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Chalk and Cheese?

Figure 1: String theory and phenomenology?
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String Theory
-

String theory Is where one is led by studying quantised
relativistic strings.

It encompasses lots of areas ( black holes, guantum
field theory, guantum gravity, mathematics, particle
physics....) and is studied by lots of different people.

This talk is on the relevance of strings to
phenomenology - theory aiming at explaining and
predicting experimental measurements.

But why should strings have any relevance to
phenomenology at all?

-
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Chalk and Cheese?
5

Strings became famous due to their promise for quantum
gravity:

The equations of motion for a quantum string are only
consistent if spacetime satisfies Einstein’s equations:

1
167TM% <RNV — §Rguy> — T,LLV7

curvature = matter.

Quantum gravity will not be directly probed anytime soon.
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Chalk and Cheese?
B

fAt energies £ < My, electroweak theory is described by
Fermi theory

) 1 )
L= Z Vv Optbi + M—QWWWWWW
Z- W

Fermi theory is non-renormalisable and is the effective field
theory of electroweak SU(2) x U(1) theory.

At energies £ < My, we only need know Fermi theory:
electroweak theory reduces to Fermi theory up to terms

suppressed by (Miwy
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Chalk and Cheese?
=

At energies E < Mp, dynamics of string theory is
described by general relativity

=

M? . -
L= / VIR VB IO+ bt 4

Metric perturbations §h interact non-renormalisably

L= / 0y (0hy ) OM (SHHY) + Mﬁ]‘: P + ...

M

General relativity is non-renormalisable and is the effective
field theory of string theory.
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Chalk and Cheese?
=

At energies E < Mp, string theory reduces to (general
relativity + matter).

2
Additional stringy corrections are suppressed by (M%D) .

2
<£> ~ 10—287
Mp

and any intrinsically stringy effects are so small as to be
unobservable.

At £/ = 14TeV,

Conclusion: string theory may be useful for quantum
gravity, but is permanently irrelevant for phenomenology.
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Chalk and Cheese?
-

The purpose of this talk is to explain why this is not so.

=

UV theories (such as string theories) play two important
roles at low energy.

1. They constrain the low-energy couplings in ways not
evident from effective field theory alone.

2. They relate areas of physics that are unconnected from
a low-energy viewpoint.

| will justify these points in the rest of the talk.

Both points have significant effects on low-energy
phenomenology.
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String Theory

- .

# For technical reasons string theory is consistent in ten
dimensions.

# Six dimensions must be compactified.

.
Ten = (Four) + (SIX)

# All scales, matter, particle spectra and couplings come
from the geometry of the extra dimensions.

o -
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String Theory
B

For technical reasons string theory is consistent in ten
dimensions.

Six dimensions must be compactified.
Ten = (Four) + (Six)

Spacetime = (Normal) + (HERE BE DRAGONS)

All scales, matter, particle spectra and couplings come
from the geometry of the extra dimensions.

All scales, matter, particle spectra and couplings come
from the geometry of the extra dimensions.

-
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String Theory
.

he extra dimensions form a Calabi-Yau manifold.
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String Theory
-

The geometry of the Calabi-Yau manifold determines the
structure of low-energy interactions.

=

Special geometric properties of Calabi-Yaus generate
special properties of the low-energy particle spectrum and
Interactions.

One special geometric property of Calabi-Yaus - the
deformations of their sizes and shapes - has important
effects on supersymmetry breaking.
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The MSSM Flavour Problem
=

ATLAS hopes to discover supersymmetry.

=

But why should any new susy signatures occur at all?

One major problem:



The MSSM Flavour Problem

fATLAS hopes to discover supersymmetry. T

But why should any new susy signatures occur at all?

One major problem:

Why hasn’t supersymmetry been discovered already?

Compare with

#® The c quark - predicted before discovery through its
contribution to FCNCs (the GIM mechanism)

# The t quark - mass predicted accurately through loop
contributions at LEP 1.
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The MSSM Flavour Problem
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The MSSM gives new contributions to Ky — Ky mixing.
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The MSSM Flavour Problem
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The MSSM generates new contributions to BR(u — ev).
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The MSSM Flavour Problem
5

SUSY is a happy bunny if soft terms are flavour universal.

=

2 L 2
Mo — M@

Aapy = AYapy,
oM, = OM, = QM = QA

Why should this be?

# Answer to flavour problem significantly affects all of
susy phenomenology.

# This problem cannot be addressed purely within
L effective field theory - needs UV completion. J
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The MSSM Flavour Problem

- .

# The flavour problem says that supersymmetry breaking
cannot know about flavour physics.

# A priori, this is unnatural - why should the susy breaking
sector be entirely ignorant of flavour?

# String theory can give a natural answer.

The size and shape fields of the Calabi-Yau are
factorised

(I)all = Wgize @ X shape
¥ and y represent two distinct and decoupled sectors.
This 1s a mathematical statement about Calabi-Yaus.
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The MSSM Flavour Problem

W .

e have
(I)all = Wgize @ X shape

with ¥ and y representing two distinct and decoupled
sectors.

It turns out that

1. W, gives rise to supersymmetry breaking.

2. Xshape 9€NETates the flavour structure: Y, 3, = Yo3+(X).
Supersymmetry breaking and flavour physics decouple and
soft terms are flavour universal!

The origin of this decoupling is the geometric properties of
Calabi-Yaus. J
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LARGE Volume Models
B

In string theory all scales, matter, particle spectra and
couplings come from the geometry of the extra
dimensions.

To be predictive in any way, we need to fix the geometry
of the extra dimensions.

This is a hard problem and is called moduli stabilisation.

One attractive method of moduli stabilisation are the
LARGE volume models.

-
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LARGE Volume Models

f.’ LARGE volume models stabilise the volume at T
exponentially large values.

# The string scale and supersymmetry breaking scales
are hierarchically low,
M Mz,
Mp string

Mstring — \/Va Msusy — MP

® Avolume V ~ 10'°/% gives

1. an intermediate string scale Mgin, ~ 1011GeV
2. TeV supersymmetry mygys, ~ 1TeV.

o -
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LARGE Volume M odels
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LARGE Volume Models
=

# With a UV theory, supersymmetry breaking can be
computed from first principles.

# The high scale squark and slepton masses can be
computed and evolved to the TeV scale.

# The resulting spectrum can be Monte-Carloed and
compared to data.

o -
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LARGE Volume Models

With a UV theory, supersymmetry breaking can be
computed from first principles.

The high scale squark and slepton masses can be
computed and evolved to the TeV scale.

The resulting spectrum can be Monte-Carloed and
compared to data.

May be useful in unlikely event real world is not
described by SPS1A....

-
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LARGE Volume Models
E

he mass scales present are:

Planck scale: Mp = 2.4 x 1018GeV.
String scale: Mg ~ % ~ 1011GeV.

KK scale My ~ %}; ~ 10°GeV.
Gravitino mass Mgy ~ F ~ 30TeV.
Supersymmetry breaking  musy ~ g M”;?’/;w) ~ 1TeV.
Volume modulus My, ~ 3k ~ IMeV.

-
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AXIONS

N .

Axions are a well-motivated solution to the strong CP
problem of the Standard Model.

The Lagrangian for QCD contains a term

1 ,  8ml 5
Loon = ooz [ AwERF™ + S [ G,
The 0 term
6 Vpo
,CQ — 8? eHvpP F,LCLLVF;LJ'

gives rise to the strong CP problem.

This term vanishes in perturbation theory and is only
Lnon-vanis.hing for non-perturbative instanton computations. J
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AXIONS

- .

It can be shown that non-vanishing 6 generates an electric
dipole moment for the neutron.

IS an angle and in principle takes any value 6 € (—x, 7).

The measured absence of a neutron electric dipole moment
Implies that

Oocp| S 1071,

No symmetry of the Standard Model requires |4| to be so
small.

The problem of why |0gcp| < 7 Is the strong CP problem of
the Standard Model.

o -
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AXIONS

-

The best solution to the strong CP problem is due to Peccel
and Quinn.

=

The angle 6 is promoted to a dynamical field with
Lagrangian

0 cHVPO pra pa

1
_ — H
L= 5000"0 + / TR

f. I1s called the axion decay constant and measures the
strength of the non-renormalisable axion-matter coupling.

o -
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AXIONS

-

Non-perturbative QCD effects generate a potential for 4,

0 A4C
VQNAéOD <1—COS (f—>> = C51,219((92%—...)

The axion field # gets a mass

2
_ AQCD

fa

me

9
~ 0.01eV (10 GeV)

fa

Axion phenomenology depends entirely on the value of f,.

o -
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AXIONS

. .

onstraints from supernova cooling and direct searches
imply £, > 10°GeV (axions cannot couple too strongly to
matter).

Avoiding the overproduction of axion dark matter during a
hot big bang prefers f, < 10'“GeV (axions cannot couple
too weakly to matter).

There exists an axion ‘allowed window’,

10°GeV < f, < 10“GeV.

o -
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AXIONS

f.’ In string theory, the axionic coupling comes from T
bulk-brane interactions.

# The axion decay constant f, measures the coupling of
the axion to matter.

o -
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AXIONS

-

the overall volume.

# The coupling is set by the string scale:

Mp
faNmSN—

7

# This generates the axion scale,

Mp

fo~— ~10"1GeV.

75

# The axion coupling is a local coupling and does not see

=

-
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AXIons

E

eV-scale supersymmetry required
Mp
Msusy ~ Mg/ = T — 1TeV.

This gives V ~ 10119,
The axion scale is therefore

fa ~ /Mgy Mp ~ 101 GeV

The existence of an axion in the allowed window correlates
to the existence of supersymmetry at the TeV scale.

o -
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Continuous Flavour Symmetries

=

fThe fermion mass spectrum is one of the most puzzling
aspects of the Standard Model

Mass
MeV

105

10'
1000,
100.

10,

- | — Generatio
1 2 3
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Continuous Flavour Symmetries

=

fFlavour symmetries are an attractive path to understanding
the fermion masses

Giotal = Gsm X G = Ggy3yxsu@)xvu1) X GF.

Flavons ¢ are charged under Gy and not under Gg,,.
SM matter C; is charged under both Gr and Gg,y.

'Cschematz'c — aﬁfy...ijk(q)aq)ﬁq)v . )C'LC]Ck
Flavon vevs break Gy and generate Yukawa textures.
The order parameter for Gy breaking is < ¢ >.

o -
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Continuous Flavour Symmetries

- .

# In LARGE volume models, the Standard Model is
necessarily a local construction.

# The couplings of the Standard Model will all be
determined only by the local geometry.

# Local geometries have isometries (cf the sphere).

Isometries generate flavour symmetries on the brane.

-
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Continuous Flavour Symmetries

- .

# Brane flavour symmetries constrains the couplings of
Standard Model matter.

# The hope is that with the right model the Yukawa
couplings of the Standard Model come from an
approximate flavour symmetry.

# Caveat: there is currently no brane construction giving
the precise matter of the Standard Model.

o -

Strings and Phenomenology: Chalk and Cheese? — p. 36/:



Continuous Flavour Symmetries

=

# In the infinite bulk limit V — oo the metric isometry is
perfect and the flavour symmetry exact.

# In the limit of a huge bulk V > 1, the metric isometry is
very good and the flavour symmetry approximate.

#® The scale of the symmetry breaking is determined by
the size of the bulk:

ls Moy \'° 1
Ryae ~ \ Mp 100°

Low-scale supersymmetry — LARGE bulk

LARGE bulk = Approximate flavour symmetry

o -
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Conclusions

-

Strings will not be produced at the LHC.

However UV concepts are essential to understanding
low-energy effective Lagrangians.

String theory feeds into effective field theories and relates
very different physics.

In the context of the LARGE volume string models | have
described the connections between

# TeV scale supersymmetry breaking
# axions in the allowed window 10°GeV < f, < 10"2GeV

# the presence of approximate flavour symmetries acting
on the Standard Model matter content.

o -
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