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Begin with another anthropic coincidence:

We live in a string vacuum
(because string theory addresses all the basic issues)

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
oo derstand our string vacuum!




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?

* How do the fermion masses and their hierarchy originate?

* m,<mybut mamy,

* Why are neutrino masses very small?

These are what need

-

* Why three families? explaining

* Why little or no strong CP violation?
* Why is the universe essentially entirely matter?
* What is the dark matter?

* Whatis the inflaton?

=ocdh/hyy gauge coupling unification? Forces have commeon origin?




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

What does the landscape or the multiverse have to do with
earning about our string vacuum, and what we want to
understand?
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Seems to be “orthogonal” — 1B flux vacua, counting, do not seem
to affect any understanding of the issues above — seems to be
many egquivalent vacua with any given set of phenomenalogical
properties

In constructing any particular vacuum, do not 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!




Most of rest of talk — pursue the 2™ 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
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* Briefly discuss superposition of vacua to explain why CC is not large -
Bloch spectrum —relax to lowest state — gives a different inflation
approach, predictive
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Compactify M theory on 7D manifold with G, holonomy

, stabilize moduli and generate lev scale

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,,"~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

r A-.q. 1 Id-l I:““r"‘ .'l - = Taleta -~ i ™ 1 W -: - =
) | w |\ L &\ ; I'I,I _,_l'rﬁl_ll: - It A \
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Earlier work on M theory/G,

- 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)=2SM)
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 Gukovy, th/0409101

e lukas, de Carlos et al, th/0606286; th/0411071; th/0409256
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Compactify M theory on 7D manifold with G, holonomy

— break susy, stabilize moduli and generate TeV scale

L

— 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,,"~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

_ gnatures, embedding SM matter
, =“rc;15i'-;. CPV, baryogenesi
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Earlier work on M theory/G,

- results relevant for realistic matter physics such as existence of non-
abelian gauge fields and chiral fermions; general form of Kahler
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Yukawas.
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Our work:

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

— Generate the EW scale in a unique metastable de Sitter
vacuum with spontaneousSHSY_

I

— Results consistent with standard gauge unification (M__.~ 10%® GeV]
— Assume a natural GUT visible sector breaking to MSSM chiral

spectrum —phenomenclogical predictions, e.g. for LHC and DM,
oasically unique

Only dimensionful input —the Planck scale !

Presumably can combine this with earlier work on matter
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Our work:

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

— Generate the EW scale in a unique metastable de Sitter
vacuum with spontaneousSHSY_

s G o~

— Results consistent with standard gauge unification (M__.~ 10" GeV)

— Assume a natural GUT visible sector breaking to MSSM chiral
spectrum —>phenomenoclogical predictions, e.g. for LHC and DM,
oasically unique

Only dimensionful input —the Planck scale !

Presumably can combine this with earlier work on matter
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RINGY
* 7 compact dimensions form a space with G, holonomy,
oreserves N=1 supersymmetry in 4D

LA

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

* |nthese vacua, non-Abelian gauge fields localized along 3D
submanifolds at which there is an orbifold singularity

* Chiral fermions localized at points at which there are conical
singularities

* Generically two 3D submanifolds do not intersect ina 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
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A set of Kahler potentials, consistent with G, holonomy and
known to describe some explicit examples, was given by
Beasley-Witten th/0203061; Acharya, Denef, Valandro
th/0502060, with

K =-3In(4z"" Vy

N N
Vy=]]s" with } o;=7/3
ra—

— —

The a, are rational numbers.
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Assume hidden sector gaugino condensation
TaLge Kneiic funcion

=
W= ? _-Lf'é"-:ll‘
¥

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

0,=21/c, where ¢, are dual coxeter numbers of hidden sector gauge groups - A, are
constants of order unity, and depend on threshold corrections to gauge
couplings, some computed by Friedmann and Witten
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The gauge kinetic functions here are integer linear combinations of
all the moduli (Lukas, Morris th/0305078),

f:. = Z ﬁ\.'f' s

-':1

The microscopic constants a, by, A,, N. are determined for a given
G, 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
<inetic functions are equal (the carresponding three-cycles are in the same
homology class)
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Include massless hidden sector quark states Q with N_ colors, N;
flavors N,:<:N - then \ffleck, Dine, Seiberg P

- —-__.___-,- L

W= A4, derf0Q) T = A16°

| define an effective meson field

E 1”1%)(2 ) Oné .
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The N=1 SUGRA scalar potential is then given by:

- r ) i } = -._;l |__' — «¥) 3 'I-_. - I_'.' ; i — : —-..-. ”_"' I"' = ik
I = —[([E Az BP0 o J2Azp~ 00 € 4 9h b A, Aol 01 TOIM 0
BVt -

\1'
T 1| ||" : » 'il ITT HT l'|]'1 ‘-‘l:l_}- ¢ '-"."1. (0 1 ,'..-' :1: _-_1_ E § r][ B h :1-: | ’ =1t 1T 00 i

—

: - = )} e _Nen = | e a .—:—-1--'-.,-' e
¢ cos{ [ by - N -t+af)) +3(A: €+ A + 241490 T 101
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* (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 arder [P,Q ranks of hidden sector gauge
groups]

.‘:. .-

{LJI_P- Dln'—' {; I ” lLE i k l-"-'.)_LPJ

- , T

‘unique” for a given set of mlcroscopic parameters.
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* |eading order condition for energy density at minimum to be
positive easy to satisfy = deSitter minimum, metastable

S 28

3— - <0

A

)

» equality makes potential vanish at minimum —2

g X ,} N
pugf 0] 27

(AP) 30-P)-8

-~ 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 P < 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(A,P/A,Q) -~ 3-8, so A,P/A,Q large
-- Depends on threshold corrections at string scale

— computed by Friedmann and Witten for one Len’s space,
SU@3)/z,

—can do it, but very tuned — need q large

— Malcolm Perry recently got interested in computation and
nas carried it out for several Len’s spaces — work underway to
calculate P4 for those
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P(SU(N))=N
P(SO(2N))=2N-2
P(E6)=18
P(E8)=30

So need log(A,P/A,Q) -~ 3-8, so A,P/A,Q large
— Depends on threshold corrections at string scale

— computed by Friedmann and Witten for one Len’s space,
SU(3)/Z

—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 P4 for those
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Compute GRAVITINO MASS

_. |p -2 ‘f’ 80 2 __ 5 2 (TN\?
m -|:.lr ﬂj:;_{; —@ —l | : = J g e l‘_ e
'J l \ ) [_;—f i o\ 9 )
where the meson Vev Is DOW given I'_TT
1 | ‘ ‘ '
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COSMOLOGICALCONSTANT?

No solution in G, vacuum (or presumably in any particular vacuum)

Can we still do meaningful phenomenology?

_____
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COSMOLOGICALCONSTANT?

No solution in G, vacuum (or presumably in any particular vacuum)

Can we still do meaningful phenomenology?

-, - 4= . - 4 P -
—l =— — — - — -
s

- S E—— . . 4= - - ey e e e O] e o ol e

- - - - - - o -
= 4 . . - - . PR . -

-
4= S 4 -

: 08090047




Condition from setting CC to zero at tree level seems
to imply a relation between small CC and My, ~ TeV

- do not have to independently tune CC to be small
and M, to be ~ TeV |

: 08090047




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

* With same assumptions as used so far, get

1 r

- L+ D\ | { 1,0 "3/2
D A1¢ 10— | ! D _ ] —
Plog|5,5) \ ° WP log (53,
e

* Independent of SM or hidden sector gauge kinetic functions and
details of internal manifold (3;) and number of moduliN

W

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

ﬁ; } leﬂ

M= - l+—+——= ) xmap ~—€ "0.04 x mqy
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* Anomaly mediated gaugimo masses

{ I'(1 ¥ .S -{] pLle. Daldlil © i - |- 11 -:
() =——2=-{3€, Y ¢z W+ €, T e " FK,, +2Y €2 F6 K,

—Note depends on @ — potential contributions from KK threshold
effects zero here

*Lift the Tvpe IIA Kahler potential (Bertolim et al th 0512067) to M-

theory.
Lap = Oa—.._«]:[ i if( 2°) ‘ tan (:rt&{. f]: cZ(s.)
;_ CC ICVC 14 dll [Tl SULISC COMt I ame Size
| ~dl1CT ' w L= 4 g 1= L
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High scale gaugino masses — not universal

200 \ i
P _-_‘_-—q . |
\W
— D
— M,
G . Greyregion favored
- ~ by precision gauge e
o5 =5 - - = - ; -
s T
*%D ™ -
M2 =50TeV. §=3 - d
L _
25.5 26 26.5 27 27.5 23

Note M2 smail so wino LSP M3 runs to
be larger at low scale
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High scale gaugino masses — not universal

> """‘——-_‘_‘ . |
hq--H-—-h-h—---h_-jii;-*--h-""“-‘-i
- 0
— M,
> | ﬁﬁ'm'-—a ==
8 . Greyregion favored R
— ~ Dbyprecision gauge ~.
@ ~200 | I'*-H_.. . , . - 4
s _ -~ coupling unification o |
-400 | -
Mz =50TeV, =3 = |
1
25.5 26 26.5 , 27 27.5 28
. | Qynif
Note M2 small sowino LR M3runsto S8 Db

be larger at low scale
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High scale gaugino masses — not universal

200 E-""'*--n--n—-.-q-—a—-—n—-—-_;.*—-__-__ 1
i h___. . |
\M’\
= 0
+ | e =
0! | Greyregion favored - 4
— -~ byprecision gauge —~ :
@ -200 Sl - ]
= | == |
-400 | -
Mz =50TeV. §=3 )|
M,
25.5 26 25.5 27 27.5 28

Note M2 small so wino LSP M3 runs to
| be larger at low scale
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High scale scalar masses

7
I

] 9 2 T
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« If we require zero CC at tree-level and 0—P =3

m, = m,, { —mz ul sin’ (2607 )+ Py sinldad” )21y sin(2" )}}

%’ '111 IS¢ L ui-‘_";‘.*_-.' :-:lt.";';l;';l'ri ﬁ?a ~ mS_,E
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* gluinos produced, o-- few pb

* RGE running from M;, and scalar scale gives lightest stop
significantly lighter than other scalars (few TeV), so it dominates

gluino decay
f\, P ~ ~ ,___:_ ~J
» i] ~ -'Lq i Heoal ' 0 Cr = W=
.-Ir‘:. ) _| P 4 _: : J

eSo N ;P: mm';;;‘;f ,}im‘% (.’w?-@(% 7[51

e Also Seml

v
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Assume tuning allowed — naively need - 10°° 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 ~- 10*°® —- 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

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




Assumed some LHC signal — supersymmetry only interesting one
since it can connect the EW, TeV scales with the “Planck” scale

Supersymmetry has an “ultraviolet completion”
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* What stabilizes the hierarchy between the weak and Planck scales?
* Supersymmetry? How is it broken?

* Why is M, so small

* Why our forces [SU(3)xSU(2)xU(1)] and our fundamental particles?
* How is the electroweak symmetry broken?

* How to the fermion masses and their hierarchy orginate?

* M,<my4but mom,, Red, plus LEP/Tevatron
light Higgs, and no effects
BISM point to

* Why three families? supersymmetry

* Why are neutrino masses very small?

* Why little or no strong CP violation?

+* Why is the universe essential

(b

y entirely matter?
« Whatis the dark matter?
* What is the inflaton?

: 08090047
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What can we calculate in our string vacuum?
— measure a few things, calculate some, understand list
— also calculate CC? small? Value?
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Now turn to a phenomenological approach/framework to early
universe cosmology, in which quantum fluctuations

o could give a small positive non-anthropic cosmological constant,
and

o could give satisfactory inflation without scalar field inflatons

— several major assumptions

— first summarize approach and examine if phenomenologically all right
—then hope to fill in top-down derivations of assumptions

- summarize issues and obstacles

— unconventional
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hep-th/0311152 GK, Perry, Zytkow

— basic idea, coherent wave function of the universe over many
vacua, quantum mechanics = Bloch band structure — field
theory calculation

hep-th/0407217 GK, Perry Zytkow
— de Sitter two well tunneling

hep-th/0610054 Adams, Watson, GK, Perry
— inflation from quantum fluctuation energy densities in Bloch levels
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OVERVIEW

As inflation begins universe in approximate deS space so vacua do mix — not exact
deS because of radiation from inflation beginning (e.g. something like

Brandenberger-Vafa winding mode annihilation) —these set initial conditions for
inflation, not entire story

Imagine ge**e**l supcrp sition of many string vacua with e.g. compact C-Y or G2
aces, all having Standard Model gauge group, chiral 1‘=rr*1 ons, but many
features of ¢ mpca space can be different —wave function of universe cannot

oe forced into one vacuum

Like Bloch’s theorem for crystal — get band structure — fluctuations put universe in
levels with high energy density — it relaxes down to ground state —N levels
suggests p~ p; /N

[or, think level repulsion]

-- accompanied by emitting graviton, massless mode pairs, more radization]

While in top level (e.g. for a few planck times) scale factor grows —in next lower

UWE

evel for a few planck times and s aefac [Or Srows, bL.L!es:mf‘ech ler — etc

Inflation effectively ends naturally after ~ hundred levels since little further growth
of scale factor —graceful exit —technically ends when p_; > p, fyc:
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Basic NR quantum theory approach —to illustrate

Particle of mass m moves in periodic potential
l' Y= ]il | —eosi2nr))/2

* Bottom of each well looks like SHO with W=y, I7<Va/m.

« With one well would expect ground state energy ~/.,/2 but real ground state has
wave function non-vanishing in all wells — can calculate allowed energies with

instanton methods — trial Bloch wavefunction ==X
o Consider Mo, = Wle-HT/RG  Mpy — 08 - fle 2O/
o W o en
* Evaluate by WKB = energy spectrum Elf) = — - 28K cosfe™"

* (Calculate K, lowest level ~ 0

E
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OVERVIEW CONTINUED

If in AdS space no connections between vacua, so mechanism turns off, so lowest level still
deS—don’tknow encugh to calculate whether lowest level ~ observed dark energy, but
expect its energy density much less than quantum fluctuation level of particular vacua—
ifp., ~ H?M,,> then need N+~ 10°° in superposition at beginning—wave function
samples many vacuasa it will end up in vacua with small or smallest positive energy
density

Decoherence from radiation, gravity interactions, etc—end up with smaller superposition—
connections of vacua suppressed as universe cools—we live in a string vacuum, but
orobably a superposition of “symmetry” eigenstates

Inflation very different from usual description—NQ SCALAR FIELD INFLATONS —hot— ends
naturally after few hundred planck times— no reheating, initial plus gradual radiation
during relaxation —hot radiation filled universe emerges - enough efolds — density
fluctuations OK

In addition to assumptions, basically one parameter I for decay width of levels — initially take
constant

—if I too small just stays in top level, inflation does not turn off

—if I too large decay too rapid, not encugh inflation

— get nearly scale invariant spectrum of density and tensor perturbations
—later allow I' time dependent, calculate T

: 08090047

No unnatural parameter fine tunings—e.g. naive I' can work
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Radiation (gravitons. massless string states) emitted from
transitions to lower levels, plus initial amount
Inflation ends when ps = prea. @and pa = paoe™ .

SO Pradend ~ j—’.Lny_L o

Number of efolds about Hr..; ~ 60. SO pragand ~ pace™

) ST
3 = E (pA + P¢).
{ :":','
~ et
pr = —Lpa.
.'-‘,, = - IH-,J,. 5 [-.;1_1.

— Radiation can be helpful in avoiding overshoot problem for
s StaRINZING moduli [Brustein, de Awis, Martens th/0408160]




Basic NR quantum theory approach —to illustrate

Particle of mass m moves in periodic potential
Viz) = Voll - cos(2rx))/2

* Bottom of each well looks like SHO with W=y I7<Va/m.

» With one well would expect ground state energy ~/A.;/2 but real ground state has
wave function non-vanishing in all wells — can calculate allowed energies with

instanton methods — trial Bloch wavefunction ==X
T =7l ’ —FIF E' ﬁ
* Consider Mu,o = ((le~21/04 Mo g — 0l — Bl L
E :
* Evaluate by WKB -2 energy spectrum Eif) = — - 95K cosfe>*"

.}

* (Calculate K, lowest level ~ 0

E

B
; AF — shkKe—

. )

: 08090047




For our case:

* Minima not points in physical space, rather particular (e.g. Calabi-
Yau) spaces corresponding to a particular vacuum state — each has
SM gauge group, approximate couplings, three famililes etc but
different hidden U(1) charges, interchanges of moduli in gauge kinetic
function, brane-antibrane pairs, etc

* Usual use of instantons is as mechanism so universe can start in some
vacuum and evolve to a different one — here not spacetime tunneling
but a mechanism for a non-perturbative calculation of the energy
spectrum

: 08090047




Generalize to field theory

Energy = energy density

Eigenstates of Hamiltonian will have wave functions spread out over
many minima — Hawking-Moss tunneling removes degeneracies,
pushing levels up and down repeatedly

Suppose potential consists of d-dimensional hypercube lattice of
minima in field space — d determined by which minima can
communicate with each other via instantons (not usual tunneling) -
separate 6 for each direction — repeat calculation

= Py

. - -
',u'-""?,* — —'}vi,_ﬂmH,;
Lokl g A '

ay i - ﬁ
Soground state  fin = — 2Ade

* Cannot calculate p,,, yet, assume small

: 08090047




Superpositions, decoherence

: 08090047

As inflation begins, in 4D world — wave function is
superposition of states with Standard Model, trace over many
unobserved degrees of freedom of 6D or 7D world, string
excitations, KK modes from compactification, U(1) charges,
etc, etc

Degeneracies are surely present, not enough known about
string vacua to give up

Two issues — early superposition — late coherence, as inflation
ends

If late transitions rapid enough perhaps they preserve the
superposition properties as a relic of the superposition era

Dienes, Thomas arXiv:0806.3364




COMMENTS AND CONCLUSIONS?

U Understanding our string vacuum, i.e. calculating the most
important observables, seems to require a large number of vacua
with same low scale effective theory — one part of “multiverse”

—10%° (10% ?) seems consistent with total size -~ 10w hundrec
[ String theory testable in our string vacuum — many testable

oredictions— like F=ma

1 In string theory multiverse can have implications for conventiona

observables like LHC ones
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COMMENTS AND CONCLUSIONS?

- Understanding our string vacuum, i.e. calculating the most
important observables, seems to require  large number of vacua
with same low sczle effective theory —one part of “multiverse”

—10% (10* ?) seems consistent with total size ~ 10w hundr=d

<l String theory testable in our string vacuum —many testable
predictions —like F=ma

< In string theory multiverse can have implications for conventional
observables like _HC ones

-l Reductionist— string theory provides a meaningful ground state
from which we can build up all we see —espresso, dinosaurs, stars,
galaxies... - emergence, but no mysteries —forces, particles emerge
as go to 4D from 10D, big bang, hadrons, atoms, etc— “meaningful”
reguires multiverse
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