Dark Matter Candidates
And Models

IPA 2018 Marco Farina
October 11 2018 C.N. Yang Institute,
Stony Brook University

|l




Dark Matter Lazy Intro

electroweak baryogenesis

local electroweak baryogenesis
cold electroweak baryogenesis
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Planck baryogenesis
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axion domain wall baryogenesis
new GUT baryogenesis
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supersonic baryogenesis
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Dark Matter Mass
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Focus of this talk: WIMPs and neighbors



Why WIMP?

Cold dark matter

* Extremely successtul

e Extremely simple

 WIMP miracle ~ Hierarchy problem?



WIMP Miracle
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WIMP Miracle
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WIMP Miracle
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WIMP Miracle”

o awr/TegMp; ~1 TeV “numerology’?
* No signs of solutions to the hierarchy problem at LHC

e Moreover...

T.,
| | |

Uncharted territory?



WIMP Miracle”
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WIMP Miracle”
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WIMP Miracle®
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Beyond WIMP




Beyond WIMP

SM and Dark Sector kinetically coupled?

5% X

T
> H >1—8\/
¢ 10 1 GeV

SM SM



Beyond WIMPs

unitarity bound
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Beyond WIMPs

unitarity bound
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Ihree Exceptions

How to populate the other regions?

Three Exceptions
in the Calculation of Relic Abundances

KiM GRIEST

Center for Particle Astrophysics and Astronomy Department,
University of California, Berkeley, CA 94720

and

DAVID SECKEL

Bartol Research Institute,
University of Delaware, Newark, DE 19716

Griest, Seckel ‘91



Ihree Exceptions

How to populate the other regions?
Through annihilations:

* near a pole in the cross section
* Into heavier states

* among multiple species

Griest, Seckel ‘91



Forbidden

0 = Mg — My
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Forbidden channel suppression compensated
by larger coupling

Griest, Seckel '91
D’Agnolo, Ruderman ‘15



Forbidden
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coupling oy

Beyond WIMPs

unitarity bound
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Beyond WIMPs

unitarity bound
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coupling oy

Beyond WIMPs

unitarity bound




SIMP

Introduce 3 to 2 scattering

N my ~ a(T2,Mpr) /3
/ \ m, = 40 MeV for a =1

Coupling to Photons
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Thermally decoupled sectors

SM and Dark Sector decoupled. Different temperature
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. No gap

« At relevant freeze-out
temperature 1q >~ m, > my
¢ is relativistic and by entropy
conservation

1
TdO(—
a

* Entropies separately conserved




. No gap

* Freeze-out as of annihilations

leads to
QX ~ 0.3 Lf 00 Td
Qpm /9« (ov) Tsm

* Ratio of temperatures
enhancement



[l. Gapped

* What happens it all the
particles of the hidden sector
become non relativistic?
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Cannibalism 101

* What happens if all the particles of the hidden
sector become non relativistic?

e Start with a simple example, one scalar field

1 2 m22 A3 Ay
E_z(a“¢) A A TA

* Number changing interactions are active when 1y < my

.
*
*
*
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A



Cannibalism 101
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Conservation of entropy



Cannibalism 101
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e DS exponentia!ly h.otter while Tsm 1/3,1/3 (E)5/66_m/3Td
number changing interactions 7Ty Ty
are active




Cannibalism 101
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 Cannibalism ends at T, when nj(ov’) ~ H



Cannibalism 101
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o After end of cannibalism the hidden sector
temperature scales like that of a non-relativistic relic



Cannibalism 101

Can ¢ be dark matter?

SELF-INTERACTING DARK MATTER

ERriC D. CARLSON
Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138
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AND

LAWRENCE J. HALL

Department of Physics, University of California; and Theoretical Physics Group, Physics Division,
Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, CA 94720

Received 1992 March 17 ; accepted 1992 April 20

the number density of particles. Hence number changing pro-
cesses like 3 - 2 or 4 — 2 will tend to deplete the number of
dark matter particles. But these processes take nonrelativistic
particles in and produce (fewer) relativistic particles out, so
that the outgoing particles have much more kinetic energy
than the mean (3/2)T’. Hence subsequent 2 — 2 processes will
transfer the kinetic energy of these few particles to all the dark
matter, increasing the temperature. So as the universe expands,
the dark matter cannibalizes itself to keep warm.

B B e e s T



Cannibalism 101

Can ¢ be dark matter?
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mge = 1 keV if two sectors were in thermal equilibrium
INn the past.

DM is too warm and is excluded by Large Scale
Structures.



Cannibal DM

What if DM belongs to a Hidden Sector undergoing a
cannibalism phase?

x =DM

mass

¢

L(6,x) = L(8) +X(i0 — my)x — S dXX

X i1s DM from 2 to 2 freeze-out in a cannibalizing sector

Pappadopulo, Ruderman, Trevisan '16
Farina, Pappadopulo, Ruderman, Trevisan ‘16



Cannibal DM




Cannibal DM

Dark Sector temperature exponentially higher than SM



Cannibal DM

X number changing interactions freeze-out during
cannibalism when n, (Ty)(ov) = H(Ty)
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Cannibal DM
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Cannibal DM
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Cannibal DM

Other orderings viable...




Cannibal DM
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Cannibal DM Pheno
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Cannibal DM

Other orderings viable...




coupling oy

Recap

unitarity bound




Conclusions

* Way too many models to cover:
Asymmetric DM, Axions, Freeze-In, Primordial
Black Holes, fuzzy DM, supertluid DM...

e Dark matter could arise from a non minimal dark
sector with rich phenomenology
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Three time scales




Three time scales
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* t¢: time at which DM 2 to 2 freeze-out (stable ¢limit)

* t.:time at which 3 to 2 freeze-out (stable ¢limit)

. ty: ¢ lifetime



Three phases (l)
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Three phases (1)
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Three phases (lI)

Lo

* Chemical: t, <ty <ty

Why chemical?

Chemical

Cannibal

After ¢, total number of Ly
dark particles is conserved
Chemical potential

INntroduced as usual non-

relativistic relics



Three phases (ll)
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Three phases (lll)




Three phases (lll)

* One Way: t, <ty !
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Three phases (lll)

* One Way: t, < t;

Yy

1

X
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T

Requires out of equilibrium
physics.

Set ng =0 at Tyas an
approximate treatment.

Sub-case studied by Dror, Kuflik, Ng 16’



Three phases (I+I+Il

Cannibal

(0'3:0-111'&)(., T¢>tf)
Chemical

((75%21071() O max, T£J>>t/")

One way
- -9
(03:0-11111)(. T¢:£)X10 B b)

IllIl"‘ lllnl'lll lllnll'l'l llnlﬂl' lllll"‘ lllnl'l" TTTIm

\
\
|
\
1
1
|
1
1
)
1
|
)
1
)
I
1

|
E-Illllll 1 1 Illllll 1 1 llllll L1 1 llllll 11 1 llllll 11 1 lllllll 1

1 102 104

mx/ T'sm




Phases Pheno
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10_20 No cannibalism

e Jake Away: all phases imply boosted annihilation
cross section. Rich pheno.



Phases Pheno

my [GeV]

e Jake Away: all phases imply boosted annihilation
cross section. Rich pheno.



Otherwise. ..

¢ must eventually decay to SM (or to dark radiation).
Otherwise it typically dominates the dark sector energy
density

5/2
Po 1 (%) o(mx—m)/ T
Px 2\ Mg

Moreover ¢ can dominate the energy density of the
universe, from exponential temperature ratio (an early
matter domination phase is allowed though...)
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At FO the velocity dispersion of chi is the same of a WIMP but the SM is
much colder: free streaming effective for higher masses



Planck Neft
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When qb decays to photon it effectively decreases Neff, heating up the photons
relatively to the neutrinos.
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Indirect detection bounds are very constraining if

one assumes s-wave annihilation



Freeze-out can happen during while ¢ IS dominating the energy
density of the universe.

2, ~()3$f 0o T3/2
Qpy gL/ (ov) §1/273° D

D measures the dilution due to entropy generation after qb decay.

TE _
D~ 1;%‘; Try ~ g« /Ty My

Notice that D is different from 1 only if (/5 decays to SM.



