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Baryons in the Universe

The Cosmic Microwave Background and Big Bang Nucleosynthesis

tell us:
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Huge number of photons per baryon ny, — nb/n =~ 10_9
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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
The Baryons in the
Universe today!

B
10~

B B
I I Baryogenesis
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Thermal Leptogenesis  Baryogeneésis 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:

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]



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 ~ 1019 GeV Chemical Equilibrium T ~20TeV T ~160GeV  Annihilation Today Signatures
Baryogenesis B B L L HH pp -t B B
@ key processes
UL = —Ug % Up = _”B% freeze—in— ish _ ) ) ¢ ¢Z
¢ ¢ fprn § P ¢¢/1—>H’H’ = S#N-¢N
# I I $Ho QH i dH' 200 GeV Direct Detection
m¢ > (]
G ot scal Lp! S 1300
it Singlet—scalar thermal equilibrium
initial state : - q Hi _ HyN - HyN
= — S [ + —
H H i As g H H OMey + HH - W"W HO Direct Detection
HH<HH B 8 =
Y- 0 my, <580GeV  H* — Ay+a*
et doublet o . omy, 2 250keV HO ,\_/DM subcomponent Dissapearing Tracks

The rest of the talk:

complex singlet scalar) + 1
The elements of the model }’fp((iner'{',."ggs ﬂoumet) )_2 Z4

How it avoids issues that are fatal in other scenarios
Early Universe dynamics

Signatures
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Thermal Freeze-out

0
WIMP freeze-out 10101
10! 4t 106
! 112
22 10' 8L 102
CD (! pm hz)Planck #Hve=1 pb =
10' 12 E
| g -
> 10' 1°
1 20|
10 Mpm = 100 GeV
| 24 e
10" o0 101
X=m/T
S ~
O,
\3'% 4
"‘Q‘! 9

Miguel Escudero Abenza (CERN) Minimal Baryogenesis induced ADM La Thuile 02-03-26



proton-antiproton 100 - 1010
freeze-out zbn::dance dlgta;ted solelyt
10' 4} y the primordial asymmetry ||
pp—)ﬂﬂ“‘ (/)10!8 ( 1102
_CQ 10' 12 - Bh )Planck 10! 2 Ncm
Q B _'
” 10' 16p = 110! ®
10" 29F —— Ave=10mb ;4 10
| 24 -
10500 10°

X=m/T
- 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.

LZ 2410.17036

! fﬂ 10_44'| 1 \__,/ T

DEAP-3600 (2019)

WIMP-nucleon og; [cm?]

48 R c— : ===+ Median 3o discovery potential
10 = ---- Median expected upper limit 3
o = Power constrained upper limit -

===+ Unconstrained upper limit

_II 1 1 1 1 ||||| 1 1 1 1 ||||| 1
10 10 10° 10

0 o WIMP Mass [GeV/c?]
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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'

L == dyy! o1V H?)

Complex Scalar Singlet DM
30-'""""F')'l'"'ll-g--|--..,.4,.,_A

”'
.

N
&)
1 I 1

- LZ excluded I.LO
[2410.17036]

N
o
1 I 1 I I 1

- 1 Escudero & Hambye
> perturbatlve; [2505.02408]

—i
o

[DD —scheme]

0 20 30 20 50 80 70
ms [TeV]

AsH, Higgs Portal Coupling
o

&)

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

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

does not work: works
L = NP1V H? & = As(H'H')?
dp < HH HH < H'H'
_ L : LH'N,L!" 4LH',
Renormalizable | . 1!,
operators: H : H"gN,HH'T HH"™ JHH' L HH'HPHY HH ™ T JHH ™ H" ¢!,

HH @ HHH'H", HH" I, HH™ °,

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]

Blennow, Dasgupta
Ibe, Matsumoto & 1 2 ) Dhen & Hambye N ’ A
: —¢“(LH) . As(HH')> Fernandez-Martinez &
Yanagida [1110.5452] A3 [1503.03444]: Rius [1009.3159]
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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! ———r————————

107
| m ~ 6(1) TeV-

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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r

L

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

|[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))

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 ﬂH=_MBl P = = My
H/ H/

Hyg = — Hp— .UH:_.”B

7
inert—doublet Hu' = HH singlet—scalar Ly S gy /300

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

V = /lng’! ¢ !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 T

( 580GeV)
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
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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 A
dA g 8 1! ! T eq / YI(-.EI(}l
=——< +2((ov(H'H' — HH)) + (ov(H'H - H'H)) ) Y5} |AH' — 2. AH
dx Hzx Y,

peme b (L nlog s HEO) Y 2l )1

qu qu
2A¢ + —2_AH — 2 AH]}

vty
Bo _ _ 5 | | (2(ov(@H — $H)) Y + (ov(dd — HE')) YY) |26 + BN LN
dx Hzx H ¢ Y Yo

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

ll 1 T T T Illll

omy = 450keV (45 =3 x 107
10°F  Q4/Qp=90%

over abundance

non — perturbative

(Apmr > 15)
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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

Thermal
equilibrium of
both rates make
the phi
asymmetry 0!

L | T T LN S S B R N

— —
my, = 200 GeV [
Smy, = 450keV (45 =3 x107°)
107°F  Q4/Qpy=90%
< 1 j P
..« |AH _— - . .
% - L i o == ll" : freeze-in with the
~< G > 15) Ty MU e : . .
10—6 B er abundance | " ] : rlght d,amplng
F 1 : fromH
I thermalization
]
|
]
-7 M | |
10 10°

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

i
————_—__ =
—
e

gy =200GeVQy/Qpy = 90%
5mH0=450keV
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105}

Parameter Space

o ' o |
my =400GeV  fPM ~50% 15=6x10"° ;
my =200GeV fPM~90% 45 =3x107 :
my =100GeV oM ~95%  25=15x10"
Smy, = 450keV

non — perturbative

over abundance
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Parameter Space

™ ' T T T T T
— . my, =250keV Us=165x 10
105 F — Omy,=450keV (s=3x 107
e Omy = 1MeV (U5 =66x10)

I _ _ -5 *
e Smy, = 5MeV (/15—3X10/)./
T
T
A
< R
105 g
i /
0\.
~
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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

LEP [46 GeV < My < 580 GeV] overabundance

Q, h2~0.12, —H
Ho "7( 580GeV)

2

The lighter H’ the more
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 my | Required for the annihilation of
A SH' > 0.5 v dark matter in the early Universe
: ) ¢p—> HH
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The model allows for the Direct Detection of the two dark matter components

via the various Higgs portal couplings: H, H,
. |

VIH, H',§) € + Ay gV VHY + Ay ) 91 LH'Y

/ 2 112 T2
V(H, H', ) € + 23V H\PVH'? 4+ A,V HTH' AN
N N

3/2
Mg 1
LZ [2025] limit: I Ao, 1 < 0.057 — is number density fraction
o (Tev) 7% °
Interestingly, 4, also controls the charged-neutral mass splitting and tells us:
H™
“ /14"1%1
EW corrections:  ~ 300MeV < > 1y —my | ¥ —— <700 MeV
0 Amy
Ay/H,

Factor of ~10 expected improvement in DD rates in the upcoming years with
XLZD and PandaX-xT

Miguel Escudero Abenza (CERN)



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: RN

30 smaller x-sec than the Wino

8 smaller x-sec than the Higgsino

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~

200

/N

400 600
Mpo (GeV)

800

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

Most striking signature apart from ME are disappearing charged tracks
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101 — /HL — LHC

- ] ~1
LHC (recast,36 fb~!) [ ] (myguess,3a™)
Belyaev, Prestel, \\/'
Rojas-Abbate, Zurita
[2008.08581]
100
)
R
H_ — AO + T[i l:X L
EW—only 70 1}
1077 - -
100 200 300 400 500
my [GeV]
LHC (myguess, 136 fb~!) ATLAS 2201.02472
All i Il me 160 GeV if mass splitting comes only from EW corrections
INna
My > 46 GeV even with only +200 MeV in the mass splitting

HL-LHC sensitivity: my ~ 250 GeV if mass splitting comes only from EW corrections
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Proposed what we think may be the simplest Baryogenesis induced
Asymmetric Dark Matter model

¢ (complex singlet scalar) +1 7
H' (inert Higgs doublet) _» “4

¢ ¢  H
. —
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 7’ > 10 TeV.

Only two new BSM fields:

Multicomponent dark matter

Signals:
Direct detection for both dark matter components

Collider searches for H’ (disappearing tracks)

Miguel Escudero Abenza (CERN)



Our compressed H’ can still be as light as 46 GeV! I 1 GeV
The interaction Lagrangian: ] 20 < 5MeV
0
2) DD
< 0.05
L c. : ) .
4
-5 ~ 107
~ 10 _ 10—6
HH < H'H' HH' — ¢¢p =

Hierarchy of couplings. 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 ¢® ¢ thesameis

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

the couplings are tiny! freeze-in!
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Great thanks to my outstanding collaborators for their hard work
and key ideas!

Thomas Hambye Chandan Hati
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Thanks for the invitation and for your attention!
Questions, comments and criticism are most welcome
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hemical relations in the SM

€p €p

eﬂr 3
ﬂl - ﬂB 3| ﬂeRa —HBSS 73

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

d, + d,

all components in the doublets have the same chemical potential due
to the fact that muW = 0.
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Belyaev, Prestel, Rojas-Abbate, Zurita [2008.08581]

D*D°, D*D¥ production

10!
100_
w0
c
E
it 3000 fp~1 300 fb~)
— 3000 fb~?
107" 300 fb~
300 fb?
36 fb~!
w {2HDM
m— MFDM
— \NiNO
w—— \/TDM
1072 - - - - - - - -
100 200 300 400 500 600 700 800 900 1000

Mp= (GEV)

Figure 8. Constraints on the parameter space of the dark sector models studies in this paper. The
colored lines show the results of the reinterpretation of the disappearing track ATLAS study for
the different models. The solid ticks indicate the constraints coming from LHC mono-jet searches
at 36 fb~! and projections for 300 and 3000 fb—1.
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1612.00511: Belyaev, Cacciapaglia, lvanov, Rojas-Abatte, Thomas

10° ¢
: — Ay =10 = Ay =-10
10 - — Ay =01 = Ay =01
T I A345:0.01 - A345:_0.01

ol

_Excluded by LEP

Relic Density Qh”
=
o

Nyig/Noso e,

. A I . A 50 60 70 8 90 100
10* 10° 10° mus GeV]
( M hl (GeV) Figure 6: Magnitude of o(e*e™ — HTH™7)/od%s O [75] in the my+ — my plane.
a)

In addition, note the important conclusion in Blinov, Kozaczuk, Morrissey, de la Puente 1510.08069

In summary, the results of this section suggest that LEP does not constrain the com-
pressed IDM for masses above mz/2 provided the charged mass splitting lies below about
A* < 5 GeV and above a few hundred MeV. We have also derived a refinement of the limits
on H*H~ production for A* larger than 5 GeV.
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