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Introduction

» One general feature of string/M theory which could
distinguish it from QFT is the existence of moduli fields

» A simple question one can ask is: what is the mass of the
lightest modulus field?

» Related to moduli stabilization mechanisms.

» In all known cases where all moduli can be stabilized,




Main Points

» The cosmological moduli solution(s) are based on the
following

» Non-thermal, moduli dominated, pre BBN cosmology is very
plausibly "a generic” outcome of string/M theory

» A Non-Thermal WIMP ‘miracle’ occurs for wino-like Dark
Matter particles produced when the moduli decay before BBN.
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Moduli Stabilization in M theory

Basic (old, but great) idea that strong dynamics in the hidden
sector:

1. Generates the hierarchy between my; and My,

2. That supersymmetry breaking will also stabilize the moduli
Realised for the first time in string/M theory by considering
M theory on Go-manifolds




Moduli Stabilzation in )M theory

» Moduli vevs s; ~ 3Q/N =
» So Q=6,7,8,9
> m2 = Vol(X) M7 ~ 7/3 M
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» Mgur = MllaG/UT




Moduli Masses in Supergravity

» Supergravity potential V ~ F'F; — 3|

» In vacuum this is V,, ~< F'F; > —3m,§/2m§l

» Therefore mz/5 ~ mil where F' dominates susy breaking.
D

> Generically F/my,; sets the mass scale of ALL SCALARS in
the theory




The Spectrum

Already observed: generically Supersymmetry breaking must
be gravity mediates and all scalars have masses of order
mg/y > 10TeV

What about the Higgsino and Gaugino masses ?

For Higgsinos, Giudice-Masiero guarantees p > mg o

But, my < mg, for gauglnos




The Spectrum in String/M theory

» In string/M theory in the classical limit a positive
cosmological constant is not possible.

» ‘Pure moduli dynamics has an anti de Sitter vacuum’
» Therefore, the field which dominates supersymmetry breaking
is not a modulus




Non-thermal Dark Matter

Energy density of Universe when moduli decay is
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Pdecay ™~ Fqb Tnpl — mfﬂ
The number density of DM particles is thus
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We can compare this with to evaluate if n’ is lar h




Miracles can be Non-thermal!

» Reheat temperature

. m3/2 .
Trp ~ (F¢’mpl)1/ 2~ - (f/z ~ 101\'16\/(587%2\/)3/2

pl

» So BBN can occur after the moduli have decayed!
md/2




Non-anthropic Axion Physics

» Coherent Axion oscillations produced during non-thermal
moduli domination have (cf Fox, Pierce, Thomas '04).
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Caveats

> A late period of pre-BBN inflation with H < mg3/, can inflate
away the energy density of the moduli and their decay
products.

» Is this possible in string/M theory?

» Is it "generic”" in the same sense that a non-thermal history is



Lots of testable predictions!

LHC: events with up to four top quarks plus missing energy
LHC: short track stubs from the SU(2) partners of the Wino
Isocurvature perturbations but no tensor modes

PAMELA /Fermi already consistent




Direct Detection of DM
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Conclusions

If our Universe is in a string/M theory vacuum ...
» Moduli must be stabilized

» A Non-thermal history seems to be a "generic” outcome

» Moduli decays will wash out any previous thermal relics
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Mapping the Axiverse

In M theory we have a framework for calculating the full low
energy effective action

Up to now we have focussed on the moduli fields and a few of
the axions

Here, we will describe what happens when all axions are
included.

ADDKM only considered low scale inflation, H < 0.1 GeV,




Basic Calculation

» Consider the dynamics which stabilises the moduli " plus
exponentially small corrections which generate the axion
potential”. V' = Vy(s) + V (¢).

» Superpotential W = Wy + W, =Wy + >, Dy, ebrzr
z =t + 1Sk.




Range of Axion Masses

» Scales in M theory. Generalisation to other limits
straightforward.

> M2 ~ M{yVx. My ~ 10'7GeV.

> Vy ~ L /3, Ranges from 500 to 3000.

aGguT

» If V}. ranges from about 15 to 35.




Explicit Toy Model
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Toy Model

The geometric moduli s1, so and the meson (b(l) form three mass
eigenstates with masses

my =~ 284.9m3/2, mo ~ 2.0m3/2,m3 ~ 1.1 mg/2- (2)

Diagonalize axion kinetic terms with:




Toy Model

Diagonalize axion mass matrix with:

0.706  0.708 —0.019
U 0.706 —0.702 0.093 .

—0.053 0.079  0.995




Axion masses in Toy Model

My, & 286mgsy, 1y, ~ 107 0mg)y
Th% ~ 10_23m3/2 o (7)
Ogop = 2m(NYSt1 + N3®ty) = 2m(ty + t2) )

A~ 219.8¢; + 5.5 x 107284y — 74.3 9.




Scanning the Axion Decay Constants

We scanned 200 randomly generated Gy Kahler potentials:
Peaks at M,




Two Cosmologies

> Low scale inflation: Hy < mg/,

1. Assumed by ADDKM to avoid moduli problem
2. Presumably requires fine tuning to explain density
perturbations.

3. Requires (Anthropic) fine-tuning to reduce the axion relic
densities.

» High Scale Inflation: H; > mg/9




High Scale Inflation

» Axions with m; < 10~'4eV are produced in a radiation
dominated era and




During Moduli Domination

» Axions produced during moduli domination have (cf Fox,
Pierce, Thomas ‘'04).
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Constraints in High Scale Inflation case







