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Antimatter in the Universe?

3

We have no evidence for antimatter structures

No antigalaxy cluster 
collisions see Steigman ‘76

No nearby antimatter stars
see Dupourque, 
Tibaldo, von Ballmoos 
[2103.10073]

No mergers of matter-
antimatter domains

see Cohen, de Rújula 
& Glashow [astro-ph/
9707087]
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An Asymmetric Universe

4

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

proton

∼ 109 ∼ 109

photons neutrinos

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

ηb ≡ nb/nγ ≃ 10−9Huge number of photons per baryon



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

A Universe without antimatter

5

Today′ s Universe

+1

109

Photon Baryon Antibaryon
T ≃ 3 K

[no antimatter and only matter]



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

A Universe without antimatter

5

Today′ s Universe

+1

109

Photon Baryon Antibaryon
T ≃ 3 K

B + B̄ → γγ

+1/109

Early Universe
T ≫ mp

Because there was a primordial asymmetry between matter and antimatter!

[no antimatter and only matter]



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

A Universe without antimatter

5

Today′ s Universe

+1

109

Photon Baryon Antibaryon
T ≃ 3 K

B + B̄ → γγ

+1/109

Early Universe
T ≫ mp

Because there was a primordial asymmetry between matter and antimatter!

[no antimatter and only matter]

But, how was this asymmetry generated?
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Baryogenesis

6

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

B B̄

Baryogenesis

B B̄

The Baryons in the 
Universe today!

∼ 10−9
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before the electroweak phase transition, then all states in the SM but 
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tL t̄L
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μH′ = − 1/7μB
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μdR
= 19μB /84

DM DM DM DM
typical scenario asymmetric DM

DM DM
Dark Matter today Early Refs. 

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]
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The elements of the model
How it avoids issues that are fatal in other scenarios  
Early Universe dynamics
Signatures at Collider Experiments and for Direct Detection

 (complex singlet scalar)  
 (inert Higgs doublet)

ϕ
H′ 

Z4−2
+1
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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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Annihilation cross section larger than for a WIMP ⟨σv⟩ > ⟨σv⟩WIMP

- Key requirement for asymmetric dark matter:
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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.
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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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One needs to connect the Standard Model asymmetries to the dark matter

Renormalizable 
operators:

Boltzmann equations and its phenomenology. We also briefly discuss what changes if one considers
the second interaction. We conclude in Section 10.))))

3 Equilibration of SM asymmetries with a dark matter asymmetry

Prior to the electroweak phase transition, all SM interactions thermalize. This also holds for the
weakest perturbative SM interaction, i.e. the electron Yukawa interaction for T ↭ 106 GeV, as well
as for the non-perturbative electroweak sphalerons. [ME: I think at this point it would be
good to list the chemical potentials in the SM species.] Modulo the conservation of the 3
B → Li, Y and Q quantum numbers this means that all SM particle chemical potential are related
(but the W

± one, which vanishes, see [6]). As a result any SM particle asymmetry produced at
a high scale would result in a asymmetry for all SM fermions particles as well as for the Higgs
doublet. In particular a high scale leptogenesis induced lepton asymmetry of a given flavor and L or
R chirality, results in a lepton asymmetry of both chirality for all SM fermion flavor, as well as in B
and H asymmetries. A single in-equilibrium additional interaction involving new field(s) including
the DM field and SM field(s) can thus straigthforwardelly lead to a DM asymmetry. To this end
the conditions that such an interaction must fulfill are quite simple:

• an DM-SM asymmetry equilibrium interaction must involve a non self-conjugated combination
of SM field(s)

• similarly it must involve the DM field in a non self conjugated combination

• it can also involve additional BSM fields. DM stability requires that the number of BSM fields,
including the DM one, is at least 2.1 DM must be charged under a stabilizing symmetry (for
instance a discrete symmetry such as a Z2 symmetry or a global or local continuous symmetry).
Neutrality of DM requires that one of these new BSM fields has a neutral component.

For instance if we limit ourselves to renormalizable equilibrating interactions there are quite a few
(((check)))

L : LH
→
N, Lωεd, LH

→! ,

l : lωN, lH
→
εd ,

H : HεdN,HH
→
ω, HH

→”, HH
→
ωω

→
, HH

→
H

→→
H

→→→
, HH

→”ω , HH
→””→

, Hεd! ,

HH : HHH
→
H

→→
, HH”ω, HH””→

, (3)

This list of 16 ”renormalizable equilibration portals” is fully general when we limit ourselves, as we
will do, to representations of SU(2)L up to a triplet. L, l,H are the SM lepton doublet, lepton singlet
and scalar doublet. N , εd and ! stand for BSM SM fermion singlet, doublet and triplet of SU(2)L.
ω,ω

→, H →
, H

→→
, H

→→→ and ”,”→ stand for BSM scalar singlet(s), doublet(s) and triplet(s) (which may
be identical when several same multiplets are involved). The hypercharges of the various new fields
is assumed to be anyones which give a vanishing sum in the interaction. At the non-renormalizable
level the list is much longer and we will not determine it. For instance the following operators have
been considered in previous setups, N2(LH)2 [1], ω2(LH)2 [2], N3(LH) [2], ε2

H
2 [3], #2

H
2 (with

# a scalar multiplet) [4].

1
If the equilibration interaction involves only one DM field on top of SM fields, the equilibrating interaction will in

general cause a too fast DM decay into SM particles. A very tiny equilibrating interaction leading to a slow enough

DM decay is not an option, as it would not cause any sizeable equilibration between SM and DM asymmetries.

5

does not work:
ℒ = λ |ϕ |2 |H |2

ϕϕ̄ ↔ HH̄

works
ℒ = λ5(H†H′ )2

HH ↔ H′ H′ 
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Take λ5(H†H′ )2 if  then there is a thermal dark Higgs 
Asymmetry
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m ∼ 𝒪(1) TeV
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Typical Dark Matter Abundance

18

Take a dark matter particle that couples in a non-self conjugated way 
to the Higgs and remains in thermal equilibrium with it until TEW

Linear scaling with mass Exponential 
Boltzmann 
suppression

m ∼ 𝒪(10) GeV

m ∼ 𝒪(1) TeV

Our model works in a sort of freeze-in 
fashion and the parameter space of 
interest is mϕ > 700 GeV
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Our model: Z4
[ϕ] = 1
[H′ ] = − 2

dominant Asymmetric DM mϕ > mH′ 

subdominant symmetric DM
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 local (killed by DD as there is tree level mass mixing)
 global (killed by star cooling (axion))

U(1)X
U(1)X

m2
ϕϕ2 + m2

ϕ̄ϕ̄2usual Z2 symmetries for WIMPs have issues:Comments:

Our model: Z4
[ϕ] = 1
[H′ ] = − 2

dominant Asymmetric DM mϕ > mH′ 

subdominant symmetric DM

This symmetry structure allows for two particle asymmetry portals:
V = λ5(H†H′ )2 + h . c .

HH ↔ H′ H′ e . g .

H′ H̄′ 

inert−doublet

H H̄

μH = − μB
1
7

H̄′ H′ 

μH′ = μH

H H̄

μH = − μB
1
7
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 global (killed by star cooling (axion))

U(1)X
U(1)X

m2
ϕϕ2 + m2

ϕ̄ϕ̄2usual Z2 symmetries for WIMPs have issues:Comments:

Our model: Z4
[ϕ] = 1
[H′ ] = − 2

dominant Asymmetric DM mϕ > mH′ 

subdominant symmetric DM

This symmetry structure allows for two particle asymmetry portals:
V = λ5(H†H′ )2 + h . c .

HH ↔ H′ H′ e . g .

H′ H̄′ 

inert−doublet

H H̄

μH = − μB
1
7

H̄′ H′ 

μH′ = μH

H H̄

μH = − μB
1
7

V = λϕ2HH′ 
ϕ2H†H′ + h . c .

HH̄′ → ϕϕ
H H̄

μH = − μB
1
7

ϕ ϕ̄

singlet−scalar

ϕ ϕ̄

|μϕ | ≲ μH /300

H H̄

μH = − μB
1
7

e . g .
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3) How do we ensure that the dark matter annihilates completely 
and its abundance is dictated by an asymmetry?
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|ϕ |2 |H′ |2 This prevents stringent direct 

detection constraints 
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and its abundance is dictated by an asymmetry?

V = λϕH′ 
|ϕ |2 |H′ |2 This prevents stringent direct 

detection constraints 
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H0 or A0 end up being a subcomponent of Dark Matter: ΩH0
h2 ≃ 0.12 ( mH′ 

580 GeV )
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Our Model

20

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

V = λϕH′ 
|ϕ |2 |H′ |2 This prevents stringent direct 

detection constraints 
ϕϕ̄ → H′ H̄′ 

ϕ ϕ̄ ϕ ϕ̄

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

H0

A0
δmH0

≥ 250 keV

H±
∼ 300 MeV

V = λ5/2(H†H′ )2 + h . c .
the same  interaction 
provides the mass splitting 
which avoids being ruled out 
by direct detection

λ5

H0 or A0 end up being a subcomponent of Dark Matter: ΩH0
h2 ≃ 0.12 ( mH′ 

580 GeV )
2
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ϕ ϕ̄

H̄′ H′ 

μH′ = μH

H H̄

μH = − μB
1
7

Relevant processes:

Boltzmann equations:
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mH′ = 200 GeV

Ωϕ/ΩDM = 90 %
δmH0

= 450 keV

non − perturbative

over abundance

(λ5 = 3 × 10−6)

(λϕH′ > 15)

ΩDMh 2 = 0.12
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mH′ = 200 GeV

Ωϕ /ΩDM = 90 %
δmH0 = 450 keV

non − perturbative

over abundance

(λ5 = 3 × 10−6)

(λϕH′ > 15)

freeze-in (too little)
T ≃ mϕ

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

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

24

mH′ = 200 GeV

Ωϕ /ΩDM = 90 %
δmH0 = 450 keV

non − perturbative

over abundance

(λ5 = 3 × 10−6)

(λϕH′ > 15)

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

freeze-in with the 
right damping 
from H’ 
thermalization 

Thermal 
equilibrium of 
both rates make 
the phi 
asymmetry 0!
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mH′ = 200 GeV
δ mH 0 = 450 keV

non − perturbativeover abundance

Ωϕ /ΩDM ≃ 90 %
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mH′ = 400 GeV
mH′ = 200 GeV
mH′ = 100 GeV

f DM
ϕ ≃ 50 %

f DM
ϕ ≃ 90 %

f DM
ϕ ≃ 95 %

δmH0
= 450 keV

non − perturbative

over abundance

λ5 = 3 × 10−6

λ5 = 1.5 × 10−6

λ5 = 6 × 10−6
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mH′ = 200 GeV Ωϕ /ΩDM ≃ 90 %

over abundance

δmH0
= 450 keV

non − perturbative

δmH0
= 1 MeV

δmH0
= 5 MeV

δmH0
= 250 keV

(λ5 = 3 × 10−6)

(λ5 = 1.65 × 10−6)

(λ5 = 6.6 × 10−6)

(λ5 = 3 × 10−5)
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700 GeV ≲ mϕ ≲ 30 TeV symmetric annihilations 
non-perturbative

The mass would be too light 
and the  asymmetry would 
be too small

ϕ
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The mass would be too light 
and the  asymmetry would 
be too small

ϕ

46 GeV ≲ mH′ 
< 580 GeVInvisible Z width [LEP] overabundance

ΩH0
h2 ≃ 0.12 ( mH′ 

580 GeV )
2

The lighter H’ the more 
asymmetric dark matter is
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700 GeV ≲ mϕ ≲ 30 TeV symmetric annihilations 
non-perturbative

The mass would be too light 
and the  asymmetry would 
be too small

ϕ

46 GeV ≲ mH′ 
< 580 GeVInvisible Z width [LEP] overabundance

ΩH0
h2 ≃ 0.12 ( mH′ 

580 GeV )
2

The lighter H’ the more 
asymmetric dark matter is

250 keV ≲ δmH0
≲ 5 MeVZ-induced DD

H0

A0
δmH0

≥ 250 keV

too much chemical equilibrium and 
the mechanism is not efficient
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Parameter Space

28

700 GeV ≲ mϕ ≲ 30 TeV symmetric annihilations 
non-perturbative

The mass would be too light 
and the  asymmetry would 
be too small

ϕ

46 GeV ≲ mH′ 
< 580 GeVInvisible Z width [LEP] overabundance

ΩH0
h2 ≃ 0.12 ( mH′ 

580 GeV )
2

The lighter H’ the more 
asymmetric dark matter is

250 keV ≲ δmH0
≲ 5 MeVZ-induced DD

H0

A0
δmH0

≥ 250 keV

too much chemical equilibrium and 
the mechanism is not efficient

λϕH′ 
> 0.5

mϕ

TeV
Required for the annihilation of 
dark matter in the early Universe

ϕϕ̄ → H′ H̄′ 
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The model allows for the Direct Detection of the two dark matter 
components trough various channels:

|mH± − mH0
| ≃ λ4v2

H

4mH
≲ 700 MeV
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components trough various channels:
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(elastic)
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H

4mH
≲ 700 MeV
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(elastic)

(a)

ℒ ∈ − λ3 |H |2 |H′ |2

|mH± − mH0
| ≃ λ4v2

H

4mH
≲ 700 MeV

Critically,  also controls the charged-neutral mass splitting and hence:λ4

A0/H0

H±
σSI

(in the absence of cancellations)
ΔM



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

Direct Detection Signals

29

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

ℒ ∈ − λ4 |H†H′ |2
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H0 H0

NN

∝ ΔM

(elastic)

(a)

ℒ ∈ − λ3 |H |2 |H′ |2

Z

H0 A0

NN [σn = 6.6 × 10−39 cm2]

(inelastic)
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ℒ ∈ igA0Zμ∂μH0 + h . c .

|mH± − mH0
| ≃ λ4v2

H

4mH
≲ 700 MeV

Critically,  also controls the charged-neutral mass splitting and hence:λ4
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The model allows for the Direct Detection of the two dark matter 
components trough various channels:

ℒ ∈ − λϕH |ϕ |2 |H |2

h

ϕ ϕ

NN

(elastic)

(c)

ℒ ∈ − λ4 |H†H′ |2

h

H0 H0

NN

∝ ΔM

(elastic)

(a)

ℒ ∈ − λ3 |H |2 |H′ |2

Z

H0 A0

NN [σn = 6.6 × 10−39 cm2]

(inelastic)

(b)

ℒ ∈ igA0Zμ∂μH0 + h . c .

|mH± − mH0
| ≃ λ4v2

H

4mH
≲ 700 MeV

Critically,  also controls the charged-neutral mass splitting and hence:λ4

A0/H0

H±
σSI

(in the absence of cancellations)
ΔM
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The abundance of the H’ state is entirely fixed by the Electroweak 
interactions:
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The abundance of the H’ state is entirely fixed by the Electroweak 
interactions:

101 102 103

mH0 [GeV]

10°4
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10°1

100

f
H

0
=

≠
H

0 /
≠

D
M

LEP

Overabundance

¢M = 100 MeV

¢M = 300 MeV

¢M = 700 MeV

¢M = 1.5 GeV

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

(The rest of the Dark Matter 
density is in the form of 
asymmetric  states)ϕ

ϕ ϕ̄
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Direct Detection Signals

30

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

The lighter H’ is the more asymmetric dark matter is!

101 102 103

mH0 [GeV]

10°4
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10°2

10°1

100

f
H

0
=

≠
H

0 /
≠

D
M

LEP

Overabundance

¢M = 100 MeV

¢M = 300 MeV

¢M = 700 MeV

¢M = 1.5 GeV

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

(The rest of the Dark Matter 
density is in the form of 
asymmetric  states)ϕ

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

ΔM ≲ 1 GeVH0
H±
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LZ
PandaX-4T

∼ 5 tonne − year
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2026:

Xenon-nT
LZ
PandaX-4T

∼ 5 tonne − year

PANDAX-xT

PandaX detectors

PandaX-xT HAN, Ke (SJTU) 4

∼ 200 tonne − year

2028-

20 T
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Next Generation

32

2026:

Xenon-nT
LZ
PandaX-4T

∼ 5 tonne − year

PANDAX-xT

PandaX detectors

PandaX-xT HAN, Ke (SJTU) 4

∼ 200 tonne − year

2028-

20 T

XLZD

60 T

∼ 1000 tonne − year
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Factors of ~15-25 improvement wrt LZ at the doors of the neutrino floor.
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NN
[σn = 6.6 × 10−39 cm2]

(inelastic)
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With high-velocity 
contribution from the 
Large Magellanic Cloud

see also Reynoso-
Cordova, Bozorgnia, 
Piro [2409.09119]
and Smith-Orlik et al. 
[2302.04281]
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H0 A0

NN
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(inelastic)
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see also Graham, Ramani 
& Wong 2606.05299 for a 
nice idea with 
Paleodetectors!
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With high-velocity 
contribution from the 
Large Magellanic Cloud

see also Reynoso-
Cordova, Bozorgnia, 
Piro [2409.09119]
and Smith-Orlik et al. 
[2302.04281]

Z

H0 A0

NN
[σn = 6.6 × 10−39 cm2]

(inelastic)

(b)

H0
δm ≲ 5 MeV≳ 300 keV

Z-induced DD Efficiency of the 
mechanism

A0
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The inert Higgs doublet only interacts 
electroweakly and its production cross 
section at the LHC is not that large:

Belyaev, Prestel, Rojas-
Abbate, Zurita [2008.08581]
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Current LHC limits

36

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

Belyaev, Prestel, Rojas-
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It mainly leads to missing energy as the  readily decays into H± A0 + π±

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

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

30 smaller x-sec than the Wino

8 smaller x-sec than the Higgsino

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

It can nevertheless lead to striking signatures such as disappearing 
charged tracks or displaced pions.

Explaining why LEP II couldn’t constrain it either!
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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

39

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

Only two new BSM fields:  (complex singlet scalar)  
 (inert Higgs doublet)

ϕ
H′ 

Z4−2
+1

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 working at . T > 1 TeV

Multicomponent dark matter
ϕ ϕ̄ H0
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Summary: Signals

40

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

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

H′ 

The model is very predictive and we have shown that in the 
absence of cancellations (i.e. ) the scenario can be tested 
by a combination of Direct Detection experiments and the HL-LHC.

λ3 ≠ − λ4

h

H0 H0

NN

∝ ΔM

(elastic)

(a)
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because the couplings are tiny!

≲ 0.05
DD

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

∼ 10−6 ∼ 10−6

HH ↔ H′ H′ HH̄′ → ϕϕ

λϕ4ϕ4

∼ 10−6∼ 10−6
HH̄′ → ϕ̄ϕ̄ ϕϕ → ϕ̄ϕ̄

ϕ ϕ̄ the same is 
not true for 
symmetric 
freeze-in!

We need a Z4 symmetry, U(1)s do not work. Are there more set ups?
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Chemical relations in the SM

43

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

B B̄

H H̄

L L̄

QL Q̄L

dR d̄R

ℓα
L eR ēR

μL = − μB
51
28

μH = − μB
1
7

μdR
= μB

19
84

μQL
= μB

1
12

uR ūR

μuR
= − μB

4
84

1
3

e,μ,τ

∑
α

μlα = − μB
1
4

ℓ̄α
L

1
3

e,μ,τ

∑
α

μeRα
= − μB

3
28

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

H0 → dL + d̄R


