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Dark Matter summary

Dark Matter existence is supported by )
astrophysical and cosmological evidence }“““‘* Aot
Phy ’0]’ )
Today most of the Universe Is dark
Atoms .
e
 Neutral and weakly interacting with SM Dok

24%
« (Cosmologically) stable

« Cold (non-relativistic at structure formation)

TODAY



Gravitational DM

All the evidence for DM comes from its gravitational interactions

No evidence of non-gravitational couplings to the SM sector until now!!

We assume that DM has only gravitational couplings to the SM sector
Gravitational Dark Matter

In any case the gravitational production is always present:
unavoidable background of DM population



Gravitational freeze-in

We assume that DM has only gravitational couplings to the SM sector

Gravity is weak: DM does not thermalize with the SM thermal bath
SM DM

SM DM

We assume a vanishing DM initial abundance



Gravitational freeze-in

The production is peaked at the highest temperature Tgy = x%an[T]

Gravitational freeze—in

SM DM
SM DM
T,u,u _______________ Tp,y
P
SM DM

Ypum = npm/s ~ (T/Mpy)? ~ (Tru/Mp1)?
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3
QpM h? _ mDMYDM ~ 8 (1013 GeV)
0.12 — Teq —> mpwmM 10° GeV Trn



Gravitational freeze-In: status

Gravitational freeze-in has been studied for scalar, fermion and
massive vector DM

Bernal,Donini,Folgado,Rius, JHEP 09 [2004.14403]
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Gravitational freeze-In: status

Gravitational freeze-in has been studied for scalar, fermion and
massive vector DM

Scalar and fermion DM have renormalizable couplings
[SI2IH?, S|H|? LHN

N "4

Larger contribution to DM production or fine-tuned couplings

A massive vector alone is not a complete theory (extra states and
Interactions, most likely stronger than gravity)



Gravitational freeze-In: status

A pure gauge theory (= massless vector) does not suffer from these issues



The model

(1) a non-Abelian dark gauge group G (SU(N), SO(N), Sp(N),...)
(i) gauge vectors (gluons)
(1) no additional matter content (no scalars, no fermions)

2 ~
_ 1 g
L =—1G3,G"" +Ipo 5 Gl G

/ | N\

UV-complete Minimal No renormalizable coupling
with the Standard Model

No fine-tuning



The model

(1) a non-Abelian dark gauge group G (SU(N), SO(N), Sp(N),...)
(i) gauge vectors (gluons)
(1) no additional matter content (no scalars, no fermions)

2 ~
1 g
L=-1G2,Gme 4 gpo s go, Grve

Simplest realization of Gravitational Dark Matter*

*also studied in Redi, Tesi, Tillim, JHEP 05 [2011.10565] 10



Gauge confinement

The dark gauge coupling grows at low energy and the theory confines

Gauge coupling running

~ o 1
OKDC(M) ™~ 11Cq In u/Apwm :
c |3
Co=N SU(N) : =

Ce = 2(N —2) SO(N)
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Ensrzy in GaV

13



Gauge confinement

The dark gauge coupling grows at low energy and the theory confines

Gauge coupling running

~ _ O 1
aDC(M) ~ 1lgG 11’1@/@

Fundamental energy scale of the ]
theory

Confinement

>
)
<
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Gauge confinement

The dark gauge coupling grows at low energy and the theory confines

Gauge coupling running

apc(p) = 11&; In u/@

Fundamental energy scale of the ]
theory

Confinement

>
)
<

e A, ol
EREY 1N O2Y

The dark vectors must combine into gauge-invariant bound states:
dark glue-balls!
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Glue-ball bound states

Glue-ball spectrum can be computed on the lattice for simple groups

16



Glue-ball bound states

Glue-ball spectrum can be computed on the lattice for simple groups

mag 1.5}

0.5 |

0.0 |

2.5 ¢

20 |

1.0 |

07~

9+-

3+— —

1—|———

3

FF

Example:
SU(3)

Juknevich, Melnikov, Strassler JHEP 07
[0903.0883]

Juknevich JHEP 08 [0911.5616]
Morningstar,Peardon Phys.Rev.D60
[9901004]

17



Glue-ball bound states

Glue-ball spectrum can be computed on the lattice for simple groups
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Glue-ball bound states

Glue-ball spectrum can be computed on the lattice for simple groups
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Glue-ball bound states

Glue-ball spectrum can be computed on the lattice for simple groups
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Transformation properties under P

and C
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Glue-ball bound states

Glue-ball spectrum can be computed on the lattice for simple groups
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How do we build glue-ball states?
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Glue-ball bound states

Glue-ball spectrum can be computed on the lattice for simple groups
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How do we build glue-ball states?

We build them applying interpolating operators on the vacuum



Glue-ball bound states
The lightest state 0+
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Glue-ball bound states
The lightest state 0+

; 07~
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Glue-ball bound states
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How to extract the mass?
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Glue-ball bound states
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Glue-ball bound states
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limyyoe CO(t) = Ze (o)

Energy of the lightest state that can be created by S
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Glue-ball bound states
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Operator 0% Jre

S = tr F, FH 0F
P = tr F, Frv 0~
Tas =tr FarF5* — 1 gass 27T 177, 07T

Lyvag = tt FuvFap — 5 (GuaTvg + 0uaTua — 9usTva — 0vaTus) 27T, 27T

_% {Q',r_tngyﬁ — g#ﬁgyﬁ},g + 11—2 E#L_..&ﬁp

See Juknevich, Melnikov, Strassler JHEP 07 [0903.0883]



Glue-ball bound states

0~
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The lightest glue-ball is stable

Depending on mass and guantum numbers extra states could be stable
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Switching on gravity
We expand the metric around flat space-time
[ d*z+/|det g|L

guv(ﬂf) = Nuv T 2huv(ﬂf)/]wPl




Switching on gravity
We expand the metric around flat space-time
[ d*z+/|det g|L

gw(fﬂ) = Nuv T 2h;ul/(ﬂ?)/ijl

This induces gravitational interactions in the dark sector

SM R G

SM G
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Switching on gravity
We expand the metric around flat space-time
[ d*z+/|det g|L

gw(fﬂ) = Nuv T 2huv(ﬂ?)/]wPl

Gravity Is a portal between the dark sector and the SM!
hy G

M SMsSM ¢ G/
Ry \
SM G
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Gravitational decays of the Glue-balls

Glue-balls can decay gravitationally

34



Gravitational decays of the Glue-balls

Glue-balls can decay gravitationally

I'pg = Tﬂcl; ~ M]?)G/Mléll ~ A%M/Mfl’l
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Gravitational decays of the Glue-balls

Glue-balls can decay gravitationally

I'pg = Tlgcl; ~ M]?)G/Mgl ~ A]E))M/Mlgl

The lightest(s) is (are) cosmologically stable if Mpg < 100 TeV

026

—_— 7 > 1 sec

- Contribute to Glue-ball DM in that regime
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(Discrete) Accidental Symmetries

Gauge-invariance provides accidental global symmetries
respected by gravitational interactions!
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(Discrete) Accidental Symmetries

Gauge-invariance provides accidental global symmetries
respected by gravitational interactions!

G = SU(N) -—p  dark charge conjugation C

(G[ — G[

G=GT* - - <\GR_>_GR

T ={T7,Tr}
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(Discrete) Accidental Symmetries

Gauge-invariance provides accidental global symmetries
respected by gravitational interactions!

G = SU(N) -—p  dark charge conjugation C

i

G[—>G1

G =TT - -G <\GR_>_GR

Tr(G{G,G}) =TrGuw{Gu,Gpp} x d**GS G, G, isC-odd
dRRR7 dRII ?é 0

The lightest C-odd state Is gravitationally stable
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(Discrete) Accidental Symmetries

Gauge-invariance provides accidental global symmetries
respected by gravitational interactions!

G = SO(N) —p  group parity O
Gij _ GaTic; N (_1)(51i+51jGij

Adjoint = Antisymmetric

Reflection in group space along arbitrary direction

40



(Discrete) Accidental Symmetries

Gauge-invariance provides accidental global symmetries
respected by gravitational interactions!

G = SO(N) —p  group parity O

- arga _ 1\01le+d019 Y
Gij = G T — (—1) 7Gi;
Adjoint = Antisymmetric

Reflection in group space along arbitrary direction

Gi11 — G
Glj — —Glj
Gij — Gij

41



(Discrete) Accidental Symmetries

Gauge-invariance provides accidental global symmetries
respected by gravitational interactions!

G = SO(N) —p  group parity O

G@J — GQT% — (—1)61i+51jGij

We can build glue-ball states odd under O-parity

N/2 __
enGN? =€, inGiiy - Gin_rin Mog ~ NApy/?

The lightest O-odd state (odd-ball) is gravitationally stable

42



(Discrete) Accidental Symmetries
So, given the theory

L=—3G% G + Gravity + SM

The lightest(s) «ordinary» even glue-ball(s) is (are) cosmologically stable
If Mpg <100 TeV Is satisfied

The C-odd glue-ball(s) of SU(N) or the odd-balls of SO(N) are stable

43



Decays through NRO

Generic (gauge-invariant) Planck-suppressed Non-Renormalizable
Operators might be present as a remnant of quantum gravity

L=—3G%,G"" + Gravity +SM +Lxro

o O4—|—n
‘CNRO — ME,

Odecay — OSM ODM

44



Decays through NRO

Generic (gauge-invariant) Planck-suppressed Non-Renormalizable
Operators might be present as a remnant of quantum gravity

The C-odd states of SU(N) can decay to SM through dim-8 operators

Tr(G{G,G})|H|* /Mgy, Tr(G{G, G}) . B* | My,
F'c—oda ~ Apy/Mp
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Decays through NRO

Generic (gauge-invariant) Planck-suppressed Non-Renormalizable
Operators might be present as a remnant of quantum gravity

The odd-balls of SO(N) can decay through dim-(N+2) operator

Onta ~ enGNP|H|? /Mg~

Lop ~ Mog(Mog/Mp)*N 4

MOB ~ NADm/2

46



Decays through NRO
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106 10% 1013 1018
Dark confinement scale Ay in GeV
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(Cosmologically) Stable Glue-balls

«Ordinary» even glueballs decay gravitationally
They are cosmologically stable if mass < 100 TeV
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(Cosmologically) Stable Glue-balls

Ordinary «even» glueballs decay gravitationally
They are cosmologically stable if mass < 100 TeV

SU(N) has C- odd glue-balls
They are gravitationally stable
They are cosmologically stable up to 10”11 GeV in presence of NRO
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(Cosmologically) Stable Glue-balls

Ordinary «even» glueballs decay gravitationally
They are cosmologically stable if mass < 100 TeV

SU(N) has C- odd glue-balls
They are gravitationally stable
They are cosmologically stable up to 10"11 GeV Iin presence of NRO

SO(N) has odd-balls (odd under O-parity)
They are gravitationally stable
They are cosmologically stable up to very large masses for large N

50



Example: SO(10) gauge theory

Ordinary «even» glue-balls are cosmologically stable if

. 1
™G N(J\]\/‘;—%‘f)> 10%%sec — Mpa ~ Apy < 100 TeV
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Example: SO(10) gauge theory

Ordinary «even» glue-balls are cosmologically stable if

. 1
™G N(J\J{J—]?%?)> 10%%sec — Mpa ~ Apy < 100 TeV

Odd-balls are cosmologically stable (in presence of NRO) if
—1
TOR N(M16)> 10%% sec — Mo ~ 5Apy < 101° GeV
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Example: SO(10) gauge theory

Ordinary «even» glue-balls are cosmologically stable if

. 1
™G N(J\J{J—]?%?)> 10%%sec — Mpa ~ Apy < 100 TeV

Odd-balls are cosmologically stable (in presence of NRO) if
—1

M17
ToB ~(338)> 10% sec — Mop ~ 5Apy < 10'5 GeV
Pl
DM candidates
Ordinary
Glue—balls Only odd—balls No DM
+o0dd—balls

10° 102 10* 10° 10® 10" 10" 10 10' 10'®

Dark condensation scale Apyv in GeV 53



Dark Matter production and evolution

We study gravitational freeze-in within our model

L=—3G% G" + Gravity + SM (+Lxro)

54



Dark Matter production

Gravitational freeze-in production of massless gauge vectors

T ~Tru > Apwm

SM ////
Ry \\\\
SM G

3
YG :YFI ~ 7.4 X 10_5dG (TRH)

Mp,

B {N2—1 if G = SU(N)

da = N(N —1)/2 if G = SO(N)
55



Dark Matter cosmological evolution

How do the gauge vectors evolve after production?
T < Iru

Depending on Apwm they can self-thermalize (— Tp)



Dark Matter cosmological evolution

How do the gauge vectors evolve after production?
T < Iru

Depending on Apwm they can self-thermalize (— Tp)

Th < Apm (thermal)

The gauge group confines when
Jalige group ng < A, (not thermal)

dG > (1/ADM)
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Dark Matter cosmological evolution

How do the gauge vectors evolve after production?
T < Iru

Depending on Apwm they can self-thermalize (— Tp)

Tp < Apm (thermal)

The gauge group confines when
Jalige group ng < A, (not thermal)

dG > (1/ADM)

—=p Massive Glue-balls
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Dark Matter cosmological evolution

How do the gauge vectors evolve after production?
T < Iru

Depending on Apwm they can self-thermalize (— Tp)

Th < Apm (thermal)

The gauge group confines when
Jalige group ng < A, (not thermal)

dG > (1/ADM)

—=p Massive Glue-balls ==p The (cosmologically) stable
glue-balls contribute(s) to DM

59



Self-thermalization of vectors

Dark gauge vectors have self-interactions  (9G)GG wé

G4 f}#‘%

If self-interactions are fast enough gauge vectors self-thermalize

o Hubble expansion rate H oc T2 /Mp

Pint — NG Oint > H‘T:Ttherm

|

Number-changing processes

6 2
023 gDc/T
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Self-thermalization of vectors

Dark gauge vectors have self-interactions  (9G)GG wé

G* f}#‘%

If self-interactions are fast enough gauge vectors self-thermalize

I'int = ng Oint > H\T
N

Determine this temperature

61



Self-thermalization of vectors

Dark gauge vectors have self-interactions  (9G)GG

G4

Radiation scaling with the scale factor

pD,psm ~ a?
PD _ _PD
DSM ‘prod — psm therm

T Y
Tiu

-
X
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Self-thermalization of vectors

Dark gauge vectors have self-interactions  (9G)GG

G4

Radiation scaling with the scale factor

PD,PSM ™~ a"?
P D _
ot = @b

(%)’

-
X
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Self-thermalization of vectors

Dark gauge vectors have self-interactions  (9G)GG wé
¢ A

Radiation scaling with the scale factor

—4
PD,ypPSM ~ Q

‘therm

PSM ‘pmd o PSM
1o TrRu 3/4 1
Tsm (MPI) <

This is a viable mechanism to produce a (very) cold dark sector!!
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Self-thermalization of vectors

Dark gauge vectors have self-interactions  (9G)GG wé

G* f}#‘%

If self-interactions are fast enough gauge vectors self-thermalize

I'int = ng Oint > H\T
N

_ _ Determine this temperature
Determine this temperature

TBherm ) Tsv (MPI
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Self-thermalization of vectors

Dark gauge vectors have self-interactions  (9G)GG wé

G f}p‘%

If self-interactions are fast enough gauge vectors self-thermalize

Uint = ng Oint > H‘T:Ttherm

Requiring T35°™ > Apy == Apm < Mpi(Tru/Mpr)'*/*
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Thermal Glue-ball DM

Dark vectors self-interactions lead to thermal abundance

3 9/4
3 - T T
Ntherm X TD Yiherm ~ ( L ) — (]\/f[{;)

Tsnm

Confinement Tp = Apy

Glue-balls form and preserves the thermal abundance*

o\ 9/4
~ RH
YpMm ~ K ( MPI)

energy fraction of vectors which ends up in stable glue-balls

*neglecting logarithmic corrections (cannibal 3to2 interactions) 67



Self-thermalization of Glue-balls

If Apc > Mpi(Tra/Mp1)'%/* —==p confinement before vector thermalization

'

NG = Apy == T\ = Apm (Mp1/Tru) > Apu
High-energy gluons hadronize and produce a shower of glue-ball jets

Each gluon produces Npq glue-balls with energy which scales as  Fpg(7T) = T /Npg

Npg ~ exp|y/log 712-]




Self-thermalization of Glue-balls

If Apc > Mpi(Tra/Mp1)'%/* —==p confinement before vector thermalization

'

NG = Apy == T\ = Apm (Mp1/Tru) > Apu
High-energy gluons hadronize and produce a shower of glue-ball jets

Each gluon produces Npq glue-balls with energy which scales as  Fpg(7T) = T /Npg

| | Npg ~ eXp[ log ADM]
Glue-ball interactions Fint = Npalint > H|T:Tth
npc = Npana

Relativistic glue-balls: ~ oing ~ Nj/T? —— T.;, — consistentif Fpg(Tin) > Apwm

Apv < N]%G (TRH) === Thermal Glue-balls
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Non-thermal Glue-ball DM

TS
For larger values Apum > Njg (Nf,‘r?)

Self-interactions are too weak and the dark vectors/glue-balls do not self-thermalize

|

The DM abundance is directly fixed by freeze-in

|—> glue-balls multiplicity
3

YDM ~ KNDG (CIA}{; ) —> Freeze-in abundance

|—> energy fraction of vectors which ends up in stable glue-balls

The parameter space is wide: DM can be super-heavy ~ 10*° GeV
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Example: SO(10) gauge theory

Self-thermalization of the dark sector

Thermalization

[— [— [—
- - -
— — —
N (@) |

[— [—
- -
— —
) +

Reheating temperature 7ryy in GeV

1012
10° 10 10* 10° 10 10'°10'2 10* 10'¢ 103

Dark condensation scale Apy in GeV 74



Inflationary Hubble

scale Hyq in GeV

Gravitational vector DM

Gravitational vector DM SO(10)
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i | T ]
3 - i
i Excluded by tensor miodes » > 0.044

1014 ¢ by s> 110"
L Giueball + Glneball with DM density Ddd-balDM 7 ]

F\ odd-balDM - exchded by indirect p ]
1012t ﬁ:ﬁﬁ- . d.ereml:un_ CMB, BBN L ; 1015
o "\_ - ]
RSN | . -

ol AN & / 11014
].0 ) : Q-"wj : | / . E
3 X © g VAR '

108 | 8 B £ 11013
F =) | n e A/ = 3
. a |':?] 2. & & ]

§ | . / & | 1 n12

106 FEPETTET| TR ETTTT EEETITT BEPEERETIT BECETETTIT SEErE TETTT BECETETITT BETErTETE T B T | a T = 10

102 10* 10° 10® 10 10 10" 109

Dark condensation scale Apy 1 GeV

Instantaneous reheating

temperature 7ry in GeV
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Inflationary Hubble

scale Hyq in GeV

Gravitational vector DM

Gravitational vector DM SO(10)
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Inflationary Hubble
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Inflationary Hubble

Gravitational vector DM

Gravitational vector DM SO(10)
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Gravitational vector DM

Gravitational vector DM SO(10)
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Gravitational vector DM
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Gravitational vector DM

Gravitational vector DM SO(10)
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SO(N) Glue-ball distribution: odd-balls
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mass fraction of SO(N) oddballs
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Fraction of vector energy that ends up in SO(N) odd-balls

k(N) =1.2x0.76"
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SO(N) Glue-ball distribution: ordinary
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Cannibal Glue-balls

Non-relativistic Glue-balls undergo cannibalistic processes 3 — 2

. 9/4
Yoo = R = R=:2= (%) ~ (%)

~ 1
Mpc — 3logQ Q ~ 0.08(apc/0.1)34(Mp1/Mpc)Y*(Tru /Mp1)>/®

! e 9/4
~ RH
YDG 310gQ (Mpl)

O(1-10) correction DG thermal abundance
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Glue-balls In an extended model

If we enlarge the dark sector with extra states typically:

1) extra-interactions allow the dark sector to thermalize with the SM (Higgs portal,Yukawa,...)

2) the glue-balls can decay to the SM through some portal ==  Tpg <1 sec
== glue-balls are not DM

3) some extra state (which interacts with the dark gauge vectors) is the Dark Matter candidate

However, glue-balls can play an important role in the evolution of Dark Matter!
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Glue-balls In an extended model

Typically the dynamics of the dark sector is the following:

1) the DM particle decouples from the thermal bath at Mpy > Apc

2) the theory confines and the glue-balls decouple keeping the (relativistic) vector abundance npg o 7°

3) glue-balls dominate the energy density of the Universe before they decay == Early matter

A ; ) domination era
PDG DCL " > Prad 72 ppg
Mg,
4) when glue-balls decay, they inject entropy in to the SM bath, heating it

|

Huge Dilution of the Dark Matter abundance
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Extended Dark Sector: an example

We enlarge the dark sector with a scalar singlet in the fundamental of SU(N)

L=—-3G%,G"* +1D,S|? — 1/(5)

V(S) C )\HS‘SP‘HP
Portal to the SM

<

The dark sector Is in equilibrium with the SM thermal bath (same T)

The dark vectors are now thermal (with temperature T)
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Glue-balls decay and DM dilution

Glue-balls decay to SM states ( = radiation) and release entropy into the thermal bath

F2 _ H2 _ PDG(TD) ~ ADCTJ%
DG =MD = g T g,

The energy of the glue-balls is transferred to the radiation bath, which gets hotter

prad ~ Ty = ppc(Th)

The decays inject entropy into the thermal bath

D_l — (TRH/TD)S
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Glue-balls decay and DM dilution

Glue-balls decay to SM states ( = radiation) and release entropy into the thermal bath

F2 _ H2 _ PDG(TD) ~ ADCTJ%
DG =MD = g T g,

The energy of the glue-balls is transferred to the radiation bath, which gets hotter

prad ~ Ty = ppc(Th)

Dilution of the pre-existing Dark Matter relic abundance

after — npM _ npwMm — Vv before
Vialter = 2BM = 2 D = Ybefore x D
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Glue-balls decay and DM dilution

Dilution of the pre-existing Dark Matter relic abundance

after __ before before

$)bm _— mpmYpM . The dilution opens the DM parameter
0.12 Teq space to larger DM masses!
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Extended Dark Sector: an example

We enlarge the dark sector with a scalar singlet in the fundamental of SU(N)

L=—-3G%,G"* +1D,S|? — Y(S)

V(S) C )\HS‘SP‘HP
Portal to the SM

The scalar singlet gets a vev w and breaks the gauge group SU(N) — SU(N-1)

\

A global U(1) is preserved
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Extended Dark Sector: an example

We enlarge the dark sector with a scalar singlet in the fundamental of SU(N)

L=—-3G%,G"* +1D,S|? — 1/(5)

V(S) C )\HS‘SP‘HP
Portal to the SM

The scalar singlet gets a vev w and breaks the gauge group SU(N) — SU(N-1)

\

{G”, S} — {)/Vlqu Zuv Auv 3} A global U(1) is preserved

{

Fundamental of SU(N-1), massive, charged under U(1)
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Extended Dark Sector: an example

We enlarge the dark sector with a scalar singlet in the fundamental of SU(N)

L=—-3G%,G"* +1D,S|? — 1/(8)

V(S) C )\HS‘SP‘HP
Portal to the SM

The scalar singlet gets a vev w and breaks the gauge group SU(N) — SU(N-1)

\

{G”, S} — {WIM Zuv Auv 3} A global U(1) is preserved

Vo

SU(N-1) singlets, massive
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Extended Dark Sector: an example

We enlarge the dark sector with a scalar singlet in the fundamental of SU(N)

L=—-3G%,G"* +1D,S|? — 1/(5)

V(S) C )\HS‘SP‘HP
Portal to the SM

The scalar singlet gets a vev w and breaks the gauge group SU(N) — SU(N-1)

\

{G”, S} — {)/Vlqu Zuv Auv 3} A global U(1) is preserved

{

Adjoint of SU(N-1), massless
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Extended Dark Sector: an example

The SU(N-1) gauge group confines when T' < Apc < w

The degrees of freedom combine into gauge-invariant bound states

Dark Matter

Charged under U(1
P g (1)

B~en_WN-1
v I

Stable

The DM relic abundance is computed combining perturbative
computations and non-perturbative estimates 100



Extended Dark Sector: an example

The SU(N-1) gauge group confines when T' < Apc < w

The degrees of freedom combine into gauge-invariant bound states

Glue-balls

Tr|A,, A"] + heavier states —» Unstable

|

Decay to SM states through the Higgs portal
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Glue-balls decay

The SU(N-1) glue-balls decay through the Higgs portal

ﬁHAA _ 7(156137?]\);[1;213 (HTH) (AZV)2

trr _ 49fpgapcAus _ AM w.g
[(DG — s — H'H = hh+ ZZ + WW) = goibsibesiis [1 — — e
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Glue-balls decay and DM dilution

SU3)
= 107
&
E 106
i:;-l__ mpmM ~ maX{Mw,ADc}
E’ 10° -
= | E
g 104 =
E : g
g 10° :
= i
= I 1/ EPLANTIWEENRIGT Wil “SREE-TU - i
] 10 107

Dark condensation scale Ape m GeV
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Glue-balls decay and DM dilution

SU(3)

Without the dilution

Dark vector mass Wg=gpew/2 m GeV

10% 10° 104 10° 10 107
Dark condensation scale Anc m e/
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Glue-balls decay and DM dilution

SU(3)

With the dilution

Larger DM masses
(up to a factor 1013)

Dark vector mass Wg=gpew/2 m GeV

10% 10° 104 10° 10 107
Dark condensation scale Anc m e/
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Dark Matter production

Freeze-out

DM is in thermal equilibrium with the SM bath

Thermal freeze—out
. . 10-3F Monr= 100 GeV
1—\1111: = NDMOVann > H [ -
0%t g =001
X SM i
_9_
:E. 10 | g=01
H x TQ/Mpl -
10712}
X SM - 1 =
10715t i
10—13- N || 1 L
1 10 100 1000 104
Z = Moapg/T
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Dark Matter production

Freeze-out

DM decouples from the thermal bath

Fint < H

1073

Thermal freeze—out

—~

Mopa= 100 GeV

101 ¥ g=0.01

E 10—9_

10—13:

10—15:

10718

g=01
1 =1
H g
[
i
i
I
1

1

10

1 . .
100 1000
Z = Mpag/T
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Dark Matter production

Freeze-out

DM decouples from the thermal bath

Fint < H 10_3:_\ Mon = 100 GeV
101 ¥ g=0.01 ]
The DM abundance Is conserved A ;
Vou = 28 N
10—15; —
1C'_181 10 ' 100 1000 10*

Z = Mpag/T

108



Dark Matter production

Freeze-out

DM decouples from the thermal bath

Thermal freeze—ouw t

Fint < H

Mopa= 100 GeV

g =001

The DM abundance iIs conserved

— NDM
Ypum = =2

DM relic abundance

10—18 -

QDM MmpPM YDM 1 o 100 1000

0.12 Teq oot
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Freeze-In

DM is never in thermal equilibrium with the SM bath

Freeze—in

DM production from bath particles

SM X Fint < H
H o T?/Mp
SM X Small couplings needed

Initial vanishing abundance
0.1 | i | lIO | I(I)O | Hllll‘(l)lli)()l | ""']'04
z =Mpm/T
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Freeze-In

DM is never in thermal equilibrium with the SM bath

The production is peaked around some T

SM X Fint < H i
H o T?/Mp
SM

X  Small couplings needed

0.1 1 10 100 1000 10*

=Mpm/T
e 111



Freeze-In

DM is never in thermal equilibrium with the SM bath

The number of DM particles is conserved

YoM

DM relic abundance

— NDM

OpmMm
0.

S

12

Freeze—in
T T T T

prspemy

—

10 100

z =Mpm/T

1000

10*

112



	Diapositiva 1: Glue-ball Dark Matter
	Diapositiva 2: Dark Matter summary
	Diapositiva 3: Gravitational DM
	Diapositiva 4: Gravitational freeze-in
	Diapositiva 5: Gravitational freeze-in
	Diapositiva 6: Gravitational freeze-in: status
	Diapositiva 7: Gravitational freeze-in: status
	Diapositiva 8: Gravitational freeze-in: status
	Diapositiva 9: The model
	Diapositiva 10: The model
	Diapositiva 13: Gauge confinement
	Diapositiva 14: Gauge confinement
	Diapositiva 15: Gauge confinement
	Diapositiva 16: Glue-ball bound states
	Diapositiva 17: Glue-ball bound states
	Diapositiva 18: Glue-ball bound states
	Diapositiva 19: Glue-ball bound states
	Diapositiva 20: Glue-ball bound states
	Diapositiva 21: Glue-ball bound states
	Diapositiva 22: Glue-ball bound states
	Diapositiva 23: Glue-ball bound states
	Diapositiva 24: Glue-ball bound states
	Diapositiva 25: Glue-ball bound states
	Diapositiva 26: Glue-ball bound states
	Diapositiva 27: Glue-ball bound states
	Diapositiva 28: Glue-ball bound states
	Diapositiva 29
	Diapositiva 30: Glue-ball bound states
	Diapositiva 31: Switching on gravity
	Diapositiva 32: Switching on gravity
	Diapositiva 33: Switching on gravity
	Diapositiva 34: Gravitational decays of the Glue-balls
	Diapositiva 35: Gravitational decays of the Glue-balls
	Diapositiva 36: Gravitational decays of the Glue-balls
	Diapositiva 37: (Discrete) Accidental Symmetries
	Diapositiva 38: (Discrete) Accidental Symmetries
	Diapositiva 39: (Discrete) Accidental Symmetries
	Diapositiva 40: (Discrete) Accidental Symmetries
	Diapositiva 41: (Discrete) Accidental Symmetries
	Diapositiva 42: (Discrete) Accidental Symmetries
	Diapositiva 43: (Discrete) Accidental Symmetries
	Diapositiva 44: Decays through NRO
	Diapositiva 45: Decays through NRO
	Diapositiva 46: Decays through NRO
	Diapositiva 47: Decays through NRO
	Diapositiva 48: (Cosmologically) Stable Glue-balls
	Diapositiva 49: (Cosmologically) Stable Glue-balls
	Diapositiva 50: (Cosmologically) Stable Glue-balls
	Diapositiva 51: Example: SO(10) gauge theory
	Diapositiva 52: Example: SO(10) gauge theory
	Diapositiva 53: Example: SO(10) gauge theory
	Diapositiva 54: Dark Matter production and evolution
	Diapositiva 55: Dark Matter production
	Diapositiva 56: Dark Matter cosmological evolution
	Diapositiva 57: Dark Matter cosmological evolution
	Diapositiva 58: Dark Matter cosmological evolution
	Diapositiva 59: Dark Matter cosmological evolution
	Diapositiva 60: Self-thermalization of vectors
	Diapositiva 61: Self-thermalization of vectors
	Diapositiva 62: Self-thermalization of vectors
	Diapositiva 63: Self-thermalization of vectors
	Diapositiva 64: Self-thermalization of vectors
	Diapositiva 65: Self-thermalization of vectors
	Diapositiva 66: Self-thermalization of vectors
	Diapositiva 67: Thermal Glue-ball DM
	Diapositiva 68: Self-thermalization of Glue-balls
	Diapositiva 69: Self-thermalization of Glue-balls
	Diapositiva 73: Non-thermal Glue-ball DM 
	Diapositiva 74: Example: SO(10) gauge theory
	Diapositiva 76: Gravitational vector DM
	Diapositiva 77: Gravitational vector DM
	Diapositiva 78: Gravitational vector DM
	Diapositiva 79: Gravitational vector DM
	Diapositiva 80: Gravitational vector DM
	Diapositiva 81: Gravitational vector DM
	Diapositiva 82: Gravitational vector DM
	Diapositiva 83: Backup slides
	Diapositiva 84: SO(N) Glue-ball distribution: odd-balls
	Diapositiva 85: SO(N) Glue-ball distribution: ordinary
	Diapositiva 86: Cannibal Glue-balls
	Diapositiva 87: Glue-balls in an extended model
	Diapositiva 88: Glue-balls in an extended model
	Diapositiva 89: Extended Dark Sector: an example
	Diapositiva 93: Glue-balls decay and DM dilution
	Diapositiva 94: Glue-balls decay and DM dilution
	Diapositiva 95: Glue-balls decay and DM dilution
	Diapositiva 96: Extended Dark Sector: an example
	Diapositiva 97: Extended Dark Sector: an example
	Diapositiva 98: Extended Dark Sector: an example
	Diapositiva 99: Extended Dark Sector: an example
	Diapositiva 100: Extended Dark Sector: an example
	Diapositiva 101: Extended Dark Sector: an example
	Diapositiva 102: Glue-balls decay
	Diapositiva 103: Glue-balls decay and DM dilution
	Diapositiva 104: Glue-balls decay and DM dilution
	Diapositiva 105: Glue-balls decay and DM dilution
	Diapositiva 106: Dark Matter production
	Diapositiva 107: Dark Matter production
	Diapositiva 108: Dark Matter production
	Diapositiva 109: Dark Matter production
	Diapositiva 110: Freeze-in 
	Diapositiva 111: Freeze-in 
	Diapositiva 112: Freeze-in 

