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Dark Matter

Dark Matter existence iIs supported by astrophysical and cosmological evidence

Observations
from starlight

56’

Velocity
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Expected from
the visible disk
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« Neutral and weakly interacting with SM

« Cosmologically stable

« Cold (non-relativistic at structure formation)




Neutrino masses

Neutrinos are massless in the Standard Model

L:(VL,GL) No Vg

Accidental U(1) lepton number conservation

Neutrino oscillations require massive neutrinos

l

Combining oscillation and cosmological data
0.05 eV < S m, <0.12 eV



The See-Saw

Introduce RHN Ngr ~ (1,1)g

A£lepton ~ quﬁNR T %MNNICQNR

Dirac mass Majorana mass

Mu — ( OT "D ) rm“D:yuUH/\/§

—1
m, =mpMyg mbt ~

—)  m, ~005eV if My~ 10" GeV



The See-Saw

Introduce RHN Ng ~ (1,1)g

Aﬁlepton ~ quﬁNR T %MNN]C{NR

Dirac mass Majorana mass

Many variants have been studied!
(type I-111 see-saw, inverse see-saw, linear see-saw, scotogenic,...)

Majorana masses are a crucial ingredient




Inverse See-Saw

2 basic ingredients

1) Small breaking of lepton number (u-term)
=== EXplicit or spontaneous breaking
=== Need to be small m, x u
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Inverse See-Saw

2 basic ingredients

1) Small breaking of lepton number (u-term)
=== EXplicit or spontaneous breaking
=== Need to be small m, x u

- \N\e will propose a dynamical generation
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Inverse See-Saw

2 basic ingredients

1) Small breaking of lepton number (u-term)
=== EXplicit or spontaneous breaking
=== Need to be small m, x u

- \N\e will propose a dynamical generation

2) Extended fermionic sector

== Need at least 2 new fermionic fields Nz, N, ~ (1,1)g
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Inverse See-Saw

Aﬁlepton ™~ yuiﬁNR T MDN—LNR -+ %NN]%NR

Dirac mass Majorana mass
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Inverse See-Saw

Aﬁlepton ™~ yuiﬁNR T MDN—LNR -+ %NN}C%NR

Dirac mass Majorana mass

0 mp 0
M, = m% 0 Mp mp =yuUH/\/§

14



Inverse See-Saw

Aﬁlepton ™~ yuiﬁNR T MDN—LNR -+ %NN}C%NR

Dirac mass Majorana mass
0 mp 0
M,=| mp 0 Mp mp = Y, vn/ V2
0 Mp u
u<<mp <K Mp 2

U
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Inverse See-Saw

Aﬁlepton ™~ yuiﬁNR T MDN—LNR -+ %IJJN}C%NR

Dirac mass Majorana mass
0 mp 0
M,=| mE 0 Mp mp = y,vn /V2
0 Mp u
p<Kmp << Mp . 02
T\—1 — T H
u ~ keV

m——fp  m, ~ 0.05eV If
MD~10TeV

16



Inverse See-Saw

Aﬁlepton ™~ yuiﬁNR T MDN—LNR -+ %NN]%NR

Dirac mass Majorana mass
0 mp 0
M,=| mp 0 Mp mp =y, /V2
0 Mp u
p<Kmp << Mp . 02
T\—1 — T

Mp ~ 10 TeV 17



Inverse See-Saw

Aﬁlepton ™~ yuiﬁNR T MDN—LNR -+ %NN]%NR

Dirac mass Majorana mass

mE 0  Mp small lepton number
0 ML pu breaking parameter?

2
@ Ty\—1 -1 T v
- my, ~mp(Mp) " uMpy my, NMM%
-  m, ~0.05eV If
Yny 0 TeV 18

( 0 mp O ) How to generate such a
M, =




Gauge confinement

New confining dark sector = we focus (for simplicity) on SU(3)p

1 vector-like dark quark in the fundamental representation (¢, qr)
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Gauge confinement

New confining dark sector = we focus (for simplicity) on SU(3)p

1 vector-like dark quark in the fundamental representation (¢, qr)

Gauge coupling running

The theory confines at the scale Ap

Confinement
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Gauge confinement

New confining dark sector = we focus (for simplicity) on SU(3)p

1 vector-like dark quark in the fundamental representation (¢, qr)

Gauge coupling running

The theory confines at the scale Ap

'

(1) Quark condensate (G qr) ~ A%, 4
(similar to QCD) -

Confinement




Gauge confinement

New confining dark sector = we focus (for simplicity) on SU(3)p

1 vector-like dark quark in the fundamental representation (¢, qr)

Gauge coupling running

The theory confines at the scale Ap

'

(1) Quark condensate (qrqr) ~ A7, |
(similar to QCD) &

Confinement

(2) Quarks combine into baryons and mesons Ap




Neutrino mass from confinement

L~ YyooqrLqr

YNrONENR
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Neutrino mass from confinement

L~ YOO qL4R yNRJ_N]%NR ’ITL%O'2 +...

Real scalar field




Neutrino mass from confinement

2 2
<o ...

L ~yooqrqr + Yngo NgNRr +m

Hard mass m2 > 0
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Neutrino mass from confinement

L~ YOO qrL4Rr yNRON]%NR m2o? +...

Example
SUB)p | 24
qr 3 —1
qr 3 {
Ny, 1 i
Nrg 1 i
o 1 —1

No bare masses for the fermions

Scalar couples to quark and RHN sectors

26



Neutrino mass from confinement

L~ YOO qL4R yNRJN]%NR m,o +...

. S ~ 3
Gauge confinement (grqr) ~ A7,



Neutrino mass from confinement

L~ YOQOqL4R yNRJN]%NR m,o +...

. S ~ 3
Gauge confinement (grqr) ~ A7,

generate a scalar vev l V(o) ~yo(Grqr)o + m2o?

(o) ~ Yo



Neutrino mass from confinement

L~ YOQOqL4R yNRON]%NR m,o +...

Gauge confinement  (Grqr) ~ A3,

generate a scalar vev ‘

(o) ~ Yo

Il Ne

Dynamical generation of Majorana mass ;; ~ NrYO A_127
mO‘
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Neutrino mass from confinement

L~ YOO qrL4Rr yNRO'N]%NR m,o +...

Es]l
(o

Gauge confinement  (qrqr) ~ A7,

generate a scalar vev ‘ \\/

A3
(0) = yo iz i
> o«
‘ Ng Np

A3

Dynamical generation of Majorana mass U~ YNRYQ —D
mO‘

Generic mechanism to generate Majorana masses
It can be applied in any neutrino mass model (e.g. Type | see-saw) 30




Neutrino mass from confinement

L ~ YOO qrL4Rr yNRO'N]%NR m,o +...

Es]l
(o

Gauge confinement  (qrqr) ~ A7,

generate a scalar vev ‘ \\/

A3
(0) = yq 2 i
> o
‘ Ng Ngr

3
Dynamical generation of Majorana mass ;; ~ NrYO A_12D
mO‘

If Ap <« m, === dynamical generation of small Majorana mass for inverse see-saw

31




The Model

SU(3)p | 24 | generations
qr, 3 —1 1
. 3 i 1
Ny, 1 7 3
Ng 1 i 3
L 1 ? 3
ER 1 1 3
o 1 —1 1

0 mp 0

Mu — m% H MD
0 Mp u

Can be generated dynamically by
the vev of an additional scalar

Loy =vy.LHep + v, LHNg +NR +he.,
Lo =yo0oqrqr + yn, oNENL
+ yNRaN_ﬁNR + h.c.,
Voo = (M2 + Xp0? + Apo |H|?) 07

mp — yy<H>
A3 A3
H=YQUNrms M = YQYNL ma

32



The Spectrum

The theory confines at the scale Ap

!

Quarks combine into baryons and mesons
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The Spectrum

The theory confines at the scale Ap

!

Mesons )
q q
The lightest meson is pseudo-scalar \\/
mma = AD ?
_ 5 > o -4
fm = 0lqysg| M) ~ Ag Ng Ng

(with 1 quark flavor there are no light dark pions)

Mesons can decay into neutrinos (both RHNSs and active)

34



The Spectrum

The theory confines at the scale Ap

!

Baryons

B ~ qqq bound state with spin 3/2

mp >~ bAp

U()p
qr 1
4R 1
M 0
B 3

Accidental U(1)p of the renormalizable Lagrangian

Protected up to dimension-8 operators (spin protection)

Baryons are stable =——p Dark Matter!




The Cosmology

We assume that m, > Try > Mp,Ap

v

o 1S not In thermal bath

LL,HH <> NN _
LH < N The dark sector iIs produced from

NN & Gq the SM bath and thermalizes
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The Cosmology

We assume that m, > Try > Mp,Ap

v

o 1S not In thermal bath

LL,HH <> NN _
LH < N The dark sector iIs produced from

NN & Gq the SM bath and thermalizes

Confinement 7'~ Ap

Y '\

Strong (dark) interactions convert Mesons decay to neutrinos keeping
baryons to mesons equilibrium with the SM
BB — MM P(M — NN) ~ Y2¥x 8h A > 20y

— 32T m
o 37




The Cosmology

== _Confinement Baryon DM freeze-OUt

Freeze-out of baryons

)
1
1
1
1
]

BB — MM

2
-~ 2 —26cm® [ 41 TeV
(ov) @ m/AH ~ 2.2 x 107 ( i )

z=inpm/T

The DM relic abundance can be reproduced if Ap ~ (1 — 100) TeV
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Indirect Detection: neutrino lines

Baryons annihilate to mesons

BB — MM

EMl"mB

39



Indirect Detection: neutrino lines

Baryons annihilate to mesons decay to heavy neutrinos

BB — MM —] M —> NN

40



Indirect Detection: neutrino lines

Baryons annihilate to mesons decay to heavy neutrinos decay to active neutrinos

BB — MM —- M —= NN — N — hyg,

Ev ~mp Enx ~mp/2 E, ~mpg/4

41



Indirect Detection: neutrino lines

Baryons annihilate to mesons decay to heavy neutrinos decay to active neutrinos

BB s MM —_— M- NN o N—>I@

Ev ~mp En ~mpg/2 ~ mpg/4

Monochromatic neutrino lines F, ~ mg/4 ~ (1 — 100) TeV
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Indirect Detection: neutrino lines

Baryons annihilate to mesons decay to heavy neutrinos decay to active neutrinos

BB s MM —_— M- NN o N—>I@

Er ~mp En ~mp/2 ~ mpg/4

Monochromatic neutrino lines F, ~ mg/4 ~ (1 — 100) TeV

Testable with neutrino telescopes!

Current bound from ANTARES collaboration ==» Ap > 12 TeV \/ 0'25“?(;5)40”13/ i

It will be improved by KM3NeT upto Ap ~ 54 TeV

43



Ap in GeV

105 106 107

mg 1n GeV B



Backup slides



Dark baryon number

Higher-dimensional operators breaks dark baryon number

The first baryon number-breaking operators arise at dimension 8 for spin 3/2
(spin protection)

Ay
@) w3 — hv, Zv, W, HZv, YN, ...
C
1 (299),, [v*,77] 7 Ni,rBag + hec.,
Uv
[ - _
A*{i (999), Nr,r (9"qq) + h.c., 8 2 10%® sec ==p  Ayy > 10'2 GeV (40‘/\%)
¢ o DM indirect detection
~ (qqq),, L (8"gq) H + h.c ( )

47



Constraints

Small active-sterile neutrino mixings evade current bounds

|ViN|22my/,u§10_8 i=e, T
EW precision observables Vin| <1073 Mp ~ TeV
— ey Ven Viun| <1077 Mp ~ 100 GeV-10 TeV

Electron dipole moment ~ d™® ~ 1073%32le em  (d®P < 1.1 x 10~%%¢) cm

DM Direct detection bounds are evaded

Very small mixing among the SM Higgs and o

v A3
vfjn(Qa) N fn4D < 1

48



Lighter Dirac masses imply smaller Yukawa couplings
10°

Yo =0.1, ypr =03
M5 GeV: m,

103
10° 106 107

mqs 1n GeV

Vin|* ~m, /. $107°  Close to experimental sensitivity for GeV-ish RHN



Borexino .

[ oMB v

Supernovae

X—ray CMB +-BAO +H,

... Seesaw

10 14 - . A .
10 10 © 10 3

my [GeV]

TeV
GeV

Figure made by Patrick Bolton, https://www.hep.ucl.ac.uk/~pbolton/index.html



Indirect Detection: neutrino lines

Testable with neutrino telescopes!

—19
10 &
o
10~ :
10—21

1072
10-24 e A
10 Founol Ty, s '“-jﬂ\.,'
B
1072 1070 10" 10! :}22 (Ge[ﬁ 00 10) 100 107
X

Figure made by C. Arguelles, A. Diaz, A. Kheirandish, A. Olivares-Del-Campo, I. Safa and A. Vincent [1912.09486] s



Dark sector thermalization

LL HH < NN
LH < N

2
v

T ey D> H e T <7x107 GeV (7)7 /10675

G

Y
L'~ 327

NN < qq

5
L~ yQynpr == DT> H ==> T>100GeV x —Lr (iay)"”

<Ap~1-100 TeV



The Cosmology

We assume that m, > Try > Mp,Ap

After dark confinement 7' < Ap

All hadrons are not relativistic
MMhadron 2 AD z 1

However they inherit the initial (relativistic) quark abundance

__ ng __ 135¢(3)
Yy = s —  wigs

Over-abundance of dark hadrons?
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The Cosmology

We assume that m, > Try > Mp,Ap

After dark confinement 7' < Ap

Meson (inverse) decays to neutrinos keep the hadrons in
thermal equilibrium with the SM

'M — NN) ~ voUn Ab Ap > 2Mp

327 m2

54



The Cosmology

We assume that m, > Try > Mp,Ap

After dark confinement 7' < Ap

Meson (inverse) decays to neutrinos keep the hadrons in
thermal equilibrium with the SM

'M — NN) ~ voUn Ab Ap > 2Mp

327 m2

Hadrons evolves with the same temperature of the SM

Yhadron ~ eXp(_mhadron/T)

55



The Cosmology

For a non-relativistic (decoupled) dark sector

_SD
S
: ~ p_%l _ A[”%l n%l _ (A[TD)3/2 Q_ﬂ'f/TD Td ~ 1/ ].Dg a
nod n T 17 1
yea="D _Dp_"Dp AP log Q ~ O(1 — 10)
b s Sp M M 3logQ

QhQN(M) R ~ M

R~0(01) 5753 = \02ev) 3Togg ~ 100 eV

DM is either over-abundant or excluded (Bullet cluster, Lyman-alpha,...)

56



Cross section

O(1) factors are unknow because strong dynamics Is non-perturbative

BB — MM
Dimensional analysis —==p  geometrical cross-section
ov ~ 1/A%
w=mpg/2 U] ~ /T /mpg
lmax ~ pvb ~/Tmg/2Ap < 1 mp =~ 5Ap

b~1/Ap

The cross section is dominated by the s-wave contribution



Dark pions

With more than 1 flavor of dark quarks the spectrum contains dark pions
mx ~ A5 /mg m. < Mp
Dark pions decay Into active neutrinos
I ~my A /my

BBN constraints

Overclosure
(pions decouple with relativistic abundance)

Decay Is super-slow —



Dark Matter evidence

Dark Matter existence Is supported by astrophysics and cosmology

Velocity
. (km s-1)

. 20,000 30,000 40,000

s . Distance (light years)

Rotation curves of spiral galaxies flatten at large distances
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Dark Matter evidence

Dark Matter existence Is supported by astrophysics and cosmology

Mdark (?") = 4nr

Velocity
. (km s-1)

. 20,000 30,000 40,000 _f\jvis(fr.) = M,

s . Distance (light years)

This implies the existence of a dark matter halo at large radius
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Dark Matter evidence

Dark Matter existence Is supported by astrophysics and cosmology

Visible and total matter have different distributions in galaxy clusters
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Dark Matter evidence

Dark Matter existence Is supported by astrophysics and cosmology

Dark Matter is collison-less:
the 2 DM clouds pass through
each other

128

Visible and total matter have different distributions in galaxy clusters
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Dark Matter evidence

Dark Matter existence is supported by astrophysics and cosmology

CMB properties and structure formation require DM

63



Dark Matter evidence

Today most of the Universe is dark!

Dark Matter
23%

Dark Energy
73 %

QDMh2 ~ (.12
QDM ~ 5Qb

Content of the Universe

Dark Matter fills the 84% of the matter content of the Universe

64



Dark Matter properties

* Neutral and weakly interacting with the Standard Model sector

- Stable on cosmological scales

* Cold = non-relativistic at the time of structure formation

Dark Matter is an evidence of physics beyond the Standard Model

65



Dark Matter candidates

The mass range of DM candidates spans over 80 order of magnitudes

Figure made by M. Cirelli, A. Strumia, J. Zupan

Felds Particles Macroscopic objects
Ultra—light _ j T
scalars 5 vi & relics PEHs

kg 10%° 10%° 10%

Hubble T oow weak scale Planck scale Solar mass
Axions/ALPS WIMPSs (TeV) PBHSs

Fuzzy DM Sterile neutrinos (keV) Boson stars
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Dark Matter candidates

The mass range of DM candidates spans over 80 order of magnitudes

Figure made by M. Cirelli, A. Strumia, J. Zupan

Felds Particles Macroscopic objects
Ultra-hght

: PEHs
- , -
0™ I kg 10 10°° 1? 10*
Hubble T oow b Planck scale Solar mass

New confining sector

67



Neutrino masses

Neutrinos are massless in the Standard Model

L = (I/L,GL) No VR

Elepton — yeEHGR + h.c.
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Neutrino masses

Neutrinos are massless in the Standard Model

L = (VLaeL) NoO VR
Liepton = yeLHepr + h.c.

EWSB

= Llepton = Me(€ELer + Erer) =

Accidental U(1) lepton number conservation

Me = Y1 / V2
m, =0

69



Neutrino masses

Solar neutrino problem Atmospheric neutrino problem

~ 1
Nobserved = gNexpected

70



Neutrino masses

Neutrino oscillations among different flavors solve the problems

Only possible if flavor basis # mass basis

'

Neutrinos must be massive!

71



Neutrino masses

Neutrino oscillations among different flavors solve the problems

Only possible if flavor basis # mass basis

'

Neutrinos must be massive!

Combining oscillation and cosmological data

0.05 eV < S m, <0.12 eV

Y

72



Dirac neutrinos?

Introduce RHN Ngr ~ (1,1)g

Assuming lepton number AL N EﬁN
conservation lepton ™~ Yu R

<H>:(Oav_\/%) — EV :my(DLNR—I—NRVL) > m,,:y,,vH/\/i
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Dirac neutrinos?

Introduce RHN Ng ~ (1,1)g

Assuming lepton number Aﬁle ton " yyfzﬁNR
conservation b

<H>:(Oav\/_%) — EV :my(DLNR—I—NRVL) > m,,:y,/vH/\/i

m, ~ 0.05 eV ===p 7, ~ 10713 —=p UN-0bServable!

Why lepton number should be a good symmetry?

74



The Model

P
-
—~
o

g

generations

1

— = W W=

Lin =yeLHer +y,LHNg + y,0oNL Ng + h.c.,
Lo = yooqrqr + yn, o NENL
- yNRUN—ENR + h.c.,
Voo = (mm )‘QOUSOQ + )‘HU‘HF) o
+ (15 + Ao® + A | HI?) %,
Veott = (%902 + KO + K IHI2) ©,
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The Model

w2
-
—
(N)

)

generations

O

1

L+ W

O OO OO O = |-
— = Q0 O W

|+

Lin =yeLHer +y,LHNg + y,0oNL Ng + h.c.,
Lp = yQoqrqr + yn,oN§ N,
- yNRJN—ENR + h.c.,
Voo = (mﬁ + N, 0% + )\@0902 — )\HU\HF) o
(15 + 20" + Ao [HI) %,
Vsoft = (%@2 + KO + K IHI2) ©,

P 4 No LHN L coupling (otherwise linear see-saw with different pheno)

Z
? ™A Generate dynamically Dirac mass Mp o ()

76



The Model

SUB)p | 24 | 22 || U(1l)p || generations Loy =y THen+ yoLHNg + yooNLNi + huc.,
qr, 3 —7 | + 1 1 T
qr 3 i |+ 1 1 Lp =yq@oqrqr +yn, o N NL,
Ny, 1 1 + 0 3 —I—yNRO’N—%NR—I—h.C.,
Ve ! I 0 0 Voo = (M2 + Xo0” + Apop” + Ao |H|?) 0°
7 1 ; — 0 3 o,p 02 o , wo 2H02
eR 1 i | = 0 3 + (15 + Ao + A |HI?) 2,
o 1 —1 | + 0 1 Vg = (f%(p2 ¥ Koo2 + KH |H|2) 0,
0 1 1| - 0 1

P 4 No LHN L coupling (otherwise linear see-saw with different pheno)

Z
? ™A Generate dynamically Dirac mass Mp o ()

Z, explicitly broken by Vg

No Domain Wa”S \ 24 eXp|ICIt|y broken by <Q_LQR> 77



The Model

q SUEE)D Zi Z_E U(i)D generftlons Lin =y LHen+yLHNR +yopNLNg + hc.
L — -
IR 3 i |+ 1 1 Lp = yqoqrqr +yn, o N; Ny,
Nr 1 U + 0 3 + YnyoNENR + h.c.,
NR 1 1 — 0 3 Vg _ (m2 4+ )\002 4\ 0902 + AHO"H’2) 02
L 1 ) — 0 3 A ‘72 ) ¥ N o
eR 1 i | = 0 3 + (15 + A9 + A |H|?) ¢
o 1 —1 1] + 0 1 Vit = (R¢(p2 Y koo 4 Ky |H|2) o
") 1 1 — 0 1
0 m 0
M, = mZE Y mp = yu{H)
Y D H D Mp = yw(‘?)

0 Mp W

A3 AS
K= yQyNRm_D M, = YQUYN;, m_?j
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The Spectrum

The theory confines at the scale Ap

!

Mesons

The lightest meson is pseudo-scalar

mMzAD

fm = 0fgysg| M) ~ AL

With 1 quark flavor there are no light dark pions!
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The Spectrum

The theory confines at the scale Ap

!

Baryons

B ~ qqq bound state with spin 3/2
mp =~ 5AD

dr
dRr

M
B

Higher-dimensional operators break dark baryon number

Are baryons decays compatible with bounds on DM?




Indirect Detection: neutrino lines

Baryons annihilate to mesons decay to heavy neutrinos decay to active neutrinos

BB s MM —_— M- NN o N—>I@

Ev ~mp En ~mpg/2 ~ mpg/4

Monochromatic neutrino lines F, ~ mg/4 ~ (1 — 100) TeV

Testable with neutrino telescopes!
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Indirect Detection: neutrino lines

Testable with neutrino telescopes!

—19
10 &
o
10~ :
10—21

10—23 Ve
10-24 e (N
10-5F Ll " - o
10-26} | Thmlm R / \ """ .\ """" |
1072 107" 10" 10! :}22 (Ge[ﬁ 10t 104 100 107
X

Figure made by C. Arguelles, A. Diaz, A. Kheirandish, A. Olivares-Del-Campo, I. Safa and A. Vincent [1912.09486] s



Indirect Detection: neutrino lines

Baryons annihilate to mesons decay to heavy neutrinos decay to active neutrinos

BB s MM —_— M- NN o N—>I@

Er ~mp En ~mp/2 ~ mpg/4

Monochromatic neutrino lines F, ~ mg/4 ~ (1 — 100) TeV

Testable with neutrino telescopes!

Current bound from ANTARES collaboration ==p Ap > 12 TeV \/ 0'25“?(;5)40”13/ s
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The Cosmology

We assume that m, > Try > Mp,Ap

v

o 1S not In thermal bath
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The Cosmology

We assume that m, > Try > Mp,Ap

Before dark confinement 7" > Ap

The dark sector is produced by steps and thermalize with the SM before confining

LL . HH <+ NN
LH < N -
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The Cosmology

We assume that m, > Try > Mp,Ap

Before dark confinement 7" > Ap

The dark sector is produced by steps and thermalize with the SM before confining

MRS — o

{

keep thermal equilibrium

__ ng _ 135¢(3)
Yo = s migs
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The Cosmology

We assume that m, > Try > Mp,Ap

Before dark confinement 7" > Ap

The dark sector is produced by steps and thermalize with the SM before confining

LL.HH ¢ NN Ao 100 GV
G g N == NN <> qq == dark confinement

{

keep thermal equilibrium

__ ng _ 135¢(3)
Yo = s migs
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The Cosmology

We assume that m, > Try > Mp,Ap

After dark confinement 7' < Ap

Quarks combine into hadrons: baryons and mesons
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The Cosmology

We assume that m, > Try > Mp,Ap

After dark confinement 7' < Ap

Quarks combine into hadrons: baryons and mesons

Strong (dark) interactions convert baryons to mesons
BB — MM

Baryons and mesons are kept in thermal equilibrium among them...
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The Cosmology

We assume that m, > Try > Mp,Ap

After dark confinement 7' < Ap

Quarks combine into hadrons: baryons and mesons

Strong (dark) interactions convert baryons to mesons
BB — MM

Baryons and mesons are kept in thermal equilibrium among them... ...and with the SM?
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The Cosmology

We assume that m, > Try > Mp,Ap

After dark confinement 7' < Ap

All hadrons are not relativistic
MMhadron 2 AD Z 1
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The Cosmology

We assume that m, > Try > Mp,Ap

After dark confinement 7' < Ap

All hadrons are not relativistic
MMhadron 2 AD z 1

However they inherit the initial (relativistic) quark abundance

__ng _ 135¢(3)
Yo = s Tigs

92
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