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We presumably live in a string vacuum …



Without TeV scale data it would become essentially impossible to
gain an understanding of our string vacuum – this scale
emerges from compactification and supersymmetry breaking,
etc. – so the data tells us about those, and how the ground
state emerges

At the limit of technology, and the limit of cost, and the limit of
society’s tolerance for funding acquisition of knowledge, we are
barely able to study the TeV scale -- And the laws of
electromagnetism allow it!

So, remarkably, we live in a universe where we can describe and
understand our string vacuum!



The present work merely considers models and has no
direct physical applications but the nature of these theories
seems worthwhile exploring.

J. Goldstone, 1960



• Introduction – how, what can we learn about our string
vacuum? – role of CC?

• M-Theory compactified on G2 manifold, an example
!  LHC, DM predictions

• More general LHC tests of string theories – observable
signatures
-- test gaugino mass universality?
-- footprints in signature space, distinguishing theories

• Dark matter predictions
-- PAMELA positron excess

• Concluding remarks



 What do we want to understand about our string vacuum?
• What stabilizes the hierarchy between the weak and Planck

scales?
• Why our forces [SU(3)xSU(2)xU(1)] and our fundamental

particles?
• How is the electroweak symmetry broken?
• Supersymmetry? How is it broken?
• Why is the Z mass so small?  Should be !  TeV
• How do the fermion masses and their hierarchy originate?
• mu<md but mt>mb?

• Why are neutrino masses very small?
• Why three families?
• Why little or no strong CP violation?
• Why is the universe essentially entirely matter?
• What is the dark matter?
• What is the inflaton?
• Why gauge coupling unification? Forces have common origin?

These are what
need explaining–
all addressed by

string
constructions



How do we go about understanding our string vacuum?
Study it!
SVP!

-- what role can data, LHC play?
-- what about many vacua, the multiverse?



Three things have led some particle theorists to take
seriously the idea of the multiverse

• Many solutions of string theory
• Eternal inflation
• No explanation yet of why the cosmological constant is

small, or its value
-- argumentem ad antiquitatem [for our purposes, if

you haven’t been able to calculate something so
far, you will never be able to calculate it]?

What does the landscape or the multiverse have to do with
learning about our string vacuum, and what we want to
understand?



Two related perspectives:

• Seems to be “orthogonal” – IIB flux vacua, counting, do not
seem to affect any understanding of the issues above – seems
to be many equivalent vacua with any given set of
phenomenological properties

• In constructing any particular vacuum, don’t expect to get a
small CC
– Calculate a scalar potential, and  must tune its value at the

minimum to be small – may be crucial to do so
-- can only do that tuning if have enough essentially equivalent

vacua
– Doing that seems to give testable predictions about LHC

signatures,  dark matter, etc!



Pursue the 2nd point:
• Take as an example our M theory compactification on a

G2 manifold and illustrate how the tuning may work, and
how it implies  predictions – and how it addresses most
of what we would like to understand about our vacuum



Compactify M theory on 7D manifold with G2 holonomy
-- break susy, stabilize moduli and generate TeV scale
-- LHC and dark matter and moduli phenomenology, etc

Bobby Acharya, Konstantin Bobkov, Kane, Piyush Kumar,
Diana Vaman, hep-th/0606262

Acharya, Bobkov, Kane, Kumar, Jing Shao,
hep-ph/0701034 – susy, moduli stabilization, minimize
scalar potential, M3/2~TeV,  gaugino masses
suppressed
0801.0478 – spectrum, dark matter, moduli masses, LHC,
gauge  coupling unification
0804.0863 – DM relic density, no moduli and gravitino
problems

Currently under study – LHC signatures, embedding SM
matter rigorously, CPV, baryogenesis, inflation



Earlier work on M theory/G2
-- results relevant for realistic matter physics such as existence of

non-abelian gauge fields and chiral fermions;  general form of
Kahler potential; issues related to local constructions (e.g.
SU(5)! SM)  such as  proton decay, threshold corrections to
gauge couplings, Yukawas.

• Atiyah and Witten, th/0107177
• Acharya and Witten, th/0109152
• Witten, ph/0201018
• Beasley and Witten, th/0203061
• Friedmann and Witten, th/0211269
• Acharya and Valandro, ph/0512144
• Acharya and Gukov, th/0409101
• Lukas, de Carlos et al, th/0606286; th/0411071; th/0409256

Don’t  explicitly discuss these here



Our work:

    Given a set of (dimensionless) “microscopic” parameters
characterizing the vacua, and assumptions about the
existence of the G2 manifold, we simultaneously

    -- Generate the EW scale in a unique metastable de Sitter 
  vacuum with spontaneous SUSY

    -- Stabilize the moduli in fluxless vacua – all moduli that occur
in gauge kinetic function, all that affect observables such as
gauge couplings, higgs vev, dark matter, LHC, etc

    -- Results consistent with standard gauge unification (Munif ~ 1016

GeV)
-- Assume a natural GUT visible sector breaking to MSSM chiral 
  spectrum ! phenomenological predictions, e.g. for LHC and DM,
  basically unique

Only dimensionful input – the Planck scale !

Presumably can combine this with earlier work on matter –
dualities suggest no show stoppers to calculable matter
embedding -- some concern about Yukawa couplings



STRINGY
• 7 compact dimensions form a space with G2 holonomy,

preserves N=1 supersymmetry in 4D

" No fluxes -- not needed for stabilization in our case, tend
to raise masses to string scale

• In these vacua, non-Abelian gauge fields localized along
3D submanifolds at which there is an orbifold singularity
[Acharya, th/9812205;th/0011089; Achaya-Gukov th/0409191]

• Chiral fermions localized at points at which there are
conical singularities [Acharya and Witten, th/0109152, Acharya
and Gukov, th/0409191; Atiyah and Witten, th/0107177]

• Generically two 3D submanifolds do not intersect in a 7D
space, so no light matter fields charged under both SM
gauge group and hidden sector gauge groups !  susy
breaking generically gravity mediated in these vacua



A set of Kahler potentials, consistent with G2 holonomy and
known to describe some explicit examples, was given by
Beasley-Witten th/0203061; Acharya, Denef, Valandro
th/0502060, with

The ai are rational numbers.



Assume hidden sector gaugino condensation 

One term enough to stabilize all relevant moduli generically –
but we are not guaranteed to be in region where supergravity
approximations valid

Keep two terms for analytic treatments,  more numerically –
enough to find solutions with good properties such as being in
supergravity regime, simple enough to do most calculations
semi-analytically (as well as numerically) – have checked
some results more generally

bk=2! /ck where ck are dual coxeter numbers of hidden sector gauge groups --
- Ak are constants of order unity, and depend on threshold corrections to
gauge couplings, some computed by Friedmann and Witten

gauge kinetic function



The gauge kinetic functions here are integer linear
combinations of all the moduli (Lukas, Morris th/0305078),

The microscopic constants ai, bk, Ak, Ni
k are determined for a

given G2 manifold (but not yet known for relevant ones) --
they completely characterize the vacua – these constants
not dependent on moduli

Focus analytically on the (well-motivated) case where two hidden sector
gauge kinetic functions are equal (the corresponding three-cycles are
in the same homology class)



Include massless hidden sector quark states Q with Nc
colors, Nf flavors, Nf<Nc -- then (Affleck, Dine, Seiberg
PRL 51(1983)1026, Seiberg hep-th/9402044, hep-
th/9309335, see also Lebedev,Nilles, Ratz th/0603047)

and define an effective meson field





• Can minimize the above potential analytically in the  large hidden
sector 3-cycle volume approximation (i.e. volumes >1, supergravity
approximation valid).  Consistently take higher order effects into
account.

• After long analysis, find to lowest order [P,Q ranks of hidden sector
gauge groups]

 “unique” for a given set of microscopic parameters.

Q-P>2
Peff



• leading order condition for energy density at minimum to
be positive easy to satisfy ! deSitter minimum, metastable

• equality makes potential vanish at minimum !

! ∼ 30% of entire parameter space (defined so supergravity
valid) has gravitino mass � 100 TeV – once use condition
to give zero at minimum, all solutions below ∼ 100 TeV

! Gaugino masses suppressed over entire parameter space
by stringy factor Peff !  84

Recall – no fluxes, no anti-branes – susy broken
spontaneously
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• P(SU(N))=N
• P(SO(2N))=2N-2
• P(E6)=18
• P(E8)=30

So need log(A1P/A2Q) ∼ 3-8, so A1P/A2Q large
-- Depends on threshold corrections at string scale
-- computed by Friedmann and Witten for one Len’s
space, SU(3)/Zq

-- can do it, but very tuned – need q large
-- Malcolm Perry recently got interested in computation
and has carried it out for several Len’s spaces – work
underway to calculate Peff for those



Compute GRAVITINO MASS





COSMOLOGICAL CONSTANT?

No solution in G2 vacuum  (or presumably in any particular
vacuum)

Can we still do meaningful phenomenology?

Set V0 (potential at minimum) to zero at leading order by tuning
A1Q/A2P

We check that tuning V0 numerically has little effect on M3/2 and
on superpartner masses and decay branching ratios, dark
matter relic density and detectability, etc



Condition from setting CC to zero at tree level
seems to imply a relation between small CC and
M3/2 ∼ TeV !  do not have to independently tune
CC to be small and M3/2 to be ∼ TeV !



Assume tuning allowed – naively need ∼ 1090 vacua with SM
forces and quarks and leptons, essentially same superpartner
spectra, etc

Actually, if just use criterion that don’t want to affect LHC
predictions, could use ∼ 10 GeV, so ∼ 1040   -- but maybe many
of the others excluded by Weinberg anthropic argument ?–
need to know measure to say that, and can in principle
calculate the measure – interesting to work out which
predictions, explanations need CC small

But do need “multiverse” to understand our string vacuum!

Having small CC (< few GeV) has indirect implications for our
string vacuum as well – gaugino masses suppressed,
observable – dark matter and its relic density – etc

Actual value of CC, i.e. dark energy, seems not to be important
here



TREE LEVEL GAUGINO MASSES
• Universal since assume SU(5) or similar unification near string

scale
• With same assumptions as used so far, get

• Independent of SM or hidden sector gauge kinetic functions
and details of internal manifold (ai) and number of moduli N

• Gaugino masses suppressed by factor  that depends (only) on
microscopic theory, corrections ∼ 1/(volume of 3-cycle)



• Anomaly mediated gaugino masses

--Note depends on ! unif -- potential contributions from KK threshold
effects zero here

•Lift the Type IIA Kahler potential (Bertolini et al th/0512067) to
M-theory.

Tree level and anomaly mediated contributions almost same size, so
major cancellations, depending on ! unif– somewhat surprising
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High scale gaugino masses – not universal 

Grey region favored
by precision gauge
coupling unification

Note M2 small so wino LSP, M3 runs to 
be larger at low scale



High scale scalar masses

• If we require zero CC at tree-level and                :
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Superpartner mass
spectrum



• gluinos produced, σ∼ few pb
• RGE running from M3/2 and scalar scale gives lightest stop

significantly lighter than other scalars (few TeV), so it
dominates gluino decay



But most, maybe all, features that identify and test theories
at LHC are not  so simple to see as the 4-top gluino
decay

Nevertheless, they DO affect LHC data – production rates
of superpartners, their decay branching ratios, masses

But these are not usually measurable either!

Experimenters measure counting rates, distributions
-- number of events with OSSF charged leptons and two
or more jets with PT  > 50 GeV and ET > 50 GeV etc
-- PT distribution of most energetic jet

Etc

These depend on the underlying theory too!



The underlying theory has some parameters – don’t want to
assume you know them if you don’t

In general must make some assumptions about the theory

Good approach, maybe best possible
“footprints in signature space”
   Binetruy, GK, Brent Nelson, Liantao Wang, Ting Wang,
ph/0312248
   GK, Piyush Kumar, Jing Shao   0709.4259



Consider issue of gaugino mass unification at the string
scale

Test by measuring M1, M2, M3

-- but if one could measure them it would be at the
collider scale – would have to extrapolate up – but the
running could depend on other matter, etc
-- but cannot measure them – the neutralino and
chargino mass eigenstates are what is observable, at
best, and to invert them to get M1, M2 is probably
impossible – even M3 is related to the gluino mass by
QCD and susy-QCED  corrections

Nevertheless, the footprints in signature space DO depend
on the gaugino masses in observable ways – more or
fewer leptons, more or fewer jets of given energy
because of spacing between states, etc



Consider mirage mediation, deviation from equality of
M1, M2 measured by parameter α



Luminosity required to measure given α, fb-1

Mirage
mediation

Altunkaynak, Grajek, Holmes, GK, Kumar, Nelson, in preparation



Also, can generalize to distinguish underlying theories

Compactify, break supersymmetry, stabilize moduli –
construct 4D field theory, Lagrangian, at string scale –
depends on a few parameters (sometimes combinations
of stringy ones)

Calculate collider scale effective theory, footprints – vary all
stringy scale parameters to get footprint

Footprints different for different theories, different
compactifications, different ways of breaking
supersymmetry

Make lots of signature plots – if any agree with data
remarkable



2D slices of footprints, all microscopic parameters varied

Numbers
of events
for 5 fb-1







DARK MATTER
-- most important thing to learn after LHC discovery itself
-- may be a robust prediction given compactification,

supersymmetry breaking
-- main issues are calculation of relic density; direct

detection (scattering on nuclei in lab detectors); indirect
detection via positrons or neutrinos or antiprotons or
gammas; affect on LHC signatures

-- e.g. anomaly mediation !  wino LSP, then
phenomenology known

-- G2 !  wino LSP given GCU
-- LARGE string scale !  bino LSP
Etc

NOTE RECENT PAMELA POSITRON EXCESS:



Wino LSP annihilates into W+W- , W’s give positrons
-- normalize to local measured relic density !  good
description of data including solar modulation effects
from 200 GeV wino

Constraints – antiprotons – gammas – synchrotron
radiation – 200 GeV wino pushes limits

Several tests soon:
• Pamela has in hand data up to positron energies of 200

GeV, so the turnover may be tested
• Fermi/GLAST, gammas to 300 GeV, soon – can look at

the halo
• LHC

Non-thermal origin of DM common in string theories, via
moduli and gravitino decays into superpartners





J. Clem et al, Astro J 464(1996) 507



CONCLUDING REMARKS

• LHC data, DM data, EDM data are data on
compactification, supersymmetry breaking, moduli
stabilization

• Data coming, maybe already have DM data

• Push theories to 4D, low scale – learn about theory, test
them

• There probably is a multiverse connection, subtle




