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Why string phenomenology”

- String phenomenology aims to embed the SM of Particle Physics and
Cosmology within string theory, providing a UV completion for both that
also includes Quantum Gravity

- Because string theory is rather complex and rich we do not have a clear
or unique prescription on how to achieve this goal

ELEMENTARY The Big Bang
PARTICLES

DARK
I 75% engrGY

Three Generations of Matter

NORMAL
4% MATTER




Why string phenomenology? ... and How?

- String phenomenology aims to embed the SM of Particle Physics and
Cosmology within string theory, providing a UV completion for both that
also includes Quantum Gravity

- Because string theory is rather complex and rich we do not have a clear
or unique prescription on how to achieve this goal

[So how do we Proceed?]

1. We need to fully understand the theory before trying to connect it
with the real world

2. With our current understanding we try to get as close as possible
to these SM and realise them as effective theories of string theory



Why string phenomenology? ... and How?

- String phenomenology aims to embed the SM of Particle Physics and
Cosmology within string theory, providing a UV completion for both that
also includes Quantum Gravity

- Because string theory is rather complex and rich we do not have a clear
or unique prescription on how to achieve this goal

[50 how do we Proceeci?]

1. We need to fully understand the theory before trying to connect it
with the real world

With our current understanding we try to get as close as possible
to these SM and realise them as effective theories of string theory

[ string Plﬁenomenologist go for oPtion #2 J




The quest for the Standard Model

QUCS’CiOﬂ: [ Canwe reProcluce tl’we SM grom string theorg’:’ ]

- To answer this we need to focus on a region of the theory which is under
control, and try to reproduce our universe as a string theory vacuum
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The quest for the Standard Model

QUCSﬁOﬂ: [ Canwe reProcluce the SM from string theorg? J

- To answer this we need to focus on a region of the theory which is under
control, and try to reproduce our universe as a string theory vacuum

* For the SM of Particle Physics many “ingredients” are needed

Four observable dimensions

3 Quarks & Leptons generations Spontaneous EWSB

SU(3) x SU(2) x U(1) Chirality

Gauge coupling constants Yukawa couplings



The quest for predictions

- From the 10d viewpoint string theory is rather unique, because its ’U\ 19 o
different versions are related by dualities. However, there is a myriad of 5 ) s O
n

possibilities to construct effective 4d theories by compactification LOL

- As aresult, even if we know how to construct semi-realistic 4d vacua,
there is not a definite consensus nowadays on how to obtain a prediction
from string theory

Xint




The quest for predictions

- From the 10d viewpoint string theory is rather unique, because its ’U\ 7‘6 e
different versions are related by dualities. However, there is a myriad of 5 &0?
possibilities to construct effective 4d theories by compactification n35

\/&
- As a result, even if we know how to construct semi-realistic 4d vacua,
there is not a definite consensus nowadays on how to obtain a prediction

from string theory

different approaches:
[ pproaches: |

a) We focus on a set of vacua that we particularly like and we try to
obtain a whole bunch of BSM predictions from it

b) We try to get an overall picture of the BSM features of 4d vacua,
as well as the kind of scenarios that they generate

c) We take and statistical approach on the ensemble of string vacua
and try to extract predictions from statistical correlations and from
the percentage of vacua with a certain property (e.g., small A)



3+1 strategies for (3+1)d physics

Buil&ing vacua




3+1 strategies for (3+1)d physics

Vacua statistics
: Y




3+1 strategies for (3+1)d physics

Generati ng scenarios




3+1 strategies for (3+1)d physics

Gauge~gravit9

S-Dimensional anti-de Sitter spacetime

Conformal fields Hot radiation



The quest for predictions

- From the 10d viewpoint string theory is rather unique, because its
different versions are related by dualities. However, there is a myriad of
possibilities to construct effective 4d theories by compactification

- As a result, even if we know how to construct semi-realistic 4d vacua,
there is not a definite consensus nowadays on how to obtain a prediction

from string theory

[ different aPProaches: ]

Buildi
a) Building vacua for each of these approaches,

b) Vacua statistics it is important to understand
which vacua lead to realistic
4d theories and how close

+ we can get to them

d) holography

c) BSM scenarios



Builcling vacua




Building vacua

e (Classical strategy:

+ Search for more and more realistic models, until finding a vacuum
reproducing empiric data and able to provide testable predictions

+ Once found, see which insight it may give over the SM and ACDM,
as well as over their problems and puzzles

+ Wonder if there is a dynamical vacuum selection mechanism in favour
of this vacuum with respect to others

Most of the effort in string phenomenology up to today has been devoted to
the first point. A recurrent question is...



Which superstring is the best?
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D-branes and dualities

- Dp-branes: solitonic objects that appear in 10d
superstring and supergravity theories

11 dim’l
SUGRA

* In string theory, described as p+1 dimensional
hypersurfaces where open string endpoints are

confined Potedinali G5

Heterotic

- Leads to the general picture:

" Heterotic

S0(32)
confined @
(p+1) dim. ™\_ unconfined
gauge theory 10 dim. web of dualities
gravity

connecting different
string theories

Wetten 95
2nd string revolution
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From strings to Particle Physics




Two main approaches

* The “top-down” approach

* One considers a large class of vacua, and then restricts them to those
vacua with realistic 4d effective field theories

 Classical Example: early SM search in the heterotic Dnnddelns ot al, 56

* The “bottom-up” approach

) We build a gauge sector containing the SM
* Made of two steps:
i) We embed this sector in a fully-fledged
compactification including gravity

i) / i)
< Aldazibal et al. 00

X
CY,

D3

D3




Two main approaches

* The “top-down” approach

* One considers a large class of vacua, and then restricts them to those

vacua with realistic 4d effective field theories

 Classical Example: early SM search in the heterotic

* The “bottom-up” approach

u@3)

2 ‘QR

U(2)

U(l)

BLOW-UP

Uu(l)

Candelas et al. ‘56

Makes sense in D-brane models, since these
localise gauge theories and much of their data

(local models)

Aldagdbal et al. ‘00



Models and Geometry

e For any of these approaches there is a geometric 10d description of the
4d effective field theory quantities, specially in D-brane models

* The more robust the 4d quantity is,
the more it is its geometric description

Four observable dimensions
Gauge group SU(3) x SU(2) x U(l)y
Chiral Fermions

3 families of Quarks & Leptons

Gauge coupling constants

Yukawa couplings



Models and Geometry

e For any of these approaches there is a geometric 10d description of the
4d effective field theory quantities, specially in D-brane models

* The more robust the 4d quantity is,
the more it is its geometric description

Four observable dimensions
* The key property is chirality:

models are usually classified Gauge group SU(3) x SU(2) x U(1)y

in terms of how it is obtained
[Chiral Fermions j

3 families of Quarks & Leptons

Gauge coupling constants

Yukawa couplings



Models and Geometry

e For any of these approaches there is a geometric 10d description of the
4d effective field theory quantities, specially in D-brane models

* The more robust the 4d quantity is,
the more it is its geometric description

Four observable dimensions
* The key property is chirality:

models are usually classified Gauge group SU(3) x SU(2) x U(1)y

in terms of how it is obtained
[Chiral Fermions j

3 families of Quarks & Leptons

* The hardest quantity to reproduce
are the Yukawas

Gauge coupling constants




F-theory

e A quite promising novel class of vacua are those
based on F-theory local models

e Cousins of D-brane models
e Bottom-up approach /

 Realise gauge coupling unification | T\
via GUTs - BULK
| BLOW-UP

bu " / N 'o P ve)

UE) uQ)



What have we learnt lately”?

String/M-theory

String phenomenologists




b- L7t g Cf - uB)
The type lIA insight }WL

d- Leptonic

I

U2)
e Type lIA vacua describe the most relevant features of a model in a very

intuitive and pictorial way.

a- Baryonic

* Example: chiral fermions from internal intersections — family replication

[ 3 families J




b- L7t g Cf - uB)
The type lIA insight jWL

d- Leptonic

O

: ) ua),
e Type llA vacua describe the most relevant features of a model in a very

intuitive and pictorial way.

a- Baryonic

UR’DR

e This has allowed to conceive new kinds of models, and to better understand
their 4d effective theories.

e Recently:

e D-brane instantons

hierarchy of couplings

e Discrete gauge symm.




Instantons and discrete gauge symmetries

* D-brane instantons are the only effects that break the global U(1) symmetries of
D-brane models, and can generate neutrino Majorana masses, forbidden at the
perturbative level by lepton number conservation

—27nT T =p+ig ‘g&‘mm Cuctic, Weigand 06
Vaiies & Unanga ‘06

VRVR Mse




Instantons and discrete gauge symmetries

* D-brane instantons are the only effects that break the global U(1) symmetries of
D-brane models, and can generate neutrino Majorana masses, forbidden at the
perturbative level by lepton number conservation

—27nT T =p+ig g&gmenéam Cuctic, Weigand 06
Vaiies & Unanga ‘06

* In general they can break the U(1) completely or to a Zx subgroup

VRVR Mse

1 ’
Lgtk = §(d¢ + kA) Berasaluce- Gougales et al. 'l

* |If k is non-trivial, they still have to preserve a residual Zkx gauge symmetry
= some couplings are forbidden at all levels

Tree level Yii
Non-perturbative Yik e27

Forbidden 0




The type |lIB strength

4 f*gaugino condensate
F AO-involution

D3-branes

e Type |IB models provide a unique framework to combine particle physics
model building with the program on moduli stabilisation & string cosmology

e Singularity model building well developed. Important to understand the

global completion of local models

| € h\"\/ . - -
O -
. @( W
: — AT
: D7 || My
,-03 / D3 / /

/—\ Balasabramanian et al, 12
) Cicole et al. 15
":_l \\
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The type |lIB strength

Type |IB models provide a unique framework to combine particle physics
model building with the program on moduli stabilisation & string cosmology

Singularity model building well developed. Important to understand the
global completion of local models 2 sl ot al. 12
Cicole et al, 15

Most popular settings for dS vacua

* KKLT

e Large Volume Scenario

Both need of anti-D3-branes to uplift
from AdS to metastable dS4 vacuum

Ongoing debate on whether anti-

D§~brane vacua are metastable




Type lIB and SUSY breaking

e Type IIB models are also particularly suitable to analyse SUSY breaking
effects on particle physics models

* Flux-induced SUSY breaking soft terms can be computed microscopically
on D7-brane models — flavour dependence Camara ot al, ‘0813

* D3-brane at singularity models may present the feature of sequestering
— microscopic understanding still to be developed Blumenbagen ot al, 09

Aparicio et al, 14




The power of F-theory

- F-theory provides the most direct strategy to build GUT models with
universal features, thanks to the bottom-up approach

- New mechanism for GUT-breaking: hypercharge flux Donagi & Wenjhole OF
— new possibilities for doublet-triplet splitting Beasley, Fechman, Vaja 08

- Large top Yukawa and hierarchical mass spectrum O(1), O(e), O(e?)
- Rank 1 Yukawas via topological conditions et et al. 10

- Non-perturbative effects increasing the rank
Z. . & Mantuce 10

« Deviation from 4d GUT relations thanks to
hypercharge flux dependence of masses: Y: = Yo

- Good fits in MSSM-like scenarios with large tan 3
Regalade ez al. 15 (arta et al. 15




What are the open questions?




The String Landscape

- Is there a landscape with... ?
- Reasonable cosmological constant

- Standard Model spectrum

- If no, which dynamical vacuum selection
principle are we missing?

- If yes, do environmental/anthropic
selection principles play a role in
explaining observable physics?

To which quantities do they affect?




Other open questions

Why is de Sitter so hard to get?

What is the SUSY breaking scale?

* Low

* Intermediate

* High

What is the most natural string scale?
|s gauge coupling unification favoured?

Which input does the Higgs mass give?

Small vs. large field inflation




Strings and SUSY

Standard particles SUSY particles




What is the string scale”

e The string scale Ms is in principle the only free parameter of the theory.
It is chosen depending on the string scenario

* Pre D-brane scenario: gravity and gauge interactions both propagate over Xe
— realistic 4d couplings fix Ms ~ gym Mp and Mkk slightly smaller
— we need SUSY in the TeV - Ms range to address the hierarchy problem

e D-brane scenario: allows to dilute gravity Ms ~ gym Mp [V./gs] /2

— we can lower the Ms down to the TeV Autoniadis et al. ‘95
— no need for SUSY, even at Ms

e Light Z’ bosons

* Effects on SM amplitudes from exchange of Regge resonances or KK modes

Aucthorndogui et al, 09-14

e Black hole production




TeV string scale”?

LQ1(gj) x2
LQ1(ej)+LQ1(v))
LQ2(yj) x2
LQ2(uj)+LQ2(v))
LQ3(vb) x2
LQ3(tb) x2
LQ3(1t) x2
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Single LQ2 (A=1)

RS1(jj), k=0.1
RS1(ee,up), k=0.1
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RS1(WW—4j), k=0.1

0 1 2

CMS Prelimina
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a
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Large Extra
Dimensions
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CMS Exotica Physics Group Summary — Dec Jamboree, 2015

Ms > 7 TeV




Strings and supersymmetry

In the most elaborated models, however, SUSY is lurking at some scale

This is not so surprising because after all SUSY is a fundamental symmetry of
string theory, and as such it should be present at some scale, even if very high

In fact in many moduli stabilisation scenarios that include gravity, supersymmetry
IS necessary to guarantee vacuum stabillity, and to avoid tachyonic modes.

Typical scenario: supersymmetry is broken spontaneously in the gravity sector
via background fluxes and other ingredients (np effects), and this generates soft
terms on the MSSM brane sector of the theory

e D3
[ J

S

D7




Strings and supersymmetry

In the most elaborated models, however, SUSY is lurking at some scale

This is not so surprising because after all SUSY is a fundamental symmetry of
string theory, and as such it should be present at some scale, even if very high

In fact in many moduli stabilisation scenarios that include gravity, supersymmetry
IS necessary to guarantee vacuum stabillity, and to avoid tachyonic modes.

Typical scenario: supersymmetry is broken spontaneously in the gravity sector
via background fluxes and other ingredients (np effects), and this generates soft
terms on the MSSM brane sector of the theory

« KKLT scenario: Ms ~ 10'® GeV and Wo /Mp3 ~ 10-1°

« LVS: Ms~ 10" GeV, V ~ 107 = Wo /Mp° ~ 1




From strings to Cosmology

GALAXY EVOLUTION

CONTINUES...

FIRST STARS

400,000,000 YEARS
AFTER BIG BANG

INFLATION

Now
13,700,000,000 YEARS
AFTER BIG BANG

CosMIC MICROWAVE
BACKGROUND

400,000 YEARS AFTER
BIG BANG
FIRST GALAXIES
1000,000,000 YEARS
AFTER BIG BANG




Inflation

e A crucial mechanism for the string
Landscape is the population of
vacua via eternal inflation

 Typical example: chaotic inflation ’

It is therefore important to construct ™
inflationary string models that also
include the SM

* Very interesting case: large field
inflation — extremely sensitive to
UV completion




Cosmology and moduli fixing

e When we couple the full gravity sector we encounter a lot of massless
fundamental scalars in our theory: the closed string moduli

e Some of them are axions but some of them are not, and describe the shape of
the compactification manifold Xs (volume of some n-cycle I'n c Xe)




Cosmology and moduli fixing

e When we couple the full gravity sector we encounter a lot of massless
fundamental scalars in our theory: the closed string moduli

e Some of them are axions but some of them are not, and describe the shape of
the compactification manifold Xs (volume of some n-cycle I'n c Xe)

e \We need to fix the value of such moduli because otherwise:

* A de Sitter vacuum will quickly decay to a lower energy vacuum

* An inflation potential is not reliable

Pest Framework: [ THPC 1B flux comPactiﬁcations }

« KKLT
Most popular settings:
* Large Volume Scenario




D-brane inflation

e Given such moduli stabilisation scenarios one may consider models of inflation.

e Classes of models depend on the nature of the inflaton.
Quite popular nowadays is D-brane inflation:
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e Given such moduli stabilisation scenarios one may consider models of inflation.

e Classes of models depend on the nature of the inflaton.
Quite popular nowadays is D-brane inflation: Doali & Tye 98




D-brane inflation

e Given such moduli stabilisation scenarios one may consider models of inflation.

e Classes of models depend on the nature of the inflaton.
Quite popular nowadays is D-brane inflation:

D3
Ractna, Rallost, Linde, Maldacena, We Hlister, Trivedc 05




Large field inflation

* |In the BICEP2 aftermath, we have no clear hint if early-universe cosmology is
described by large field inflation. However the whole turmoil has awaken the
interest on whether such models can actually be embedded in string theory.

* For a model of large tensor-to-scalar ratio r one would have that

* The energy scale of inflation is the GUT scale

Eip ~ 0.75 x (ﬁ) « 102 Mp

* The inflaton field excursion is super-Planckian

a0z ()" Lyt 96

* Inflation is extremely sensitive to UV dynamics



Natural inflation |
Freese, Prieman, Olinte 90

* An interesting field theory idea is to propose an axion as an inflaton candidate

A V(o)

e Shift symmetry broken by non-
perturbative effects + UV
completion, periodicity is exact

* In string theory, axions come
generically from integrals of p-
forms over p-cycles, so above
the KK scale the shift symmetry
becomes a gauge symmetry

Dimopoalos et af, ' 05




Natural inflation vs. the WGC

Sntbani-Hamed et al, 06

* However, either by direct inspection or by using a generalisation of the Weak
Gravity Conjecture one arrives to the conclusion that in string theory axions
cannot have a trans-Planckian decay constant.

e The WGC states that in 4d theories with U(1) gauge
fields of coupling g and quantum gravity there exist m < qg Mp
particles satisfying a mass-to-charge relation

* When generalised to axions this implies either a
sub-Planckian decay constant or loss of control. f Sinst < 1

* |n string theory, this can be checked directly by
direct inspection of axion decay constants.

e The same reasoning can be applied to more Dudeline 15
involved field theory configurations, like several Montons ot al. 15
axions in which one particular direction is chosen Posins ot ol ‘15

dynamically. The general conclusion is that large
field inflation models of axions are in tension with
string theory.



Chaotic inflation s

e Another key proposal would be a polynomial potential like V = m?¢p?

A V(o)

* Loop corrections involving inflatons
and gravitons are small if one imposes
an approximate shift symmetry

® — ¢ + const.

e But coupling to UV degrees of freedom in quantum gravity a priori breaks this
shift symmetry and leads to corrections that spoil inflation, because of the
large field excursions

Eeﬁ-‘ [¢] — %(8¢)2 — %m2¢2 4+ Z Ci ¢2’iA4—2i
1=1



Chaotic inflation s

Lonld] = 2(00)° — 2m26? 43 e gips-2
1=1

E IV\‘A \4

taken from Baamann & Me Hlister 14




AxXion monodromy

e B\
Combine chaotic inflation and

Idea:

natural inflation
- Y,

* We identify the inflaton with an axion and we give it a
non-periodic potential

* Axion periodicity lifted, allowing for super-Planckian
displacements. UV corrections to the potential should
still be constrained by the underlying symmetry

Stluerstein & Westthal OF




Axion monodromy inflation

* Main ingredients:

e Axion ¢ (shift symmetry and

periodicity)

V(9)

Il
—

n=2

e Source of a non-periodic, §
multi-branched potential

n=0
n=3

e Early string theory constructions use boundaries:

MerHllister, Scluenstein, Westphal OF
Berg, Pajen, Sjone 09

5B

taken from MerWisten, Scluvenstecn, Westphal 08



The 4d viewpoint

* |In 4d one may obtain these ingredients by allowing the axion to
couple (only) to a 4d four-form field strength

[ /d4x|F4|2+|d¢|2+¢F4 j

* When we integrate out the 4d four-form we are left with a
potential for the axion

V(o)
1
V = —,LL2f<% (n + ¢)2 Proposal for large field
2 chaotic inflation
n=1 n=2
\/ Ratoper & Sorbo 'OF
. n=0 _ Raloper, Launence, Sordo ‘1l
jump by DW n=3

charged under F4




The 4d viewpoint

e Dual formulation in terms of two and three-forms

2
4 2 K _ 2 Fa=ds

Rallest et al. ‘95

also describes a massive axion. Applied to QCD axion Duali, Jackin, Pi 05
Doale, Follernts, Franca 15

 Makes manifest the gauge symmetry of the Lagrangian =

UV corrections only depend on F4

21

Lorld] = 506 — sp*d? + A e,
/ 1=1

F27 2 £2 2\ J
ZCJ'E —> N2fq2>(n+¢)2ZCj (N fcb(/7\7/4‘|'¢) )

9 J




The 4d viewpoint

;o 2 112\ J
¢ = foo — N2¢/2ZCJ_ (MAﬁi >

mn —

= suppressed corrections up to the scale where V() ~ N?



F-term axion monodromy DM Stis, Unanga 12

* |n string compactifications this 4d effective action is recovered whenever the
source for the axion potential is a superpotential

* Reminiscent of the moduli stabilisation program, where one adds ingredients
like background fluxes to generate superpotentials

s , N
(se same technlques to .

Idea: generate an inflaton

Potential

takicn from Waies & Unanga 12



F-term axion monodromy DM, Shiw, Unanga 19

[ Adva ntages: ]

e Spontaneous SUSY breaking, no need for brane-anti-brane

e Supergravity description at small field, allows to connect with large field inflation
models in SUGRA



F-term axion monodromy DM, Shiw, Unanga 19

[ Adva ntages: ]

Spontaneous SUSY breaking, no need for brane-anti-brane

Supergravity description at small field, allows to connect with large field inflation
models in SUGRA

[ Difficulties: ] @

String compactifications contain many scalars. If we stabilise all of them with the
same mechanism it seems difficult to single out an inflaton candidate
(hierarchically lighter than the rest)

Supergravity description shows the interplay of all these scalars in the same
scalar potential — a large vev to one of them you can destabilise the others



Current status

[ PhilOSOPhg: ] m;~M,, H, Vi Mp D.

- >

Mmoduli :MC’MS
Large field inflation in string theory — realise (F-term) axion monodromy

Multi-branched potential/KS structure allows for trans-Planckian excursions and
demands milder UV corrections.

[ Challenges: J

Generically we need to package many different scales in a small window
between H and Mpj, like Mmoduii, Mkk, Ms

We need the inflaton to be much lighter than all other scalars

Large inflaton values may shift the value of the other scalar vevs and this, in turn,
destabilise the inflationary trajectory (4d backreaction)



Current status

[ PhilOSOPhg: ] mINMss HI V1/4 Mp ¢*

-€ >

Mmoduli Mc, Ms
Large field inflation in string theory — realise (F-term) axion monodromy

Multi-branched potential/KS structure allows for trans-Planckian excursions and
demands milder UV corrections.
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DBI flattening
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So can we make it work”?

e Ongoing debate on whether one can build a string theory model of large field
inflation under theoretical control from the 4d viewpoint

4+ Package of scales between H and Mp is difficult but feasible in
compactifications where moduli stabilisation is well understood

4+ Backreaction effects modify the inflaton kinetic term such that the proper
field distance has a logarithmic behaviour compared to the naive variable

p ~ A 'og ¢ Brume & Datti 16

4+ The Swampland Conjecture states that for sufficiently large field excursions
iIn @ quantum gravity theory we lose control of the initial effective field theory,

as a tower of modes becomes very light A o oA Oogari & Vaga 16
n Rlaewer & Palec 16
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The question remains if we can make A very small to embed large field excursions
Minf

Mheavy

Still unclear the value of A in string theory/quantum gravity can be made small

In explicit simple cases A ~ O(1). We also have that X ~




Conclusions

Since the year 2000, we have had a very fruitful period in string phenomenology,
as the technology to build models of particle physics and cosmology developed.
— possibility to address fundamental questions in High Energy Physics in the
string theory context, by mainly using theoretical tools (i.e., consistency).

Most recent progress in string models particle physics within F-theory GUTs.
There, the debate has been focused on the details of gauge coupling unification,
proton decay, existence of exotics, the py-problem and the doublet-triplet splitting.

Thanks to the advances in moduli stabilisation, there has also been a debate on
the existence of de Sitter vacua in string theory (still going on).

But the most intense current open question is about realising large field inflation,
because there the debate is phrased in terms of general features of string theory.
More generally, it is phrased in terms of the restrictions that a theory of quantum
gravity may impose on effective quantum field theories.

As of today, the main challenge is to decouple the inflaton sector from the other
scalars of the compactification, making it hierarchically lighter than everyone else.
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