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Early Universe Cosmology

The Advent of the Era of Precision Cosmology
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Early Universe Cosmology

The Hot Thermal Phase of the Early Universe
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Early Universe Cosmology

Call for New Physics Beyond the Standard Model

The Cosmic Pie [WMAP7 + BAO + Hj fitted to ACDM]

72.8 % Dark Energy 22.7 % Dark Matter
What is it? What is it?
Properties?

Origin?

Origin?

< 1% Radiation

What is it? What is it?

Propérties?
Origin?

New physical phenomena in the very early universe! J
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Early Universe Cosmology

The Origin of the Hot Early Universe?

S Paradigm of standard Big Bang cosmology:

S

= » Thermal phase preceded by cosmic inflation.
5 -« ® > Slowly rolling homogeneous inflaton field ¢
Q? P

drives stage of accelerated expansion.
Field value ¢

Open questions of contemporary particle cosmology:

» How does the transition between inflation and the thermal phase take place?

Goal: Description of the reheating process, evolution of the radiation temperature. J

» What determines the initial conditions of the hot early universe?

Goal: Mechanism for the generation of entropy, baryon asymmetry and dark matter. )
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Outline

The B—L Phase Transition
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Phase Transition at the End of Hybrid Inflation e e s

Our idea: The hot early universe is ignited in consequence J Scalar potential:

of the phase transition at the end of hybrid inflation. Inflaton field ¢

ol
Y
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Q‘Q":.‘

A

» Supersymmetric F-term hybrid inflation:

wo Yo (2, —S?)

. . . . ‘Waterfall field o
» False vacuum energy density drives inflation:

Po = J-;A v;‘_L False vacuum:

(®) #0,(5)=0

> At @ = @; = vp_(, the waterfall field o becomes
tachyonically unstable and inflation ends:
True vacuum:

me (0) =% (9"~ V&) (®) =0, (S) = v,
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Connection between Cosmology and Particle Physics

Observation: The waterfall transition at the end of hybrid inflation corresponds to the
cosmological realization of the spontaneous breaking of a global / local U(1) symmetry. J

We identify this symmetry with the local U(1)g_;:

» Easily embedded into a bigger GUT picture.

» Need three generations of right-handed
neutrinos to ensure anomaly freedom:

1
W D) éh,"n,cnlcs, M/ == h/nVBfL

» After SSB three heavy Majorana neutrinos N; plus superpartners N;.

> Sets the stage for the seesaw mechansim and baryognesis via leptogenesis.

Summary: We claim that the B—L phase transition serves as the origin of the hot big bang!J
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The B—L Phase Transition

The Abelian Higgs Model of the B—L Phase Transition

We need: Masses and decay rates of all
particles involved in the PT and reheating. J

We derive the Lagrangians for the:
@ Supersymmetric Abelian gauge theory:
» For N chiral multiplets, arbitrary W.
> In arbitrary gauge.
@ Supersymmetric Abelian Higgs Model:

» For our chiral multiplets and our W.
» In unitary gauge.

Implement SSB by shifting the Higgs field:

AN v(t)—l—i lim v(t) =v,
\/é \/57 t—y00 — VB-L

7 }F,M:l“'456#3@4@*9%4%#@6
— cosh (VZC/T) (dus* oM s+ 35K 3u3)
+ sinh (fc/ ) [ (is* oM s —isoH s* +35H3 A“]
— cosh (\/EC/V) é s Ap At
{slnh(\[c/v) s s*EE+ - f«p +ﬁs¢§§+h.c.}
75\@4752\ wosh(x@C/V)A\s\Z\m?

Ps sinh2 (fC/v) |s\4 { ff WC +he. }

! A[s? c pslsP
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The B—L Phase Transition

Tachyonic Preheating st on

Growth of the Higgs

Energy transfer from the false vacuum to a gas of quantum fluctuations:

nonrelativistic Higgs bosons:

» Tachyonic instability for ¢ < ¢ causes exponential
growth of the long-wavelength Higgs modes.

We generalize Linde’s conditions for a very rapid and
abrupt waterfall transition to the supersymmetric case:

> Always fulfilled in the viable parameter region.

» Quench approximation applicable: m2. — —%VB,L.

[Garcia-Bellido et al. '01]

Nonadiabatic production of particles coupled to the Higgs field: (carcia-selido & Ruiz Morales o2y

» Excitation of low-momentum modes due to sudden change in the masses.
» We calculate all relevant number and energy densities.
» All generated abundances subdominant to the one of the Higgs bosons.
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The B—L Phase Transition

P rod u Ctio n of COS m iC Stri ng S [Jeannerot & Postma '05] [Battye et al. ‘06, Battye et al. "10]

Network of infinite ) ) ) ) )
strings and string loops: Topological defects in the form of cosmic strings:

» Vacuum manifold of the Abelian Higgs model
(brim of the Mexican hat) is isomorphic to S'.

» Thus one-dimensional solitonic solutions of the
classical equations of motion, i.e. cosmic strings.

» Possible source of isocurvature perturbations,
gravitational lensing and gravitational waves.

[Hindmarsh "11]

: 15 (1 _
Hybrid inflation & cosmic strings require: R e
Pewzgnciel U > The number and energy densities of
3x10%GeV < v, <7x10"°GeV cosmic strings as functions of A.
1074 <V <10 » The cosmic evolution during reheating in

the case of extremal string production.

\We find: Effects of cosmic strings always irrelevant. Hence we are allowed to neglect them. J

Kai Schmitz (Kavli IPMU) The B—L Phase Transition ACP Seminar | December 5, 2012 13/35



Outline

Neutrino Phenomenology

Kai Schmitz (Kavli IPMU) The B—L Phase Transition



Masses in Mixings in the Lepton Sector

Superpotential for all chiral quark and lepton superfields in SU(5) notation:

W D Shinfnf S+ hy5;n?Hy, + hi10;10;H, + h{5;10;Hy

[ A

» 5% = (d°¢) and 10 = (g, u°, e°) contain the MSSM quark and lepton fields.
» (8) =vs_and (Hyq) = vy,q break B—L and the EW symmetry, respectively.

Neutrino and charged lepton masses: Mass diagonalization:

M=vg_h", mp=v,h", me= vgh® mﬁiag =L"msR
diag _ ~T
Seesaw formula for the light-neutrino mass matrix: my = =Q myQ
my, = —mDM’1mg Lepton mixing matrix:
Upmns = L'

Low-energy observables: Masses (my 23), angles (012, 613, 623), phases (8, Q21, 031). J
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- @@ ewmwbEmmey |
Parameterizing our Model in Terms of Flavour Charges

Froggatt-Nielsen flavour structure: irroggat & nieisen 7]

n¥ 0 0
» Based on a U(1)gN flavour symmetry: M~ vgy ( 0 ¥ 0)
[Buchmdiller & Yanagida '99] 0 0 712”
* * *
183 1?2 121 53 55 5] 1 SRR
a a a+ mDNVuT]a ( na n° r’b )
nS n§  n§ S Hyg @ PN n nt
b c d 0 e —1
. . . V2 . n on
> Yukawa interactions from nonrenormalizable my o~ n(n 1 1
. . . B—-L
terms in the effective field theory below A: notot
¥\ Qi+ Q+Q
WO Ci(5)7 7 wivivk "ot
5 e\
Q+Q _
h,-/-mrlI"'/,\/Imrle,r,_TN\/Tﬁ n n
We resirict ourselves to:  e=2b=2c=2(d—1) s.t. mg = M3 = Mo = My /0.
Physical parameters: Voo ~M%2My, My ~n?9v,,, My~10""GeV.
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Monte-Carlo Sampling of O(1) Factors

The low-energy neutrino observables depend on 39 real O(1) factors C:

n__ ~n2Q; V _ AV Q+Q d _ ~d,,Q+Q;
h'=Cm™", hy=Cin>=", hy=Cin=""H

K

In a numerical study we generate random numbers to model these parameters:
—1/2<logyo|Cj| <1/2, 0<argCj<2m

We compile roughly 20000 sets of O(1) factors (hits) which yield lepton mass
matrices that are consistent with the known neutrino data (@3 ©): e
2.07x 10 %eV2 < |Am2,| <2.75x 10 %eV2,
7.05x10°eV2 < Anf, < 8.34x 10 °eV?,
0.75 < sin?(26;2) < 0.93,
0.88 < sin®(26p3) < 1.
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Predictions for Neutrino Observables

012 — P Sharp and robust predictions:
)
% 0.08 > Dispersion around median often < O(1).
E » Robust against slight variation of exp. error
3 0% margins & details of the MC study.
000 ] » Shapes of the distributions due to flavour
0 00 0® gt structure and experimental input.

sin?26;3

Numerical results:
) 0.08]
> Spectrum always has a normal hierarchy. E
=
) . g
> sin“20;5 = 0.07 [}, compare with £ oo
~0.09 [Daya Bay '12] and ~ 0.11 [Reno '12]. é
> Low mass scale, 1y — 2.2/ <10 eV,
. 0.00}! 9
0.2 104 10735 1073 10725 102

; ; 1 0t
> Peak in Majorana phase, 01 /7 = 1.0777. mlev]
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Reheating after Inflation

Reheating through Heavy (S)neutrino Decays

Definition of the reheating temperature:

H(Tru) =TR, = Tru~02,/T§ Mp

Reheating driven by the decays of the
N & KI1 produced in Higgs decays!

LH LH ] LH
o RN d Zero-temperature neutrino decay rate:
Nl_\ NI—U—\ Ny +<" 5 .
: ! ' : [0 — m (M e = (momo)u
M T A\ ) 0 T =

Tru controlled by neutrino parameters:
Tru = Tru (M1, My)
Typical values (FN and th. leptogenesis):
my ~0.01eV, My ~ Tryg ~ 10'°GeV

Cosmological gravitino problems:
> Light stable G: overclosure!

> Heavy unstable G: spoils BBN!

Gravitino dark matter: Q2 2 = QODMhZ Thermal gravitino production:
G [Bolz et al. '01, Steffen & Pradler '07]
> Gis LSP with m= ~ 100GeV. o\ 2
G 0 _ TRH 100GeV My
Qéhz =0.26 (101°GeV) ( m, ) (1TeV)

0412 _ 0012 (m
> Qéh _Qéh (m1,M1,mé,m§).
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Particle Production during Tachyonic Preheating

v
>

Gauge DOFs

o

w - Pseudoscalar 7

I Mass scale
Inflation, neutrinos

Non-perturbative processes
during preheating:

Neutrinos

. Transfer of V(0) to Higgs bosons

Production of DOFs coupled to o
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Reheating after Inflation

Decay of the Gauge Degrees of Freedom

AN Non-perturbative processes
during preheating:

>

Vector boson A Gaugino A Gauge scalar C'
. Transfer of V(0) to Higgs bosons

() Production of DOFs coupled to o

o

% - Pseudoscalar 7

Almost instantaneous decays
after preheating:

i A= NN, N.N}, RR

@® i-nNK.RR
C — N;N;,RR

‘ Mass scale
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Neutrinos Inflation, neutrinos Gauge DOFs

MSSM



Reheating after Inflation

Decay of No, No, N3, N3, &, w and ¢

AN Non-perturbative processes
during preheating:

. Transfer of V(0) to Higgs bosons

() Production of DOFs coupled to o

% - Pseudoscalar 7

\
Nojg — O H, G, GH T
Nog — H, (LA
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Almost instantaneous decays . s

. =

aften prehenting: Decays and inverse decays: A &

o Species in kinetic equilibrium &

A NN, N.N;,RR ® s a o =

@ i-NA.RR > Process out of kinetic equilibrium 5 ©
C — NiN;, RR — %
> Process in kinetic equilibrium P

w0 %z
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Reheating after Inflation

Decay of the Nonthermal Neutrinos

AN Non-perturbative processes
during preheating:

. Transfer of V(0) to Higgs bosons

() Production of DOFs coupled to o

% - Pseudoscalar 7

\
Nojg — O H, G, GH T
Nog — H, (LA
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Almost instantaneous decays . “
. =
aftor prohosting: Decays and inverse decays: A &
A NN, NoR R . Species in kinetic equilibrium . %
@ i-NA.RR > Process out of kinetic equilibrium 5 ©

C — NiN;, RR — %

> Process in kinetic equilibrium I
wn @
— -
E
g
| Higpinoy  fatond
:"
£
&
=
oo v v =
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Production and Decay of Thermal Neutrinos

AN Non-perturbative processes
during preheating:

. Transfer of V(0) to Higgs bosons

() Production of DOFs coupled to o

% - Pseudoscalar 7

\
Nojg — O H, G, GH T
Nog — H, (LA

Reheating after Inflation
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Almost instantaneous decays . s
. =
aften prehenting: Decays and inverse decays: A &
. Species in kinetic equilibrium &
A= NN N7 RR ® s b o 2
@ i-NA.RR > Process out of kinetic equilibrium 5 ©

C — NiN;, RR — %

> Process in kinetic equilibrium "
w0 %z
— -
E
g
Moy Wfwone
Z
2
&
=
A A A =

o — NiNy, NN} ¥ — NNy ¢ — NNy

3
E
=
Z
| l 2
. Nt ,11{1,171-1%;}1* =
Ny — OH, (T z
N <]
z
> SQCD2-2 2
=1




Reheating after Inflation

Production and Decay of Thermal Neutrinos

AN Non-perturbative processes Almost instantaneous decays B ]
. =
during preheating: after preheating: Decays and inverse decays: A g
— Species in kinetic equilibrium %
. Transfer of V(0) to Higgs bosons A= NiN;, NiN}, RR . o H
@ i-nnm > Process out of kinctic equilibriom & ©
() Production of DOFs coupled to o € — NN, RR 2
> Process in kinetic equilibrium @
wn @
—— %3 2
E
g
Y - - S G
£
=
s = ot v P E
Nog — GH,GH, CH O H N Xr S ;v i v 5
. 7 - - -
Nos — I;H (AT 0 1N NNT ® 1N} ¢—*’\'I 1
&
=
| l 2
o N GHLGH GH G e
Ny — OH, (T 3
A <]
z
> SQCD2—2 5
5

Math. description: Boltzmann equations—coupled system of non-linear first-order PDEs.
Solve for phase space distr. funcs. and number densities in expanding FLRW background.
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Boltzmann Equations

) ) Novel technical procedure:
Lix(t.0) = (53 - o35 ) ix(t)=Cx

» Decompose distr. funcs. into

Liy(t,p) = —mxTgfx(t, . .
(R = I (80) independently evolving parts:

N 272, L. 8(p—
Lix(tp) = ’;—XX);UMX,-)on/) "’pz”*) —mxT%ix(t.p)
if

d T
HIND = 0 (MD - ASY) | Py =AY (a2 rth
aH Ny 2 (M0 -N). Fw );N,-/< F)r

d R - o d . o > .
a2, =PI Py a g = PN NG Solve egs. for nonthermal

. B s s s.s contributions analytically.
FIAD = Y, (rni N *rR,NR,-)*ﬁ (FN1 NE +FN1 NM) . .
Ri > Remaining egs. numerically.

pthath — y g rth (pth | pth _oped
FNE _);E’rNi (NN’_-#NN(_ 2NN’_)

P :E’(,Eflrlg’jl,\,g? +rBrENg )+ (,,i R, N, +,s‘ ri N51 ) We solve the Boltzmann egs. for:
i
. @ A representative parameter point:
LIV );jr;;‘;i i (N;{,‘I +Nl%‘i —ZNZ?) P ¥ P
27 , , > Time-resolved descript. of RH.
aH N = 14 2 %TG [m ( ZT ) +o.as4s] . . )
da G sme. Mg mg(T) @ All points in the parameter space:
= (M o o SPR > Functional dependences and
i Eg, [ Ri i~ 4pp/ng K
parameter relations.
”
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Reheating after Inflation

Comoving Number Densities and Radiation Temperature

Inverse temperature M; / T

10%

absN(a)

105}

10%

10%

10°  10° 10° 10" 10°
Scele factor a

100 100 107 ‘103

Initial conditions of the hot early universe:
> Try =6x10°GeV.
» N5 =4x10"°>n3 =6x10""°.
042 _ 0
> QLW =0.11=QQ

Inverse temperature My /T
10! 10° 10! 10°  10°

T(@ [GeV]
- = = =
2 B EE

g

10"

Scale factor a

Plateau in the temperature evolution:
> Entropy prod. balances expansion.

> Constant temperature until n9 and
Q%h2 cooked to the right point.

io" 100 102 100 100 10° 10° 107 1097

Ve =5x10"9GeV, my =0.04eV, My =5x10'°GeV, mz =100GeV, mz =1TeV
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Reheating after Inflation

(Non)thermal Contributions to the B—L Asymmetry

Inverse temperature M,/ T

107t 10° 10t 102 10°
1045 T T T T T

10° 100 102 10° 10* 10° 10° 107 108
Scalefactor a

Ve, =5x10"3GeV, My =0.04eV, My =5x10'°GeV, mz =100GeV, mg =1TeV
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Robustness against Theory Uncertainties

Inverse temperature M, / T Inverse temperature My / T
10t 10° 10 10° 10° 10° 10 10?2 10°

100 10° 100 10" 10° 10° 10t 10?2 100 10* 10° 10° 100 10°
Scale factor a Scale factor a

10° 161 162 ‘1‘03

All heavy sparticles neglected. J All heavy sparticles and gauge DOFs neglected. J

» Same numerical results for the key quantities Try, 113 and Q%hz.

» Different evolution at early times, but irrelevant since evolution at late times
dominated by the decays of the nonthermal neutrinos.

Ve =5x10"9GeV, my =0.04eV, My =5x10'°GeV, mz =100GeV, mg =1TeV
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Reheating after Inflation

Reheating Temperature and Baryon Asymmetry

Tru(iy,M;) [GeV] N, M)

10" 10"
10'23 10125
10 o 10 >
10" S 10115 38
—_ = — — i’c
E 10" I X E 10" [10”] »
= 10105 2 = 10105 _ =Y
= = 10 "
10'0 m "7, 1010 IL
3 o] ;
1095 ! 1095 I
10° 10° m
1083 1085
107 107 107 1072 107! 10° 107 1074 1073 1072 107! 10°
iy [eV] iy [eV]
L . . . nt obs obs __ ont_ th
Hybrid inflation, cosmic strings and s > g 8 <115 s =15

Inflation
& strings

obs

leptogenesis constrain my and M;. b >
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Reheating after Inflation

Relations between SUGRA and Neutrino Parameters

M [GeV] such that Qg h? = 0.11 Tru [GeV] such that Qzh? = 0.11
500 500
: :
= 2x10' =
200 n 200 -jxloq I
100 ol 100 ® \ <
z o 5
g 50 3 o % 3
i) b o o]
= ] = =
20 g 20 g
wy wy
10 n 10 I
: :
5 5
0o 0 e e o e 0w
iy [eV] iy [eV]
> Solve Q%hz(ffu , My, mz) = QR P for My. Lower bound: mg(m) 2 10GeV. J

> Require n3(m, My (my,mz)) > ng™.
My ~ 10" GeV, Try ~ 10919 GeV. J
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Outline

WIMP Dark Matter from Heavy Gravitino Decays
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Thermal and Nonthermal Neutralino Production

125GeV Higgs realized in anomaly mediation:

[Ibe & Yanagida '12] [Nilles et al. '12]
> © » Gravitino heaviest superparticle.
e ] » LSP pure wino or higgsino, almost mass-
: SaTHOSA degenerate with corresponding chargino.
= 100k —_— 0 Yy
XaaXz (BW) . .
£ No cosmol. gravitino problems if mz = 10TeV:
1000 4 [Weinberg '82]
—_ o i » Gravitino decays into LSP before BBN.
100+ _— X1241 (H)
[Yamaguchi et al. 1] Our idea: Produce WIMP DM in gravitino decays! J
Neutralinos from thermal freeze-out: Neutralinos from gravitino decays:
[Arkani-Hamed et al. '06]
N2 G mg %
th _ M.k Q6 w2 =_2hQ-p?
Qg hz th(1TeV) w.h mg TG
¢y =0.014, c;=0.10 Qéh2 o< mg Tru from Boltzmann egs.
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WIMP Dark Matter from Heavy Gravitino Decays

Bounds on the Reheating Temperature

Ny My) Trniin,My) [GeV]

Qusp > Oy B %
10 10~ 107 1072 107 10° 10° 104 107 107 1071 10° ’
— iy [eV] 7y [eV]
E _ 1011
= >
5 ()
= S ol M
3
L
g
g — Tre
108
10° 10* 10° 102 10! 10°
my [eV]

» Upper bounds from BBN. et ai o) Q;GVEhz +QR K = QR 1P yields
> Lower bounds from leptogenesis. TRH < Mg 5
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WIMP Dark Matter from Heavy Gravitino Decays

Bounds on the Neutralino and the Gravitino Mass

Map viable region in the (mg, Tri)-plane into region in the (mg, m;, ;)-plane.

Higgsino LSP
[ 05 > 03
g 2500
: —
£ _ .
S 2000} |3
O Il
E &
X
= 5
ot > ofy 'l
Wino LSP ’ y
0, > o 1000 A 7
. ____..-(;_-——_h‘\
10 10 107 102 107t 10°

My [eV]
> Upper bounds on m;, ;. from leptogenesis.

» Absolute lower bounds on mz from BBN.

g, [TeV]

» All bounds functions of neutrino mass m.
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Outline

B Outlook and Conclusions
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Outlook and Conclusions

Topics not Covered in this Talk

Further results:
» Lower value of vp_; (assuming a more complicated inflationary sector).
» Generalization of the gravitino LSP scenario to other gluino masses.
» Various technical issues: analytical reconstructions, etc.
Topics which have remained unaddressed so far:
> Alternatives to supersymmetric F-term inflation (D-term inflation)?
Inflaton dynamics during SSB beyond the quench approximation (add. Wg)?

v

v

Production of gravitational waves during the B—L phase transition?

v

Connection between our scenario & a solution to the NLSP decay problem?

v

Implications of warm WIMP dark matter for structure formation?
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The B—L PT as the Origin of the Hot Early Universe

Question @: Transition between inflation and thermal phase? Answer:

>

Hybrid inflation ends in a waterfall transition during which B—L gets broken.

> Abundance of heavy (s)neutrinos from Higgs decays, preheating, etc.

>

Heavy (s)neutrinos decay into MSSM DOFs which immediately thermalize.

Question @: Initial conditions of the hot early universe? Answer:

>

>

>

Entropy generated in the decays of heavy nonthermal (s)neutrinos.
Baryogenesis via a mixture of nonthermal and thermal leptogenesis.

Thermally produced gravitinos constitute or decay into dark matter.

TRH, ng and Qéh2 controlled by Lagrangian parameters (vs_,, My, my, mg and mg).

No longer unknown cosmological parameters, but related to masses and couplings,
which can be measured in HEP experiments and astrophyical observations.

Intriguing & testable mechanism to generate the initial conditions of the hot early universe!J
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Outlook and Conclusions

Technical Achievements and Quantitative Findings

We have carried out a detailed study of the:

> Supersymmetric Abelian Higgs model of the B—L phase transition.

> Boltzmann equations governing the reheating process.

> Froggatt-Nielsen flavour model in combination with exp. neutrino data.
We have obtained the following phenomenological results:

> Time-resolved picture of the reheating process (temperature plateau).

> Relations b/t SUGRA and neutrino parameters from requiring consistency between
hybrid inflation, cosmic strings, leptogenesis and gravitino DM.

> Relations between the masses of the LSP, gravitino and light neutrinos from requiring
consistency between leptogenesis, WIMP dark matter and BBN.

> Sharp predictions for undetermined observables of the neutrino sector.

The experimental confirmation of these relations would provide important indirect evidence
for the B—L phase transition as the origin of the hot early universe. J
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Outlook and Conclusions

Technical Achievements and Quantitative Findings

We have carried out a detailed study of the:

> Supersymmetric Abelian Higgs model of the B—L phase transition.

> Boltzmann equations governing the reheating process.

> Froggatt-Nielsen flavour model in combination with exp. neutrino data.
We have obtained the following phenomenological results:

> Time-resolved picture of the reheating process (temperature plateau).

> Relations b/t SUGRA and neutrino parameters from requiring consistency between
hybrid inflation, cosmic strings, leptogenesis and gravitino DM.

> Relations between the masses of the LSP, gravitino and light neutrinos from requiring
consistency between leptogenesis, WIMP dark matter and BBN.

> Sharp predictions for undetermined observables of the neutrino sector.

The experimental confirmation of these relations would provide important indirect evidence
for the B—L phase transition as the origin of the hot early universe. J

Thank you for your attention!
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Important Formulae: Hybrid Inflation

Coleman-Weinberg 1-loop potential:  (coleman & weinberg ‘73]
Vew = 5 Sir | M*In M2 _ Ao (RORY L1 Y (t+92)m(1+ )
v Ten2 | \2A%) T2 &, x2

Slow-roll parameters:

e (VYL Ao v e 3en
VEac\v) Trem M TRV T o KT T e

Inflationary observables:

K2V K2V
Ps(k) = —— = , ns=142ny—6ey, r=16ey, n = —2¢
s(k) parley’ Pi(k) = g2 0 M= 1t2nv—6ey v, Nt v
Predictions:
A 14 150\ /4 1
L ~8x10"%Gev | ———= = , ng~1——~0098
Vor=8x ¢ (2.441x1o—9 N s Nz
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Important Formulae: Time-Dependent Mass Eigenvalues

Time-dependent Higgs vacuum expectation value in the quench approximation:
[Garcia-Bellido & Ruiz Morales '02]

Pk > Vs mg(t — tpr)
t)=(s%s :/—s kO =25 1 +tanh ———— | g =V,
V( ) < + +> (27‘6)3 | +( )| > + > S B-L
Time-dependent mass eigenvalues:

M) =7 (30~ 2L+ 07(0) . M) = & (R0 +E L+ eP(1)

2
mi () = m (1) = A2 (1)

mi(t) = m3 (1) = 8g°v3(t), m(t) =8g*v3(1)+2

V(1) (1)
va(t)  v(1)

Mi(t) = hlv(t)
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Important Formulae: Cosmic Strings iy ™™™
String tension, string energy per unit length:

0.195 2 <
RS iR -

String separation scale:

1

e e

(V' + ib)]
P=0¢c
String energy density:
Pstring = %

Bound on the string tension:  (satye & Moss "10] [Dunkley et al. "11] [Urrestilla et al. "11] [Dvorkin et al. "11]

1/2
1692
Gu<5x1077 = vB,L51.8x1o*4(|nTg> Mp <10'8GeV  for A > 102
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Properties of Cosmic Strings

&mg Ns Ps/Po
1
200 10°
100 01
10*
50 001
20 1000 0.001
10 100 104
108 107 106 10° 10% 0001 001 10® 107 10 105 104 0001 001 10® 107 10 105 104 0001 001
A A A
_ — 30 2
1/(§H) £[1075 Gev ] u[10°° GeV7]
500
50
200 10°
100 106
50
1000 30
20
100
10
10 2
0% 107 10° 10° 104 0001 001 10® 107 10° 10° 10+ 0001 001

108 107 10 105 10 0001 001

A A A

No SUGRA corrections included, otherwise no inflation for A < Amjn.
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Conditions for a Rapid and Abrupt Waterfall Condition

Require Aty and Aty to be much shorter than H~" at the end of inflation:

8n

Ats, Aty < H ', Hi = ——po
P

3M
» Ats: time it takes until negative mass squared of the waterfall field sizable.
» Aty: time scale on which the inflaton field value changes after ¢ = ¢.

Nonsupersymmetric hybrid inflation: wnde 94

1 A 2 1
V(‘PvG)ZEmZ(PZ'i'Z(VB—L_GZ) +592(P2627 mﬁ:lViL

m3 < AmM3 J m3 < v/ AgmM3 J

Supersymmetric F-term hybrid inflation (based on Coleman-Weinberg potential):

4
2561 (VB 3 M
3in3 (51;) <A J VoL <y/2rg, Co~10 J
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Important Formulae: Tachyonic Preheating
Linearized mode equations of the B—L Higgs boson (neglecting the cosmic expansion):
S(k 0+ (K42 ) sy (k) =0, mE =% (0" 0B). p<o0
Solution for fixed inflaton field value ¢:
st (k,t) = A(k) exp (wxt) + B(k)exp(—oxt) , @k =+/—m2 —k?
Higgs dispersion and occupation numbers:
() = (sisi) = | P s kOB )= s (D8 (k)] — &
(2m) 2
Number and energy densities generated during preheating:  (carcia-gelido & Ruiz Morales '02]

ng (tp) ~1 x 10 3gim3f(a,1.3)/a, ne(tpn) = 3.6 x 10 *g;m3f(,0.8)/a,
pa(tpu) /Po ~2x 1073 gi A f(a,1.3), pr(tpu)/po~1.5x1073 g4 f(c,0.8),

f(oc,y): Y% (X2+’)/2—’}/, a:mi/m87 mS:\/ZVB—L
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Important Formulae: Neutrino Observables

Pontecorvo-Maki-Nakagawa-Sakata matrix: poa 1]

iZ2L i(%t-§)
C12C13 S12C13€ 2 S13€" 2
. . 'aA .%
UpMNS = | —$12C23 — C12523513€"0  (Ci20o3 — S12523513€'0 )€/ 2 Sp3Cy3€' 2
is 51

.5 4%
512523 — C12C23513€ (—ci2523 — s12003513€'°)e' 2 cpacize’ 2

Neutrino masses:

0.05eV < myor = Zm,- <0.28eV, PLANCK: myo; — 0.1eV  [pLanck 0]
i
mfy = Y |Ueil? m? < 4ev®,  KATRIN: mg —0.04eV? o
i

?
Y Uimi| ~0.11.0.56eV,  GERDA: mg,gg — 0.09..0.20€V pisirorer 11
i

Movpp =
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Distributions of Possible sin®26;3 and sin®26,3 Values

012 0.16} E
g z :
g 008 g 012 i
g g |
2 g 008
B 004 B !
2 g 0.04] !

0.00 0.00 |

104 1078 1072 10t 10° 088 090 092 094 09 098 1.00

Sin?26,3 Sin?203
‘2 _ +0.11 i 2 - +0.03
sin®26;3 = 0.077 5 05 J sin?26,3 = 0.97 702 J
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Distributions of Possible my and mg Values

0.08 0.08"
) 2
5 153
3 =]
g g
' 004 2 ool
B ®
T °

0.00}! ; ‘ ; : HL : ‘ :

10 10735 1078 1072° 102 I 0.010 0.015 0.020
my [eV] mg [eV]
my =227 x10"%eV J mg =8.6733 x 10 %eV J
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Distributions of Possible Moy B and op1 Values

0.12

o
[
i

relative frequency
o o
b 8

relative frequency
o
8

o
R

o
8

o
8

104 103 102 0 12 1 3@x o
Moy [EV] azn
Movpp = 1.5798 x 1073eV ) 01 /7 =1.0103 )
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Distributions of Possible my and & Values

0.12 0.12f
oy o)
5 0.08 o 0.08f
3 =
g g
‘g 004 ‘g 004}
T T
0.00} = ‘ ‘ : A 0.00 4
10725 102 10715 10t 10705 1073 102 10t 10°
m [eV] £1/Emax
my =4.0"31 x1072eV J & /€Mx = 0.2573-28 J
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Comoving Number and Energy Densities

absN(a)

absN(a)

10%)

10}

10%|

10|

10%|

10%)

10%

Inverse temperature My / T
10t 10° 10 10?2 10°
1 1
1 —=
| | ]
4 A
L ' N ]
B-L——
1
\ &—
L ! ]
|
L g ]
i
L a ]
? i
10° 100 10°  10° 100 100 10° 107 10°
Scalefactor a
Inverse temperature M / T
10t 10° 10t 107
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Scalefactor a

a®p(a)

10° 100 10 10 10 10° 100 10°
Scalefactor a
Inverse temperature My / T
0.05 01 02 05
o ///_R
N,
3 10% .
z (NG
2
<
10%
5
0 2 5 10 20 50
Scalefactor a

Inverse temperature My / T

10t 1e° 10t

T+

10

Ve =5x10"9GeV, my =0.04eV, My =5x10'°GeV, mz =100GeV, mg =1TeV
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Important Formulae: Leptogenesis and EW Sphalerons

CP violation parameters:  (covietal. '96] [Buchmiiler & Plumacher ‘98]

Im{[(h")"h"E} _ [ MP f ,
= et () 0o () ]

Davidson-lbarra bound on €1 [Hamaguchi et al. '02] [Davidson & Ibarra '02]

3 |A 1/2M 1 M
E{nax,\_, %ZQJX‘IO_G( 5 )( 101 >
Py VEWSm ﬁ sin B 109 GeV

Anomalous baryon and lepton number currents:  rtHoott 76, 't Hoott 761

Oudh = dudf' = eMVeT (— g8 TrWyuy Wor + 65 BuvBor + 92 AuvAst)

327:2

Sphaleron conversion factor in the MSSM (SM):  [kniebnikov & Shaposhnikov ‘8]

% ns. BN;+4Ny 8 <§)

Mges my |, T 22N +13Ny 23 \ 79

ng=
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Prospects for Direction Detection and Collider Experiments

Spin-independent elastic scattering cross section at tree level (hyg exchange):  Hisano etal. ‘0]

W 125GeV\* /100GeV \? i \°
ol ~2x10 % cm? ( SGe ) ( © ) (sin2[3 + ﬂ)
Mpo m; m;

h h
7 125GeV \* /100GeV \ 2
os’}~7><1o*44cm2( ¢ ) ( © )
Mo my,

Collider Signa‘[ureS: [Baer et al. '11] [Bobrovskyi et al. '12] [Moroi & Nakayama '12]
> No events with LSPs in the final state and missing Et, since coloured particles heavy.
> Macroscopic charged tracks due to charginos produced along with LSPs.

> Monojets due to initial-state gluon radiation in Drell-Yan pair production processes.
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Relations between SUGRA and Neutrino Parameters

M; [GeV] such that Qg #? = 0.11 Tz [GeV] such that Q12 = 0.11
500 500
200 I 200 2z
100 = 100 ©
=3 =3
50 = 50 =
20 & 20 &
= 10 = 10} 1 -
(%) i ©
© 5 I © 5 >
© Qo =] ]
g 2 b g 2 o
= 2
1 X e X
05 < 05 <
o o
0.2 4 0.2 4
0.1 £ 0.1 5
0.05 0.05

m [eV] 7y [eV]

> Solve Q%hz(r?n , My, mz) = QPP for My.

> Require nd(m1, My (m1,mz)) > ng™. Ve, =3.4%x10'2GeV |
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Relations between SUGRA and Neutrino Parameters

M; [GeV] such that Qg #? = 0.11 Tz [GeV] such that Q12 = 0.11
500 500
200 E 200 E
100 s 100 =
50 © 50 ©
20 5 20 &
> 10 i — > 10 i —
[ 1 (5] 1
S 1% 9 5 1%
© Q <] ]
g 2 2 g 2 o
3 S
1 X 1 X
0.5 < 0.5 <
wn v
I I
0.2 = 0.2 =
0.1 £ 0.1 £
0.05 0.05
107° 10 107% 1072 107! 1075 10 1073 1072 107!
7y [eV] 7y [eV]

> Solve Q%hz(ffh , My, mz) = QPP for My.

> Require n3(m, My (my,mz)) > ng™. Vs =5.8x10"3GeV J
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Relations between SUGRA and Neutrino Parameters

M; [GeV] such that Qg #? = 0.11 Tz [GeV] such that Q12 = 0.11
500 500
200 E 200 E
100 3 100 3
50 ® 50 ®
20 5 20 e
= 10 — > 10 —
[ (5]
S 3 9 5 3
© Q <] ]
g 2 i g 2 E
s s
1 X 1 X
0.5 2 0.5 e
= =
n I
0.2 = 0.2 =
0.1 £ 0.1 £
0.05 0.05
107° 10 107% 1072 107! 1075 10 1073 1072 107!
iy [eV] iy [eV]

> Solve Q%hz(ffh , My, mz) = QPP for My.

> Require n3(m, My (my,mz)) > ng™. Vs =1.0x10"GeV J
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Rescaling the Gravitino Mass for m; # 1TeV

Rescaled gravitino mass mg; [GeV] Rescaled gravitino mass mg [GeV]
700 700 7008
Gravitino
not LSP /
600 600
5 e ~ =B
% = % osc
S 500 z S 500 5
EUC] S =0 &~
s = = =
2 5 2 o
2 8 Z &
£ 400 = g 400 =
g a g a
k= ) k=i )
: . £ ) . £
&i = s ) icity + — =
3 Helicity = z 2 Helicity + g |
£ 1 £
g 200 1&) Helicity +E Zo g:“ 200 Helicity + ;— 2
140
100 lm‘\ "
\6\ Gravitino not LSP
20~ h " n i
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Rescaled gluino mass m; [GeV] Rescaled gluino mass m; [GeV]

Solve Qz? (Tru, m2,1TeV) = Qzh? (Tru, s, m;). Tru and 1, unaffected

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

M are kept constant.
> Formd<m;: mg=m(m;/1TeV)>. ! P
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