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Let B be a smooth weak Fano toric threefold induced by a crepant resolution
of a Fano toric threefold corresponding to a 3d reflexive polytope A° via an FRST.



We thank N. Hitchin for explaining to us the properties of Fano three-folds, and R. Schrock for discussions.
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We study compactification of ten-dimensional E¢ (X Eg) super-Yang—Mills theory on the coset manifold SU(3)/U(1)°. We
obtain a three generation SO(10) model without mirror fermions. The internal space admits both Kihler and non-Kiahler
metrics, but the correct fermion mass spectrum can be obtained only if the metric is Kahler.

my=23MeV, m.=10GeV, m;=395GeV, m3g=94MeV,

ms=219MeV, mp=52GeV, my=84.1GeV.
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It is shown how our previous work on lattice constructions of ten-dimensional heterotic
strings can be applied to four dimensions. The construction 1s based on an extension of Narain’s
lattices by including the bosonized world-sheet fermions and ghosts, and uses conformal field
theory as its starting point. A natural embedding of all these theories in the bosonic string is
automatically provided. Large numbers of chiral string theories with and without ¥ =1 supersym-
metry can be constructed. Many features of their spectra have a simple interpretation in terms of

properties of even self-dual lattices. In particular we find an intriguing relation between extended
supersymmetry and exceptional groups.



In four dimensions things are far more complicated. In the worst possible case we
have a lattice Iy, = (I;) X (D5 X (D)), which can be mapped to (I'), X D, X
(D-)%),, a euclidean lattice of dimension 88. A lower limit on the total number of
such lattices is provided by the Siegel mass formula [21] [22]

4k—1

);g(A)‘l = (8k) "By, ,-11 (45) "By, (5.1)

where the sum is over all even self-dual lattices of dimension 8%, and g(A) is the
order of the automorphism group of A. Because g(A) > 1 the right hand side 1s a
lower limit of the number of lattices (B,; are the Bernoulli numbers). For k =11
this number is of order 10***®! The requirement that A should contain D, X (D)’
with a triplet constraint will reduce the number considerably, but clearly this 1s not
a viable approach towards classification. It only tells us that the number of chiral
theories is finite, but most likely extremely large*.

* A more reasonable but less rigorous estimate can be made by observing that the 88-dimensional
lattice has (at most) 32 factors, so that combinatorically their classification should be similar to the
classification of even self-dual lattices of dimension 32 with D, lattices as building blocks. On the
basis of such an estimate one would still expect a very large number of solutions.



This was not a pointless exercise:
It was the only way to demonstrate that the total number of solutions was finite.

This is obvious for free-fermionic constructions.

It was not even obvious that the set of solutions was discrete:
Narain compactifications belong to the same class, and had Narain moduli.

But we understood that the Narain moduli were fixed by the requirement of
N < 2 space-time supersymmetry, which fixed the rightmover lattice.

This led to the misconception that there were no moduli at all; in fact they were not
even discussed in the paper.

But there were other scalars, which do give rise to moduli.



schemes in which they appear. In Calabi-Yau compactifications the moduli are
unavoidable, since one can always change the overall scale of the metric. In con-
trast, here any change in the radius of the free bosons in (2.12) would break the
N = 1 sub-algebra, and is thus forbidden by the N = 1 conformal gauge condi-
tion. Thus, the compactifications described here are inherently free of the moduli
problem. Unfortunately, there are tachyons in the theory (22), but presumably
these can be eliminated. We believe that further study of these theories will en-
able the constructions of models which are free of moduli and have a fully realistic

spectrum.
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Even self-dual lattice of dimension 8k

Dimension

Lower limit

Upper limit

Actual Number

8
16
24
32
40
48
06
64
72
80
88

2.870554085831864 x 10~
4.977181647677474 x 10718
1.587356093933540 x 1014
8.061846587120415 x 107

8.786162893954708 x 10°1

3.051507011767375 x 102!
1.276238439666753 x 10219
9.544539505706936 x 10346
9.613130349683812 x 10°%
5.862018298127880 x 107%
6.485314719426174 x 10929

1

2.4160839160839161
4.130854882089717 x 10'°
2.277750478211998 x 10°%
1.970535004851803 x 10!
2.665648986868395 x 101
1.634633237068218 x 10319
5.585108422305436 x 1044
6.949609601107582 x 103!
1.267986279010439 x 10343
9.307090939221263 x 101989
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2
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=
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Growth exceeds free (anti)-periodic fermionic construction of such theories.




Bug or Feature?



Perspectives ~1987

Conclusions of a talk in the Uppsala EPS Conference (July 1987)

The prevailing attitude seems to be that '"mon-perturbative string
effects" will somehow select a unique vacuum. This 1is unreasonable and
unnecessary wishful thinking. We do not know at present how to discuss such
effects, and have no idea whether they impose any restrictions at all. One
cannot reasonably expect that a mathematical condition will have a unique
solution corresponding to the standard model with three generations and a

bizarre mass matrix. It 1s 1mportant to realize that this quest for
uniqueness is based on philosophy, not on physics. There is no logical reason
why the "theory of everything' should have a unique vacuum. All we can

reasonably demand 1s that there exlists a consistent and stable ground state
which describes all physics correctly. The recent ''ground state explosion"
(which may well turn out to be just the tip of an iceberg), certainly enhances
the chances that such a ground state does indeed exist, although pessimists
will probably take a dimmer view of the recent developments.

CERN-TH-4807/87
Talk given in the parallel session on Superstrings and Supergravity. Conference: C87-06-25 (Uppsala EPS HEP 1987:0272)


http://inspirehep.net/record/966098

Perspectives ~1987

(non-pc version)

String theory has a huge anthropic landscape \/
(ensemble)
¢ Compactification is an outdated concept x

Quantum Cosmology and the Constants of Nature
Alexander Vilenkin (1998)

“The number of different compactifications in superstring
theories is believed to be > 104”




Sakharov, A., 1984, Zh. Eksp. Teor. Fiz. 87, 375 [Sov. Phys. JETP 60, 214 (1984)]

If the small value of the cosmological constant 1s determined by “anthropic selection,”
then it is due to the discrete parameters. Here A either is equal to exactly 0 in some
version or 1s extremely small. In the latter case we should assume that the number of
versions of the set of discrete parameter is large enough that the range of values of A in
the vicinity of the point A= 0 is quite “dense.”

This obviously requires a large value of the number of dimensions of the compactified
space and/or the presence 1n some topological factors of a complex topological structure
(such as a large number of “handles”) for some topological cofactors.



Joseph Polchinski

Memories of a Theoretical Physicist, arXiv:1708.09093

| told our postdoc, Sean Carroll, that if the CC turned out to be there, he
could have my office. It would mean that the anthropic principle was
here, and | would have to give up physics. | make a lot of comments like
this that | do not remember [...] But Sean remembered, and as he
iIntroduced me at a meeting two years later, he asked when he was
going to get the office.

As far as | know, this is the first paper written about string theory and the
anthropic principle, a real illustration of the power of anthropic denial.



Heterotic Strings



Heterotic strings in CF1

Bosonic
c=22

) e e

] ] e

I XH*  c=D=4

Internal CFT.
Must have c=9
and N=2 susy.

Es
" (+ ghosts)

SO(10)

c=13



Gepner models:
Use symmetric MIPF

SO(10) currents replaced by
operators of higher weight

e e e e

Gauge group H C SO(10); families are (16)’s

wﬁb
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Nucl.Phys. B330 (1990) 103-123
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With B. Gato Rivera (2010) Nucl Phys. B841 (2010) 100-129
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Heterotic Weight Lifting

Gato-Rivera, Schellekens, 2009



B-L Lifting
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Es splitting
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B-L Lifting

40000 [~
i . SU(5)
30000 [~
. SM,Q=1/2
i SM,Q=1/3
I SM,Q=1/6
20000 [~
10000 [~
O —




80000

60000

40000

20000

Es splitting

A4 © A4 @ (3,8,8,8)
A4 @ A4 & (3,3,3,3,3)
A2 @ E6 @ (4,4,6,22)

25



000

000

000

000

Permutations of Gepner Models
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Orientifolds



Combination (types) Total number Number searched SMs found Tadpoles solved

USUU (0+6) 187648179869355108 187171389940312068 1096682+49794 215846+4468 ~ 1014
UUUU (1+7)) 42766246654184825664 42730101309436185264 131704+1306 1280 + 0

USOU (2) 35594807811446520 21498035622653976 9474494 431633

UUOU (3) 2579563256116048068  720412912488220932 16891580 12533

USSU (4) 4486269786712304 2792296847030752 16227372 978200

UUSU (5) 187648179869355108 90192673747778532 1178970 5682

Total 45761187347637742772 43752168618082181524 45051902 1649642

Statistics of brane configurations

Dijkstra, Huiszoon, Schellekens Nucl.Phys. B710 (2005) 3-57

More general brane configuration search (but less complete search)
Anastasopoulos Dijkstra, Kiritsis, Schellekens, Nucl.Phys. B759 (2006) 83-146

From 8 chiral configurations to 19000!
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RCFT orientifolds with Standard Model Spectrum

Tim Dijkstra, Lennaert Huiszoon and Bert Schellekens

On this page you can search through all our supersymmetric, tadpole-free D=4, N=1 orientifold vacua with a three family chiral
fermion spectrum identical to that of the Standard Model. They were constructed in a semi-systematic way by considering
orientifolds of all Gepner Models (see Phys.Leit.B609:408-417 and Nucl.Phys.B710:3-57 for more information). Since the
publication of these papers all spectra have been re-analysed and checked for the presence of global (Witten) anomalies. A few
cases (less than 1%) needed correction. All spectra in this database are now free from global anomalies, and the total number is
211,634, slightly more than reported in these papers.

As explained in referenced articles the standard model gauge group can be realized in different ways (which we call types). In
addition to these factors, the gauge group usually has extra hidden gauge group factors. Chiral states with one leg in the standard
model gauge group are not permitted.

All these models of course have the same chiral spectrum for the standard model gauge group, except for the higgs-sector of
which we do not know how it is realized in nature.

These models then differ in multiplicities of the non-chiral particles, hidden gauge group, higgs sector coupling constants on the
string scale, and others.
To search for your favorite realization you can use the form below to filter our set with an condition. Example:

type==0 && nrHidden<2

You can consult a list of valid field names. Also much more complicated expressions are possible, see the syntax description.

Filter form

Two output formats are provided. The first only gives the number of answers, the second lists all the spectra satisfying the search
criteria. Be warned that output can be very large and take up to a minute to compile; at the moment we have 211,634 models in
the database, which means you can generate hunderds of MBs of output!

Filter condition

Output format
( Number of models 4) Filter




Condition: type==6 && nrhidden=0

sh: /project/theorie/t58/MSSM ARCHIVE/bin/filtersols test: /lib/ld-linux.so.2: bad ELF interpreter: No such file or directory



Perspective ~2006

In 2018 we will have

& General agreement on the existence of a huge (> 10159

dS landscape in string theory.

& Convincing arguments that the Standard Model, including its

parameter values, exists somewhere in that landscape.

¢ A map of the most fertile areas

& A positive or negative prediction of low energy supersymmetry.

X
X
X
X



What keeps us going?

“String theory is an ultraviolet complete theory of quantum gravity that is a strong
candidate for a unified theory of particle physics and cosmology”™

Carifio, Cunningham, Halverson, Krioukov, Long, Nelson, arXiv:1711.06685

¢ String theory “just works”
¢ Contains the Standard Model (gauge group and reps)

& Has a connected landscape of vacua




How will we know it is true?

Black hole physics
Principles of Weak Gravity Conjecture
Quantum Gravity Swampland Conjectures

L’ Type I, Type | (1971-1977)

Lo’ e Heterotic (1984)
& acmemmee String” Theory M-theory (1995)
4--"""" F-theory (1996)

Quantum

Cosmology
Landscape ds
Distributions :
Landscape Quintessence?
Anthropic
Distributions
Standard Model + BSM

A (+ Cosmology)

Nuclear Physics
Atomic Physics

Chemistry
Biology
Astrophysics




Is the landscape too small?

10272,000 (Taylor, Wang)
10501 (Polchinski)
10500 (Douglas,....)
1050 (Bena,....)

1 (Gross,....)

0 (Vafa,....)

Polchinksi: I have told Vafa that one of my life goals is to understand one of his papers, but no success yet.



The landscape is a humbling place....
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Is the landscape too large?

In the nice, cosy, Douglas landscape of a mere 10500 vacua we might still
hope that the standard model stands out as being the simplest one with
“atomic physics”: electromagnetism, a substantial set of charges, and a
hierarchy m < mplanck

U(1)  Simplest electromagnetic group

SUB) Simplest group to build objects with a large spectrum of charges and with
(almost) conserved baryon number (“nuclei”)

SU(2) Remnant of hierarchy



Two stack models

Y = QaQa =+ Qbe

// Ja, @»determined by axion couplings
2
(M, N, qq + @)
(A,1,2q,)
(M, 1, —qa)
(S, 1,2q4)
(M, N, q0 — )
(1, N, —q)
(1,5, 2q)
(1, A, 2q)

SU(M) x SU(N) x U(1)

(assuming unitary branes)

0N~ X OO



Nucl.Phys. B883 (2014) 529-580 with B. Gato Rivera

The Standard Model gauge group and family structure (N families) is the unique
solution to these anthropic constraints, within the set of two-stack models.

This generalizes to multi-stack D-brane models, but with stronger simplicity
assumptions.

But in F-theory?

E§7><Ff5 XG%QOXSU(Q)SQO

Carifio, Cunningham, Halverson, Krioukov, Long, Nelson, arXiv:1711.06685



Wrong landscape?

Is there a consistent, UV complete quintessence landscape that agrees
with all current data? (Sethi; Brennan, Carta, Vafa)

If so, how large is it?

Non-susy strings?



Swampland constraints on SM phenomenology

Constraining Neutrino Masses, the Cosmological Constant and BSM Physics from the Weak Gravity Conjecture
Constraining the EW Hierarchy from the Weak Gravity Conjecture

Ibanez, Martin-Lozano,Valenzuela

AdS-phobia, the WGC, the Standard Model and Supersymmetry

Gonzalo, Alvaro Herraez, Ibanez

Weak Gravity Conjecture, Multiple Point Principle and the Standard Model Landscape

Hamada, Shiu



Perspective 2018

Machine learning will eventually solve this problem...

But will humans still be involved?



"Humans are so cute
when they try
to comprehend
the landscape”

FZ3 sXpaacy * Civosicle Festarsa, 1964

“Ohhhh ... Look at that, Schuster ... Dogs are so cute
when they try to comprehend Quantum Mechanics”.



