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Dark Matter is there! :-) I
But what is it? :-/

* Neutral (electric and color) ‘ NEEDS BSM PHYSICS

* Massive (non relativistic @ structure formation)
* ‘Weak’ interactions with the SM
* Stable or long-lived

KP Thermal DM candidates: WIMPs, SIMPs, ELDERs and Cannibals. \

> For a given mass (m), depends on two key temperatures:
> Temperature at Chemical Freezeout (Tf,, Tf,)
» Temperature at Kinetic Decoupling ( Ty).
» Non-thermal DM production (FIMPs)
> IR FIMPs:
> Production through portal couplings between SM and DM sector.

Enriched in of Selfi
> UV FIMPs

> Non-renormalizable operators.

K » Behavior in Non-Standard Cosmologies...with low reheating temperatures /
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WIMPs (Weakly Interacting Massive Particles): m > T, > Ty
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WIMPs (Weakly Interacting Massive Particles): m > Tg, > Ty

30

. * Chemical freeze-out
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* Kinetic freeze-out
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\ WIMP MIRACLE!!!

WIMP DM typically requires:
<gv> ~ few 102 cm?/s

*GeV to TeV masses
* O(1) couplings DM-SM

- Independent on initial conditions!

* reheating temperature

* coupling to the inflaton

* DM density after reheating

* cosmological evolution before freeze-out
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SIMPs (Strongly Interacting Massive Particles): m > Ty, > Ty
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SIMPs (Strongly Interacting Massive Particles): m > Tz, > Tk
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SIMPs = Freeze-out within the dark sector

1/3
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‘ m ~ Yeff (TeqlMPl) WYeft- (100 MeV). ‘ SIMP DM typically requires:

*MeV masses
* O(1) couplings DM-DM
* very suppressed couplings DM-SM

@ Eme

FOR  Yeff ~ O(1) mmmd) Sivong

- Independent on initial conditions!
* reheating temperature

SIMP MIRACLE!!! ~ B deraiy et rheating

* cosmological evolution before freeze-out
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SIMPs (Strongly Interacting Massive Particles): m > Ty, > Ti

[arXiv:1402.5143 [hep-ph]]
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Early kinetic decoupling: Ty > Tt
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Early kinetic decoupling: Ty > Tx,

Entropies of the SM and DM
separately conserved
after kinetic decoupling
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ELDERs (ELastically DEcoupled Relics): m > Ty > Ty,

[arXiv:1512.04545 [hep-ph]]
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Cannibals: Ty > m> Ty,

Tei(zi) = H(=y)

!

T > P 2 1.8

Cannibal Solutions not possible
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perature Reheating
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Parameter space during radiation J
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mperature Reheating

g reheating

FIMP Dark Matter

dny

T+ 3H = —(voy) [ — (n%)?]
FIMP DM typically requires:

* Very suppressed DM-SM interaction rates
to avoid thermalization between

the dark and the visible sectors
* masses > keV (!)

logioY

* Usually assumed a dark sector »
with a negligible initial population

—

Dependent of initial conditions!
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WIMP vs FIMP Dark Matter
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Low Temperature Reheating
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Dark Photon and Dirac Fermion DM Freeze-In

107°

* Additional gauged U(1)o
* Mediator: Massless gauge boson
* DM: Dirac fermion
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Standard Cosmology

* We know that at BBN, T ~ O(MeV), the universe
was dominated by SM radiation

* Standard cosmology

extrapolation up to the reheating epoch T ~ 10%° GeV (?)
SM entropy conserved

early universe dominated by SM radiation

instantaneous reheating at a very high temperature

Ll
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Temperature Reheating sis during reheating

Cosmic reheating
- Transition from an inflaton-dominated
to a SM radiation-dominated era
- End of reheating at T
— Tin> Toon ~ 4 MeV

Inflaton Energy Density:
p¢(a) ox 3 3(1+w)

Scaling of SM temperature:

T(a) = Tan (%)°

a

3(1+w)
Hubble Scaling: H(T) ~ H(T,,) x (%)  for T> Ty, J
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DM genesis during reheating Summary
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Direct and indirect detection constraints: WIMPs )
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Low Temperature Reheating
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Direct and indirect detection constraints: SIMPs }
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Summary

Direct and indirect detection constraints: ELDERs J
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Maximum masses attainable for different cosmologies J
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DM genesis during reheating
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IR FIMP paradigm

dn i
s +3Hn=—(ov) (7/1 - nzq)

FL®
@

* chemical equilibrium never reached
* renormalizable operators
* masses: keV to ~M,

* N\ ~ 101 ~ “Unnaturally” small...

DM-SM . |
*T,~m but could be technically natural!

- (mild) dependence from initial conditions

Matter Genesis i Kuldeep Deka (NY!
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IR-FIMP: Z3 scalar DM with self-interactions during radiation
Viap (B, 8) = Mo | 1|5 V() = ISP+ & (57 4 (7)) + 22 I8t

Tom Ybum
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Let's freeze-in the Cannibals with low reheating temperatures... |

IR-FIMP: Z3 scalar DM with self-interactions during reheating (w = 0, = %)

2 = A
Vite (1, 5) = Mo | S Va(S) = 2|2 + 52 (57 + (57)%) + 2|1
10!
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w Temperature Reheating

UV-FIMP paradigm

* chemical equilibrium never reached
:\/&gO * non-renormalizable operators
* masses: keV to ~M,

*AST,
gﬂ:@ *T«"‘Ttn

- (strong) dependence from initial conditions,

dn
= T3Hn=—(ov) ) (o —n2,)

O )

» Heavy mediator v >>T,)
SM DM i 4 T
(ov) x g A
M
" A » Suppressed couplings (A>>T,)
2
SM DM (ov) x I
im » Heavy mediator + suppressed couplings (M, A>>T,)
(ov) = e 6

(ov) x s
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UV-FIMP paradigm
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Temperature Reheating Summary

UV-FIMP: Gravitational annihilations of SM
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Summary

UV-FIMP: Gravitational annihilations of Inflatons
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the Reheating Era
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UV-FIMP paradigm: Decays of Inflaton
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@ Dark Matter exists
@ The nature of Dark Matter is stillunknown
@ Understanding Dark Matter is one of the major problems in particle physics & cosmology
@ WIMP paradigm is by far the favorite scenario € huge prejudice!
@ Various other alternatives exist:
Discussed here: SIMPs, ELDERSs, FIMPs
@ Dark Matter could be produced during cosmic reheating
Cosmology: non-standard cosmologies & low-temperature reheating
@ Parameter space is greatly enlarged
@ Dark Matter production during reheating (and inflation!) has to be studied more!

Cosmological history of the Universe important for DM genesis.

Dark Matter Genesis in the Reheating Era Kuldeep Deka (NYUAD)
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DM genesis during reheating Summary
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Introductior Low Temperature Reheating DM genesis during reheating

Coupled Boltzmann equations

From the fBE we can obtain a ‘temperature’ Boltzmann
equation:

8 [ &p P
We define T := 54 P~ ao);
e define — J(Zn)3 Ef(P)

2 2
we integrate g(2m)=3 Jd3p %(al —Hp-V,)f = g2n) Jd3p %Cl’f] = Cy;

ar 2T 1 4 2 27
toobtaind—=——+—<p >+ ¢ o4

a a 3a\E3/ 3HN ? HN

dN 2 d3 2
along with the usual nBE: — = a—gj = CLf] =: L Co, N= na’;
da H" | (Q2n)? H
E
we close the system by assuming f(E,T") = 2 exp [——/] .
Neq T
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