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m Reheating through heavy neutrino decays
Origin of the hot phase of the early universe?

Epoch dominated by energy in radiation:
> Evidence: CMB (T ~ 0.25eV) and BBN (T ~ 1MeV).

» Paradigm: Preceded by inflation (vacuum domination).

> Transition? Reheating mechanism and Tryy unknown.

Definition Tr:  H(T =: Tru) =Tx = Trg ~ 0.2v/[ xMp. J I x free parameter! J
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m Reheating through heavy neutrino decays
Origin of the hot phase of the early universe?

Epoch dominated by energy in radiation:
> Evidence: CMB (T ~ 0.25eV) and BBN (T ~ 1MeV).

» Paradigm: Preceded by inflation (vacuum domination).

> Transition? Reheating mechanism and Tryy unknown.

Definition Tr:  H(T =: Tru) =Tx = Trg ~ 0.2v/[ xMp. J I x free parameter! )

m —mpj\l/lmig

Our idea: Entropy from heavy neutrino decays

o

vi

» Assume dominant Ny abundance after inflation.

. ii > Attree-level [y, = ?—7; (My [ view )2, Ty = (mZmD)11/M1.
N;
> Tru = Tru (M1, M;) ~ 10710 GeV for typical my & M.

Type | seesaw: > Baryon asymmetry & dark matter are natural by-products.

Add heavy Majorana
neutrinos N; to the SM.
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m Reheating through heavy neutrino decays
Origin of the hot phase of the early universe?

Epoch dominated by energy in radiation:
> Evidence: CMB (T ~ 0.25eV) and BBN (T ~ 1MeV).

» Paradigm: Preceded by inflation (vacuum domination).

> Transition? Reheating mechanism and Tryy unknown.

Definition Tr:  H(T =: Tru) =Tx = Trg ~ 0.2v/[ xMp. J I x free parameter! )

m —mpj\l/lmig

Our idea: Entropy from heavy neutrino decays

o

vi

» Assume dominant Ny abundance after inflation.

. ii > Attree-level [y, = g’—,‘r (My [ view )2, Ty = (mZmD)11/M1.
N;
> Tru = Tru (M1, M;) ~ 10710 GeV for typical my & M.

Type | seesaw: > Baryon asymmetry & dark matter are natural by-products.

Add heavy Majorana
neutrinos Nj to the SM. Consistent cosmology and non-trivial parameter relations! |
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Baryon asymmetry and dark matter ginicai'a™ s

[Steffen & Pradler '07]

Baryogenesis through leptogenesis:

v

Ns = Ns/n,~6x 10710 > 3" ~ 1078,

SM sphalerons convert L into B asymmetry (cy,,)- Q

v

g 5\

\4
_|
Es

Seesaw & neutrino data: My ~ 7, ~ 107719 GeV.

\4

(Non-)thermal Ny production: 1s = 1 (M4, My ). CP-violating out-of-equilibrium

Njp neutrino decays
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[Fukugita & Yanagida '86] [Bolz et al. '01]
Baryon asymmetry and dark matter Guineeaia™  iouers mseron

Baryogenesis through leptogenesis: " B NI_U\«\
> Np:=ns/n,~6x10" 10> 3" ~ 1078, , ! :
R —

» SM sphalerons convert L into B asymmetry (Cqy)-

> Seesaw & neutrino data: My ~ 7, ~ 1077 19GeV.

> (Non-)thermal Ny production: ng = 15 (M1, M). | CP-violating out-of-equilibrium
Njp neutrino decays

Th. prod. of gravitinos in SUSY QCD:

> Do not spoil BBN or overclose the universe.

> DM for free if gravitino is heavy stable LSP.
> Quh? (Tri, ms, m;) ~ 0.11 ~ Qpm P,

9 6 @ 6 a & A, 6 A, s
9 g a *a g
. f
9 F [ a9 a9 a
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Baryon asymmetry and dark matter Gioseiee® et .,

Baryogenesis through leptogenesis: " B Nl—&‘)-\’\
> Np:=ns/n,~6x10" 10> 3" ~ 1078, Y !
R —

SM sphalerons convert L into B asymmetry (cy,,)-

v

> Seesaw & neutrino data: My ~ 7, ~ 1077 19GeV.

> (Non-)thermal Ny production: s = 1 (41, My). | CP-violating out-of-equilibrium

Connect the two sectors!
Qéh (m17M17m67 ) SlDMH2

> Keep m; fixed & solve for M;.

v

My, TRu, N = f(ﬁh :mé)-
Impose g (M1, mg) > Na*.

\4

v

Mutual bounds my < mg.

A

Njp neutrino decays

Th. prod. of gravitinos in SUSY QCD:

> Do not spoil BBN or overclose the universe.
> DM for free if gravitino is heavy stable LSP.
> Qzh? (Tri, ms,m;) =~ 0.11 ~ Qpm#hP.

9 6 @ 6 a & A, N s
9 g a *a g
. f
9 F [ a9 a9 a
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Generating a dominant nonthermal Ny abundance

SSB of U(1)s_, at vs_, by gauge singlet S: Hybrid inflation =
. Chaotic inflation + SSB
> Seesaw: —%M,- (ng,-nm +h.c.) violates lepton number L.

Inflaton ¢

> Interpretation: — 3/ (ngnS—+h.c.), S — vs  + ﬁs.

> S be the field coupling to the inflaton ¢ in hybrid inflation.

> False vacuum decay breaks B — L and ends inflation. Higgs boson §
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Generating a dominant nonthermal Ny abundance

SSB of U(1)p_, at vs_, by gauge singlet S: Hybrid inflation =
. Chaotic inflation + SSB
> Seesaw: —%M,- (ng,-nm +h.c.) violates lepton number L.

Inflaton ¢

> Interpretation: —3/1" (ngnsS+h.c.), S — v, + %S.

> S be the field coupling to the inflaton ¢ in hybrid inflation.

> False vacuum decay breaks B — L and ends inflation. Higgs boson §

<

TaChyon ic prehea’[i NQ: (Feider etal 01] [Garcia-Belido & Ruiz Morales '02]

> Instability for ¢ < ¢.; causes explosive spinodal growth of
long-wavelength S modes: Waterfall transition!

> False vacuum energy density transferred to non-relati-
vistic S bosons and due to expected h;”’ to N2 3 neutrinos.
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Generating a dominant nonthermal Ny abundance

SSB of U(1)p—. at vs_, by gauge singlet S: Hybrid inflation =

. Chaotic inflation + SSB
> Seesaw: — % M; (ng,-nm + h.c.) violates lepton number L.

Inflaton ¢

> Interpretation: —3/1" (ngnsS+h.c.), S — v, + %S.

> S be the field coupling to the inflaton ¢ in hybrid inflation.

> False vacuum decay breaks B — L and ends inflation. Higgs boson §

<

TaChyoniC prehea’[i NQ: (Feider etal 01] [Garcia-Belido & Ruiz Morales '02]

> Instability for ¢ < ¢.; causes explosive spinodal growth of
long-wavelength S modes: Waterfall transition!

> False vacuum energy density transferred to non-relati-
vistic S bosons and due to expected /1" to N3 neutrinos.

Assume 2/ << m. = 2M> 5 s.t. S decays after SSB yield dominant Ny abundance. J
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Scenario

Initial State after N> 3 Decay

| False Vacuum Decay |

Non-perturbative process

Process out of kinetic equil.
B-L breaking Tachyonic preheating

Process in kinetic equil.

Non-relativistic species

oo | ||

Relativistic species

Nojs — (H,(H Nojs — (H,(H
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Scenario

Decay of Non-Thermally Produced N; Neutrinos

| False Vacuum Decay |

B-L breaking

Kai Schmitz (DESY Hamburg)

—
—
Tachyonic preheating

Nojs — (H,(H

Entropy, BAU and DM from Heavy Neutrino Decays

Nojs — (H,(H

SUSY QCD 2 — 2

Non-perturbative process
Process out of kinetic equil.
Process in kinetic equil.
Non-relativistic species

Relativistic species




Scenario

Decay of Thermally Produced Ny Neutrinos

| False Vacuum Decay |

B-L breaking

Kai Schmitz (DESY Hamburg)

—
—
Tachyonic preheating

Ny — CH,TH
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Nojs — (H,(H

SUSY QCD 2 — 2

Non-perturbative process
Process out of kinetic equil.
Process in kinetic equil.
Non-relativistic species

Relativistic species




Boltzmann equations

N 210 6(E —m, /2)
NS s . _ M0 s 7°T'sNs Ny —Ms
(N?) L1, (,p) En, Mx, By () +2 % PE /1 (2w ms)?
(N[) aHENg = —TE (NG - M)
G M
(B—L) aHZNg, = &l NG +eal], <NNT1 NM) e TR Na-L
% d _ g (T> 42(3)g3(7)
(G)  aHgNg = Kpxa (1 + o T In 7 ) +o8846
(R)  aHENe = BTN+, (NG - M)
ith £=2 —H o = (), O(1) and r§" = by, on
wi = az Pap CON T \Ey g M K& and rg' = 4NAS,1/TPH'

Coupled system of non-linear first-order partial differential egns. J

Solve for phase space distr. funcs. & number densities in an expanding FLRW background.
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Reheating temperature and baryon asymmetry

M1 (VB—Lyﬁ)17mavm§) S. t Qéhz = 011 J nB(VB—LvrAﬁ‘I 7M1) = n:_'— n;— > n;hs J

Tru (71, M) [GeV]

1011
1010.5
1010 E
E 1095 2
=z >
S 10° 0~ - Black: Boltzmann equations Lﬁ
~. 5
1085 = Blue: Ton = 0.2y Mp Ty, 2
10°
1073
107° 107* 1073 1072 107!
iy [eV]
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REEEERET

Reheating temperature and baryon asymmetry

m o _R2 — o — nS T b
Mi (Vs_r, My, mg, my) s. 1. QGh =0.11 J Ns (Vo_r, mi,My) =ns+nf >nd™ J
Tru (71, M) [GeV] (1M1, M)
1011 1011
1010.5 10]0.5
1010 E 1010 E
3 109 E] g 1005] Ei
o X <3 X
< - <
= 0%~ Black: Boltzmann equations || ‘| = 10° i
1085 . =S - Blue: Ty = 0.2/ Mp Ty, 5‘ 1085 gL
10° 100
107 1078 -
107° 107 1073 1072 107! 107° 107* 107 1072 107" 10°
my [eV] my [eV]

Appreciate: Thermal bounds significantly alleviated! J <

S o obs
Mg >1g
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Reheating temperature and baryon asymmetry

= 2 = — b
My (Va1 M1, mg, ms) s. t. Qzh® = 0.11 J Ns (Vo_r, mi,My) =ns+nf >nd™ J
Trn(my,My) |GeV] n5(1y, M)
1012.5 . M — _ _ - 1012,5
10]2 1012
1011.5
% 2
e 10" S
g s f E
O, X O gl ;
= i = i
= 10'° =
- 109.5 -
10°
1085 = 1085 = ]
107 10 1073 1072 107! 107 107 1078 1072 107! 10°
m [eV] my [eV]
) N . g <0y . s > 15
Appreciate: Thermal bounds significantly alleviated! J
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REEEERET

Reheating temperature and baryon asymmetry

M1 (V37L7ﬁ717m67 )S t. Q h2 0.11 J nB(VB L7m17M1 (VB L7m17mG7 )) > nObs J

Trn (i, M) [GeV] np(7y, M)
10]0 . o ! ~ - . 1010
1095 1095
10° - 10°
8
_, 10%% S 1088
z O
S o0 % = 10°
= “ =
1075 5 1075
107 107
105.5 106.5
107° 107* 1073 1072 107! 1075

my [eV]

obs

oh‘

Appreciate: Thermal bounds significantly alleviated! J 5 e <s

g
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Connection between SUGRA and neutrino parameters

M, [GeV] such that Qg h* = 0.11 Tri [GeV] such that Qg h? = 0.11

500 ] 500
200 E 200 E
100 < 100 <
50 ® 50 S
20 3 20 &
Z 10 — g 10 -
S 5 3 9 5 3
© & o &)
g 2 z £ 2 3
1 il 1 I
0.5 °°. 0.5 @
w w
0.2 'l‘l 0.2 Il‘.
0.1 g 0.1 S
0.05 0.05
10°° 1074 107 102 107! 105 1074 1078 102 107!
iy leV) iy [eV]
. MUyt —— mp=m
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Connection between SUGRA and neutrino parameters

M; [GeV] such that Qg #? = 0.11

Ty [GeV] such that Qg1 = 0.11

500 ] 500
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Analysis Parameter study

Connection between SUGRA and neutrino parameters

M; [GeV] such that Qg #? = 0.11 Ty [GeV] such that Qg1 = 0.11

500 500
200 E 200 E
100 3 100 2
50 2 50 )
I I
20 g 20 g
= 10 — = 10 —
[} - (] i
S s % S s %
© & o S
g 2 B g 2 8
E E
1 T ox 1 X
0.5 = 0.5 =
o el
0.2 I 0.2 1
0.1 & 0.1 2
0.05 0.05
10°° 1074 107 1072 107! 105 1074 1078 102 107!
iy leV) iy [eV]

Scenario works in large region of parameter space!

obs vy bs
. 8 < ”B . ”B ” ”

S o pobs S _ T
Mg >1g M =13

> Try bound lowered: > 10°GeV — > 107 GeV.

> my and mg mutually constrain each other.
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All you need is neutrino decays!

Idea: Neutrino decays produce all entropy of the hot early universe.
» Reheating temperature Try determined by neutrino lifetime 'y, (my, My).
» BAU through leptogenesis and gravitino DM follow naturally + interrelated.

4

Scenario: Dominant nonth. Ny abundance after false vacuum decay.
» Hybrid inflation ends in SSB of local U(1)s_; and tachyonic preheating.
» Vacuum energy density — Higgs bosons of B — L breaking — N; neutrinos.

4

Analysis: Quantitative results after solving the Boltzmann equations.
> Tru, N and Qéh2 from Lagrangian parameters vg_,, my, My, mg and m.
» my constrains mg and vice versa. Falsification: Measure m; = 0.1¢eV.

» Connection b/t collider searches, laboratory exps. and cosmological obs.
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All you need is neutrino decays!

Idea: Neutrino decays produce all entropy of the hot early universe.
» Reheating temperature Try determined by neutrino lifetime 'y, (my, My).
» BAU through leptogenesis and gravitino DM follow naturally + interrelated.

4

Scenario: Dominant nonth. Ny abundance after false vacuum decay.
» Hybrid inflation ends in SSB of local U(1)s_; and tachyonic preheating.
» Vacuum energy density — Higgs bosons of B — L breaking — N; neutrinos.

4

Analysis: Quantitative results after solving the Boltzmann equations.
> Tru, N and Qéh2 from Lagrangian parameters vg_,, my, My, mg and m.
» my constrains mg and vice versa. Falsification: Measure m; = 0.1¢eV.

» Connection b/t collider searches, laboratory exps. and cosmological obs.

Thank you for your attention!

Kai Schmitz (DESY Hamburg) Entropy, BAU and DM from Heavy Neutrino Decays 6. Kosmologietag Bielefeld | May 5, 2011 10/10



Yukawa couplings

Superpotential for matter fields in SU(5) notation:

> Wy = h§j“)1o,-1o,-H,, A h§;”571o,-Hd + 1,551 Hy +1"1,1;8.
> Fermion irreps: 10; = (qj,uf,ef); 5/ = (df.4); 1i=(n); N;:=n;+nf.

Froggatt‘Nielson U(1 )FN flavor Symmetry: [Buchmiler & Yanagida '99]

> Yukawa terms are generated from non-renorm. U(1)gn-inv. higher-dim. operators:
hjj ~ nets, n:= VFN//\ = 1/\/300; A > Agur-

> FN parameter 17 and charges Q; determined from quark and lepton mass hierarchies.

v

yi | 103 102 104 5; 5; 5: 13 12 14
Q; 0 1 2 a a a+1 b c

Specific example: a= 0.5, d = 1.5.
> Require My K Moz =ms = b=c=d-1=05.

> Vo ~6x108GeV; My ~10"0Gev; Mog=ms~ vp,.
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Comoving number densities

Inverse temperature M1/ T
_ 0 "
:\l\? T T T \H]\-\(\) T T H:\I-\(\) T T \\\:!-\(\)2 T N(a) = asn(a)
o N B I A
o J}“W""i/ : RS ] Ve, =6x10"%GeV
10555 | | ] My =1x10"°GeV
T Ml . | ‘ 1 -
z L . ; ] m =3x10"3eV
Q I - .
8 109} f‘ | 1 ms = 100GeV
= T I I -
P 1 : ] m, = 800GeV
o5 [ | @ ]
10 - | T 1 max :+1 x 10—6
1020:\ Lo I :\\HHH 3 Lt \‘uu I % 812'nax__4><10 4
10° 10t 102 10° 10* 10°
Scale factor a
10! 10° 10*
34
max -8 obs —10 % 32 TN s
> g =19x10"°>ng*>=6x10 1 N
> Qahz =0.11= QObS %§24 K B-L ]
10° 10t 107
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Appendix Generalization to different gluino masses

Rescaling the gravitino mass for m; # 800 GeV

Rescaled gravitino mass mg [GeV]

Rescaled gravitino mass mg [GeV]

700[ ‘ = ‘— 700 — 700 ‘ ‘
Z Gravitino
1 Thot 150/ / '
600 . 600[ 600. /SO
o 3 —— /
S ] S
o 500 i % 500} 5

No gravitino DM for Ty (m%)

No gravitino DM for Tgy (mg)

H &

2 2

<

g i £ 400} 400,

= k=)

E 300 » 3 z 300 3 » 3
) I[ehcnyt; B Hehclty:E
= E] f —
£ 200 v\ o] ] £ 2000 o)
.20 80 Helicity +— B \ Helicity +—
= < 2 =] 2
S 5 X

Gravitino not LSP T T o

600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600

Rescaled gluino mass m; [GeV] Rescaled gluino mass m; [GeV]

_ 0 — QR -
Solve QGh2 (Tru,m2,800GeV) Qgh? (TR, M, my). T and 17, unaffected

> Quadratic eq. for ms (m;, m2) w/ two solutions mZ . as long as v_;, my and

G
M are kept constant.
> Formd< m;: mg=mQ(m;/800GeV)>?. ! P
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Theoretical uncertainty in the gravitino production rate
Connection between SUGRA and neutrino parameters

M; [GeV] such that Qg #? = 0.11 Ty [GeV] such that Qg1 = 0.11

500 500
200 2 200 I
100 = 100 =
50 = 50 =
20 & 20 &
= 10 — = 10 —
S s Sz & s oz
o S g o
g 2 o g 2 ]
2 2
1 T ox 1 X
0.5 °°. 0.5 Q
w w
0.2 '; 0.2 Il‘.
0.1 g 0.1 g
0.05 0.05
107° 10 107 1072 107! 10° 104 107 102 10!
m |eV] m [eV]

Scenario works in large region of parameter space!

obs vy bs
. 8 < ”B . ”B ” ”

S o pobs S _ T
Mg >1g M =13

> Try bound lowered: > 10°GeV — > 107 GeV.

> my and mg mutually constrain each other.
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Appendix Theoretical uncertainty in the gravitino production rate

Connection between SUGRA and neutrino parameters

M; [GeV] such that Qg #? = 0.11 Ty [GeV] such that Qg1 = 0.11
500 500
200 2z 200
<)
100 = 100
50 s 50
20 £ 20
10 - - R
S 5 3 S 5
© [©] <)
g 2 2 g 2
S
1 15 1
0.5 < 0.5
w
02 4 02
0.1 g 0.1
0.05 0.05
107° 10 107 1072 107! 1075 104 107 102 10!
m |eV] m [eV]

Scenario works in large region of parameter space!

> Try bound lowered: > 10°GeV — > 107 GeV.

> my and mg mutually constrain each other.

S o pobs S _ T
Mg >1g M =13

bs
. 8 < 7]% ) . 7][]; ” Bbs

5.8x 1013 GeV | 11, = 800 GeV

Up-L

Kai Schmitz (DESY Hamburg) Entropy, BAU and DM from Heavy Neutrino Decays 6. Kosmologietag Bielefeld | May 5, 2011



Theoretical uncertainty in the gravitino production rate
Connection between SUGRA and neutrino parameters

M; [GeV] such that Qg #? = 0.11 Ty [GeV] such that Qg1 = 0.11

500 500 =
200 2z 200
o
100 S 100
50 e 50
20 £ 20
3z 10 - 5 10
S 5 3 S 5
© [©] <)
g 2 2 g 2
S
1 I 1
0.5 < 0.5
w
02 4 02
0.1 S 0.1
0.05 0.05
1075 10 107 107 107! 1075 104 1073 1072 107!
m |eV] iy [eV]

Scenario works in large region of parameter space!

obs vy bs
. 8 < ”B . ”B ” ”

S o pobs S _ T
Mg >1g M =13

> Try bound lowered: > 10°GeV — > 107 GeV.

> my and mg mutually constrain each other.

5.8x 1013 GeV | 11, = 800 GeV

U1

Kai Schmitz (DESY Hamburg) Entropy, BAU and DM from Heavy Neutrino Decays 6. Kosmologietag Bielefeld | May 5, 2011



	Idea
	Reheating through heavy neutrino decays
	Leptogenesis and gravitino dark matter

	Scenario
	False vacuum decay
	Particle interactions

	Analysis
	Parameter study
	Conclusion

	Anhang
	Appendix
	Froggatt-Nielson flavor model
	Exemplary parameter point
	Generalization to different gluino masses
	Theoretical uncertainty in the gravitino production rate



