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Standard Reheating

* Singlet scalar inflaton ¢ decays
or annihilates at rest
into a pair of SM Higgses: ¢ — H H

* Only channel available (dim 4)

* Reheating non-instantaneous

* During reheating, nonrelativistic @ dominate
the energy density while decaying:

T(a) o a3/8
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Reheating in Seesaw Cosmology
Two-step decay: ¢ —+ NN then N — H/

* ¢ real CP-even singlet scalar with mass ™M
* N; SM-singlet fermions with masses M,
* H Higgs doublet, ¢ lepton doublets

i 1
~£3 3 m3 ¢° + 7 Z (M; + X\ $) N; N; + Z Yia €ab N; €& H® + H.c.
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Type-| Seesaw
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Seesaw Cosmology

6NN then N — H/

* nonrelativistic @ decay into relativistic N
* N from relativistic to nonrelativistic
* long-lived NV decay into SM

d

%+3Hn¢:—f‘¢n¢

dt - 3M}
d

%+4HPR:‘|’FNEN’”/N
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Seesaw Cosmology

d
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d

% +4Hpr=+I'y Ennn
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Seesaw Cosmology
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Seesaw Cosmology

d
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Seesaw Cosmology
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n X (a/ag)?® [GeV?]

Seesaw Cosmology

3 stages reheating
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Seesaw Cosmology

3 stages reheating
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Seesaw Cosmology

3 stages reheating
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Seesaw Cosmology

3 stages reheating
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T [GeV]

Seesaw Cosmology

3 stages reheating
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Seesaw Cosmology
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Seesaw Cosmology
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Seesaw Cosmology
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Seesaw Cosmology
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Kinematics: my >2my and my > mp + my
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Seesaw Cosmology
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Seesaw Cosmology
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Seesaw Cosmology
with Quantum Statistics

* Highly nonrelativistic ¢ inject monochromatic N with momentum ». = %3’\
* N simply redshifts: no sizable self-interactions to redistribute their momenta
* Strong saturation (f~(p~,a) ~ 1) occurs for

— ff\f (P*, (1.-) - 271'2 ]__‘(;b Tl(p(a)
= 1 - fn(ps,a)  H(a)ps

[1]

> 1
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Seesaw Cosmology
with Quantum Statistics

Solve the system at the level of phase-space distributions

0 8 1

[f@v 1 — fn(p)] 1 = fn(p2)] — [+ fo] fn(p1) fn (Pz)]
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Seesaw Cosmology
with Quantum Statistics

Solve the system at the level of phase-space distributions S
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Seesaw Cosmology
with Quantum Statistics

Assume gb has a highly nonrelativistic initial distribution S

* Vst
FoFto) = (2m)* ng(to) O(7) Nogr” Of o,
~0Y; U,
%: Hereled

e, 0
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Seesaw Cosmology
with Quantum Statistics
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Seesaw Cosmology
with Quantum Statistics
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Seesaw Cosmology
with Quantum Statistics
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Seesaw Cosmology
with Quantum Statistics

T = jﬂlmax :

100 102 10* 108 108 100 10!z 104 q1pl¢
a/ajy

— ¢ decay is blocked

- less N created

- less SM produced

-~ No plateau: 7(a) x a®/®
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Seesaw Cosmology

with Quantum Statistics

—
\ ;.m‘ —_
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Seesaw cosmology
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Seesaw cosmology
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Seesaw Cosmology
with Quantum Statistics » - oo
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Dark matter
INn Seesaw Cosmology
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UV freeze-in dark matter

* DM could have been produced nonthermally
from the SM plasma - freeze-in DM

* Out-of-equilibrium reactions require suppressed
Interaction rates

Nicolas BERNAL @ NYUAD
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from the SM plasma - freeze-in DM

* Out-of-equilibrium reactions require suppressed

Interaction rates
* IR freeze-in: small portal couplings A ~ 10
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UV freeze-in dark matter

* DM could have been produced nonthermally
from the SM plasma - freeze-in DM

* Out-of-equilibrium reactions require suppressed

Interaction rates
* IR freeze-in: small portal couplings A ~ 10
* Low reheating temperatures: Boltzmann suppression
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UV freeze-in dark matter

* DM could have been produced nonthermally
from the SM plasma - freeze-in DM

* Out-of-equilibrium reactions require suppressed
Interaction rates
* IR freeze-in: small portal couplings A ~ 10
* Low reheating temperatures: Boltzmann suppression
* UV freeze-in: effective operators with large scales A
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UV freeze-in dark matter

* DM could have been produced nonthermally
from the SM plasma - freeze-in DM

* Out-of-equilibrium reactions require suppressed
Interaction rates
* IR freeze-in: small portal couplings A ~ 10
* Low reheating temperatures: Boltzmann suppression
* UV freeze-in: effective operators with large scales A
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UV freeze-in dark matter

Qh2 Pc —10
~ 4.7 x 10 GeV
s(Tp) h? - ’

DM abundance today my Yo =

Nicolas BERNAL @ NYUAD
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UV freeze-in dark matter

OR2 p,
WP 47 10710 Gev

DM abundance today Yo = Sopst >

. . 3
UV freeze-in production % +3Hn, =
TP
q/X(T):Ap_4 p=2(D-2)>6
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UV freeze-in dark matter

Qh2 Pc 10
~ 4.7 x 107" GeV
s(Tp) h? - °

DM abundance today my Yo =

UV freeze-in production % 55, _

dt
TP
W/X(T) — Ap_4
Cosmology
Final DM abundance  , __ 13 10 MpTiT Z(ar, ao)
d 2773 Jxs (Trh) g*(Trh) Ap—4 F
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UV freeze-in dark matter

: 135 10 MpTh™ Z(ay, ao)
Final DM abundance Yo = "7~/ 75— 7
Dimension P Z(ar,a0)/F
5<D<T | 6<p<10 5t 3y

D=3 p=12 15+ 590 T In(Ry)
20—p 3(p—12)

1 8 4 2 p—
9§D§11 14<p§18 5+[W+20—J’P+9R2 4]R18

3(p—12)

D =12 p =20 %+R3ln(R)+[ﬁ+%}Rl 8

Nicolas BERNAL 1 2 1 p—20 3(p—12)
. : 8
icolas D >13 p > 22 p—b [3(19 12) g P 20) R2 } Rl




UV freeze-in dark matter
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UV freeze-in dark matter
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Seesaw Cosmology

Conclusions
Two-step decay: & — NN then N — HV/

* Cosmic reheating solved at the level of phase-space distributions
*¢ - NN decays with Pauli blocking

*NN - ¢ inverse decays with Bose enhancement

* fully numerical analysis + analytical estimates

Cosmic reheating SM domination
¢ N
saturate | dilute | relativistic | nonrel
Weff 0 0 1/3 0 1/3
T(a) q+3/8 a0 a—1/4 q—3/8 a—1

* neutrino masses through type-I seesaw
* Phenomenology: Dark matter, leptogenesis, PGWs...
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