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+ Violin: needs to be constructed
in such a way that the
oscillating strings produce the
right sounds

+ String compactification: twist
the string in such a way that the
excitations carry the quantum
numbers of the standard model
particles
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From strings to the real world?

+ Many popular attempts to connect strings with observation:
• heterotic orbifolds
• intersecting D–branes
• Calabi–Yau compactifications
• F–theory
• . . .

+ Only the first two are true string models
(but the others are believed to relate to string compactifications)

main theme of the rest of this talk:

orbifold compactifications of the heterotic string
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Challenges for particle physics from strings Introduction

From strings to the real world?

Where do we stand?

+ Free fermionic construction: 107 standard–like models
(all different???)

e.g. Faraggi, Rizos & Sonmez (2017)

+ F–theory

+ D–brane models: contradicting statements in the literature

+ Smooth Calabi–Yau compactifications: 2000 standard–like models
e.g. Anderson, Constantin, Gray, Lukas & Palti (2014)

+ Heterotic mini–landscape search: O(105) standard–like models
Lebedev, Nilles, Raby, Ramos-Sánchez, M.R., Vaudrevange & Wingerter (2007a,c)

+ Many more models can be found with the ‘orbifolder’
Nilles, Ramos-Sánchez, Vaudrevange & Wingerter (2012)

+ Complete classification of heterotic orbifold geometries
Fischer, M.R., Torrado & Vaudrevange (2013b); Fischer, Ramos-Sánchez & Vaudrevange (2013a)
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“However, despite the remarkable progress in F–theory model
building in recent years, a number of important conceptual and
phenomenological questions still remain open. In fact, to the
best of our knowledge, at present there is no fully satisfactory
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What is an orbifold?

bcb bcb

bcbbcb

+ An orbifold is a space which is smooth/flat everywhere except for
special (orbifold fixed) points

+ ‘Bulk’ gauge symmetry G is broken to (different) subgroups (local
GUTs) at the fixed points

+ Low–energy gauge group : Glow−energy = Gbl ∩Gbr ∩Gtl ∩Gtr
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What is an orbifold?

Strings on orbifolds

heterotic string field theory
untwisted sector =

strings closed on the
torus

extra compo-
nents of gauge
fields

‘twisted’ sectors =

strings which are only
closed on the orbifold

‘brane fields’ (hard

to understand in field–theoretical

framework)

bcb bcb

bcbbcb

+ (‘Brane’) Fields living at a fixed point with a certain symmetry appear
as complete multiplet of that symmetry

å E.g. if the electron lives at a point with SO(10) symmetry also u and
d quarks live there

Michael Ratz, UC Irvine Puerto Vallarta 2017 8/ 21



Challenges for particle physics from strings Heterotic orbifolds

What is an orbifold?

Strings on orbifolds

heterotic string field theory
untwisted sector =

strings closed on the
torus

extra compo-
nents of gauge
fields

‘twisted’ sectors =

strings which are only
closed on the orbifold

‘brane fields’ (hard

to understand in field–theoretical

framework)

bcb bcb

bcbbcb

+ (‘Brane’) Fields living at a fixed point with a certain symmetry appear
as complete multiplet of that symmetry

å E.g. if the electron lives at a point with SO(10) symmetry also u and
d quarks live there

Michael Ratz, UC Irvine Puerto Vallarta 2017 8/ 21



Challenges for particle physics from strings Heterotic orbifolds

What is an orbifold?

String compactifications with local SO(10) GUTs

4D space
–time

Michael Ratz, UC Irvine Puerto Vallarta 2017 9/ 21



Challenges for particle physics from strings Heterotic orbifolds

What is an orbifold?

String compactifications with local SO(10) GUTs

4D space
–time

6D internal
space

Michael Ratz, UC Irvine Puerto Vallarta 2017 9/ 21



Challenges for particle physics from strings Heterotic orbifolds

What is an orbifold?

String compactifications with local SO(10) GUTs

4D space
–time

6D internal
space

bcb

SO(10)
16

Michael Ratz, UC Irvine Puerto Vallarta 2017 9/ 21



Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

The mini–landscape search

Michael Ratz, UC Irvine Puerto Vallarta 2017 10/ 21



Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results

Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

Ñ solution to the µ problem

No
exotics

Lebedev, Nilles, Raby, Ramos-Sánchez, M.R., Vau-
drevange & Wingerter (2007b)

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21

http://inspirehep.net/search?p=Lebedev:2006tr
http://inspirehep.net/search?p=Lebedev:2006tr


Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results

Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

Ñ solution to the µ problem

Lebedev, Nilles, Raby, Ramos-Sánchez, M.R., Vau-
drevange & Wingerter (2007b)

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21

http://inspirehep.net/search?p=Lebedev:2006tr
http://inspirehep.net/search?p=Lebedev:2006tr


Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results
Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification
precision gauge unification (PGU)
from non–local GUT breaking

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

Ñ solution to the µ problem

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
log10 �Μ�GeV�

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Α
i

Α3

Α2

Α1

Raby, M.R. & Schmidt-Hoberg (2010); Krippendorf,
Nilles, M.R. & Winkler (2013)

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21

http://inspirehep.net/search?p=Raby:2009sf,Krippendorf:2013dqa
http://inspirehep.net/search?p=Raby:2009sf,Krippendorf:2013dqa


Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results

Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

Ñ solution to the µ problem

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
log10 �Μ�GeV�

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Α
i

Α3

Α2

Α1

Raby, M.R. & Schmidt-Hoberg (2010); Krippendorf,
Nilles, M.R. & Winkler (2013)

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21

http://inspirehep.net/search?p=Raby:2009sf,Krippendorf:2013dqa
http://inspirehep.net/search?p=Raby:2009sf,Krippendorf:2013dqa


Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results

Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

Ñ solution to the µ problem

��
��H
HHHu d d �

��HHHq d `

��
�H
HH` ` e ��

�HHH`Hu

y proton long–lived

y DM stable

Lebedev, Nilles, Raby, Ramos-Sánchez, M.R., Vau-
drevange & Wingerter (2007c); Kappl, Petersen, Raby,
M.R., Schieren & Vaudrevange (2011)

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21

http://inspirehep.net/search?p=Lebedev:2007hv,Kappl:2010yu
http://inspirehep.net/search?p=Lebedev:2007hv,Kappl:2010yu
http://inspirehep.net/search?p=Lebedev:2007hv,Kappl:2010yu


Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results

Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

Ñ solution to the µ problem

y suppressed ν masses

Buchmüller, Hamaguchi, Lebedev, Ramos-Sánchez &
M.R. (2007)

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21

http://inspirehep.net/search?p=Buchmuller:2007zd
http://inspirehep.net/search?p=Buchmuller:2007zd


Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results

Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

Ñ solution to the µ problem

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
log10 �Μ�GeV�

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Α
i

Α3

Α2

Α1

Αt

y realistic top mass

Hosteins, Kappl, M.R. & Schmidt-Hoberg (2009)

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21

http://inspirehep.net/search?p=Hosteins:2009xk


Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results
Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

scale of hidden sector strong
dynamics is consistent with
TeV–scale soft masses

Ñ solution to the µ problem

Lebedev, Nilles, Raby, Ramos-Sánchez, M.R., Vau-
drevange & Wingerter (2007b)

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21

http://inspirehep.net/search?p=Lebedev:2006tr
http://inspirehep.net/search?p=Lebedev:2006tr


Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results & “stringy surprises”

Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

Ñ solution to the µ problem

µ ∼ 〈W 〉

〈W 〉 � 1 from
approximate U(1)R
symmetries

y light Higgs

Kappl, Nilles, Ramos-Sánchez, M.R., Schmidt-Hoberg
& Vaudrevange (2009); Brümmer, Kappl, M.R. &
Schmidt-Hoberg (2010)

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21

http://inspirehep.net/search?p=Kappl:2008ie,Brummer:2010fr
http://inspirehep.net/search?p=Kappl:2008ie,Brummer:2010fr
http://inspirehep.net/search?p=Kappl:2008ie,Brummer:2010fr


Challenges for particle physics from strings Heterotic orbifolds

Results & “stringy surprises”

Results & “stringy surprises”

Ê 3 × 16 + Higgs + nothing

Ë SU(3) × SU(2) ×U(1)Y ×Ghid

Ì unification

Í R parity & ZR
4

Î see–saw

Ï yt ' g @ MGUT & potentially
realistic flavor structures à la
Froggatt-Nielsen

Ð ‘realistic’ hidden sector

Ñ solution to the µ problem


that’s what we
searched for. . .



. . . that’s what we
got ‘for free’

“stringy surprises”

Michael Ratz, UC Irvine Puerto Vallarta 2017 11/ 21



Challenges for particle physics from strings Open questions & challenges

Open questions & challenges

Michael Ratz, UC Irvine Puerto Vallarta 2017 12/ 21



Challenges for particle physics from strings Open questions & challenges

Issue 1: the ‘Landscape’

Issue 1: the ‘Landscape’

PRO

+ Hard to disprove

+ Seems to have suggested the
observed cosmological constant

+ Extremely convenient

CONTRA

+ There are observations that do not
have an anthropic explanation such
as θQCD

see, however, Kaloper & Terning (2017)

+ A new version of “why now
problem”: why did questions in the
old days have non–anthropic
explanations and only the newer
problems not?

Note:

Even if one believes in the landscape, one still needs to understand
the string models, i.e. construct at least some of them explicitly
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+ Example 2:

+ Question: how many of the Calabi–Yau and F–theory models are
truly consistent string models?

+ Question: are there additional consistency conditions at the level of
field theory that ensure that a given model has a stringy completion?

+ . . . obviously globally consistent string compactifications fulfill this . . .
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• freely acting Wilson lines are subject to modular invariance contraints
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e.g. Groot Nibbelink, Klevers, Plöger, Trapletti & Vaudrevange (2008)

• . . . these orbifolds can be blown up to Calabi–Yau manifolds. . .
• . . . but in Calabi–Yau model building there appear to be no analogous
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Issue 3: Did we already find the standard model?

+ There is a number of known constructions that have not yet been
ruled out

+ However, we are still very far from calculating, say, the electron mass

+ Would need to have better understanding of
1 Kähler potential Bailin & Love (1992) . . . Olguin-Trejo & Ramos-Sánchez (2017)

see talk by Yessenia Olguin–Trejo

2 Couplings at higher orders
3 Supersymmetry breaking
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Issue 4: Where is supersymmetry?

+ So far no sign of supersymmetry at the LHC

+ Should one focus on nonsupersymmetric string compactifications?
Kachru, Kumar & Silverstein (1999); Dienes (2001); Angelantonj & Antoniadis (2004); Dudas & Timirgaziu (2004); Dienes (2006)

Gato-Rivera & Schellekens (2007); Faraggi & Tsulaia (2008); Blaszczyk, Groot Nibbelink, Loukas & Ramos-Sánchez (2014)

Angelantonj, Florakis & Tsulaia (2014); Abel, Dienes & Mavroudi (2015) )

+ New ways to address the hierarchy problem?
Buchmüller, Dierigl, Dudas & Schweizer (2017a)

. . . but why has this been missed in the bottom–up approach?

+ Tension between non–supersymmetric compactifications and a
small cosmological constant

Groot Nibbelink, Loukas, Mütter, Parr & Vaudrevange (2017)
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+ Explicit string models typically have many scalar fields which have a
flat potential at the classical level

+ Nontrivial potential often gets induced nonperturbatively

+ Challenge: enumerate and compute the local minima

+ Moduli VEVs determine couplings of the low–energy effective theory
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Summary

+ Despite considerable progress we do not yet have embedded the
standard model into string theory

half full

half empty

+ Yet string theory does make some definite predictions:
1 all symmetries, including discrete ones, need to be anomaly–free

e.g. Witten (2017)

2 no crazy representations such as 126 of SO(10)
e.g. Dienes & March-Russell (1996)

3 geometric interpretation of all symmetries:
a continuous symmetries: properties of compact dimensions
b R symmetries: (dicrete) remnants of Lorentz symmetry of compact

dimensions
c flavor symmetries: ‘crystallography’ of compact space

+ New public codes make the analysis of string models more feasible

+ Some of the constructions on the market may belong to the
swampland
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Outlook

+ More insights by analyzing known heterotic constructions using
F–theory

+ Constructions without low–energy supersymmetry appear to
deserve more attention

+ New methods such as machine learning may lead to further
progress
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Muchas gracias!
Enjoy the conference!
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