Neutrinos, GUTs, and the
Early Universe




Three challenges ...

GUTs & Neutrino
Flavour masses




Overview: Two topics

> Part 1: Neutrinos and inflation

> Part 2: Is there a footprint of GUTs in Upyng?




First part of my talk:

Neutrinos and inflation




Inflation = Era of accelerated expansion in the very early universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Why inflation?

- Solves “flatness problem”
¥ —| - Solves “horizon problem”

Fluctuations W | M =1 L s - Provides seed of structure

N
1st Stars \ W
about 400 million yrs. :

A. Guth ('81), A. D. Linde, | Big Bang Expansion

A. Albrecht and P. J. Steinhard, I A 1

V.F. Mukhanov, G.V. Chibisov, 13.7 billion years

AH. Guth and S.Y. Pi,

A.A. Starobinsky, S.W. Hawking picture from WMAP website




How can inflation be realised?

> Simple and attractive possibility: Slowly rolling scalar field ¢
(minimally coupled to gravity)

T,U,I/ == u¢au¢ — Guv (%8p¢8p¢ i V(¢))

If the vacuum energy V(¢) dominates:
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Dynamics during and after inflation

Inflation while vacuum energy
dominates over kinetic energy

—Q

Potential energy

Vo

Value of
—_—

reheating end inflaton ’

the universe inflation field

Vacuum energy during inflation:
(Vo)V4 ~ 107 GeV ~ Mgyt
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Dynamics during and after inflation

Inflation while vacuum energy
dominates over kinetic energy

—Q

Potential energy

Vo

. /
Value of
—_—

reheating end inflaton
the universe inflation field

Decays of the inflaton: Vacuum energy during inflation:
— matter & antimatter, and possibly (Vo)14 ~ 1016 GeV ~ Mgy

their asymmetry get produced!
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Dynamics during and after inflation

Requirements:
 more than ~ 60 e-

foldings of inflation
 consistency with
CMB observables

- viable reheating

Inflation while vacuum energy
dominates over kinetic energy

—Q

Potential energy

— beyond the SM
(or change gravity) VO
N . _

Value of
—_—

reheating end inflaton
the universe inflation field

Decays of the inflaton: Vacuum energy during inflation:
— matter & antimatter, and possibly (Vo)14 ~ 1016 GeV ~ Mgy

their asymmetry get produced!
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Two major questions:

Which particle physics scenario can give rise
to successful inflation?
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Bottom-up considerations ...

Various considerations & viewpoints:

> Basic classes of inflation models

'Large field' (chaotic) inflation

» Often: One just adds a singlet scalar
field plus potential without connection
to the rest of the theory ...

‘'Small field' (new) inflation

» Take SM particle (e.g. Higgs) and
modify gravity (e.g. introduce non-
minimal coupling to gravity ...)

generically:
r<0.01

'Hybrid-type' inflation models ~ Look for candiates in extensions of
the SM ...
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Top-down viewpoints ...

Inflation

Various top-down possibilities:

—Q

» Grand Unified Theories (GUTs)?

Potential energy

Vo ~ Mgyt

Value of

reheating end inflaton
the universe inflation field

Family symmetries?

Supersymmetry/Supergravity

Seesaw mechanism for v-masses

String theory, extra dimensions ...
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How does inflation fit into a more
fundamental theory ... ?

Various top-down possibilities: Various considerations & viewpoints:

» Grand Unified Theories (GUTs)? > Basic classes of inflation models

> Family symmetries? > Often: One just adds a singlet scalar
field plus potential without connection
to the rest of the theory ...

> Supersymmetry/Supergravity
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Seesaw + SUSY — The RH sneutrino
as the inflaton

The right-handed neutrino superfield:

P. Minkowski ('77), Mohapatra,
VR \/§9®+ QQFNR Senjanovic, Yanagida, Gell-Mann,
Ramond, Slansky, Schechter, Valle, ...

The right-handed sneutrinos, i.e. the
scalar superpartners of the RH neutrinos
— excellent candidates for acting as the
inflaton field!

Framework: local supersymmetry = supergravity See-saw (type I)
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Two possibilities for the origin of the large




Origin of right-handed neutrino masses

Il) Mass terms from
spontaneous symmetry
breaking

I) Direct mass terms:

— MRVRI/R
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Origin of right-handed neutrino masses

Il) Mass terms from
I) Direct mass terms: spontaneous symmetry
breaking




Chaotic Sneutrino Inflation

I) Direct mass terms: Murayama, Suziki, Yanagida, Yokoyama (‘93)

WMR — MRVRVR

N

Inflaton potential from:

ow ~
2 2
Foel” = |3 = [MRrNR|
VR |9=0
Predictions for CMB observables: 'Large field' (chaotic) sneutrino inflation

n,~0.96, r=0.16

Predictions for neutrino physics:
Mg ~ 1013 GeV

In supergravity:
W+ suitable Kahler potential K
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Sneutrino Hybrid Inflation

Il) Mass term from spontaneous symmetry breaking (SSB)

S.A., Bastero-Gil, King, Shafi ('04)

i) <Ng> # 0 can stabilise H at <H> = 0 and
leads to large vacuum energy V, ~ M

/ Additional term in W is just a SUSY ii) Large masses for the RH (s)neutrinos

version of a SSB potential \ when H gets a vev after inflation
2 .
|FS | = AV XA

'Hybrid-type' sneutrino inflation
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Chaotic — Hybrid models can be distinguished
by the results of the Planck satellite

Prediction of

Prediction of

Murayama,
\S(umku_d Sneutrino
I Hybrid Inflation

Yokoyama (‘93)
S.A., Bastero-Gil,

King, Shafi ('04)

( , WMAP '08)
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At gt P
~inflation: <S> = 0.
LS 1; 5 LT S

Sneutrino Hybrid Inflation

WV

Driving superfield Waterfall superfield

its F-term generates the potential : K s
1(‘or (s p?ovid iR vasuum (contains the “waterfall field
(e.g. GUT- or Flavour-Higgs

ener M Durln and after \ : :
gy 0 g -~ field) that ends inflation bya
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Sneutrino Hybrid Inflation

A
W:KS(HQ—M2) | VRVRHH
Mp,

Inflaton superfield

(vg contains the inflaton

field NR as scalar component;
For <Ng> > Ng . it

stabilises H at <H> = 0)

Re(H + H), Im(H — H)

e University of Basel
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Sneutrino Hybrid Inflation

A

WZ/QS(HQ—MZ) | VRVRHH
Mp,

Inflaton superfield

(vg contains the inflaton

field N as scalar component;
For <Ng> > Ny . it

stabilises H at <H> = 0)

Re(H + H), Im(H — H) University of Basel



Sneutrino Hybrid Inflation

Inflaton superfield

(vg contains the inflaton

field N as scalar component;
For <Ng> > Ny . it

stabilises H at <H> = 0)

Re(H + H), Im(H — H) University of Basel



Sneutrino Hybrid Inflation

A
W = kSER — M?) + - R B +
Mp

Neutrino Yukawa couplings

University of Basel



Sneutrino Hybrid Inflation

A
W = kSER — M?) + - R B +
Mp

Neutrino Yukawa couplings

After inflation: Non-thermal

' leptogenesis after
sneutrino inflation:
very efficient way of
generating the observed
baryon asymmetry! |

In Sneutrino Hybrid Inflation:
S.A., Baumann, Domcke, Kostka (‘10)

University of Basel



CMB observables

running of the
spectral index (ag)

dns/dInk [10~4]

spectral index ng

2 5 10
KSH M%/AZ

M: scale of the
phase transition

- MGUT

(as typical
for Hybrid-
type models)

Example: Predictions in a toy model ... R e

University of Basel
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Stefan Antusch

Sneutrino hybrid inflation and
non-thermal leptogenesis

decay
asymmetry €
depends

on seesaw
flavour
structure!

@ Reheating +
Leptogenesis

~

N, < inflaton

~

Y1 (yl/y;)ll
my (s)neutrino mass

<10® GeV

~

m = Ji{(v)?/mn

i V A'r’gtmmN
8 (v)?

[S. Davidson, A. Ibarra '02]

€

S.A., Baumann, Domcke, Kostka (‘10)
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Sneutrino hybrid inflation and
non-thermal leptogenesis

Requirements for neutrino
("seesaw*) parameters:

— my, = 0(10" - 1013) GeV
— M, <104eV

— Y, =0(10° =104

Try
<10 GeV]

<10’ GeV

<10® GeV

<10’ GeV

n, <0.94

in a simple example model of Sneutrino Hybrid Inflation ...

Stefan Antusch
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@ Reheating +
Leptogenesis

@ Inflation

~

N, < inflaton

)7i \/(.}’uy;r)ll

mpy (s)neutrino mass

m = yL(v)?/ my
3 VAmZ, . my
2

87 (v)

[S. Davidson, A. Ibarra '02]

€

S.A., Baumann, Domcke, Kostka (‘10)
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Sneutrino Hybrid Inflation belongs to a more
general class of models: Matter Inflation

e

iperfield Inflaton superﬂeld

-
!ﬂ




Further developments & possibilities
in Matter Inflation

> Inflaton does not have to be a gauge singlet. It can also be a gauge non-
singlet (e.g. a D-flat direction of GUT representations)

S.A., Bastero-Gil, Baumann, Dutta, King, Kostka (‘10)

> The (2"d order) phase transition at the end of inflation can be ...
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Further developments & possibilities
in Matter Inflation

»> No monopoles are generated at the end of inflation ...

v ... if the inflaton is a gauge non-singlet (— group broken during inflation)
S.A., Bastero-Gil, Baumann, Dutta, King, Kostka (‘10)

v ... if a family symmetry is broken at the end of inflation (as in “flavon
inflation™) S. A, King, Malinsky, Velasco-Sevilla, Zavala (‘07)

v ... in “pseudosmooth” versions of tribrid inflation S.A., Nolde, Ur Rehman (“12)




Second part of my talk:

Are there

GUT-footprints




» One motivation: Why are the observed masses of down-type
quarks and charged leptons “similar” (but not equal)?

(running masses at the top-mass scale; errors
are 3 times the 10 errors ...)
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GUTs: Unification of forces and
of matter particles

Forces Merge at High Energies

... with SUSY

o
-
o

E.g. in SU(5) GUTs:

o
o
o

electromagnetic
~ weak

Strength of Force

o
o
o

100 104 10®  10'2  10'® 1020
Energy in GeV

In SO(10) GUTs: 5, + 10, + v, in 16,

35 University of Basel
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GUTs: Unification of forces and
of matter particles

Forces Merge at High Energies

... with SUSY

o
-
o

E.g. in SU(5) GUTs:

o
o
o

electromignet'lC

Q
O
et
O
L
“—
o
-
L
(o))
c
()
=
n

weak

o
o
o

10° 104 108 1012 10" 102°
Energy in GeV

One consequence:
Elements of the matrices My and M, can be

generated by one single operator
— they differ only by group theoretical
Clebsch factors

In SO(10) GUTs: 5, + 10, + v, in 16,
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> This leads to GUT relations between the masses of down-type
quarks and charged leptons (e.g. in SU(5) GUTSs):

® Relations from fundamental operators:

53103 <.H5> —

“bottom-tau unification’
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| Remark:
- In models aiming at explaining the
fermion mass hierarchies,

‘the m_gsses << mt are typlcally

-s:"
S Ao " Aa -, (\ "‘\ < .. _.x.. Nk




> This leads to GUT relations between the masses of down-type
quarks and charged leptons (e.g. in SU(5) GUTSs):

® Relations from effective operators, e.g.: S. A., Spinrath ('09)

Their viablity depends on
| RG running and threshold
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Mass relations @ Mg,




In addition to GUT relations for the mass
elgenvalues there are also relatlons
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Mixing angle relations

relations







More hierarchical masses in M, than in My = 6, << §;¢ = typically m

and 6,59, 8,39 << 6,







GUT
relations




Charged lepton mixing effects:
works by many authors ...

Let us consider
UY with:




Let us consider
UY with:




Reconstructing 6,, using the
lepton mixing sum rule

— 5PMNS = 180°

: \ \Trl Bimaximal v- Mlxmg

'— SPMNS = + 900 O

— / using present data,
0,,"MNS =8.8°+1.0°

1 l
90 ° 180 °

figure from S.A., Gross, Maurer, Sluka (’12)
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Note: Predictions emerge at high energies
— RG running required

RGEs for the leptonic mixing angles (in LO in 8,5; in the MSSM):
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Summary and conclusions

> The RH sneutrino is an attractive
candidate for the Inflation:

Chaotic vs Hybrid-like (= “Tribrid”)

GUTs & Neutrino\ > In Sneutrino “Tribrid” Inflation:

Flavour masses The end of inflation can be
associated with GUT or family
symmetry breaking
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