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Why Dark Sector + Asymmetries?

[ Visible Sector ]

Several stable components
- stabilising symmetries

Electric charge
Baryon number
Spin

Poincare

Abundance set by the
baryon asymmetry of the

universe 175 ~ 1071

[ Particle DM ]

Only one DM state makes up
the entire dark sector

Freeze-out (2, o< 1/{cv)

Freeze-in O, o< (o)

DM states are symmetric in
nature — Q% = Q)?

Dark Energy
68%

Visible Matter
5%
/

Ppm = Pp

Dark Matter
27%



Dark Sector

+ Asymmetries

Visible Matter
. _ 5%
Multi-component DM: /

Dark Matter

Several stable particles make up the DM relic
27%

abundance — Richer phenomenology, relaxation of
existing bounds

Bas i Beneito, Herrero-Garcia, DV:
JHEP 10 (2022) 075

Asymmetric DM: Dark Energy
68%

DM abundance set by an initial asymmetry in the dark

sector 1jp, = n, — 1,
Ppm = Pp

QDM 5 Zi H; m;

‘Cosmic Coincidence’

n

QB "B mp



https://link.springer.com/article/10.1007/JHEP10(2022)075

Asymmetric Dark Matter
The Recipe

Only asymmetric
component survives

Asymmetry n # 0

N
N

Asymmetry n = (

Generation and freezing in Annihilation of
of asymmetry Symmetric components

Initial Symmetric State

Transfer Cogenesis Darkogenesis

Processes communicating this asymmetry (e.g. higher dimensional operators, sphalerons, etc.)
should decouple — asymmetry freezes in both sectors



A Cogenesis Scenario

Two-sector Thermal Leptogenesis Volansky: 11014936

Asymmetries set in both sectors once
Ve the temperature < M,

Out-of-equilibrium
CP violating decays of RHNs yy

Dark asymmetry carried by

dark fermion y and dark
scalar S

1y¢ N, ~ Hs ~ 1ip

The asymmetry can be

transferred from y to y via
decays

Lepton asymmetry — baryon
asymmetry by sphalerons

The framework connects neutrino masses, baryon
asymmetry and dark matter


https://arxiv.org/pdf/1101.4936.pdf

Asymmetric Freeze-out

How it works?

Asymmetric freeze-out
takes place around x ~ 20

Asymmetric ratio: v 4
r, = Y)?/ Y,

r, < 1072
Highly asymmetric

Initial asymmetry:

1072 <7, < 0.9
Partially asymmetric >

XEM)(/T

r; > 0.9
Highly symmetric

( L5
r) ~exp | —

My, (oV). nHm.
j 45xf Pl< >17/]D l

Graesser, Shoemaker,
Vecchi: 1103.2771



https://arxiv.org/abs/1103.2771

Asymmetric Freeze-in

From decays

Production from early
decays: V', = Y, > 1Y ~1,
— Y/ population is

symmetric as y and y are in
equilibrium

Late decays take
place at x > 1

Dominant production from
early decays takes place

around x ~ 1

Asymmetric freeze-out
takes place around x ~ 20

Production from late

decays— sub-dominant/
negligible



Asymmetric Freeze-in

From decays

Production from early
decays: V', < ¥, ~1,

— I/ population can
become asymmetric

Contribution from late

v ¢t decays — asymmetric
population

Late decays (active
once the asymmetry
has already frozen) will

produce more y than yr

Production from early
decays: symmetric

oopulation Asymmetric freeze-in via decays depends

on the strength of feeble interaction



DM Components

W \) ¢

@ ST &

YT~ - 77 After AFO — Populate symmetric
v/ 2 . . —_ .
Asymmetric Freeze-out: component, no annihilations
— R
_ YFI Y;_:n])a YS = I'stlp ) ) —
le’ ) | HpT, s = b > 1+RHD

Before AFO — Annihilations
active, partial washout

E"<

Asymmetric Freeze-in:
Y < 1p

Br(y —» S'v * m ”
R = (¥ ) N ‘ySz‘ 7 YS+ = 1 - r Np, Yo <K Y;
Br(y — yo) Vg My, +

S population by late decays may be warm + early population from FO is cold — mix of cold/warm DM



Possible Scenarios

e

Asymmetric: Symmetric: Asymmetric: Symmetric:
vy S 6x 107" R« 1
Early FI - Negligible Early FI - Dominant AFO AFO+ ;
| D- Dominant LD- Negligible y Decays - Negligible y Decays E:roduce \)
+ — nN
Y, =np> Yy Ypr > np fs =1 s+ 1s 277D'°.
P Y TS e ————" ) Ry ) B
Sc.  ¢population  Spopulation  107Vys/vp/mz R Tp /T.7 o

1 Asymmetric Asymmetric < 0.06 <1 Any
2 Asymmetric Partially Asymmetric < 0.06 O(1) <1
1-2 Asymmetric Asymmetric < 0.06 O(1) > 1
3  Partially Asymmetric Asymmetric 0.06 — 2 <1 Any

Partially Asymmetric Partially Asymmetric 0.06 — 2 O(1) <1

3-4 Partially Asymmetric Asymmetric 0.06 — 2 O(1) > 1

Practically 1- 5 Symmetric Asymmetric 2> 2 <1 Any
component DM Negligible Symmetric Ys S5 x 1077 > 0(10) <1

10



DM Relic Abundance

101

m, = 3.5TeV, m; = 500GeV
My = 10""GeV, m, = 0.05eV

2, m,Gp+ Ye) Qone My (Mp + Yep) + npmg f(R) . 142R KT < T®

— _ .
{ NpMs f(R) Qp np(l + R)ym, T — 1§ > T

11



Phenomenology

Neutrino Line from DM Decay

Generated at low energies
L < m, < MN1 A)

I'(S = w+vy)~ .

12

nm,

2
| ys | ygms (V_qb

)

'4

m,

My,

)(

Cosmologically stable:
Te > 1, > 4% 10 s

If decay contains v;: 7g > 10% s

2
ml/f
mg Garcia-Cely, Heeck:

1701.07209

Coy, Gupta, Hambye:
2104.00042

S decays at late times — neutrino line peaked at m /2 ~ O (GeV)



Conclusions

Dark sector may be very rich

DM relic abundance — Asymmetry + FO + Ealry/Late decays
Late decays — Enhanced ID signals + mixture of warm/cold DM
Abundance o« Asymmetry for symmetric DM state

Lighter (heavier) DM from larger (smaller) 7,






The Model
O

3n U(1) Vo
oW g.auge ' 3 New gauge bosons:
symmetries: U(1)5_; and 70 70 A0 i Lot o
dark product v, Ve B—L’> ©D> pling
Ul)p, ® U(l)y 8p—1-8p and gy

&

®
e

L= — g‘ii“ﬁN;é—ygaN;é"N{é—ygSN%)(—y¢gby7)(+H.c.
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The Model

Ul)p U(l)x

O = OO

Lagrangian
Field Spin U(1)p_p
gnew — g)o(l//_l_g](zin_l_gint_ V(Ga Sa ¢9H) N}Lz 1/2 -1
o 0 +2
LY = FoiD— mPyyo + o iD— mO)s, o 12 1
Yo  1/2 0
— al T ALINTL ij __A7ICAT] I QNI — S 0 0
L ==Y, L"HNp — y5 6Ng N, — yo SNy — v, ppxy + H. c. 5 ) o
_ 0%
S Hx) = vy + p(0)/1/2

X |4



The Model

Symmetry Breaking and Masses

ve_; > 101 GeV Vp < Vp-L

2 _ Q.2 .2 2 _~.2.2 2 _
mZB_L—SgB_LvB_L mZD—ZgDv¢ my, =0

Mass hierarchies

M, M,>My
Mixing between gauge bosons and fermions suppressed

. My, My > My >m, > m, A me>m
due to tiny values of ¢, and and Ny> 77N, Ny 4 pr S T

2mg <my <2m,



Y,
Y~ —
[ 9 D
Y

108 - b= [mx= 3.5 Tev,A=1]
: np=0.1 ng
- Symmetric DM
10~° 3 Freeze—in ry >0.9
_10] . |
e Partially asymmetric DM _ -
E 0.9>r, > 1072
10—11 {
SN IS O
10712¢ Late decays e Asymmetric DM
Ay -2
\S) fw <10
I
1071 =
T)(< (01 — l)S & BBN
107! 10V 10!

|— 1pr, K Y < p



Sc. ’(ﬁ S QDM/QB Qs/Q¢
Asymmetric Asymmetric
1 LD x — v FO S'S — o107 np My+mg My
Y, =mnp Yg =np "B Mp ms
Y, <Y, Yy <Yd
Asymmetric PartlallyTasymmetrlc
FO §'S —
o LD X — ’(pQO n LD X — STI/L D m¢+(1+2R)m5 Moy,
Y} =np/(1+R) vE ng  (I+R)mp ms(1+2R)
Y, <Y} _ s Thp
Yo =npR/(1+ R)
_ Asymmetric
o m’fft;‘c FO S'S — ¢y .
1-2 SO XT e + LDy — Sty np My+ms my
Y, =np/(1+ R) N ne (1+R)mp ms
Y, <Y/ Y =np/(1+R)
¥ v Yo <Y
Partially asymmetric Asymmetric
3 FI + LD x — vp FO STS — PP m¢(ﬂD+YFI)+77DmS mw(nD-I-YFI)
YJ- = YF1/2 + MD YS+ =ND nBmMmp msnD
Ytl)_ — YF1/2 Y.S’_ < Y;
Partially Asymmetric Pargga;l}éTASsyf)nmetrlc
4 FI +LD x — ¥y LDy — sz(f my(Mp+YF1)+np(1+2R)ms  my(np+Ye)
Y} = (Yer/2+1p)/(1+ R) v np(1+R)my msnp (1+2R)
Y, =Ym/(2(1 + R g W
» = Yrr/(2(1+ R)) Y =npR/(1+ R)
: : Asymmetric
Partially Asymmetric FO STS —
3.4 FI +LD x — ¢¢ + LDy — Sf:fL my (Mp+Yr1)+npms my, (Np+Yer)
Y, = (Yr1/2+np)/(1 + R) Y+ —np/(1+ R) nB(1+R)myp msnp
Y, = Yrt/(2(1 + R)) s =B/
Yo <Yy
Symmetric Asymmetric
. FI x — v FO S'S — o np My (YF1/MD)+ms My Ypr
YJ = Yr1/2 + np =~ Yr1/2 YS+ =nD nB My mgnp
Y¢- = YF1/2 YS_ < Y;-
Symmetric
FO STS — oy
6 Negligible production + LD x — Stur <1 %L;- 2:nn—5
Y4 =np 3

s =T1D




The Scenarios

Scenario 4 would
appear here

_1 T r
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A fy < 1072 ry >0.9
10— . Lo . T Ly | . L
10—13 10—12 10—11 O—IO 10—9

ts(nqpm/ns) [S]

023

— 1

- 1024

— 10%°

Close to
experimental
sensitivity, can
be probed at
neutrino
telescopes



Low-energy variant

MNI 1/2 056 1/2
Inverse Seesaw o] < <2><y1¢o—11> (101leev) (O(ZV)

Scale of B — L breaking can be lowered, mass of M,  ~ O(10) TeV

_ _ 1 _
gISS — SLdSL — GISLyUINR — ESLIMSE + H . C.

:_ ('70 =B, 9p = 0-5]

Field Spin U(l)p-r U(l)p U(l)x

St 1/2 0 0 0 _ 3

o’ 0 +1 0 0 s
(.2, i mZB_L <5TeV
g 10°)

y Can be produced at colliders: S
Low MZB _can lead to annihilation into SM fermions that
- 1
erases the symmetric component of y 10101 102 103 104

\ m, [GeV]
No gauged U(1), required



Asymmetries in DS

* A DM asymmetry can be generated from an asymmetry in visible sector or vice versa
* Higher dimensional operator active at high energies:
LB 1-0= Z — 0, 0gn— G
{ l

* Large annihilation cross sections — symmetric component significantly erased

* Reproducing the correct relic abundance — prediction for combination of DM masses:

"B
$2py ~ 5 — Zl.el-ml-
QB B B ny,

22



Two Sector Leptogenesis

Generation of CP Asymmetry

] L Falkowski, Ruderman,
> lj Aoy J Volansky: 1101.4936
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Two Sector Leptogenesis

Washout and Transfer
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Falkowski, Ruderman,
Volansky: 1101.4936



Asymmetric Freeze-in

Solution of Boltzmann equations

M,=3.5 TeV, M,;=300 GeV, Ms=100 GeV, g=0.5, Y,s=10""",n =0.4 ng

| I | ] | | | | ]

| | | ] | ]

M,=3.5 TeV, M,,=300 GeV, Ms=200 GeV, g=0.5, Y,s=10""%,n =0.4 ng

| I | I | I | | 1 1 | | I I |

] -: ] | ] |
0.1 10 1000 10° 107



