
X

Tx

Asymmetric freeze-out STS — ¢¢
Ys =1ns

S St

23



DM production (Scalar)

= XN ITg ~ MeV (J%’—EL)

z @Thermal @
N — :)Z X
Moo X V

Asymmetric freeze-out STS — ¢¢
Ys =ng Yot = HLRUS

S ST S gt

24



DM production (Scalar)

~ Mpn ITg ~ MeV (Jgf!a,)

z @Thermal @
N — :)Z X
Moo X V

Asymmetric freeze-out S'S — ¢¢

Ys =ng Ygr = H_LRUS
H _ H N
S ST S gt

R <1 No extra decays, asymmetric DM (freeze-out)

R — T'(x—ST) o lusl® m, /
['(x—v¢) yq% M, \

R > 1 Cancellation of the asymmetry, symmetric DM

(freeze-out) 25

Ys=ns , Yst = 12g0s



Scenarios

Freeze-in
Yo < 6 x 10712 yp > 2 x 10710
Asymmetric Symmetric
Late decays Early decays

Thermal
R«1 R>1
Asymmetric Symmetric
Freeze-out Freeze-out + Late decays

Se. ¥ population S population l'[]'_myf_-.,-"ak.-""rjl,r_;-_;"'?j';; R T;f';"T,EH:'

1 Asvinmetric Asynunetric =2 0.06 < 1 Any

2 Asvinmetric Partially Asymmetric < 0.06 (1) < 1
1-2 Asvinmetric Asymunetric < 0.06 (1) =1

3 Partially Asymmetric Asymmetric 0.06 — 2 1 Any

| Partially Asymmetric  Partially Asyounetric 0.06 -2 A1) < 1
3-4 Partially Asymmetric Asyiumet ric .06 — 2 A(1) =1

5 Symmetric Asymmetric =2 < 1 Any

i Negligible Synunet ric Ys =D X 10-7 = O(10) < 1

26



Scenarios

Freeze-in Thermal
Yy < 6 x 10712 Yy > 2 x 10719 R 1 R>1
Asymmetric Symmetric Asymmetric Symmetric
Late decays Early decays Freeze-out Freeze-out + Late decays
I[}'_ _
P e =ne ' 2y mylnp +Yg) Qpv  myl(no + Yer) + noms f(R)
' s  nppmsf(R) ' O ne(l+ R)my '
sSeenario 142R #TY 789
=1 Ry=1 HAp =
— 2 /(B 1 it Ty =17

mg [GeV]

= The DM abundance is reproduced for
Mayy, g ~ GeV

m,, [GeV] 27



Phenomenology

Freeze-in: small couplings, suppressed DD
Yo <1  gx <1

ADM: suppressed ID + annihilations in
dark sectors

Large B — L scale: no collider searches
VB-T 2 1011 GeV

DD of scalar DM through Higgs portal
Auas(HTH)(STS)

ID of scalar DM when S is symmetric

Enhanced ID signal for Scenario 6

mg = 2.5 GeV

Ys = Yo = ng
S 1 ov > OUWIMP

+ neutrino line!

28



Smoking gun: neutrino line

(2
T t ms > m
O¢ = LHS@™ S .< (analogois if mr> ms)
V

generated at £ < m, < My,

) ysPPugms (v \? (_m. my
DS = o) = g (52) () (1-5)
Neutrino line peaked at £, ~ mg/2 —— O(GeV)

Experimental bound 7 > 1023 sec

Future neutrino telescopes? 7 ~ 102472 sec

[Palomares-Ruiz 2008, Garcia-Cely et al. 2017, Coy et al. 2021] 29



Summary

-

close to experimental
sensitivity (neutrino
experiments)

~N

Smoking Gun neutrino line:

J

107!

T5(ry pu/ns) [8]

— 041 @ — 10%
e . — 10%
1077}
— =10 — 105
y My, = 10! GeV
10

0% 102 10! 1010 1079 | "x =35 eV

Ix = "B
Y X 30




g Symmetric 1DM with A S u m m ary

Interesting features [ : )
(mix Cold/Warm DM Smoking Gun neutrino line:

\ enhanced ID signals,...) close to experimental
sensitivity (neutrino

experiments)

. J

R T5(r4 pm/ns) [8]
— 0.1 — 107
e 1' Scenario 3 A ' — qp™
10~ : :
. i ] 25
- -1 [ Seenario 1 [AsymmEtrIC FIMP ] SreAnarichg - 10
*
\ fy <1072 ry>09 My, =10 GeV
V1013 102 1071 10-10 109 |7 =301V
TIx = 1IB
Yo 31




DM production (Scalar)

~ Mpn ITg ~ MeV (Jgf!a,)

s
@Thermal @
N — :): X
Mo X 1%
Cold DM Warm DM
Symmetric population
_ P(x=ST™w) lys|® m, v Ve =Y — ~ _
R — F(X_>¢¢) yi MNl > 1 S ST s mg = 2.5 GeV
No dfct?l\//sl t0 o) Asymmetry sets the abundance

Enhanced Indirect Detection signals may be present ov > cuowivp

32



DM production (Scalar)

~ My 5 ~ vev (f))

@Thermal @
N — :)Z X
M X 1%

Warm DM

/ Symmetric population
mg = 2.5 GeV

Asymmetry sets the abundance

aTndirect Detection signals may be present ov > ocvwivp

33



Summary

Asymmetric DM models needs large annihilations cross section:
thermalization

Asymmetric FIMP DM can be realized through late decays of asymmetric
particle

The framework naturally needs an extended dark sector: multicomponent DM,
baryogenesis, neutrino masses

Late DM decays can be constrained by neutrino experiments



Backup



Asymmetric WIMP

Graesser, Shoemaker, Vecchi
V- /y+ ] ’
] .= Y+/ Y [1103.2771]
E p— — - _
dr 1/2 _p—2 YEQ 5 n=Y Y €N B
= = —)\“-?g# AL r— 1—r o\ 1/2
2 ,
dr 1 A = (E) Mpimay
14x10°8 -'; “ }l'
1078 5': “\
- ] 12x 105} N rw=107
. . _ b i R
[0-°k Angif? '
F o n+l — T ,
: (ﬂ, + I)LT}' T w10 1 oo 'QD_-'LI
| . Y 1t/ Q5
L
=+ _ .
Y=(x)107% 2 PRy T Foo = 0.05
: Yo S sx10®t p N TR
' T =0.1
lﬂ_llz' -
' 6.x10°°}
oo =05
10-12L e —
80 100 4.% 10}, , | | g
X 0 50 100 150 200



Partially asymmetric DM

PDM = S ) _; 1), (1 + 212,.%.)

L

Asymmetric Symmetric



Cogenesis

Generation of the asymmetries through out-of-equilibrium decays
Falkowski, Ruderman, Volansky [1101.4936]

H  —— [J J
v . N
N, —/\\ N, N r
L - <4-- H S.H H

Uny Lol — ]-_‘Nl—}LQHT 1_'1""."1—};.55 — F_.ﬂ-,,-'l_,,ig.*
EL — Z 1_|"|'r 5 EI p— 1"1""'

Y - J.
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Cogeneslis

Washout and transfer of the asymmetries
Falkowski, Ruderman, Volansky [1101.4936]

X L
Ny
AL =2 , :
£ k
SJ’ ‘LH.I.
X L
\ .,/
AL=0 —
1 y

42



m, [GeV]

Cogeneslis

Falkowski, Ruderman, Volansky [1101.4936]

e _— m.—zir S R 3

. + Br, <01 > 10-7 . .'5

o L 107*. 0.1 <Br, <0.9 €L < 10 PERNL I

-.? - 0.9 <Br, <0.99 R T R

" ee s ? ].'}_45 ETI}DQQ " '.-..‘g. »

T | e etV é

| | - . L] . |

. " ll]'_5§ : ‘f"’.::; ".‘::

[ .'v' ‘ - |

Br, < 0.1 107° _ IR

104 0.1 <Br, <0.9 R - SR PASY ~ SR ’ . |

0.9 < Br, < 0.99 1077} & PN .

‘| Br, > 0.99 .| oLt - |

s . 1075¢ - .
10° 10" 10" 10"*  10% 10" 10V 10° 10" 10 10 10%® 10" 10"

My, [GeV] My, [GeV]

SM lepton asymmetry, neutrino spectrum
and mixing angles are correctly reproduced
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Fermion annthilations

~ 16mm?
1055 T .
-m s ey o
| Mzp _'ngU¢
104F
> I
1]
= 10°%
& :

101 102

103 104
m, [GeV]

10°

XX = ZpZp = ZoZo) = 2 (1_’“_

44



Scalar annihilations

Field Spin U(l)pr U(l)p U(l)x

NL  1/2 -1 0 0 _

om0 b(z) = vy +(2)/V2

xo 1/2 -1 1 0

S 0 0 -1 0 10" B S S — PP
o] 0 +1 -1 +1

o = 0.1 g, My, IEIHMJ

Various terms in the scalar potential such as Ase|S|*|6]?

10"

ov(STS — py) ~
32?rm25

:
A2 m2\ % (1—m2 /2m3% — 2Ag4v2 fm? 2
S 1— e W 5 Sl 5

( m%) ( 1 —mZ /2m3, )

myg [GeV)




Sc. " S Qo /05 Qs/0y
Asymmetric Asymmetric
L LDE — g FO .TS — o np My+ms my
Y =mnp Y =mo B Mmp mg
al
Y, Y] Yo & Y7
Partiall y tri
Asymmetric mFID ;15;} et
. LD y — tg b _’S‘fw np M+ (1+2R)ms g
Y, =no/(1+ R) Y}_‘; = ng  (1+R)mp s (1420)
Y, < V) o8 TP
¥ v Yo =nof/(1+ R)
A iri Asymmetric
LD x v ¥ 51 - o mgtm "
- $ np Mytms Ty
1-2 Y, =no/(1+R) }j‘+L_DnX Els-l—i:} LT -(ﬁ:lm?p mg
Y, & ¥ s —e
v Sy Yo =Y,
Partially asymmetric Asymmetric
3 FI + LD y — 1wy FO 8T8 = pp my (Ro+Y¥r1)+npms mig(np+¥e,)
Yn:- = Yr1/2+ 1o Y; =M flgmp msND
Y, = ¥e/2 Yo < Y5
Partially Asymmetric Part;;llys*k;ymmetnc
—
4 FI LD x — iy LLD v Sffr_ my (mp+Ye1)+up(1+2R)ms - my(nn+Ye)
Y = (Yer/24 np)/(1+ R) Y}_ g na(1+ Rjmy msno(1+2R)
Y, =Yu /(201 + R _oos
v =Ye/QU+R) Yo =noR/(1+ R)
Partially Asymmetric ng:;T;nEt“c
—
2.4 FI LD x — iy LLD v Sffr_ my (1n+Ye)+upms my (np+Yp,)
Y= (Yer/2+np)/(1+ R) v o nx 04 ) nal 1+ Rjmp msnp
Y, =Ye /(201 + R s
S =Yeu/(2(1+ R) A
Symmetric Asymmetric
% FI x — 4y FO 8T8 — e ap Ml Yr/nn)+ms 1y ¥y
Y, = Ye /24 np = Y /2 Y. =no ns Mg SN
Y#: = YFIIFIE YS'_ L= Y;
Symmetric
FO 578 = op
G Negligible production + LDy = Stwy =1 2_?2;%5
il
Y; =D

Yo =mno
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Smoking gun: neutrino line

1040 rorrrTT rorrrrTi LR LR | rorrrTrm
BOREXINO Age of the Universe — - —
07 KAMLAND Solid: my = 1 GeV
107 F SK (0,) Dot-dashed: my = 5 GeV |
Dashed: my = 20 GeV
1034 | SK (v #+vy) Dotted: my = 50 GeV

2

%

X =@ v life-time [s]
=
S

1073 10 1071 10° 10! 10%
Dark matter mass my [GeV]

Coi, Gupta, Hambye [2104.00042]



Cold vs Warm

1/
Small-scale structure  ms = 3.5 KeV{(p/T) prod (%)
J

constraint l ' '
O( GeV) O(KeV)

s » § —— Thermalization with SM bath
N —@X |
X

T Asymmetric freeze-out
STS — ¢
Decoupling at 7% ~ mg /20

(p/T>pr0d ~ 3
Cold

48



Cold vs Warm

1/
Small-scale structure  ms = 3.5 KeV{(p/T) prod (%)
constraint l ' ' '
O( GeV) O( GeV)
t ——  Decay peaked around
. - S yp

) (s m, m, 101 qevy 172
\ Th — MeV — i -
vV 10 0.056V 3.5TeV M,

/

(p/T)proa =~ my /T85> 1 Warm

l

O(TeV)

49



Gauge boson bounds

Log,glA/m] my, , > 10 GeV
6 3 0 -3 -6 -9 -1z 15 -18

-5~ Limits on a B-L force

with Dirac neutrinos

— 10 Casimir

Logqalg

Q g [Heeck, 2014]
9 2

LogplM/eV] \
9% AL TG 95 Zp puJB_ 1

— % gx <1078 g5t ~ gi (USfL) ~ 10715,

— (D S 1013



A low-energy variant

Lowering the B — L. scal

Field Spin U(l)g_r U(l)p U(l)x
S, 12 0 0 0
a0 +1 0 0

(") =wvp_p ~ O(TeV)

! 1

Ligg = S_LIaSL — a0 S ysNp — EEL“SE + H.c.

Neutrino masses m, ~mp My" p (M5 'm],

105r (q,,-q.,g,-o.s] I

Resonant leptogenesis
e — P
T Inverse see-saw

Mz, , <5TeV

m, [GeV]
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A low-energy variant

Lowering the B — L scal

Field Spin U(l)g_r U(l)p U(l)x
S. 1/2 0 0 0
d 0 +1 0 0

(") =wvp_p ~ O(TeV)

! |

Ligg = S_Lias_[, — GJSTLyngR — EELINSE + H.c.

Low-scale mz,_, allows for annihilations to SM
fermions to erase the symmetric component

X — Zp—1 — qq(ll)

(highly suppressed in the high-scale scenario)

Resonant leptogenesis
e — ptog
T |nverse see-saw

[0 = nw, 90 = 0.5

m, [GeV]
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A low-energy variant

scale — Resonant leptogenesis

Lowering the B — L
T |nverse see-saw

Field Spin U(l)g_r U(l)p U(l)x
S. 1/2 0 0 0
d 0 +1 0 0 ! !

(") =wvp_p ~ O(TeV)

! |

Ligg = S_Lias_[, — GJSTLyngR — EELINSE + H.c.

The ratio m,, /My, is enhanced

l

Scenarios with R > 1 are preferred

l

S 1S the dominant DM candidate

m, [GeV]

53



A low-energy variant

Lowering the B — L

Field Spin U(l)g_r U(l)p U(l)x
S. 1/2 0 0 0
d 0 +1 0 0

(") =wvp_p ~ O(TeV)

! |

Ligg = S_LIaSL — SLyurfNR — EEL“SE + H.c.

Collider searches

qq — Zp—1 — XX

Looking for missing energy from X decays

scale — Resonant leptogenesis
T Inverse see-saw

m, [GeV]

54



Dark Matter nature

Asymmetry and Fractional asymmetry

np = Yy — Y5 r=Yy/Yy
Symmetric Asymmetric Partially Asymmetric
r > 0.9 r.< 1072 1072 < 12,< 0.9

L

X

X X

PDM — f(ma gv, "7D)

55
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DM production (Scalar)

s » § —— Thermalization with SM bath
N 18*8 66 B _
X 5 s

T ~ My, T Asymmetric freeze-out Ys =ns

56



DM production (Scalar)

s » § —— Thermalization with SM bath
N 18*8 66 B _
X 5 s

T ~ My, T Asymmetric freeze-out Ys =ns
l E < My,

gt — Partial cancellation of asymmetry

U H B
S g

ng MeV(lys|)

10—3

57



R —

DM production (Scalar)

s » § —— Thermalization with SM bath
N 18*8 S 6o B _
X 5 s

T~ My, T Asymmetric freeze-out Ys = ns
\ E < My,

gt — Partial cancellation of asymmetry
% H B
S IS

R <1 No extra decays, asymmetric DM (freeze-out)

Cix—S1v)  lysl? my

Ys=ns , Yst = 12g0s

T(x—ve) yq% M, \
R > 1 Cancellation of the asymmetry, symmetric DM
(freeze-out) 58



The model

o 12 -1 0
bo  1/2 0 +1
S 0 0 1 0
0 +1 1 1 ?
QP + ? U\
Mpyy, My, > My, > m® > m%, mg > my N

Ling = —yylLﬂH:‘f R — yé’f aN u:j, ! nySJ, RXD y;ﬁﬁf’L’T’uXG +H.c..

Majorana masses for RHNs from U(1)s_r breaking vz_p > 10 GeV

mmms) NeUtrino masses (Type- | see-saw) m, = —mpMy'm%

59



The model
Field Spin U(1)p_r m — meMA_]lmg
N,  1/2 -1 . "

o 0 19 0 0 Yo
1/2 1 1 0
Yo P /\Q/
S 0 0 1 0 /L) X
6 0 +1 1+ - e
¥\
Mpg. My, = My, > mg - m%. mg = My \é/

Ling = _'yﬂiEﬂH*" TfR - yiFfJNENﬁ - ygs*ﬁ?ﬁkﬂ — 'yt_ﬁ'i.f”‘.f’nkn + H.c..

Dark gauge group U(1)p @ U(1)x

mmm)  Assure DM stability and Dirac nature of dark fermions (necessary to have an asymrrlgetry)



The model

Field Spin U(l)p_r U(l)p U(l)x

Np 1/2 -1 0 0
a 0 +2 0 0
X0 1/2 -1 1 0
g 1/2 0 0 +1
S 0 0 -1 0
o 0 +1 -1 +1

My,, My, > My, > m) > mj), ms > my

Ling = _'yﬂiEﬂH*" TfR - yiFfJNENﬁ - ygs*ﬁ?ﬁkﬂ — 'yt_ﬁ'i.f”‘.f’nkn + H.c..

Gauge invariance allows for Yukawa operators

===) (Generation baryon and dark asymmetries T}y = 7ls ~ 1B

61



The model

Fild Spin U()sz U(Up U(Dx m, = —mpMy'm%
NL 12 1 0 0
o 0 9 0 0 o
o 12 1 0
bo 1/2 0 0 +1
s 0 0 1 0
0 +1 1 +1

My,, My, > My, > m) > mj), ms > my

Ling = _'yﬂjEﬂH*" TE? - FEJ*MEN% - HE'SFEXD — 'yt_ﬁ'i.f”‘.f’nkn + H.c..

X and S get in thermal equilibrium with the SM through gauge and scalar interactions

YX:Y)?q_'_??X YX:Y;Q Ny =MNs ~NB

62



The model

- . —— B o
st
o 0 42 0 0 Yo
X0 1/2 -1 1 /;\l Yo=Yy : + 7x
g 1/2 0 0 +1 /\ N/ Yy=Y"
S 0 0 1 0 LN X
O 0 +1 -1 +1 @/ T =1s ~ 77B\S O\
My, My, > My, > m® > md, mg > myg ./

Ling = _'yﬂiEﬂH*" TfR - yiFfJNENﬁ - yESEEm — 'yt_ﬁ'i.f”‘.iT’DXn + H.c..

<1 : . I
We assume {gjﬁ_ <1 50 that +» Is never In thermal equilibrium

63



The model

Fild Spin U(Dg 1 U(Dp U(l)x m,, = —mpMygimZ
NL 12 -1 0 0
o 0 49 0 0 Yo
X0 1/2 -1 1 | /;\l Yo=Yy :qu Thx
do  1/2 0 0 1 P s Yy =Y
S 0 0 1 0 LY X
¢ 0 +1 -1 +1 L M =Ms ~ 77B\S O\
My, My, > My, > m® > md, mg > myg ./

Ling = _'yﬂiEﬂH*" TfR - yiFfJNENﬁ - yESEEm — 'yt_ﬁ'i.f”‘.iT’DXn + H.c..

The X asymmetry is transferred to ¢ through late decays x — ¢ + ¢
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Asymmetric freeze-out

Asymmetry and Fractional asymmetry

np =Y, — Y T:YX/YX
Asymmetry generation Annihilation of the symmetric Only asymmetric component
component survives
} ND } D
L Thermal
population . } -
X )Z X )2
r~1 X SM
X ov SM Graesser, Shoemaker, Vecchi

[1103.2771] >



Asymmetric freeze-out

Asymmetry and Fractional asymmetry

Asymmetry generation

oo

- Thermal
population

np =Yy — Yy r=Yg/Yy

Annihilation of the symmetric Only asymmetric component

component survives

} nD
Large cross sections
are needed!
oV > OUWIMP
X X

X SM

>< Too OX XD [— 4’;!;; Mppm}
X ov

SM Graesser, Shoemaker, Vecchi -
[1103.2771]




Asymmetric freeze-out

Asymmetry and Fractional asymmetry
np = Yy — Y5 r=Yy/Yy

Annihilation of the symmetric
component

} no
Large cross sections
are needed!
oV > OUWIMP
X X

Asymmetric DM out of equilibrium (tiny couplings, freeze-in) ?

(How to erase the symmetric component?)
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Early vs Late decays
¥

Tp ~ 10 MeV (1) Y @

2x 10719 <yy <5 %1077 ¢

Late decays take
A placeatx > 1

/

Dominant production from
early decays takes place takes place around x ~ 20

aroundx ~ 1

Asymmetric freeze-out

No annlhllatlons o8



Early vs Late decays

Tp ~ 10 MeV (15) Y .<
Yo < 6x 10712 0

Contribution from late

v 1 decays — asymmetric -
population X
\ XX = ZpZ4p
.} e r, < 1072
X X
> \x%w+¢

)
Production from early —
decays: symmetric -
population w w
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