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Antimatter in the Universe?

We have no evidence for antimatter structures
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Antimatter in the Universe?

We have no evidence for antimatter structures

see Dupourque,
Tibaldo, von Ballmoos

No nearby antimatter stars
[2103.10073]
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We have no evidence for antimatter structures

see Dupourque,
Tibaldo, von Ballmoos

No nearby antimatter stars
[2103.10073]

No antigalaxy cluster

collisions see Steigman ‘76
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We have no evidence for antimatter structures

see Dupourque,
Tibaldo, von Ballmoos

No nearby antimatter stars
[2103.10073]

No antigalaxy cluster

collisions see Steigman ‘76

see Cohen, de Rujula
& Glashow [astro-ph/
9707087]

No mergers of matter-
antimatter domains
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An Asymmetric Universe

(" )

Conclusion: We live in a Universe where structures are made of
Lmatter and not of antimatter.
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An Asymmetric Universe

~

Conclusion: We live in a Universe where structures are made of
Lmatter and not of antimatter.

J

The Cosmic Microwave Background and Big Bang Nucleosynthesis
are very precise probes of the baryon density in the Universe:
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An Asymmetric Universe

r [ ] [ ] [ ] [ ]
Conclusion: We live in a Universe where structures are made of
Lmatter and not of antimatter.

J

The Cosmic Microwave Background and Big Bang Nucleosynthesis

are very precise probes of the baryon density in the Universe:
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Conclusion: We live in a Universe where structures are made of
Lmatter and not of antimatter.

J

The Cosmic Microwave Background and Big Bang Nucleosynthesis
are very precise probes of the baryon density in the Universe:
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A Universe without antimatter

® Photon e Baryon @ Antibaryon
I'~3K

Today's Universe
[no antimatter and only matter]
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A Universe without antimatter

® Photon e Baryon @ Antibaryon

T~3K T > m,
Today’s Universe .
[no antimatter and only matter] Early Universe

Because there was a primordial asymmetry between matter and antimatter!
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A Universe without antimatter

® Photon e Baryon @ Antibaryon

T~3K T > m,
Today’s Universe .
[no antimatter and only matter] Early Universe

Because there was a primordial asymmetry between matter and antimatter!

But, how was this asymmetry generated?
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Baryogenesis

The dynamical mechanism which starting from a baryon-
symmetric state leads to Universe with more baryons than
antibaryons!

B B
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Baryogenesis

The dynamical mechanism which starting from a baryon-
symmetric state leads to Universe with more baryons than
antibaryons!

B B B B
I I Baryogenesis I I

Miguel Escudero Abenza (CERN) Minimal Baryogenesis induced ADM Sydney-CPPC 18-06-26 6



Baryogenesis

The dynamical mechanism which starting from a baryon-
symmetric state leads to Universe with more baryons than
antibaryons!

B
The Baryons in the
Universe today!

B
10~

B B
I I Baryogenesis
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A tentative timeline of the Early Universe

Time t (S)
103 102 102 10 10 10° 100

10 10 102 10° 105 103 10° 10-3
T[GeV]
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A tentative timeline of the Early Universe

Time t (S)
103 102 102 10 10 10° 100

109 105 103 10° 103
T[GeV]
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A tentative timeline of the Early Universe

Time t (S)
103 102 102 10 10 10° 100

10 10'® 10 109 106 103 10° 103
T[GeV]
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A tentative timeline of the Early Universe

Time t (S)
103 102 102 10 10 10° 100

10° 103

Electroweak
phase transition

(all particles get
their masses)
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A tentative timeline of the Early Universe

Time t (S)
103 102 102 10 10 10° 100

SU(3)xU(1)

10 10'® 10 109 106 103\ 10° 103

Electroweak
phase transition

(all particles get
their masses)

7
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A tentative timeline of the Early Universe

Time t (S)
103 102 102 10 10 10° 100

SU(3)xU(1)

10 10 10 10 10 10 1 103
T[GeV]
Electroweak QCD phase
phase transition transition
(all particles get (quarks form
their masses) hadrons)
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Time t (S)
103 102 102 10 10 10° 100
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Time t (S)
103 102 102 10 10 10° 100

GUT
baryogenesis
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Time t (S)
103 102 102 10 10 10° 100

SU(3)xU(1)

GUT
baryogenesis

Affleck-Dine
Baryogenesis
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Time t (S)
103 102 102 10 10 10° 100

SU(3)xU(1)

10 1015/ 102/ 1p 106 103 10
[GeV]
GUT
baryogenesis
Thermal
Leptogenesis
Affleck-Dine

Baryogenesis
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Time t (S)
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! T

e

Inflation? =~ GUT era? suExsu@xu()  { l SUBXUM) 7T -
v

I K

 oayemm—

10 10/ 102/ 1 105 100 103

10
[GeV]

GUT
baryogenesis
Thermal Leptogenesis
Leptogenesis via oscillations/
_ Resonant
Affleck-Dine leptogenesis

Baryogenesis

Miguel Escudero Abenza (CERN)



Time t (S)
103 102 102 10 10 10°  10°

' T
(9
Inflation? =~ GUT era? suExsu@xu()  { l SUBXUM) 7T -
vy
C— K 7
 oarem——
] | | | |
10 10™] 10 ] 1 10 10°  \0° 107
[GeV]
GUT
baryogenesis
_ Electroweak
Thermal Leptogenesis  Baryogenesis
Leptogenesis via oscillations/
_ Resonant
Affleck-Dine leptogenesis

Baryogenesis

Miguel Escudero Abenza (CERN)



Time t (S)
103 102 102 10 10 10°  10°

' +
e
SU(3)xU(1 —
Inflation? =~ GUT era? su@xsu@xu)  { l BxUM Jr
vy
- K ¢
 oarem——
p—t
| | | | |
10 10™] 10" ] 1 10 10°  \00  1p3
GUT
baryogenesis
_ Electroweak :
Thermal Leptogenesis  Baryogenesis B-Mesogenesis
Leptogenesis via oscillations/
_ Resonant
Affleck-Dine leptogenesis

Baryogenesis

Miguel Escudero Abenza (CERN)
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*not an exhaustive list, but it does include some of the most popular models
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Time t (S)
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Electrowea

Thermal Leptogenesis  Baryogenedis B-Mesogenesis
Leptogenesis via oscillations/

_ Resonant
Affleck-Dine

_ leptogenesis
Baryogenesis

The asymmetric dark matter scenario | will present is compatible with all the models to the left.
*not an exhaustive list, but it does include some of the most popular models
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We know that if the baryon asymmetry of the Universe was generated
before the electroweak phase transition, then all states in the SM but
W= had different numbers of particles than antiparticles:
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We know that if the baryon asymmetry of the Universe was generated
before the electroweak phase transition, then all states in the SM but
W? had different numbers of particles than antiparticles:

p, = ppl12  py =19u,/84
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We know that if the baryon asymmetry of the Universe was generated
before the electroweak phase transition, then all states in the SM but
W= had dlfferent numbers of partlcles than antlpartlcles
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We know that if the baryon asymmetry of the Universe was generated
before the electroweak phase transition, then all states in the SM but
W= had dlfferent numbers of partlcles than antlpartlcles

Harvey & Turner ‘90

Hi, = ppl12  py =19up/84  pg
Can dark matter be asymmetric?
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We know that if the baryon asymmetry of the Universe was generated
before the electroweak phase transition, then all states in the SM but
W? had different numbers of particles than antiparticles:

53 Iy

B B dy dp

H

H

Harvey & Turner ‘90

Can dark matter be asymmetric?

typical scenario asymmetric DM Dark Matter today Early Refs.

DM DM DM DM DM DM

[ ]
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Hut & Olive '79

Nussinov '85

Barr, Chivukula & Farhi '90

Kaplan '92

Dodelson, Greene & Widrow ‘92
Reviews:

Cirelli, Strumia & Zupan

[2406.01705]

Petraki & Volkas [1305.4939]

Zurek [1308.0338]



Many Asymmetric Dark Matter models have been proposed.
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Many Asymmetric Dark Matter models have been proposed.

Set one:

Models with a large
number of fields needed to

engineer an asymmetry in
the dark matter

10
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Many Asymmetric Dark Matter models have been proposed.
Kaplan, Luty &

Set one: Set two: Zurek [0901.4117]
Models with a large Models which relate an 305 5051
number of fields needed to existing baryon Ibe, Matsumoto &
engineer an asymmetry in asymmetry and transfer it ;Z?::;fi}_:_l:ﬁ;\sllsz]

the dark matter to the Dark Matter (which [1304.3464]

are in most cases based ‘Boucenna, Krauss &
ffecti t Nardi [1503.01119]
on effective operators)  «pc, & Hambye

[1503.03444]
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re.peen proposed.

Kaplan, Luty &
Zurek [0901.4117]
Cohen & Zurek
0909.2035]

be, Matsumoto &
anagida [1110.5452]

Jervant & Tullin

Many Asymmetric Dark Matter

et two:
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d to existing baryon

in asymmetry and transfer it
to the Dark Matter (which
are in most cases based
on effective operators

Set one:

Models with a large
number of fields neede
engineer an asymmetr
the dark matter

*Boucenna, Krauss &
Nardi [1503.01119]
*Dhen & Hambye
[1503.03444]
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me.been proposed.

Kaplan, Luty &
Zurek [0901.4117]
Cohen & Zurek
0909.2035]

be, Matsumoto &
anagida [1110.5452]

Jervant & Tullin

Many Asymmetric Dark Matter

et two:

Models which relate an
d to existing baryon

in asymmetry and transfer it
to the Dark Matter (which
are in most cases based
on effective operators

Set one:

Models with a large
number of fields neede
engineer an asymmetr
the dark matter

*Boucenna, Krauss &
Nardi [1503.01119]
*Dhen & Hambye
[1503.03444]

Goals:
1) Can we do it with a minimal s€

2) Link the Dark Matter abundance to the baryon asymmetry of the
Universe

Why could this be interesting?

Use a relic that we know should be there (from e.g. thermal
Leptogenesis) and employ mechanisms that we know operate in the
early Universe iIn the visible sector (thermal freeze-out)
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The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

T~ 10"GeV

Baryogenesis
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https://arxiv.org/abs/2511.10731

The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

T ~ 10'°GeV Chemical Equilibrium
Baryogenesis B B L L H

_ 51 _ 1
HL==HBSg  FH =~ kB

4
o
o @
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The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

T ~ 10'°GeV Chemical Equilibrium
Baryogenesis B B L L H

_ 51 _ 1
HL==HBSg  FH =~ kB

G Lo singlet—scalar
m initial state :

H H

v il

inert—doublet
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The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

T ~ 10'0GeV Chemical Equilibrium T ~ 20TeV
Baryogenesis B B L L HH
I key processes

o Hi U

1 1 ..
- yp - yp— freeze—in— ish
m @ KL KB 28 HH KB 7 -

Ay

< /300
G I singlet—scalar Lt S 1u
m initial state :

H H

v il

inert—doublet
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The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

~ 109 GeV Chemical Equilibrium T ~ 20TeV
Baryogenesis B B L L H

@ I i H I i I key processes
m U = —ﬂB Uy = —ﬂB freeze—in— ish

/1¢2HH

< puzy /300
e .. singlet—scalar thermal equilibri lugl S 1u
initial state : - ermal equilibrium
H H .
. H - H/ i I
inert—doublet = i
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The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

~ 1019GeV Chemical Equilibrium T ~ 20TeV T ~ 160 GeV
Baryogenesis B B L L HH

@ I i H I i I key processes
m U = —ﬂB Uy = —ﬂB freeze—in— ish

/1¢2HH

e inglet—scal gl S pg /300
initial state : singiet—seatat thermal equ111br1um
H A H

/ /
] |

inert—doublet .
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The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

~ 10" GeV Chemical Equilibrium T ~20TeV T ~ 160 GeV
Baryogenesis B B L L HH
@ I i H I i I key processes
m U = —ﬂB Uy = —ﬂB freeze—in— ish
@ ’1¢2HH
e singlet—scalar gl S 1y /300
initial state B thermal equilibrium 4
m - As -
@ I I H/HHH/ i I ~ 300 MeV A
A 4 0
omy, > 250keV
inert—doublet ey = i y to=m HO v\/DM subcomponent
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The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

~ 10'9GeV Chemical Equilibrium T ~20TeV T ~160GeV  Annihilation
Baryogenesis B B L L HH ph ot
@ I i H I i I key processes
m U = —”B Uy = —ﬂB freeze—in— ish ) )
Ay HE ¢op—>HH
i I I bH < §H i I Ao
lHp| S pp /300

e Lo ) singlet—scalar
m initial state : H ot

inert—doublet

Miguel Escudero Abenza (CERN)

thermal equilibrium

+ _
—H" gg o wrw

= - ~ 300 MeV
HHoH i I A 8
v 0
omy, 2 250keV DM subcomponent

Hy = My - HO \ g

Minimal Baryogenesis induced ADM
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The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

~ 101 GeV Chemical Equilibrium T ~ 20TeV T ~160GeV  Annihilation Today
Baryogenesis B B L L HH pp ozt A B
m @ key processes \A
ur, = —ﬂB Up = —ﬂB freeze—in— ish -
o Ay vi-ma PN
y) =
oHo dH ¢H'
# I I my > 700 GeV
e initial state singlet—scalar thermal equilibrium ol =
: — +
m H H s 1 g wrw- H,
@ H H o F ~ 300 MeV A g [ |
- 410 my, < 580 GeV
omy, 2 250keV DM subcomponent
inert—doublet iy = pag _H 0 v
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The scenario

Minimal Baryogenesis induced Asymmetric Dark Matter

T ~ 1019 GeV Chemical Equilibrium T ~20TeV T ~ 160 GeV Annihilation Today Signatures
Baryogenesis B B L L HH pp -t B B
/
@ I i H I i I key processes
m ur, = —ﬂB Up = —ﬂB freeze—in— ish ¢ ¢Z
Ay 7 > H H/
@ P2HH' | 1y <15/1 HdN—> N
¢H< pH $H' Direct Detection
# my > 700 GeV
o
initial state : £ i thermal equilibrium _y + . Lo H HyN > HyN
@ /15 300 MeV i H'H (_g> wrw 0 Direct Detection
HHoH T =
I I i I y. Ag <580GeV  H* > Aj+7x"
inert—doublet B .MVH DM subcomponent Dissapearing Tracks
S 0~ Displaced Pions
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[2511.10731] Escudero, Hambye & Hati

Minimal Baryogenesis induced Asymmetric Dark Matter

T ~ 10'°GeV Chemical Equilibrium T ~20TeV T ~160GeV  Annihilation Today Signatures
. B T & _ — _
Baryogenesis B L L H H pp—atn B B
I '
key processes
UL =—ug % wy = —#B% freeze—in— ish ¢ gz
- /1 5 ) n n — H/ H/
b & AprHH o ¢ (.154)/1 — dN—> ¢N
¢oH- ¢pH ¢H' Direct Detection
=+ I I my > 700 GeV
. | ip| S py1300
initial state : smglet—sc_al/a ' thermal equilibrium H+ HyN — HyN
/ - — = ) Ty _
H H ~ /15 _ H H 300 MeV ! HH = WrW HO Direct Detection
HHoHH TN, g =
- 420 my, <580GeV  H* - Ag+ 7"
: Ompy > 250 keV DM subcomponent Dissapearing Tracks
inert—doublet i ; HO - S p g

Displaced Pions

The rest of the talk:

(complex singlet scalar) 4 |
The elements of the model ip (iner?Higgs gloublet) _9 Z4

How it avoids issues that are fatal in other scenarios

Early Universe dynamics

Signatures at Collider Experiments and for Direct Detection
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Please, feel free to stop me and ask

questions at any point during the talk!
They are most welcome! @

Questions from students, early
career researchers, and professors
are all very welcome!
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Thermal Freeze-out

WIMP freeze-out 10 T 11010
_ 1074} 1106
X f o 104 | .
S i (QDMhz)PIanck (ov) =1pb *
i 107 02 =
3 =100 nb “
f > 1016} lov) =190m0 1.
= . =10mb |4o-
10 mDM = 100 Gev ''''' <—O-‘i>___rn__ 10 10
—24 . A ..
10 109 10! 103
S ~
tg':f
\3' !5 A
28,2 2
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Thermal Freeze-out

proton-antiproton 100 . 1010
freeze-out abundance dlctated soIer
—4| by the primordial asymmetry
10 106
pp ﬁ ﬂﬂoo ° 0 10_8 _102
:Q 1ol (Q8N®)planck &
i 10 {102 &
Q
> 1016
1020
24
1075 g0

- No antiparticles today
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proton-antiproton 100 . 1010
freeze-out abundance dlctated solely
—4| by the primordial asymmetry
10 11 06
pp — ﬂﬂ“‘ " 108} ( {102
3 1) N
c 10-12 (28H°)Planck -%
Il : &
g 1016 1
1020

- No antiparticles today

- Key requirement for asymmetric dark matter:

(Annihilation cross section larger than for a WIMP (ov) > (av)WIMPJ
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The iIssue: Direct Detection!

If annihilations into Standard Model species are efficient, then the
interaction rates with nuclei should be large, but we have no signal
from dark matter direct detection.

X /

l /
X X
q q
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The iIssue: Direct Detection!

If annihilations into Standard Model species are efficient, then the
interaction rates with nuclei should be large, but we have no signal
from dark matter direct detection.

X /

LZ 2410.17036

DEAP-3600 (2019)

|
)
&
| S
—
N
A
g
Q
O
o
=
3
X X 3
=
== Median 30 discovery potential

-- Median expected upper limit 3

= Power constrained upper limit -

u ===+ Unconstrained upper limit i

| I | | | | 11 1 | I | | | | L1 1 1 I |
1 2 3 4
10 10 10 10
q q WIMP Mass [GeV/c?]
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The iIssue: Direct Detection!

If annihilations into Standard Model species are efficient, then the
interaction rates with nuclei should be large, but we have no signal
from dark matter direct detection.

LZ 2410.17036

X JF 10_44'| 7 \,’/ a

DEAP-3600 (2019)

oY

|
)
&
| S
—
N
f S
g
Q
O
o
=
3
X X 3
=

48 | R c— : ===+ Median 3o discovery potential |

10 = ---- Median expected upper limit 3

o = Power constrained upper limit -

u ===+ Unconstrained upper limit i

| I | | | | 11 1 | I | | | | L1 1 1 I |
1 2 3 4
10 10 10 10
q q WIMP Mass [GeV/c?]
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The iIssue: Direct Detection!

If one wants to make dark matter annihilate efficiently one cannot
use Standard Model portals! ¢p¢p — HH is now excluded by LZ!
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If one wants to make dark matter annihilate efficiently one cannot
use Standard Model portals! ¢p¢p — HH is now excluded by LZ!

P —_ 21 12
ol Q17 1H Complex Scalar Singlet DM

30 T r | T Ly @
3 ,
L V 4
25 LZ excluded LO /\,‘/ ;
- [2410.17036] ot ;
20} :
perturbative-:

AsH, Higgs Portal Coupling
N

&)

—10 20 _ 30 40 50 60 70
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If one wants to make dark matter annihilate efficiently one cannot
use Standard Model portals! ¢¢p — HH is now excluded by LZ!

) S S R
L == dyn| $1* | H?|

Complex Scalar Singlet DM
30'IllllllIIplllllllllg"""""‘,"_ ANNVVN

"'
.

N
@)
I 1 Ll

- |LZ excluded [.LO

N
o
T T I 1 1 T

- 1 Escudero & Hambye
y> perturbatlveE [250502408]

AsH, Higgs Portal Coupling
N

[DD —scheme]

0 20 30 20 50 80 70
ms [TeV]

&)

We showed that the recent LZ limit (2025) is so strong that it rules
out a singlet complex scalar dark matter in the perturbative regime
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https://arxiv.org/abs/2505.02408

Asymmetry Transfer

One needs to connect the Standard Model asymmetries to the dark matter
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Asymmetry Transfer

One needs to connect the Standard Model asymmetries to the dark matter

does not work:
L =1¢’|H|
dp — HH
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Asymmetry Transfer

One needs to connect the Standard Model asymmetries to the dark matter

does not work: works
Z =A¢I’|H| & = Js(H'H'Y’
d¢p < HH HH < H'H'
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Asymmetry Transfer

One needs to connect the Standard Model asymmetries to the dark matter

does not work: works
Z =A¢I’|H| & = Js(H'H'Y’
d¢p < HH HH < H'H'

_ L : LH'N, Loy, LH'S,
Renormalizable | 16N, IH" by,
operators: H : HyyN.HH'¢, HH'A, HH'¢$', HH'H'H", HH'A¢ . HH' AN Hip,S,
HH : HHHH', HHA¢, HHAAN'
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Asymmetry Transfer

One needs to connect the Standard Model asymmetries to the dark matter

does not work: works
L =A¢|*|H|? L = As(H'H')?
dd - HH HH < H'H’
_ L : LH'N, L¢ypy, LH'S,
Renormalizable ;| . x5y,
operators: H : Hy;N,HH'¢, HH'A,HH'¢¢', HH'H'"H" , HH'A¢ , HH' AN, HY ,

HH : HHH'H', HHA¢, HHAA'

Take J<(H'H')? if As 2 107 then there is a thermal dark Higgs
: Asymmetry
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One needs to connect the Standard Model asymmetries to the dark matter

does not work: works
L =2¢I*|H| & = Is(H'H')
dp < HH HH < H'H'

_ L : LH'N, Léyy, LH'S,
Renormalizable I 16N, IH" )y,
operators: H : HyyN.HH'¢, HH'A, HH'¢$', HH'H'H", HH'A¢ . HH' AN Hip,S,
HH : HHH'H", HHA$. HHAN

if A< > 107 then there is a thermal dark Higgs

TrIN2
Take As(H'H') Asymmetry

Servant & Tullin iXZ(H)z Boucenna, Krauss & Lx2(H)n

Cohen & Zurek
FXZ(LH )? 11304.3464] A Nardi [1503.01119]  Am

[0909.2035]

.d. Blennow, Fernandez-
Ibe, Matsumoto & 1 2 ) Dhen & Hambye N ©.g. - " ,
Yanagida [1110.5452] _A3¢ (LH)"  [1503.03444]:  *s(HH) mg;t:l';ezzé&ag‘(’)‘;‘?’garc'a’
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Take a dark matter particle that couples in a non-self conjugated way
to the Higgs and remains in thermal equilibrium with it until 75y,

101§ —— T
10%
= ' m ~ O(1) TeV:
C: 4
101 F————————- —————— Y ———————
—2- A A i i
107490 107 102 10
my [GeV]
Linear scaling with mass Exponential

Boltzmann
suppression
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Take a dark matter particle that couples in a non-self conjugated way
to the Higgs and remains in thermal equilibrium with it until 75y,

10! —————————————
§ _ m ~ O(1) TeV
10 1f—=====———F--mmmm g oo =
m ~ 0(10) GeV
-2 L] ]
19400 701 102

m,AGeV]

Linear scaling with mass Exponential

Boltzmann

Our model works in a sort of freeze-in )
suppression

fashion and the parameter space of
interest is m1, > 700 GeV
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Our Model

( )

= dominant Asymmetric DM
Our model: Z4 [#] =1 y

m, > My
|H'| = — 2 subdominant symmetric DM ”

\_ V.
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Our Model

g )
_ [p] = 1 dominant Asymmetric DM
Our model: Z4 | | | my > my
[H'| = — 2 subdominant symmetric DM
. J

Comments:  usual Z> symmetries for WIMPs have issues: m¢” + m;¢’
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Our Model

s )
_ [p] = 1 dominant Asymmetric DM
Our model: Z4 | | | my > my
[H'| = — 2 subdominant symmetric DM
. J

Comments:  usual Z> symmetries for WIMPs have issues: m¢” + m;¢’

U(1)y local (killed by DD as there is tree level mass mixing)
U(1)y global (killed by star cooling (axion))
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( )

=1 dominant Asymmetric DM
Our model: /, (9] = y m, > my,
|[H'] = — 2 subdominant symmetric DM

L J

Comments:  usual Z> symmetries for WIMPs have issues: m¢” + m;¢’

U(1)y local (killed by DD as there is tree level mass mixing)
U(1)y global (killed by star cooling (axion))

This symmetry structure allows for two particle asymmetry portals:
V=AHH)+h.c.
e.e. HH & H'H'

H H H H

1 1
Ky = —Hp= Hr == Hp>

7
H H H H

inert—doublet Pa = Hu
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r

~

= ] dominant Asymmetric DM
Our model: Z4 [¢] y m > My

|[H'] = — 2 subdominant symmetric DM

L

J

Comments:  usual Z> symmetries for WIMPs have issues: m¢” + m;¢’

U(1)y local (killed by DD as there is tree level mass mixing)
U(1)y global (killed by star cooling (axion))

This symmetry structure allows for two particle asymmetry portals:

V=Ai(HH)+h.c. V= Aypn¢°H'H +h.c.
e.e. HH < H'H' c.e. HH' — g
H A H A H H H H

1 1 _ 1 - _
/,{H:—/,{B7 /’tH:_:uB Ky = — Up Hu Hp—

H H H H b ¢ ¢ ¢
il 0B

inert—doublet Pa = Hu
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Our Model

3) How do we ensure that the dark matter annihilates completely
and its abundance is dictated by an asymmetry?
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Our Model

3) How do we ensure that the dark matter annihilates completely
and its abundance is dictated by an asymmetry?

V = /Ing" ¢ ‘2 ‘ H’ ‘2 gqu —» H'H’ This prevents stringent direct

d_etection constraints

¢ ¢
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Our Model

3) How do we ensure that the dark matter annihilates completely
and its abundance is dictated by an asymmetry?

V = /Ing’l ¢ ‘2 ‘ H’ ‘2 gqu —» H'H’ This prevents stringent direct

d_etection constraints

i I
My 2
Ho or Ao end up being a subcomponent of Dark Matter: Qg h* ~0.12 <580 g V)
c
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3) How do we ensure that the dark matter annihilates completely
and its abundance is dictated by an asymmetry?

V = ,lqu,‘ ¢ ‘2 ‘ H’ |2 ¢q§ —s '’ This prevents stringent direct

d_etection constraints

b ¢ qbi
il b

Ho or Ao end up being a subcomponent of Dark Matter: Qg h* ~0.12 <

H )2
580 GeV
4) We have a Higgs doublet as DM fraction and it talks with the Z boson:

_|_
— H~ V=2A/2H'H)> +h.c.
~ 300 MeV the same /; interaction
A provides the mass splitting
JE k"V which avoids being ruled out
I My = =2V RE H by direct detection
0

Miguel Escudero Abenza (CERN)



Relevant processes in the EU

Relevant processes:
H'H < HH, HH + HH, HH<+ HH, HH<++ HH (induced by \s)
¢p < HH', b HH', ¢H < ¢H', ¢H > ¢H'  (induced by Ag2pp)

Boltzmann equations:

H H
dA g _ 8 1! ! T eq / YI(-.EI(}l
=——< +2((ov(H'H' — HH)) + (ov(H'H - H'H)) ) Y5} |AH' — 2. AH
dz Hx Y,
eq eq
1 7/ eq I3 i/ eq Y¢ / Yd)
Hir = iy + (5 (ov(¢ — HH')) Y% + 2 (ov(¢pH — ¢H')) V') |28¢ + eqAH' — Seqg AH
H' H
dAy S ;q Yq:q
7 T ! e ry/ e /
o= _H_x{ + (2(ov(¢pH — ¢H')) Y7 + (ov(¢pp — HH )>Y¢q) 2A¢ + YI?I(}AH — Y;qAH] }

dAn __ B dAn . (B — L and Q conservation and all SM interactions active)
dx 79 dx
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Parameter Space

omy = 450keV (45 =3 x 107
10°F  Q,/Qpy =90%

)\ ¢2 HH'

over abundance

10_6;

non — perturbative -

(Apmr > 15)

Miguel Escudero Abenza (CERN) Minimal Baryogenesis induced ADM

Sydney-CPPC 18-06-26
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)\ ¢2 HH'

Some examples

myy = 200 GeV
107°F  Q,/Qpy=90% @

|
|
|
1 non — perturbative
U Gy >15)
10—6 - m over abundance | -
X | ]
] ]
I Z
—
|
B 3 . S .
10 10° 107 ' 108
my [GeV]
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)\¢2HHI

Some examples

myy = 200 GeV
107°F  Q,/Qpy=90% @

non — perturbative
(Apr’ > 15)

m over abundance

107 b

freeze-in (too little)
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Some examples

non — perturbative
(Apr’ > 15)

my = 200 GeV
dmy, = 450keV (45 =3x107%)
107°F  Q,/Qpy=90% @
I
<
,<
10_6 i @ over abundance
107 b=t

Miguel Escudero Abenza (CERN)

Minimal Baryogenesis induced ADM

TR T T '
U SR ¥ Lottt i
. —_— L ol — [ [
T T | T T T
T, e
- . _ ———— -

-
—— ﬁHl””‘

Sydney-CPPC 18-06-26

freeze-in + a bit
of damping from
H’ thermalization

freeze-in (too little)
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Some examples

too much freeze-
in + a bit of
damping from H’
thermalization

my, = 200 GeV
107°F  Q,/Qpy=90% @

non — perturbative
(Apr’ > 15)

== ARy freeze-in + a bit
' of damping from
H’ thermalization

A¢2HHI

er abundance

10_6;

GV

107 b

freeze-in (too little)
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Some examples

)\¢2 HH'

gy = 200 GeV

non — perturbative

er abundance

my [GeV]

Miguel Escudero Abenza (CERN)

Minimal Baryogenesis induced ADM

too much freeze-
in + a bit of
damping from H’
thermalization
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Some examples

)\¢2 HH'

my, = 200 GeV
Smy, = 450keV (45 =3x107°)

«

er abundance

U Ogn > 15

Miguel Escudero Abenza (CERN)

Minimal Baryogenesis induced ADM

freeze-in with the
right damping
from H’
thermalization

too much freeze-
in + a bit of
damping from H’
thermalization
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Some examples

10_5:'

)\¢2 HH'

L | T T LN S S B R N

myy, = 200 GeV

Smy, = 450keV (45 =3 x107°)

«

er abundance

non —

U Ogn > 15

=
—
-

1077

Miguel Escudero Abenza (CERN)

Minimal Baryogenesis induced ADM

Thermal
equilibrium of
both rates make
the phi
asymmetry 0!

freeze-in with the
right damping
from H’
thermalization

too much freeze-
in + a bit of
damping from H’
thermalization
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Other Benchmarks

gy =200GeVQy/Qpy = 90%
5mH0=450keV

Miguel Escudero Abenza (CERN) Minimal Baryogenesis induced ADM

Sydney-CPPC 18-06-26
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10~/

Parameter Space

1 ! ! L L |
my =400GeV fPM > 50% 45=6x 107
My =200GeV DM~ 090% 2,=3x107°
my =100GeV oM ~95%  25=15x10"
Smy, = 450keV

non — perturbative

over abundance

H = = O E O E E = E E = = = = = = = = = = = =

[ [V
my [GeV]
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Parameter Space

— 5mHO = 250keV (s =1.65x107°)
10~ 5 F = Omy, =450keV 0s=3x 107

[ === 5mHO =1MeV (45=6.6x107°

i _ _ -5 :
BEEEEE dmy =5MeV  (s=3x 10/)‘/
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Parameter Space

The mass would be too light symmetric annihilations
and the ¢») asymmetry would [700 GeV S m¢ ,S 30 TGV] n‘én-perturbative

be too small
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Parameter Space

The mass would be too light symmetric annihilations
and the ¢») asymmetry would [700 GeV S m¢ ,S 30 T@V] n)c,m-perturbative

be too small

Invisible Z width [LEP] [46 GeV < My < 580 GeV] overabundance

2
Q7?2012 [ —H
The lighter H’ the more Ht =Y 530 GeV
asymmetric dark matter is
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Parameter Space

The mass would be too light symmetric annihilations
and the ¢) asymmetry would [700 GeV S m¢ ,S 30 TGV] nz;n-perturbative

be too small

Invisible Z width [LEP] [46 GeV < My < 580 GeV] overabundance

2
Q7?2012 [ —H
The lighter H’ the more Ht =Y 530 GeV
asymmetric dark matter is

i too much chemical equilibrium and
Z-induced DD [250 keV S 5mHO ,S 5 M@V] the mechanism is not efficient
AO
H,

Jomp, > 250kev
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Parameter Space

The mass would be too light symmetric annihilations
and the ¢) asymmetry would [700 GeV 5 m¢ ,S 30 TGV] nz;n-perturbative

be too small

Invisible Z width [LEP] [46 GeV < My < 580 GeV] overabundance

2
Q7?2012 [ —H
The lighter H’ the more Ht =Y 530 GeV
asymmetric dark matter is

i too much chemical equilibrium and
Z-induced DD [250 keV S 5mHO ,S 5 MGV] the mechanism is not efficient
AO
H,

Jomp, > 250kev

s m¢ h Required for the annihilation of
A bH' > 0.5 dark matter in the early Universe
k V) ¢p— HA
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Direct Detection Signals

The model allows for the Direct Detection of the two dark matter
components trough various channels:
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Direct Detection Signals

The model allows for the Direct Detection of the two dark matter
components trough various channels:

Ze—- M| H||H|

< e-)|HH|
H O . (elastic) . H O

0’ ’0
o (@ e
0“ "0
"’4-—' x AM
|
h =

Miguel Escudero Abenza (CERN)

Minimal Baryogenesis induced ADM

Sydney-CPPC 18-06-26
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Direct Detection Signals

The model allows for the Direct Detection of the two dark matter
components trough various channels:

Ze—- M| H||H|

< e-)|HH|
H O . (elastic) . H O

* *

0‘ ( a) “0
0‘ ‘0
L 2 L 2

’:’4—- x AM

o

Critically, 4, also controls the charged-neutral mass splitting and hence:
_|_

AMI < » Ogq]

(in the absence of cancellations)
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The model allows for the Direct Detection of the two dark matter
components trough various channels:

F e - |H|I*|H |

Ze—-)|HH) & € igAyZ'd,Hy+ h.c.
H O 0‘ (elastic) . . H O HO ,’ (inelastic) " AO
o" (a) "o ’0" (b) “0’
0"’;_0< AM 0‘ ’0
h: 7
/ %\ / @\
N N N [6, = 6.6 X 107 cm?] N
Critically, 4, also controls the charged-neutral mass splitting and hence:
H*
< » O
AM I (in the absence of cancellations) SI
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The model allows for the Direct Detection of the two dark matter
components trough various channels:

F e - |H|I*|H |

712 . 2 2
Ze—- | HH Z € igAyZio,Hy+ h.c. ZLe—-4,lp|"|H|
H O ’ (elastic) " H O HO 0” (inelastic) ”Q AO ¢ ’ (elastic) “ ¢
"0. (a) ,0” ., ) A ’o (©) 0"‘
0‘ 0 0’ ‘0

[6, = 6.6 x 107 cm?]

Critlcally, 14 also controls the charged -neutral mass spllttlng and hence.

Hi

AMI < » Ogq]

(in the absence of cancellations)
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Direct Detection Signals

The abundance of the H’ state is entirely fixed by the Electroweak
interactions:
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Direct Detection Signals

The abundance of the H’ state is entirely fixed by the Electroweak
interactions:

™ - Sy (The rest of the Dark Matter
0 Overabundance density is in the form of
10 asymmetric ¢ states)
—1 _
E 10 /,: E —1
G ¢
~
5
| 1077 2
o ]
-~ AM =100 MeV |
—3 _
10 ~==+ AM = 300 MeV *
—— AM = 700 MeV 3
-==- AM =1.5 GeV -
10—4 | I | I 1 1 1 1 1 1 1
102 103
myy [GeV]

Hence, we can make sharp predictions for the direct detection rates today!
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The abundance of the H’ state is entirely fixed by the Electroweak
interactions:

T T T T - NS (The rest of the Dark Matter
Overabundance density is in the form of
asymmetric ¢ states)

b ¢

10°

=101 3 P -

a - . -

S - :

§ ] ]

I 10775 3

K ] ]

l ' AM = 100 MeV

—3 _ _

] g —— AM =700 MeV

1 ---- AM =1.5 GeV -

10_4 1 1 1 1 1 1 | L I 1 1 1 1 1 1 LI
101 102 103
my [GeV]

Hence, we can make sharp predictions for the direct detection rates today!

The lighter H’ is the more asymmetric dark matter is!
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Direct Detection Signals

AM [GeV]

--------
u
wut®"®
a®
)
.
)
.
.
)
«*
*
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Direct Detection Signals

1.4

1.2

AM [GeV]
o o
o

---------
u
wut®"®
a®
‘l
.
)
.
.
.
«*
°

0.2

%0 10?
myp [GeV]

Limits from LZ already tell us that the doublet needs to be quite compressed!

i AM < 1GeV
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Next Generation

2026:

Xenon-nT
LZ
PandaX-4T

~ S tonne — year
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Next Generation

2026: 2028-

Xenon-nT
LZ
PandaX-4T

~ S tonne — year

PandaX-xT LXe

20T
PANDAX-xT

~ 200 tonne — year

Miguel Escudero Abenza (CERN) Minimal Baryogenesis induced ADM Sydney-CPPC 18-06-26 32



Next Generation

2026: 2028-

Xenon-nT
PandaX-4T R _.  i IVETO

Inner Cu
Vessel

Top PMT

~ S tonne — year | ey

Active
Volume

Bottom
PMT Array

i

PandaX-xT LXe

20T 60T

PANDAX-xT XLZD

~ 200 tonne — year ~ 1000 tonne — year
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Next Generation

XLZD 2410.17137
10_45E|“HH T T T T TTT] T |||||E 5 é?
b~ A || ] =
- W ] o)
E | 1f =
)
% 1070k ‘ E C:Eh
O r |‘\‘ 104 &
u A ©)
2 9 1 =
= 1077w “ =t
= L\ .
= \\\ i
3 n

g ' " 3 1
—48 - r%

$ 10 2 =
= | 1] =
= i (exclusion)] =
— L \ P = 200 ty (90%) - ~
P, - Saenw” === 1000 ty (90%) —
i R | [ [ | | I o 2 ,l_\

10* 102 10° 10
DM mass [GeV/c?]

Factors of ~15-25 improvement wrt LZ at the doors of the neutrino floor.
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Direct Detection Signals

AM [GeV]

Sensitivities

AM 5 06 G@V PandaX-xT or XLZD-200
AM < 0.4 GeV xLzp-1000 or ARGO-3000

Miguel Escudero Abenza (CERN) Minimal Baryogenesis induced ADM
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The Inelastic Channel
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The Inelastic Channel

Standard Halo Model

om [keV]

250
LZ (2025)

200

150

e 1 1 1 1 1 I I
0 100

200 300
my [GeV]

1 1 1 1 I 1
400

500 600

Miguel Escudero Abenza (CERN) Minimal Baryogenesis induced ADM Sydney-CPPC 18-06-26 35



The Inelastic Channel
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The Inelastic Channel
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The Inelastic Channel
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Current LHC limits

. . . LHC@13TeV -D*D~/D*D°
The inert Higgs doublet only interacts 1ot O S PP R

....... VTDM V*+V-

electroweakly and its production cross W IN. Anbate, Zuria (2008 088811 riom TV
section at the LHC is not that large: "

....... MFDM x*x~

———MFDM x*x° + x*x~
~==-i2HDM D*D; ;

....... i2HDM D*D~
——i2HDM D*D; , + D*D™

200 400 600 800 1000
MDO (GEV)
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Current LHC limits

LHC@13TeV pp—-D*D~/D*D°

The inert Higgs doublet only interacts
electroweakly and its production cross
section at the LHC is not that large:

- ==.VTDM Vv*V0
Belyaev, Prestel, Rojas-

g ——VTDM V*V0 + V*y-
Abbate, Zurita [2008.08581]

- ==-MFDM y*x°

N\
——MFDM x*x% + x*x~
03 AN ~==.i2HDM D*D, ,
—~ \ O e i2HDM D*D~
... \ ...0

——i2HDM D*D; , + D*D™

30 smaller x-sec than the Wino

8 smaller x-sec than the Higgsino

200 400 600 800 1000
MDO (GeV)

(simply because it is a scalar, p-wave suppression)
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The inert Higgs doublet only interacts
electroweakly and its production cross
section at the LHC is not that large:

30 smaller x-sec than the Wino

8 smaller x-sec than the Higgsino

LHC@13TeV pp->D+D~/D*D°

Belyaev, Prestel, Rojas-
Abbate, Zurita [2008.08581]

- ==.VTDM Vv*V?

—VTDM V*VO0 4 Yy~
- ==:MFDM x*x°

e MFDM x*x° + x*x~
- ==.i2HDM D*D; ,
------- i2HDM D*D~

(simply because it is a scalar, p-wave suppression)

Explaining why LEP Il couldn’t constrain it either!
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. . . LHC@13TeV -D*D~/D*D°
The inert Higgs doublet only interacts tor e PP

Belyaev, Prestel, Rojas- VTDM VEVO + v+~

electroweakly and its production cross TN Abbate, Zurita [3008.08581]
section at the LHC is not that large: )

- ==:MFDM x*x°

———MFDM x*x° + x*x~
- ==.i2HDM D*D; ,
------- i2HDM D*D~
——i2HDM D*D; , +D*D~

30 smaller x-sec than the Wino

8 smaller x-sec than the Higgsino

(simply because it is a scalar, p-wave suppression)

Explaining why LEP Il couldn’t constrain it either!

It mainly leads to missing energy as the H + readily decays into A, + r*
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The inert Higgs doublet only interacts
electroweakly and its production cross

section at the LHC is not that large:

30 smaller x-sec than the Wino

8 smaller x-sec than the Higgsino

LHC@13TeV pp->D+D~/D*D°

Belyaev, Prestel, Rojas-
Abbate, Zurita [2008.08581]

-==VTDM Vv*V0°

—VTDM V*VO0 4 Yy~
- ==:MFDM x*x°

e MFDM x*x° + x*x~
- ==.i2HDM D*D; ,
------- i2HDM D*D~

(simply because it is a scalar, p-wave suppression)

Explaining why LEP Il couldn’t constrain it either!

It mainly leads to missing energy as the H + readily decays into A, + r*

It can nevertheless lead to striking signatures such as disappearing

charged tracks or displaced pions.
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Current LHC searches
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Current LHC searches
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Current LHC searches
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Global results
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Global results
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Global results

AM [GeV]

Displaced pions

Disappearing charge
tracks

103
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Global results

AM [GeV]

Displaced pions

Disappearing charge
tracks
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In the absence of cancellations a large fraction of the parameter space can
\be tested by Direct Detection experiments and the HL-LHC. )
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Summary: Theory

Proposed what we think may be the simplest Baryogenesis induced
Asymmetric Dark Matter model
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Proposed what we think may be the simplest Baryogenesis induced
Asymmetric Dark Matter model

complex singlet scalar) + |
¢ (comp g )+1 7,

Only t BSM fields:
nly two new elds H' (inert Higgs doublet) _»

¢ ¢  Hy
. —
We can relate the dark matter abundance to the baryon asymmetry

of the Universe, as generated by e.g. Leptogenesis. Compatible
with all baryogenesis mechanisms workingat 7' > 1 TeV.

Multicomponent dark matter
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The cosmology of the mechanism requires a light and compressed
inert Higgs doublet

This H' is relatively unconstrained at the moment and can be as
light as 46 GeV!

The model is very predictive and we have shown that in the
absence of cancellations (i.e. .; # — 4,) the scenario can be tested

by a combination of Direct Detection experiments and the HL-LHC.

H O “‘ (elastic) R . H O
L 4
* (a) 0‘
* *

* *
* *

’:’4—- x AM

h =
do, . |
/ \
losing the Gap in Compressed SUSY Searches at ATLAS N N

Pl
*
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Outlook/Theory/Cosmology
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Outlook/Theory/Cosmology

We need a Z4 symmetry, U(1)s do not work. Are there more set ups?
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Outlook/Theory/Cosmology

We need a Z4 symmetry, U(1)s do not work. Are there more set ups?
The interaction Lagrangian:

V(H,H' ¢) =m?¢|> + miy |H'|” + Mo |6|?|HI* (2)
+ Ao |0 | H'|> + Xs|H* | H'|* + \|HTH'|?

] A2 B A
hpora BPH H' ( SO G HH + h.c.) + 3 ((HfH')z + h.c.) .
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Outlook/Theory/Cosmology

We need a Z4 symmetry, U(1)s do not work. Are there more set ups?
The interaction Lagrangian:

V(H,H',¢) = m?|¢|* + my, |H'|*
+ om0 | H'|? *

_ ) A
A ®*HH'A ( "’2;’” ¢2HTH'+h.c.) +
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Outlook/Theory/Cosmology

We need a Z4 symmetry, U(1)s do not work. Are there more set ups?
The interaction Lagrangian:
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Outlook/Theory/Cosmology

We need a Z4 symmetry, U(1)s do not work. Are there more set ups?
The interaction Lagrangian:
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We need a Z4 symmetry, U(1)s do not work. Are there more set ups?
The interaction Lagrangian:

¢¢Z —> H,H,V(H,H,ﬁ) :771/2|¢|2+m?.11|H,|2 (2) DD

2 0.5 As|H|* | H'|” 3 * < 0.05
h.c.) + : ) :
~107°  ~107C ~ 107 ~ 1076
HAH — ¢¢ HH — ¢ HH - HH  $¢ — ¢

Hierarchy of couplings which is technically natural. Nevertheless,
can one find a theoretical reason as to why?
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We need a Z4 symmetry, U(1)s do not work. Are there more set ups?
The interaction Lagrangian:

¢$ — H'H'V(H, H' . ¢) = m?|p|* + mi |H'|* € Asuc (2) DD
> 0.5 Xs|H[?|H'[P3 < 0.05
h.c.) + . ) .
~10%  ~ 107 ~ 107° ~107°
HAH — ¢¢ HH — ¢ HH - HH ¢ — ¢

Hierarchy of couplings which is technically natural. Nevertheless,
can one find a theoretical reason as to why?

Our model works in a sort of interesting asymmetric freeze-in-ish regime
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We need a Z4 symmetry, U(1)s do not work. Are there more set ups?

The interaction Lagrangian:

@ DD

> 0.5 \s|H|?|H'|* 3 < 0.05
h.c.) + : ) :
~10  ~10°° ~ 107 ~107°
HH — ¢¢  HH — ¢¢ HH < HH ¢ — ¢¢

Hierarchy of couplings which is technically natural. Nevertheless,
can one find a theoretical reason as to why?
Our model works in a sort of interesting asymmetric freeze-in-ish regime

Having a renormalizable model not only makes it
simple but allows us to highlight that CP is a good
symmetry. The CP violating effects are negligible

because the couplings are tiny!
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We need a Z4 symmetry, U(1)s do not work. Are there more set ups?

The interaction Lagrangian:

§b¢z — H/I:I,V(H, H'.¢) = m?|o|* + m%, |H'|? H ¢ (2) DD
> 0.5 Xs|H[?|H'[P3 < 0.05
h.c.) + . ) .
~106  ~10° ~ 107° ~107°
HAH — ¢¢ HH — ¢ HH - HH ¢ — ¢

Hierarchy of couplings which is technically natural. Nevertheless,
can one find a theoretical reason as to why?

Our model works in a sort of interesting asymmetric freeze-in-ish regime

Having a renormalizable model not only makes it the same is

o @
simple but allows us to highlight that CP is a good not true for
symmetry. The CP violating effects are negligible I I symmetric

because the couplings are tiny! freeze-in!
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hemical relations in the SM

Ky = — HpZ fg 20‘ €p éR

1 &Hr
Zﬂl —ﬂB i
d; + dp i

Note that this ends up being multiplied by two as we have also the neutrinos!

eﬂT 3

Z He, = —HBS 3

all components in the doublets have the same chemical potential due
to the fact that muW = 0.
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