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Hierarchiesin Nature
fNature likes hierarchies:
The Planck scale, Mp = 2.4 x 10'%GeV.
he GUT/inflation scale, M ~ 101GeV.
ne axion scale, 10°GeV < f, < 102GeV

ne weak scale : My, ~ 100GeV
ne QCD scale Agcp ~ 200MeV

ne neutrino mass scale, 0.05eV < m, < 0.3eV.

® o o o o o o
4 4 4 4 4 o

ne cosmological constant, A ~ (1073eV)4

These demand an explanation!

o -
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Hierarchiesin Nature
E

# an intermediate string scale m, ~ 10''GeV

his talk will argue that

o stabilised exponentially large extra dimensions
(V ~ 10%19).

explains the axionic, weak and neutrino hierarchies.

Different hierarchies will come as different powers of the
(large) volume.

o -
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Moduli Stabilisation
B

String theory lives in ten dimensions.

Compactify on a Calabi-Yau manifold to give a
four-dimensional theory.

The geometry determines the four-dimensional particle
spectrum.

The spectrum always includes uncharged scalar
particles - moduli - describing the size and shape of the
extra dimensions.

-
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Moduli Stabilisation
B

Moduli are naively massless scalars which couple
gravitationally.

These generate fifth forces and so must be given
masses.

Generating potentials for moduli is the field of moduli
stabilisation.

This talk is on the large-volume models which represent
a particular moduli stabilisation scenario.

-
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Moduli Stabilisation: Fluxes
B

Fluxes carry an energy density which generates a
potential for the cycle moduli.

In [IB compactifications, 3-form fluxes generate a
superpotential

K = —21n(V)—ln(i/Q/\Q>—1n(S+S)
W = /(F3+iSH3)/\QE/G3/\Q.

This stabilises the dilaton and complex structure moduli.

DsW = DyW = 0.

W:/Gg/\Q:W(). J
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Moduli Stabilisation: Fluxes

- .

K = —2In (V(TZ + TZ)) :
W = Wy.
V = ek (Z ]A(ijDiWDjWSW2>
T
= 0

No-scale model :
# Vvanishing vacuum energy
#® Dbroken susy
# T unstabilised
LNo-scaIe IS broken perturbatively and non-pertubatively. J
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Moduli Stabilisation: KKLT
- o

A

K = —2In(V),
W

||
=
_I_
&
®
.
~

°

Non-perturbative ADS superpotential.
The T-moduli are stabilised by solving DWW = 0.

# This gives a susy AdS vacuum which is uplifted by

anti-branes/magnetic fluxes/IASD 3-form
fluxes/F-terms/something else.

°

# Susy breaking is sourced by the uplift.

o -

Hierarchy Problems in String Theory: An Overview of the LARGE Volume Scenario — p. 11/



Moduli Stabilisation: KKLT

fKKLT stabilisation has three phenomenological problems: T

1. No susy hierarchy: fluxes prefer W, ~ 1 and
m3/2 =>> 1TeV

2. Susy breaking not well controlled - depends entirely on
uplifting.

3. o/ expansion not well controlled - volume is small and
there are large flux backreaction effects.

o -
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Modull Stabilisation: Large-Volume
B o

_ ¢ ~ X(M)C(3)
oo <V+2g§/2>’ <£2<2w>392/2>

W o= Wo+ )y A @l

# Include perturbative as well as non-perturbative
corrections to the scalar potential.

# Add the leading o' corrections to the Kahler potential
(Becker-Becker-Haack-Louis) ,

® These descend from the R?* term in 10 dimensions.

# This leads to dramatic changes in the large-volume
L vacuum structure.
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Modull Stabilisation: Large-Volume

=

The simplest model P?1,1,1,6,9] has two Kahler moduli.
Y = T, + T) ¥ _ Ts + T . = (7‘3/2 _ TB/Q)
2 2 —Ah c )

If we compute the scalar potential, we get for V > 1,

Tsa2|Ag|?e20sTs as|AsWo|Tsem ™ EWo!?

V = + .
)% V? gg/ 213

o -
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Moduli Stabilisation: Large-Volume

-

v Tsag\As\Qe_QasTs B as| AsWo|rse™4Ts _|_§\Wo\2
. V V2 ) 3/2V3
Integra?erout Ts
3/9
V- WP (n V) L &P
= V3 3/21,3
gs' "V
A minimum exists at
€2/3
V ~ ‘W()‘eaSTS, Tg N )
gs

This minimum is non-supersymmetric AdS and at
Lexponentially large volume.
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Moduli Stabilisation: Large-Volume

| .
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Modull Stabilisation: Large-Volume

-

Higher o' corrections are suppressed by more powers of
volume.

=

Example:

/ 10 . \/§Q§R3 : / J10.. \/§R4
/ d*z\/9a ( / de\/g_GQ§R3> : / d*z\/9a < / d6:z;\/g_6724>
/d%\/gz (Yxvixyh . /d%\/gz (v x v—4/3)

/d4x\/g_4 (V_l) : /d4:z:\/g_4 (V_l/g)

o -
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Modull Stabilisation: Large-Volume

-

volume:

%%
K puir

Vil

Loop corrections are suppressed by more powers of

there exists an ‘extended no scale structure’

= W,
= Kiree + Kioop + Ko
_ 1 co(S 4 S)3/?

— __Shm7t+jv_%57“+7309+-§l+-(T—FTYVQ'

loop o
= Viree + WOop + Vo
_ +02(S+§)3/2+ a

~ \(T+T)3/2J (S+8(T+1)
o loop
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Moduli Stabilisation: Large-Volume

- .

BLOW-UP

UE) UG
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Modull Stabilisation: Large-Volume
f.o The stabilised volume is exponentially large. T

# The large volume lowers the string scale and gravitino
mass through

# To solve the gauge hierarchy problem, need V ~ 10'°.

# D7-branes wrapped on small cycle carry the Standard
Model: need T ~ 20(27v o/ )2,

# The vacuum is pseudo no-scale and breaks susy...

o -
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Modull Stabilisation: Large-Volume

- .

he mass scales present are:

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

KK scale My ~ %fg ~ 10°GeV.
Gravitino mass Mg ~ 5 ~ 30TeV.
Small modulus M7, ~ M3/9In (7%1;2) ~ 1000TeV.
Complex structure moduli my ~ mg/y ~ 30TeV.
Soft terms Misusy ™~ T M”;")/?jlm) ~ 1TeV.
Volume modulus My, ~ 355 ~ 1IMeV.

o -
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SUSY Breaking and Soft Terms
5

Supersymmetry will (hopefully) be discovered at the LHC.

=

It is parametrised by

»® Soft scalar masses, m?¢?

# Gaugino masses, M, \%\?,

» Trilinear scalar A-terms, A,g,¢%¢"¢?
o B-terms, BH{H-.

o -
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SUSY Breaking and Soft Terms
- o

he fact that the gravitino mass is m3,, ~ 1TeV means
supersymmetry is broken at a hierachically low scale.

# Soft breaking terms can be computed.

® These follow from the F-terms of the Kahler moduli and
their coupling to matter.

# The soft terms are the input into phenomenological
studies of low-scale supersymmetry.

o -
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Mirror Mediation
-

® These soft terms are flavour-universal.



Mirror Mediation

- .

® These soft terms are flavour-universal.

# An invalid argument:

In gravity mediation flavour and susy breaking are both
Planck-scale physics.

Therefore susy breaking is sensitive to flavour
Therefore squark masses are non-universal.

o -
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These soft terms are flavour-universal.

Mirror Mediation
-

An invalid argument:
In gravity mediation flavour and susy breaking are both

P
T
T

anck-scale physics.
nerefore susy breaking is sensitive to flavour

nerefore squark masses are non-universal.

In string theory, we have Kéahler (7)) and complex
structure (U) moduli. These are decoupled at leading
order.

The kinetic terms for T and U fields do not mix.

K =—2In (V(T)) — In (z/Q A Q(U)) —1In(S + S).
-
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Mirror Mediation

- .

#® Due to the shift symmetry T" — T + i¢, the T" moduli
make no perturbative appearance in the superpotential.

® ltis the U moduli that source flavour...

1
W= .+ 5, (U)CYCPCY + ...

# ...and the 7" moduli that break supersymmetry,
DWW £ 0, F1 +£0, DyW =0, FY =0.

# At leading order, susy breaking (Kahler moduli) and
flavour (complex structure moduli) decouple.

o -
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AXIONS

=

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

The QCD Lagrangian is
1 a,uv a a
LQCD:?/dLL:EFﬁVF H —I—H/F N F7.

The strong CP problem:
Naively 6 € (—x, ) - experimentally |9] < 10719,

The axionic (Peccei-Quinn) solution is to promote 6 to a
dynamical field, 6(zx).

-
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AXIONS

The canonical Lagrangian for 6 is
1 0
LZ §0M98“9+/f—Fa/\Fa.

f. 1s the axionic decay constant.

Constraints on supernova cooling and direct searches
imply f, > 10°GeV.

Avoiding the overproduction of axion dark matter
prefers f, < 102GeV.

There exists an axion ‘allowed window’,

10°GeV < f, < 10'°GeV.
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AXIONS

f.’ For D7 branes, the axionic coupling comes from the RRT
form in the brane Chern-Simons action.

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

o -
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AXIONS

- .

# The coupling of the axion to matter is a local coupling
and does not see the overall volume.

# This coupling can only see the string scale:

Mp

Ja ~ mg ~ —=.

75

(This is confirmed by a full analysis)

# This generates the axion scale,

o -

Hierarchy Problems in String Theory: An Overview of the LARGE Volume Scenario — p. 29/



Neutrino M asses

® Neutrino masses exist:
0.05eV < mi <0.3eV.

# |n the seesaw mechanism, this corresponds to a
Majorana mass scale for right-handed neutrinos

M, ~ 3 x101GeV.

# Equivalently, this is the suppression scale A of the
dimension five MSSM operator

1
Om, = FHaH>LL

3 X 1014Gev>

L = m, = OleV<sm 3 x A J
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Neutrino M asses

Neutrino masses imply a scale A ~ (afew) x 10*GeV which
IS

e o o o

not t
not t
not t
not t

he Planck scale 1018GeV

he GUT scale 1019GeV

he intermediate scale 1011GeV

he TeV scale 10°GeV

Can the intermediate-scale string give a quantitative
understanding of this scale?

o

-
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Neutrino M asses

- .

he low-energy theory is

7 A
W = Yap,0°CPC7 + 2220 cecPere® + Z—HyHy LI,
Mp Mp

K = K(®8)+ K500 + ...
We focus particularly on the term

P
—HoyHoLL € W
MP22 S

This term generates neutrino masses when the Higgs gets
a vev.

o -
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Neutrino M asses

N .

The physical normalised operator is

GK/Q A HQHQLL

Mp /- - - - %
(KHEIKHHKLEKLE)

We know
K = —2In(V)

To compute the physical suppression scale, we need the
volume scaling of K7 and K 7.

o -
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Neutrino M asses

W .

The physical Yukawa couplings are

e can compute this using the Yukawa couplings.

% 4 = 6f(/2 Yapy
apy —
\/KadKﬁng

Geometry implies these couplings are local.

We know
® Y,3, does not depend on V.

® The overall term eX/2 ~ %

o -
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Neutrino M asses

=

fThe local interactions care only about the local geometry
and decouple from the bulk volume.

Physical locality then implies the physical Yukawa couplings
Y, 5, do not depend on the bulk volume.

For local fields C'“ the relation

% 4y = igp: Yopy
aBy
\/K@@Kw}(W

Implies
~ 1

Ka@ Y VQ/S.

o -
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Neutrino M asses
L N o

# Using the large-volume result K, ~ Vg/g, the physical
coupling becomes

V1/3
2/3MP

(HyHs)LL.

® UseV ~ 10" (to get mgz/, ~ 1TeV) and 7, ~ 10:

A
1014 GeV

= 174GeV, this gives

(HoHo)LL

® With (H,) =

m, = A0.3eV).
B 0:3eY) .
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Neutrino M asses
-

fIntegrating out string / KK states generates a dimension-five
operator suppressed by

% pi/3
. ~1/12 ~1/12
(string) % X Mo XV Vo
V2/3 V1/3
~1/6 ~1/6
(KK) % X e XV Mo

# Integrating out heavy states of mass M does not
produce operators suppressed by M 1.

# The dimension-five suppression scale is independent of
the masses of the heavy states integrated out.

o -
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A new scale....

-

# The volume modulus y always has a mass

- 3/2
me ~ —2 L 1MeV
X 1 y

Mp

This is a totally robust prediction of these models.

# This particle can decay via y — 2y and y — ete™.
One can show

27
Ty ~ 1077s,

In(Mp/mg/9)?
20

Br(x —ete”) ~ Br(x — 2v).

o -
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A new scale...

The sky at 511keV (as was...)

o
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A new scale...

=

There is a large flux of positrons from the galactic
centre.

The astrophysical origin of these positrons was not well
know, hinting at new physics around 1 MeV.

If present, this could arise from light dark matter
annihilating or decaying in the galactic centre.

However....

-

Hierarchy Problems in String Theory: An Overview of the LARGE Volume Scenario — p. 40/



A new scale...

The sky at 511keV (now...)

o -
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A new scale...

f.o The positron distribution is now asymmetric and does T
not look like a dark matter distribution.

® |t also correlates with the distribution of low-mass hard
X-ray binaries:
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A new scale....

- .

#® The decays of the volume modulus would contribute
both to the cosmic gamma-ray background and to the
511keV flux.

® Non-observation constrains the abundance of the
volume modulus to

Q, <1074

® At best, can contribute a small fraction of dark matter.

o -
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L ar ge Volumes ar e Power -ful

fIn large-volume models, an exponentially large volume
naturally appears (V ~ ess). This generates scales

® Susy-breaking: mg, ~ £ ~ 103GeV

® Axions: f, ~ % ~ 101 GeV

» Neutrinos/dim-5 operators: A ~ & ~ 101GeV

® Anew scale at m ~ 355 ~ 1IMeV.

# All four scales (plus flavour universality) are yoked in an
attractive fashion.

# The origin of all four scales is the exponentially large
volume.

o -
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