
Generic Predictions from String/M Theory
for the LHC and Dark Matter

Bobby Samir Acharya dϕ = d ∗ ϕ = 0
King’s College London ∂µFµν = jν

and
ICTP Trieste Ψ̄(1− γ5)γνΨ

String Pheno 2012 25-29.06.2012
Newton Institute, Cambridge F = GN

mM
r2

Talk Based on Review - arXiv:1204.2795
of work with several collaborators:

G. Kane, P. Kumar, K. Bobkov, E. Kuflik, S. Watson, R. Lu, B. Zheng
and arXiv:1205.5789



Introduction

I String/M theory is a framework for describing different
physical systems, very much like QFT.

I QFT describes infinitely many physical systems: the Standard
Model of Particle Physics is only one

I String/M theory also describes infinitely many systems and,
like QFT, it is sufficient that only one of these is our Universe.

I By studying only solutions of string/M theory with low energy
supersymmetry and grand unification we extract ”generic”
predictions for the LHC, dark matter and cosmology.

I This is a complementary approach to Mike Douglas’
”Statistical Approach to the Landscape”



Landscape vs This approach

I Mike Douglas and many others considered a ”statistical”
approach to the string landscape

I There the idea is to ask, for example: is low energy
supersymmetry breaking more probable in the landscape than
high scale susy breaking?

I Here we assume that our Universe is a solution of string/M
theory with low energy susy and grand unification.

I Then we extract ”generic” predictions for the LHC, dark
matter and cosmology from this subset.

I One aim of this talk is to demonstrate that this is a useful
approach with predictions which are being tested now and in
the very near future!



Summary of the Basic Predictions
I The very early Universe (post-inflation but pre BBN) is

MATTER dominated by moduli fields
I Many phenomenologists assume that this era is radiation

dominated (i.e. a thermal history)
I String/M theory predicts a non-thermal history

I Dark matter consists of both axions and W -ino like WIMPS.
I The Fermi satellite experiment should see mono-chromatic

photons somewhere in the 100-200 GeV range.
I Scalar superpartners of quarks and leptons have masses in the

10’s of TeV region i.e. are unobservable at the LHC
I Gauginos, including gluinos and W -inos will be observed at

the LHC since their masses ≤ O(TeV)
I The Higgs mass, mh: 115 GeV ≤ mh ≤ 129, but in the
M -theory G2-manifold case:

I 122 GeV ≤ mh ≤ 129 GeV due to a correlation with Witten’s
solution of doublet-triplet splitting!

I More detailed phenomenology given in G. Kane (Higgs), P.
Kumar (Fermi) and R. Lu’s (LHC) talks.

I The predictions for the LHC are still essentially the same as in
my talk at CERN on 14.08.2007 !!



Summary of the Basic Predictions

I Note that both the 2011 ATLAS and CMS data may be
indicating mh ∼ 126 GeV

I Recent analyses of the Fermi data (arXiv:1203.1312,
1204.2797, 1205.1045, 1206.1616) are all concluding an
excess of high energy, monochromatic galactic photons at
Eγ ∼ 130 GeV

I Both of these are included in the generic predictions above.



Moduli/Axion physics

I The key insights are provided by moduli and string axion
physics — i.e. are due to the extra dimensions

I Understanding the moduli potential is key to all of this



What is ”Generic”?

I We are interested in ”generic” properties of string/M theory
vacua with all moduli stabilised and a realistic observable
sector

I ”Generic”: not a theorem, might be avoided in ”special cases”

I One would have to work fairly hard to construct a
”non-generic” example.



What is ”Generic?”, an example

I Asking what the generic predictions of QFT are is NOT a
good question (CPT, spin/stats aside).

I The Standard Model is one of infinitely many QFT’s.

I The SM describes very precisely the results of all particle
physics experiments and that is good enough

I A better question: what are the generic predictions of
non-Abelian gauge theories with chiral fermions, hierarchical
Yukawa couplings and spontaneous symmetry breaking?

I Answer: Charged currents, massive vector bosons and a rich
spectrum of three-body decays of heavier fermions into lighter
ones.

I The discovery of the muon, the tau, the W -boson and their
decay properties represents a verification of these generic
predictions.

I We will elicit generic predictions about BSM physics
from string/M theory.



How can we justify our assumptions?

I How do we justify our assumption that solutions of string/M
theory exist which reduce to the Standard Model at low
energies?

I In 1984 (Candelas, Horowitz, Strominger and Witten) showed
that a generic 4d solution of heterotic string theory is
described by

I A non-Abelian gauge theory with
I Multiple generations of Chiral fermions
I Hierarchical Yukawa couplings

I Similar statements are true in other perturbative limits eg
Type IIA (Berkooz/Douglas/Leigh, Cvetic/Shiu et al), Type
IIB (Ibanez et al, Blumenhagen/Lust) or M theory on a
G2-manifold (BSA/Witten).

I The assumptions about low energy supersymmetry and
unification are well motivated.



Moduli Problems and Solutions
I Moduli are scalar fields with mpl suppressed couplings to

matter.
I They are the low energy description of the extra dimensions

and ”generic”.
I Classically, in the supersymmetric limit, they are massless.So

their masses are expected to be of order the susy breaking
scale (m3/2).

I It is very difficult to arrange mφ much larger than m3/2 for all
the moduli fields (Denef/Douglas,
Louis/Gomez-Reino/Scrucca, pheno-implications:
BSA/Kane/Kuflik) .

I Has quite far reaching consequences as we will see.
I As far as I’m aware (experts in the audience please correct me

if I’m mistaken) there are no known counterexamples in cases
where the moduli potential is understood.

I We henceforth assume that there is at least one
modulus field with mφ ∼ m3/2.



Moduli Problems, Solutions and a New Mass Scale

I In the early Universe, when the Hubble scale H decreases to
be of order mφ, the moduli begin to oscillate in their potential
and quickly dominate the energy density of the Universe:

I Hence, the early Universe is matter dominated:a non-thermal
history.

I But, when H decreases to the decay width Γφ ∼
m3
φ

m2
pl

, the

moduli decay

I In general they can decay to any (allowed) Standard Model
particle.

I If mφ ∼TeV, this happens during Big Bang
Nucleosynthesis.BAD!

I If mφ ≥30 TeV, it happens just before and is consistent
with all known constraints.



Caveats

I A late period of pre-BBN inflation with H < m3/2 can inflate
away the energy density of the moduli and their decay
products.

I Is this possible in string/M theory?

I Is it ”generic” in the same sense that a non-thermal history is
”generic”?

I Note: In gauge mediated supersymmetry breaking
m3/2 <<TeV

I So late inflation is required in gauge mediation because the
moduli lifetimes are too long and ρ/s ∼ (m3/2mpl)1/2



Example: Moduli Stabilization in M theory

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

1. Generates the hierarchy between mpl and MW

2. That supersymmetry breaking will also stabilize the moduli

I Realised for the first time in string/M theory by considering
M theory on G2-manifolds

I In fact, strong hidden sector dynamics generates the hierarchy,
the moduli potential and supersymmetry breaking
simultaneously!

I There are two INTEGER parameters P,Q which determine
αGUT ,MGUT ,Mpl,m3/2 all consistently.



Moduli Stabilzation in M theory

I Moduli vevs si ∼ 3Q = 1
αGUT

I So, eg, Q=6,7,8,9

I m2
pl = V ol(X)M2

11 ∼ 1

α
7/3
GUT

M2
11

I MGUT = M11α
1/3
GUT

I m3/2 = mpl
α

7/2
GUT√
π
|Q−P |
Q e

−
Peff
Q−P

I Peff = 14(3(Q−P )−2)

3(3(Q−P )−2
√

6(Q−P ))
∼ 60 when Q− P = 3

I So, m3/2 ∼ O(50) TeV.Note: Q− P ≥ 3, so Q− P = 4
doesn’t work.

I So, moduli can decay before BBN.

I There are two INTEGER parameters P,Q which determine
αGUT ,MGUT ,Mpl,m3/2 all consistently.



The Spectrum in String/M theory

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

I ‘Pure moduli dynamics has an anti de Sitter vacuum’

I Therefore, the field which dominates supersymmetry breaking
is not a modulus

I e.g. a matter field

I In M theory this is a hidden sector matter field

I Fmoduli ∼ αGUTm3/2mpl

I Leads to a Wino LSP

I Note: this is NOT pure AMSB in the gaugino sector, but
similar to it.



A New Mass Scale

I Direct consequences of having moduli with masses of order 10
- 100 TeV include:

I The upper limit on the axion decay constant is lifted to close
to the GUT scale.

I This solves a long outstanding problem in string/M theory.
Hence, axions will make up a significant fraction of dark
matter without fine tuning!

I If the LSP is stable, it will be produced when the moduli
decay.

I The relic density comes out about right for a 100-200 GeV
W-ino like LSP.

I This is a non-thermal WIMP ’Miracle’.So dark matter is
mixed: W-ino and axion.

I The W-ino has the right annihilation cross-section to explain
the gamma line ‘signal’ (eg arXiv:1204.2797) in Fermi data
(see arXiv:1205.5789) P. Kumar’s talk)



Axion-Wino dark matter and the Fermi ‘signal’

I Several recent analyses of the Fermi data (arXiv:1203.1312,
1204.2797, 1205.1045, 1206.1616) are all concluding an
excess of high energy, monochromatic galactic photons at
Eγ ∼ 130 GeV

I The cross-section for DM annihilation for the photon signal is
roughly σv(χχ→ γX) ∼ 10−27 cm3s−1.

I Thermal WIMP relics have σvtotal ∼ 3× 10−26 cm3s−1. Since
annihilation to photons is a one-loop process this implies that
typical thermal WIMPs cannot produce the required number
of photons.

I Non-thermal WIMP relics, such as a W-ino with mass 145
GeV have a much larger total σv of the right order to produce
the 130 GeV γ-line by 1-loop annihilating to Zγ.

I Further: fitting the signal in detail shows that roughly 50% of
dark matter is W-ino like. The rest is interpreted as axions!!

I More details in Piyush’s talk.



A New Mass Scale: the LHC

I For the LHC: supergravity couplings between the moduli
and scalar superpartners (squarks and sleptons) give
them a large mass also, of order mφ. Thus, squarks and
sleptons will not be produced directly.

I However, gauginos could be!

I All of this has a simple origin in one of the best understood
classes of examples: M theory on a G2-manifold

I Serves as a benchmark from which to draw more ”generic”
conclusions.



Non-anthropic Axion Physics with GUT scale decay
constants
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Non-thermal is the case on the Left.
Planck experiment: Isocurvature perturbations? YES.
Tensor Modes: NO.



Wino DM and PAMELA Data

Left: e+/(e+ + e−) Right: Energy Spectrum of e+ + e−



Lots of further testable predictions!

I LHC: events with up to four top quarks plus missing energy

I LHC: short track stubs from the SU(2) partners of the Wino

I Isocurvature perturbations but no tensor modes

I PAMELA/Fermi already consistent

I No signals at existing Axion search experiments

I Xenon 100: Calculation of µ in M theory leads to no signal,
but observable at a Xenon 1000 detector or similar. (work
with Gordy Kane, Eric Kuflik and Ran Lu)



Direct Detection of DM
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G2-manifolds and the LHC data
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on a G2-manifold. Plot made for
the last String Pheno meeting,
summer 2011.

Data from the ATLAS from
December 2011

Evidence for the Higgs boson and string/M theory? The
ATLAS and CMS data will be updated next week with 2012
data.



LHC predictions

I There is only one light, SM-like Higgs boson with a mass of
between 115 and 128 GeV.

I The other supersymmetric Higgses will not be produced.

I Renormalising the scalar masses from the GUT to the TeV
scale typically means that the stops and sbottoms are lighter
than the other squarks.

I Though the squarks cannot be produced, this has an impact
on gluino decays.

I g̃ → tt̄+MET

I g̃ → bb̄+MET

I g̃ → tb̄+MET + soft

I These channels will have signficant branching fractions.

I So, multi-top, multi-b, plus MET is a characteristic signature.



Multi-Top Quark Events!



LHC predictions

I If the LSP is W-ino-like (as in most G2-MSSM models) then
the lightest chargino is almost degenerate with the LSP

I There will be ”short track-stubs” from the chargino (lifetime
at rest is about 5 cm).

I These will be present in some of the multi-top and multi-b
events as well as in ”direct chargino pair and
chargino-neutralino” events

I These latter require an additional jet to trigger, though the
pT thresholds are high (at high luminosity). These are harder
to find!



Summary of ”Generic” Predictions

I The gravitino and moduli masses are of order 30 TeV:

I String axions have a non-fine tuned cosmology and make up a
significant fraction of dark matter W-ino like particles are also
a component of dark matter.

I Only one, SM-like Higgs with a mass around 115 to 127 GeV
will be observed at the LHC (122 - 129 GeV in M theory).

I Squarks and Sleptons will not be produced directly

I Gluinos, charginos and neutralinos could be produced

I The main discovery channel is gluino pair production with top
and bottom rich high multiplicity final states.

I A search with at least three b-jets, MET and a single high pT
lepton is one way to find evidence for such a signal at the
LHC.



Conclusions/Outlook

I This is a very exciting time in particle physics

I This general approach to string/M theory phenomenology
leads to generic predictions which are being tested NOW at
the LHC and direct and indirect DM detectors

I If the hints from the 2011 LHC data and the Fermi photon
spectrum are strengthened they could be the first positive test
of these ideas

I Gluinos should then be observed, potentially this year.

I Isocurvature perturbations seen by Planck would give a handle
on the axion DM component.



THANK YOU!



BACKUP



Moduli Masses in Supergravity

I Supergravity potential V ∼ F iFi − 3|W |2

I In vacuum this is Vo ∼< F iFi > −3m2
3/2m

2
pl

I Therefore m3/2 ∼ F
mpl

where F dominates susy breaking.

I Generically F/mpl sets the mass scale of ALL SCALARS in
the theory

I This not only includes the moduli, but also charged scalars:
Higgses and Squarks and Sleptons

I eg V ∼ · · ·+KiKi|W |2 + ... ∼ φiφi|W |2... ∼ m2
3/2φ

2
i

I Therefore mφ ∼ m3/2

I The G2 M theory model has mφ ∼ m3/2.



The Spectrum

I Generically Supersymmetry breaking must be gravity mediated
and all scalars have masses of order m3/2 ≥ 10TeV

I What about the Higgsino and Gaugino masses ?

I For Higgsinos, Giudice-Masiero typically gives µ ≥ m3/2,
though can be smaller.

I But, mf ≤ m3/2 for gauginos

I Why? Because there is no reason why the field which has the
largest F -term is the field whose vev is the gauge coupling.

I These arguments suggest a spectrum in which:

I BSM scalars and vector like fermions have
m ∼ m3/2 ≥ 10TeV

I Gauginos ie gluinos, Winos and Binos have m1/2 ≤ m3/2

I This all comes from simple cosmological constraints plus EFT



The Spectrum in String/M theory

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

I ‘Pure moduli dynamics has an anti de Sitter vacuum’

I Therefore, the field which dominates supersymmetry breaking
is not a modulus

I e.g. a matter field

I In M theory this is a hidden sector matter field

I Fmoduli ∼ αGUTm3/2mpl

I Leads to a Wino LSP

I Note: this is NOT pure AMSB in the gaugino sector, but
similar to it.



The Spectrum



Non-thermal Dark Matter

I Energy density of Universe when moduli decay is

I ρdecay ∼ Γφ2m2
pl =

m6
φ

m2
pl

I The number density of DM particles is thus

I niχ ∼
Brφ→χρd

mχ
∼ 10−10GeV3Brφ→χ(100GeV

mχ
)( mφ

100TeV )6

I We can compare this with H
σv to evaluate if niχ is large enough

to allow χ particles to annihilate

I H
σv ∼

Γφ
σv ∼ 10−16GeV3( mφ

100TeV )3 σo
σv

where σo = 10−7GeV−2

I Unless Brφ→χ is small, χ particles will annihilate until nχ ∼ H
σv

I The Branching ratio is large since ‘χ is a gaugino’ and moduli
couple like gravitons.



Miracles can be Non-thermal!

I Reheat temperature

Trh ∼ (Γφmpl)1/2 ∼ m
3/2
φ

m
1/2
pl

∼ 10MeV( mφ
50TeV )3/2

I So BBN can occur after the moduli have decayed!

I Entropy at decay time sdecay ∼ srh ∼ g∗
m

9/2
φ

m
3/2
pl

I Non-thermal relic abundance is therefore predicted to be

I ρ
s |today = mχH

s σv |decay ∼ O(eV) mχ
100GeV

10.75
g∗

σo
σv (100TeV

mφ
)3/2

I This is the Non-thermal WIMP ‘Miracle’

I First realised by Moroi-Randall that this happens in AMSB +
heavy scalars ten years ago.

I In M theory, because Mχ ∼ cαGUT4π m3/2, ρ/s ∼ m3/2
3/2 so upper

limit m3/2 ≤ 250TeV.



Non-anthropic Axion Physics

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

Ωak h
2 = O(10)

(
f̂ak

2×1016GeV

)2 (
T
X0
RH

1 MeV

)
〈θ2
Ik
〉

I Due to large amount of entropy dilution from the moduli
decay

I Independent of axion mass

I Much less tuning required (10−2 )



Non-anthropic Axion Physics with GUT scale decay
constants
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Non-thermal is the case on the Left.
Planck experiment: Isocurvature perturbations? YES.
Tensor Modes: NO.



LHC signatures

I Gaugino masses could be suppressed relative to mφ.

I Eg in the G2-MSSM model they are suppressed since the field
which dominates supersymmetry breaking is not a modulus
field.

I This might be true more generally in string theory since it is
likely that a non-modulus source of supersymmetry breaking is
required in order to have a vacuum with positive vacuum
energy.

I Will now assume the gauginos can be directly produced at the
LHC, as in the G2-MSSM



LHC predictions

I If the LSP is wino-like (as in most G2-MSSM models) then
the lightest chargino is almost degenerate with the LSP

I There will be ”short track-stubs” from the chargino (lifetime
at rest is about 5 cm).

I These will be present in some of the multi-top and multi-b
events as well as in ”direct chargino pair and
chargino-neutralino” events

I These latter require an additional jet to trigger, though the
pT thresholds are way to high now (at high luminosity).
These are hard to find!



Summary of ”Generic” Predictions

I The gravitino and moduli masses are of order 30 TeV:

I String axions have a non-fine tuned cosmology and make up a
significant fraction of dark matter W-ino like particles are also
a component of dark matter.

I Only one, SM-like Higgs with a mass around 115 to 127 GeV
will be observed at the LHC (122 - 129 GeV in M theory).

I Squarks and Sleptons will not be produced directly

I Gluinos, charginos and neutralinos could be produced

I The main discovery channel is gluino pair production with top
and bottom rich high multiplicity final states.

I A search with at least three b-jets, MET and a single high pT
lepton is one way to find evidence for such a signal at the
LHC.


