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Abstract

Studies of Discrete and Flavor Symmetries in Supersymmetric Field Theories

by

Angelo Monteux

In this thesis, we study supersymmetric extensions of the Standard Model and

particularly the phenomenological implications arising from discrete and flavor symme-

tries. Symmetries are frequently added to theories in order to simplify the treatment

and to reach phenomenologically viable regions of the parameter space. At the begin-

ning of the dissertation, an introduction is given on topics that will form the main body

of the thesis: we introduce anomalies and instantons, discuss the supersymmetric flavor

problem and flavor symmetries, illustrate gravitino interactions and review inflationary

cosmology.

After this introductory material, we discuss how imposing constraints such

as anomaly freedom or anomaly universality on discrete R-symmetries relies on non-

generic assumptions about the high-energy theory. We give examples of string theoretic

models where the low-energy anomalies are non-universal and consider the implications

of gauge coupling unification.

We then use this insight to reconsider Abelian flavor symmetries that can

account for the large hierarchies of the fermion masses and mixings. We describe in detail

models without R-parity and determine textures for the R-parity violating couplings;

viii



the consequences for LHC phenomenology are analyzed next. It is concluded that

collider bounds are relaxed, especially for squarks.

We continue the study of model of R-parity violation (RPV) by considering

Dark Matter candidates in this framework, in particular gravitinos. If lighter than all

other superpartners, the gravitino is an unstable, long-lived dark matter candidate.

Additionally, this solves some problems with gravitinos interfering with Big Bang Nu-

cleosynthesis. We study the decay of gravitinos to antideuterons because of the low

astrophysical background that this channel offers, and cast upper limits on RPV cou-

plings. Specifically, we explore the consequences of flavor symmetries that set specific

RPV textures and are able to constrain the gravitino mass, which is related to the scale

of supersymmetry breaking.

We terminate this dissertation with the study of inflation, in particular hybrid

inflation, and show discrete symmetry corrections to the hybrid potential. We are able

to set the scale of inflation and all the parameters of the theory depend on the order of

the discrete symmetry group.
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Chapter 1

Introduction

In this thesis, we study different aspects of supersymmetric extensions of the

Standard Model (SM). Supersymmetry provides solutions to phenomenological short-

comings of the SM and an ample spectrum of new particles (although it is worth noting

that it is not the only interesting extension of the Standard Model). There is certainly

a contrast between the simplicity of the SM gauge structure and the apparent chaos

exhibited in the matter sector, including the widely different orders of magnitude for the

Yukawa couplings to the Higgs sector; additionally, mixing in the quark sector appears

hierarchical, while the opposite seems true in the lepton sector (we will refer to the

physics related to the Yukawa couplings as Flavor physics). The gauge structure is even

simpler in the framework of a grand unified theory, but additional degrees of freedom

are needed to achieve gauge coupling unification, as well as the dynamics of unified

symmetry breaking. By providing many light degrees of freedom charged under the SM

gauge group, (low-energy) supersymmetry does predict gauge coupling unification.

1



But there are also drawbacks, as the new degrees of freedom come with ad-

ditional parameters and phases, which make the flavor structure more complicated.

Assuming R-parity, there are 105 new parameters in the Minimal Extension of the

Standard Model (MSSM) (see [99] for the counting; R-parity violation brings along

even more). Those are not expected to be all independent from each other: as su-

persymmetry is evidently not an unbroken symmetry of Nature, there needs to be a

SUSY breaking sector, coupled to the SM through some a priori unknown interaction.

Different mediation mechanisms generate different patterns in the additional parame-

ters. More generally, it is possible to simplify the parameter space by adding additional

symmetries.

In this thesis we will follow several approaches: a common theme will be the

use of discrete symmetries to constrain the form of New Physics interactions. We will

see how discrete symmetries arise naturally in compactifications of string theory, and

will expand the discussion to flavor symmetries, in the search of an organizing principle

for the Yukawa couplings. Another theme of this thesis will be the study of R-parity

violation, where R-parity is a Z2 symmetry that is added to supersymmetric exten-

sions of the SM to remove unwanted operators. We will argue that flavor symmetries

can be helpful to suppress such operators to acceptable levels; if we take the point

of view that flavor symmetries are inevitable, as they are needed to organize the pa-

rameters of the MSSM, the addition of R-parity seems superfluous. We will study the

consequences of such assumptions for LHC phenomenology. Finally, we will connect

collider phenomenology to early universe dynamics, and cosmology in general: we will

2



see how discrete symmetries can be of use in the study of inflation, and we will discuss

the consequences of R-parity violation for the existence and indirect detection of dark

matter.

This thesis is divided in two main parts; first, we present background material

necessary to fully understand the problems discussed, as well as details of the computa-

tions. The second part contains the original research developed over the course of the

doctorate; it appeared on peer reviewed journals and has been presented in international

conferences.

In Chapter 2, we present a review of several aspects of quantum field theory

and cosmology: we introduce anomalies and instantons, review the supersymmetric

flavor problem, comment on gravitino interactions and production modes in the early

universe, and discuss the basics of inflationary cosmology.

In Chapter 3, based on a collaboration with Michael Dine, we describe aspects

of discrete anomaly cancellation in string theory models. We show that it is generic to

have multiple fields playing a role in the cancellation of anomalies. This was originally

published as M. Dine and A. Monteux, “Discrete R Symmetries and Anomalies”, JHEP

1401, 011 (2014) - arXiv:1212.4371 [hep-ph] [69]. We find models with non-universal

low-energy anomalies, and argue that this is the general case. We also exhibit models

of dynamical R-symmetry breaking where fields in different representations of the SM

gauge group gain the same masses and leave non-universal low-energy anomalies. We

also discuss subtleties from grand unification.

In Chapter 4, which was published as A. Monteux,“Natural, R-parity violating

3



supersymmetry and horizontal flavor symmetries”, Phys. Rev. D 88, 045029 (2013) -

arXiv:1305.2921 [hep-ph] [136],1 we study models of R-parity violating supersym-

metry in the presence of Abelian flavor symmetries, and show that LHC searches are less

constraining in this region. We show that, even without anomaly universality (which

was previously assumed in the literature), specific textures of R-parity violating cou-

plings appear. Phenomenological implications for the LHC are discussed.

We continue the study of R-parity violating supersymmetry in Chapter 5,

where we analyze the fate of the gravitino, the only dark matter candidate in this

class of models; this work was done in collaboration with Eric Carlson and Jonathan

Cornell, and originally appeared as A. Monteux, E. Carlson and J. Cornell, “Gravitino

Dark Matter and Flavor Symmetries”, arXiv:1404.5952 [hep-ph] [137]; it has been

submitted to JHEP. We study indirect detection of gravitino dark matter decaying to

antideuterons. The resulting lifetime of the gravitino has to be long enough to explain

why no antideuterons have been detected in the dedicated experiments. We also study

the implications of flavor symmetries in this context and show that the limits on R-

parity violating coefficients are generically stronger than those coming from low-energy

hadron physics.

In Chapter 6, based on a collaboration with Milton Bose, Michael Dine, and

Laurel Stephenson Haskins, we study discrete symmetry corrections to models of hybrid

inflation. It turns out that these corrections can change the predictions of hybrid infla-

1 This work was also presented at the 2013 Meeting of the APS Division of Particles and Fields (DPF
2013), 13-17 Aug 2013 - Santa Cruz, California, USA, and appears in its proceedings as A. Monteux,
“Low-energy R-parity violating SUSY with horizontal flavor symmetries”, arXiv:1309.7639 [hep-ph]

[135]

4



tion by an order 1 factor, so that hybrid inflation can be in agreement with the spectral

index measurement performed by the Planck satellite. At the same time, this fixes a

free parameter corresponding to the scale of inflation, so that the model is predictive (in

particular, a low tensor-to-scalar ratio is predicted). This work was originally published

as M. Bose, M. Dine, A. Monteux and L. S. Haskins, “Small Field Inflation and the

Spectral Index”, JCAP 1401, 038 (2014) - arXiv:1310.2609 [hep-ph] [36].

We conclude in Chapter 7, where we summarize the main findings of this

thesis. We give a personal outlook on the current state of high energy particle physics

and discuss future directions.
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Chapter 2

Prelude: topics in quantum field theory,

supersymmetry and cosmology

In this Chapter, we review introductory material needed to understand in de-

tail the problems confronted in the rest of this thesis. Although most of this information

can be found in reviews in the literature, the author believes that this self-contained

presentation is simpler and contains all the information needed to reproduce the com-

putations important for this thesis. The author does not aim to just repeat well known

facts, but his goal is to provide details of simple calculations that let the reader grasp

the underlying principles. As a Ph.D. student, he learned the contents of this chap-

ter by reading the original papers, as well as reviews and textbooks. Many times, it

took the author a long time to fully understand details that are often glossed over in

research-grade papers, which we rightfully do not expect to continuously repeat what

is common knowledge at a certain level in the field. When the details are lengthy and

6



well discussed elsewhere, we just give reference to the appropriate source.

This chapter is aimed at graduate students with a good knowledge of quantum

field theory and supersymmetry. It was written with my past self in mind, as a intro-

ductory material in the areas that make up this thesis. Its aspiration is to be accessible

enough to help other graduate students, as well as anyone unfamiliar with those topics,

to understand the issues discussed in this thesis and be able to start research in this

field.

Section 2.1 is dedicated to anomalies in quantum field theory. Instantons are

introduced, and their relation to anomalies is elucidated. This section will be useful

to follow the calculations in Chapter 3. We proceed to describe the flavor problem

associated with low-energy supersymmetry in section 2.2, where flavor symmetries that

can protect low-energy observables from new-physics contributions are presented. This

introduction forms the basis for Chapter 4, where R-parity violating supersymmetry is

discussed. We then discuss details about the gravitino interactions with visible sector

fields in Chapter 2.3 and discuss various incarnations of the gravitino problem in cosmol-

ogy. With this material, it will be easier to follow the discussion in Chapter 5. Finally,

section 2.4 introduces the basics of inflationary cosmology and lays the foundation for

Chapter 6, where models of hybrid inflation are studied. In this section, recent results

by the Bicep2 collaboration are also discussed.

7



2.1 Anomalies and Instantons

In this section, we introduce the concept of anomalies in quantum field theory.

In short, a symmetry of the classical action is called anomalous if the quantum action

is not invariant under the symmetry transformation. We give a lightening review of the

most important aspects and computations, while referring to the many publicly available

lecture notes on the argument for details. We also introduce instantons and review the

relation between instantons and anomalies. The lecture notes by S. Coleman [53] are a

perfect starting point to understand instantons and tunneling. Comprehensive reviews

with formal details have been written by Vandoren and van Nieuwenhuizen [159] and

by Mariño [132]. For more details about anomalies, we point the reader to Bilal [29]

and Terning [158, chapter 7].

2.1.1 The Chiral Anomaly

Consider a gauge theory with massless chiral (Weyl) fermions ψ charged under

the gauge group G. The lagrangian is

LYM =
1

2g2
TrFµνF

µν =
1

4g2
F aµνF

aµν (2.1)

Lf = iψσ̄µDµψ (2.2)

where ψ = ψ†, σ̄µ = (1,−σi), Dµ is the gauge-covariant derivative, Dµ = ∂µ + iAµ and

Aµ = AaµT
a
r is the gauge field, with T ar an element of the Lie Algebra G. If the field ψ

is in a N -dimensional representation r of the gauge group, T ar is an N ×N matrix.

We will here use Fujikawa’s approach to find the anomaly [89,90]. Given the functional

8



integral
∫
DAµDψDψ eiS =

∫
DAµ eiSYM [Aµ]Z[Aµ], we define the partition function

Z[Aµ] in the background gauge field Aµ as

Z[Aµ] =

∫
DψDψeiSf =

∫
DψDψe−SE , (2.3)

where we have performed a Wick rotation to Euclidean spacetime:

x4
E ≡ ix0, d4xE = id4x, (2.4)

iSf =

∫
d4xiLf = i

∫
d4x iψσ̄µDµψ = −

∫
d4xE iψσ̄

µ
EDµψ =

∫
d4xE ψ /Dψ ≡ −SE ,

with /D ≡ iσ̄µEDµ, σ̄µE = (iI,−σi) and /D ≡ iσµEDµ, σµE = (iI, σi).

The Dirac operator /D maps left-handed spinors to right-handed spinors (vice versa for

its conjugate /D). A hermitian operator on the left-handed spinors can be formed as /D /D,

with real and non-negative eigenvalues (similarly, /D /D is a hermitian operator on the

right-handed spinors). We can define spinor eigenfunctions of the operators D2 ≡ /D /D

and D̄2 ≡ /D /D

/Dfn = λngn, /Dgn = λnfn , (2.5)

D2fn ≡ /D /Dfn = λ2
nfn, D̄2gn ≡ /D /Dgn = λ2

ngn, (2.6)

which are orthonormal and complete:

∑
n

f †n(x)fn(y) = δ(x− y)I, Tr

∫
d4xf †n(x)fm(x) = δnm, (2.7)

∑
n

g†n(x)gn(y) = δ(x− y)I, Tr

∫
d4xg†n(x)gm(x) = δnm. (2.8)

The operators D2 and D
2

can be shown to have the same spectrum, except that they

need not to have the same number of zero-modes.

9



This basis is used to expand the fermion fields,

ψ(x) =
∑
n

anfn(x), ψ(x) =
∑
n

bngn(x) (2.9)

where the coefficients an, bn are Grassmann variables. We can now write the partition

function (2.3) as

Z[Aµ] =

∫
DψDψe−SE =

∫ ∏
n,m

dandbme
−SE =

∫ ∏
n,m

dandbme
∑
n λnbnan =

∏
n

λn .

(2.10)

To define the anomaly, we investigate the effect of a chiral transformation that

leaves the classical action invariant:

ψ(x)→ eiα(x)ψ(x), ψ(x)→ e−iα(x)ψ(x) . (2.11)

The classical (Euclidean) action transforms as

SE → SE −
∫
d4xEψe

−iα(x)iσ̄µ(∂µe
iα(x))ψ = SE −

∫
d4xEα(x)∂µ(ψσ̄µψ). (2.12)

Then, the classical action is invariant if the last term is zero,

∂µj
µ
A = ∂µ(ψσ̄µψ) = 0, with jµA ≡ ψσ̄

µψ , (2.13)

that is, when the axial current jµA is conserved. But if we consider the partition function

Z[Aµ], we see that apart from the term e−SE , there are other terms that change under

the transformation (2.11); in particular, the coefficients an change:

ψ(x) =
∑
n

anfn(x)→
∑
n

anfn(x) eiα(x) ≡
∑
n

a′nfn(x), (2.14)

an → a′n = Cnmam, Cnm = Tr

∫
d4xEf

†
n(x)eiα(x)fm(x). (2.15)
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Similarly, the coefficients bm change to b′m = Cnmbm. As it depends on the a’s and b’s,

the path integral measure changes,
∏
n,m dandbm → (detCC)−1

∏
n,m dandbm, and we

can define the anomaly function A(x):

(detCC)−1 = e−
∫
d4xEα(x)A(x), A(x) = Tr

∑
n

f †n(x)fn(x)− g†n(x)gn(x) . (2.16)

With this definition of A(x) and using eq. (2.12), the partition function Z[Aµ] trans-

forms as

Z[Aµ] =

∫
DψDψ e−SE →

∫
DψDψ e−SE+

∫
d4xEα(x)(∂µjµA−A(x)) (2.17)

and it is invariant if

∂µj
µ
A = A(x) . (2.18)

If we define the effective (Euclidean) action W [Aµ] as Z[Aµ] = e−W [Aµ], we can also say

that under a chiral transformation,

W [Aµ]→W [Aµ] +

∫
d4xEα(x)A(x) , (2.19)

that is, the change of the effective action is the anomaly.

Before we calculate the exact expression for A(x), we write the explicit form

of the Dirac operators:

D2 = /D /D = DµD
µ + σµνE [iDµ, iDν ] = DµD

µ − σµνE Fµν , (2.20)

D
2

= /D /D = DµD
µ + σ̄µνE [iDµ, iDν ] = DµD

µ − σ̄µνE Fµν , (2.21)
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where the two-indices Pauli matrices are defined as σµνE = i
4(σµE σ̄

ν
E − σνE σ̄

µ
E) and σ̄µνE =

i
4(σ̄µEσ

ν
E − σ̄νEσ

µ
E). We also have

Tr[σµνE σρλE − σ̄
µµ
E σ̄ρλE ] = εµνρλ . (2.22)

We can now compute A(x), using a regulating function e−λ
2/Λ2

:

A(x) = lim
Λ→∞

Tr
∑
n

e−λ
2
n/Λ

2
[f †n(x)fn(x)− g†n(x)gn(x)] = (2.23)

= lim
Λ→∞

Tr

∫
d4p

(2π)4

[
e−D

2/Λ2 − e−D
2
/Λ2
]

= (2.24)

= lim
Λ→∞

∫
d4p

(2π)4

1

Λ4
e−DµD

µ/Λ2
Tr

[
1

2
(σµνE Fµν)2 − 1

2
(σ̄µνE Fµν)2

]
= (2.25)

=

∫
π2p2dp2

(2π)4
e−p

2 · 1

2
εµνρλ TrFµνFρλ =

1

16π2
TrFµνF̃

µν , (2.26)

where the dual field strength is defined as F̃µν = 1
2ε
µνρλFρλ. Keeping track of the

representation matrices, the operator Fµν = [Dµ, Dν ] is here in the same representation

r as the field ψ, that is, Fµν = F aµνT
a
r . Defining the Dynkin index of the representation

r as S(r),

Tr(T aT b) = δabS(r) , (2.27)

we get the operator form of the chiral anomaly as:

∂µj
µ
A =

1

16π2
S(r)F aµνF̃

aµν . (2.28)

The axial current is not conserved anymore, and we say that the symmetry is anomalous.

Atiyah-Singer Theorem For non-zero modes, we have fn = 1
λn
/Dgn, so that f †nfn =

1
λ2
n
g†n /D /Dgn = g†ngn; as the original expression for A(x) involved f †nfn − g†ngn, the con-

12



tributions to A(x) cancel for each λn 6= 0. For the zero modes, λα = 0, we have

∫
d4xA(x) = Tr

∫
d4x

∑
λα=0

[f †α(x)fα(x)− g†α(x)gα(x)] = nψ − nψ, (2.29)

where nψ is the number of fermionic zero modes of the field ψ. Then, we have found

nψ − nψ =
S(r)

16π2

∫
d4xF aµνF̃

aµν = integer. (2.30)

The term FF̃ can be shown to be a total derivative, FF̃ = ∂µK
µ. Instead of vanishing

when integrated over R4, it is an integer. It is a topological (global) quantity.

This is Atiyah-Singer theorem [19] and it relates a topological quantity, the

integral of a smooth function, to an analytical quantity, the number of zero-modes.

2.1.2 Instantons

Consider a pure SU(2) gauge theory. Every field configuration of finite action

in Euclidean space has an integer number associated with it, the winding number ν.

This number is given by

ν =
1

16π2

∫
d4xTrFµνF̃

µν =
1

32π2

∫
d4xF aµνF̃

aµν , (2.31)

or by an equivalent expression with a surface integral over a large sphere S3. To have a

finite action, for r →∞ the integrand should at least go as FF̃ ∼ (1/r3)2, suggesting

that A(r) ∼ 1/r2. However, we can always make a gauge transformation g such that

Aµ(r) ∼ g∂µg−1 +O(r−2), r →∞ . (2.32)
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Aµ is a pure gauge transformation at infinity. Then, the function g can be defined on

the large surface S3. It is a mapping from S3 to SU(2). 1

For any winding number, we have SE ≥ 8π2

g2 |ν|, with the equality holding for

F = ±F̃ .2 It follows that field configurations saturating the bound will be minima of the

action (for a given ν) and as such, solutions of the equations of motion. Since they have

the lowest action, they dominate the functional integral (at weak coupling). Instantons

are defined as finite-action solutions of the Euclidean equation of motion with winding

number ν = 1 (that is, they are self-dual, satisfying F = F̃ ); anti-instantons have

winding number ν = −1 and satisfy F = −F̃ . The instanton solution can be written

as [154]

Aaµ = 2ηaµν
(x− x0)ν

(x− x0)2 + ρ2
, ηaij = εaij , η

a
i4 = δai = −ηa41 . (2.35)

Here, x0 is a Euclidean 4-vector and gives the position of the instanton, while ρ is

referred to as the size of the instanton. These five parameters are called the collective

coordinates of the instanton.

Now consider an axial symmetry with charge +1 for a set of left-handed

fermions ψi: in the one instanton background (ν = 1), the Dirac operator will have

a net number of zero-modes, nψ − nψ. Combining Atiyah-Singer’s index theorem, eq.

1Note that SU(2) ' S3. For a simple Lie group G, any continuous mapping of S3 to G can be
deformed to into a mapping to a SU(2) subgroup of G

2 Proof:

0 ≤ Tr

∫
d4xE(Fµν ± F̃µν)2 = Tr

∫
d4xE(2F 2

µν ± 2Fµν F̃
µν) (2.33)

SYME =
1

2g2

∫
d4xE TrFµνF

µν ≥ ∓ 1

2g2

∫
d4xE TrFµν F̃

µν =
8π2

g2
|ν| (2.34)
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(2.30) and the definition of the winding number (2.31),

nψ − nψ =
∑
i

2S(ri)×
1

16π2

∫
d4xTrFµνF̃

µν =
∑
i

2S(ri) · 1 , (2.36)

we find that

nψ − nψ =
∑
i

2S(ri). (2.37)

For a fermion in the representation ri , the net number of zero-modes of the Dirac

operator /D in the instanton background is equal to 2S(ri).

Because there are zero modes, we immediately see that the vacuum-vacuum

correlation function vanishes: as in the previous section, we expand the fields ψ in the

orthogonal and complete basis {fn} (denoting the zero-modes by fα):

ψ =
∑
λn 6=0

anfn(x) +
∑
λα=0

aαfα(x), ψ =
∑
λn 6=0

bngn(x) +
∑
λα=0

bαgα(x), (2.38)

∫
DψDψe−SE =

∫ ∏
n,m

dandbm
∏
α,β

daαdbβ e
−
∑
n bnanλn = 0 . (2.39)

Because there is an integral over Grassmann variables aα and bβ that do not appear in

the integrand, the result is proportional to
∫
daαdbβ = 0.

To find a non-zero result, we consider the correlation function of N +M fields:

〈ψ(x1) . . . ψ(xN ) · ψ(y1) . . . ψ(yM )〉 . (2.40)

The fermionic functional integral of this Green function is∫ ∏
n,m

dandbm
∏
α,β

daαdbβe
−
∑
n bnanλn× (2.41)

×
N∏
i=1

∑
λn 6=0

anfn(xi) +
∑
λα=0

aαfα(xi)

 M∏
j=1

∑
λn 6=0

bngn(yj) +
∑
λα=0

bαgα(yj)

 .
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Because the a’s and b’s are Grassmann variables, there must be as many fields in the

correlator as zero modes, N = nψ, M = nψ. Because of eq. (2.37), the number of

left-handed and right-handed zero modes is different, N 6= M .

The point is that the correlation function (2.40) is non-zero only when the

number of fields is equal to the number of zero-modes. If we now compute the Aµ

functional integral (in the one-instanton sector), we get a factor of exp(−SYME [Aµ]) =

exp(−8π2/g2) and the correlation function is

〈ψ . . . ψ〉 ∝ e−8π2/g2
. (2.42)

Finally, we can see the relation between instantons and the anomaly: if we make a chiral

transformation ψ → eiαψ, ψ → e−iαψ, the correlation function transforms as

〈ψ . . . ψ〉 → 〈ψ . . . ψ〉eiα(nψ−nψ) ∼ e−8π2/g2
eiα

∑
i 2S(ri) . (2.43)

If the correlator transforms under the symmetry, that symmetry is not conserved by

the theory. That is equivalent to say that the symmetry is anomalous. For a more

complicated theory with fields in representations ri with different U(1) charges qi, the

formula generalizes:

〈ψr1 . . . ψrN 〉 → 〈ψr1 . . . ψrN 〉e
iα
∑
i qi2S(ri). (2.44)

where the number of the fields in the correlator is the total number of zero modes. As

before, the symmetry is non-anomalous if the coefficient vanishes:

∑
i

qi2S(ri) = 0 . (2.45)
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It should be noted that the instanton can break a continuous symmetry to a discrete

symmetry: for example, if
∑

i qi2S(ri) = N , the fermionic operator (2.44) does not

change for α = 2π/N , that is, for a ZN subgroup of the U(1) symmetry.

The θ term In a Yang-Mills theory, all the vacua |ν〉 with different winding number

ν naively have the same (zero) energy. This is equivalent to say that a generator T of a

large gauge transformation changes |ν〉 → |ν+1〉, and one might think that it commutes

with the Hamiltonian. But the instanton solutions connect states with different ν. As

in the familiar double well problem in quantum mechanics, the lowest-lying state is a

linear combination of field configurations localized in each local minimum. We define

|θ〉 =
∑
ν

eiθν |ν〉. (2.46)

Now T maps the vacuum |θ〉 into itself, modulo a phase shift. Instantons, as solutions to

the Euclidean equations of motions, can be interpreted as tunneling solutions between

minima with different ν. This means we can write 〈m|n〉 =
∫
DA(n−m)e

−
∫
d4xELYM [A],

where with DA(n−m) we denote the integration over all field configurations with winding

number equal to n−m. We can compute the amplitude 〈θ′|θ〉 as

〈θ′|θ〉 =
∑
n,m

einθ−mθ
′〈m|n〉 =

∑
m,ν

eim(θ−θ′)+iνθ
∫
DA(ν)e

−SE [A(ν)] = (2.47)

= δ(θ − θ′)
∑
ν

∫
DA(ν)e

−SE [A(ν)]eiνθ = δ(θ − θ′)
∫
DAe−

∫
d4xELθ[A],

Lθ[A] = − 1

2g2
TrFµνF

µν − i θ

16π2
TrFµνF̃

µν . (2.48)

In the first line we have defined ν = n−m and then used the definition of the delta func-

tion to get δ(θ−θ′), and we used eq. (2.31) for the definition of ν for field configurations

17



with winding number ν.

This result means that |θ〉 is the vacuum of a Yang-Mills gauge theory that

includes a θF F̃ term in the Lagrangian. This term is a total derivative, but it does not

vanish when integrated over R4, as stated by Atiyah-Singer theorem. Different θ angles

correspond to different spectra of the Yang-Mills theory, while angles differing by 2π

are equivalent (as can be seen in eq. (2.46)). This θF F̃ term violates parity, P , and, as

it conserves C, it violates CP as well. In the (Euclidean) action, this corresponds to a

CP-violating term

δSE = −i θ

16π2

∫
d4xTrFµνF̃

µν = −iθν . (2.49)

As seen above in eq. (2.47), in the path integral we sum over all the field configurations,

with different instanton sectors weighed by a phase factor eiθν .

The parameter θ is related to the anomaly: because of the expression for the

anomaly, eq. (2.28), an axial transformation ψi → ψie
iα shifts θ:

θ → θ − α
∑
i

2S(ri) . (2.50)

θ being a physical parameter, the transformation is not a symmetry unless

∑
i

2S(ri) = 0, (2.51)

which agrees with the result of the fermionic operator in a instanton background, eq.

(2.45). As before, a discrete symmetry subgroup can be anomaly-free.

As an example, we consider a pure supersymmetric Yang-Mills theory, which

has gauginos in the adjoint representation. The chiral rotation on the gauginos (an
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R-symmetry) gives

θ → θ − 2Nα , (2.52)

which changes the vacuum unless α = 2π/2N . The classically continuous U(1)R sym-

metry is broken to a discrete ZR2N R-symmetry.

2.1.3 Gauge Anomaly

So far, we have studied a chiral U(1) transformation, without specifying if it

was global or local. The consequences of an anomaly are different in each case: if a global

symmetry is anomalous, it means that some (classical) selection rules are modified by

quantum effects (for example, correlation functions that vanished in the classical theory

are now non-zero). Instead, a gauge symmetry is a redundancy in our description of

the theory, and an anomalous gauge symmetry is inconsistent at the quantum level.

Triangle diagrams In general, one can compute the Feynman diagram with a current

insertion and two external gauge currents:

〈jµA(x)〉int = 〈ψσ̄µψe−i
∫
d4yψ /A

a
Taψ〉 , (2.53)

and, expanding the exponent, one finds two triangle diagrams with a current insertion jµA

at one vertex and two gauge fields at the others. The loop integral can be computed and

requires being careful about regularization, but it is ultimately found to be finite. As

the representation matrices T a appear in the gauge vertices, the triangle is proportional

to Tr(T aT b) = S(r)δab and one finds the same result (2.28) computed above for the

anomaly.
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The inserted current can also be a non-Abelian gauge current,

Jaµ = ψLσ̄µT
aψL . (2.54)

In this case, the triangle diagrams will be proportional to

Tr[T a{T b, T c}] , (2.55)

and the theory is anomaly free only if the previous expression vanishes when summed

over all the massless fermions. If we have multiple gauge groups, anomalies arising from

a correlation function of different gauge currents are called mixed anomalies. It should

be noted that the Standard Model spectrum is such that all gauge anomalies vanish. In

the MSSM, a second Higgs doublet is required to cancel anomalies.

2.1.4 ’t Hooft Anomaly Matching

We will now present a useful application of anomalies. Think of a UV gauge

theory with a global symmetry G, for which we want to have information about the

strongly-coupled IR regime. We can weakly gauge the symmetry G introducing a gauge

coupling g: if this coupling is small enough, it will not influence the infrared behavior

of the theory. Now, if G is anomalous, we should add a hidden sector of matter fields

(often called spectator fields) which couples only to G in order to cancel the anomaly.

In the infrared, where the effective degrees of freedom might be composite UV fields,

we can again compute the anomaly of G, assuming that it is not spontaneously broken

by the strong gauge interactions. This anomaly will again need to vanish, and will be

given by the contribution of the IR degrees of freedom and the same spectator fields.

20



Calling the anomalies given by the various degrees of freedom AUV , AIR, AS , we can

conclude 
AUV +AS = 0,

AIR +AS = 0

=⇒ AIR = AUV . (2.56)

As g → 0, the G gauge bosons and the spectator fields decouple, but the three-point

functions of currents remain the same, and the constraint AIR = AUV still holds. We

then know that the IR spectrum is constrained to match the UV anomaly. This anomaly

matching mechanism is due to ’t Hooft [155] and is useful in the study of strongly coupled

theories and their composite spectrum, as well as for UV/IR dualities.

2.1.5 Green-Schwarz anomaly cancellation

In this section, we briefly review how anomalies can be canceled even if the

visible matter spectrum creates a non-vanishing anomaly.

Consider a gauge group G and a set of massless fermions ψi with charges qi

under an anomalous U(1)X : the mixed gauge anomaly is

U(1)XG
2 : ∂µj

µ =

∑
i qiS(ri)

16π2
F aµνF̃

aµν . (2.57)

As we have seen in the previous section, a non-vanishing anomaly implies a shift of the

θ angle the theory, θ → θ−α
∑

i 2qiS(ri). But, if we introduce a field a coupled to FF̃

through a
16π2 TrFµνF̃

µν transforming non-linearly under the symmetry U(1)X ,

a→ a+ δGSα, (2.58)
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the theory is anomaly-free for δGS =
∑

i 2qiS(ri). The field a is usually referred to

as an axion because the Peccei-Quinn axion couples exactly in this manner to SU(3)c.

This argument can be extended to supersymmetric models, where a field S = s+ ia is

introduced, with a coupling S
8π2 TrWαW

α, and the same shift as in eq. (2.58).

This is the essence of the Green-Schwarz mechanism. It was originally derived

in (heterotic) string theory, where a single modulus (the model-independent axion)

couples universally to all gauge groups; using the same mechanism in four dimensions,

and coupling an axion to all the SM gauge groups, the spectrum of the theory can be

constrained by requiring that one axion cancels all the anomalies,

ASU(3)2U(1)X = ASU(2)2U(1)X =
3

5
AU(1)2

Y U(1)X
=
AU(1)3

X

3
, (2.59)

where the factor of 3/5 is the normalization of the hypercharge typical in grand unified

theories. Eq. (2.59) describes the case of anomaly universality, in the sense that anoma-

lies with respect to different SM gauge groups are the same. As will be shown further

ahead in chapter 3 (in particular, see sections 3.4 and 3.6), this is not a typical case

in string theory constructions and does not automatically follow from grand unification

either.

2.2 Flavor symmetries

In this section, we will present the flavor problem of low-energy supersymmetry,

and discuss how Flavor-Changing Neutral Currents (FCNCs) can be put under control.

This is a vast field, so we will focus on a limited number of specific examples. A good
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review of the flavor problem in supersymmetric models is that of Murayama [141].

Before discussing New Physics, it should be noted that the flavor structure of

the Standard Model itself is not understood; there are 27 Yukawa terms in the SM, whose

magnitudes seem arbitrarily distributed at first sight. When adding supersymmetry,

this problem is only worsened: in addition to the bilinear µ term, there are 45 new

R-parity violating couplings in the superpotential (and many more soft terms in the

Lagrangian, coming from Kähler and superpotential corrections), which are allowed by

gauge symmetries but violate baryon and lepton number. They can be eliminated by

adding a new Z2 symmetry, R-parity [83], which assures proton stability, but it is hard

to justify this ad hoc assumption from a fundamental point of view. It would certainly

be more satisfying if the same principles that fix the SM hierarchies in the fermion

sector were also responsible for appropriate hierarchies in the R-parity violating sector.

2.2.1 Flavor changing processes

In the Standard Model, Flavor Changing Neutral Currents (FCNCs) are sup-

pressed by the small fermion masses, by small mixing angles and by the weak gauge

coupling. For example, let us consider kaon oscillation, K0 −K0
(we refer to the text-

book of Cheng and Li, [46], for more details of the computation). The effective 4-fermion

Lagrangian obtained computing the Feynman diagram in figure 2.1a is

L∆S=2 = −GF√
2

αW
16π

λ (d̄γρ(1− γ5)s) (d̄γρ(1− γ5)s) , (2.60)

λ =
∑
i

(VisV
∗
id)

2xi +
∑
i 6=j

∑
i,j

(VisV
∗
id)(VjsV

∗
jd)

xixj
xi − xj

log
xi
xj
,
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Figure 2.1: Left: K0−K0
oscillation in the Standard Model. Right: gluino contribution

to K0 −K0
oscillation in the MSSM. In both cases there is another diagram in which

the box is rotated by 90◦.

where V is the CKM matrix and we have defined xi = m2
i /M

2
W . In the limit mu → 0,

this gives a mass difference between K0 and K
0
,

∆m = −2Re[〈K0| − L∆S=2|K
0〉] , (2.61)

∆m

mk
=

2

3

GF√
2

αW
4π

f2
K

m2
c

m2
W

· sin2 θC cos2 θC ·X , (2.62)

where fK is the kaon decay constant, fK ' 160 MeV, and X is a factor that takes into

account the top contribution in the loop (X = 1 if we consider only u and c). The top

quark contribution is suppressed by a small CKM mixing of order (sin5 θC)2 ≈ 10−7.

Equation (2.62) gives a prediction for ∆m,

∆m

mK
∼ 7× 10−15, (2.63)

which is in excellent agreement with the measured value. This leaves little room for

new physics contributions to kaon oscillation.
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2.2.2 Flavor and Supersymmetry

In figure 2.1b, we see a supersymmetric contribution to the same process, where

the particles in the box diagram are gauginos and squarks. The diagram involves the

squark mixing parameter δd12, which can be thought of as being responsible for mixing

between the down squark d̃ and the strange squark s̃ (we will formally define δd12 below,

see eq. (2.70)). The contribution to the Lagrangian L∆S=2 can potentially be very

large, as it takes the same form as in eq. (2.60), but without the triple suppression by

the quark mixing angles, the quark masses and the gauge coupling αW :

LSUSY∆S=2 ≈ −
α2
s

32

1

m̃2
λ′ (d̄γρ(1− γ5)s) (d̄γρ(1− γ5)s), (2.64)

λ′ = δd12δ
d
12 · O(1) .

Here λ′ includes the squark mass dependence coming from the loop integral, via the

quantities xi = m̃2
i /m

2
g̃. For non-degenerate superparticles at a common scale m̃, this

gives a factor ranging from 0.1 to 1. To get an order-of-magnitude estimate, we can just

set this factor to 1 and approximate λ′ ≈ δd12δ
d
12. We also set the gluino mass close to

the squark masses, mg̃ ∼ m̃.

The kaon mass difference from this source is

∆m

mK

∣∣∣∣
SUSY

≈ 10−11
( αs

0.1

)
(δd12)2

(
m̃

500 GeV

)2

, (2.65)

which is much larger than the measured value, 7 × 10−15, unless the mixing δd12 is

suppressed:

δd12 . 10−2

(
m̃

500 GeV

)
. (2.66)
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For order-1 mixing parameters δd12, the superpartner scale should be at least 50 TeV.

Stronger limits can be cast from CP violation in this system.

The magnitude of δd12 will depend on the SUSY breaking mechanism that sets

the soft masses. In the following we use the notation of Nir and Seiberg, ref. [144]. We

denote the quark mass matrix by M q and the squark mass-squared matrix by M̃ q2, with

q = u, d. The quark mass matrix has indices i, j = 1, 2, 3 while the squark mass-squared

matrix has indices i, j = 1, . . . , 6. The quark mass matrices M q are diagonalized by the

matrices V q
M ,M = L,R via a bi-unitary transformation:

V q
L(M qM q†)V †L = diag(m2

q1 ,m
2
q2 ,m

2
q3)

V q
R(M q†M q)V †R = diag(m2

q1 ,m
2
q2 ,m

2
q3)

=⇒ V q
LM

qV q†
R = diag(mq1 ,mq2 ,mq3) .

(2.67)

The CKM matrix is defined as the misalignment between the up and down sector,

VCKM ≡ V u
L V

d†
L . (2.68)

For the squarks, the mass-squared matrix M̃ q2 can be divided in 3× 3 blocks,

M̃ q2 =

 M̃ q2
LL M̃ q2

LR

M̃ q2
LR
† M̃ q2

RR

 , (2.69)

where M̃ q2
LL/RR are hermitian matrices. The LL and RR blocks will be referred to as

diagonal blocks, while the LR terms will be indicated as off-diagonal (note that each

individual block is a 3 × 3 matrix, and is in general non-diagonal). Because the off-

diagonal LR terms mediate large FCNCs, they will be required to be small (as we will
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see). It is useful to define the following parameters,

(δqMN )ij =
V q
MM̃

q2
MNV

q†
N

m̃2
, M,N = L,R , (2.70)

where factors of V q
M are included to go to the basis where the quark mass matrices are

diagonal. A related quantity that also appears in figure 2.1b is

〈δqij〉 ≡
√

(δqLL)ij(δ
q
RR)ij . (2.71)

There are stringent upper limits on these quantities (as seen in eq. (2.66)), of order

10−3 for 〈δd〉12 and of order 10−1 for the 1-3 components, while they are about an order

of magnitude less stringent for the δu parameters.

In SUSY models with a generic flavor structure, (δqLL)ij and (δqRR)ij are ex-

pected to be of order one, while (δqLR)ij is expected to be smaller. We can see why in

a gravity-mediated scenario: if the SUSY breaking field is X, with 〈FX〉 6= 0, Planck-

suppressed Kähler corrections can generate the diagonal blocks,

K ⊃ cij
X†X

M2
P

q†i qj , q = uR, dR, QL; =⇒ L ⊃ cij
〈FX〉2

M2
P

q̃∗i q̃j . (2.72)

The squark masses are then (M̃ q2
LL/RR)ij ∼ cij

F 2
X

M2
P

= cijm̃
2, where we defined m̃ ∼

m3/2 ≡
〈FX〉√
3MP

. If the coefficients cij are of order one, the parameters (δqLL/RR)ij are

also of order 1. For what concerns the off-diagonal blocks, contributions arise after

electroweak symmetry breaking, that is, when the Higgs doublets acquire their vacuum

expectation values: for example, for the contributions to M̃u2, we have

W ⊃ µφuφd + Y ij
u φuQiuj ; (2.73)

L ⊃
∣∣∣∣∂W∂φ2

u

∣∣∣∣2 ⊃ 2µφdY
ij
u Q̃

∗
i ũj

〈φd〉−→ 2µMu
ij(tanβ)−1 Q̃∗i ũj (2.74)
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In this case, the off-diagonal blocks (δqLR)ij are suppressed by factors of
√
mq
im

q
j/m̃.

Another contribution is from A-terms in the soft Lagrangian:

W ⊃ aij
X

MP
Qiφddj =⇒ LA ⊃ aij

FX
MP

φd Q̃
∗
i d̃j

〈φd〉−→ aijm̃〈φd〉 Q̃∗i d̃j (2.75)

For typical O(1) values of aij , the off-diagonal blocks (δqLR)ij receive a contribution of

a factor of v/m̃. For weak-scale supersymmetry, this is not a large suppression.

The standard solution to this flavor problem makes the following assumptions:

• Degeneracy: the diagonal blocks, M̃ q2
LL/RR are proportional to the unit matrix.

Unitarity of V q
M makes the parameters δLL,RR diagonal in flavor space.

• Proportionality: the non-diagonal blocks, M̃ q2
LR, are proportional to the quark

mass matrix M q. As the matrices V q
M diagonalize the quark mass, the parameters

δLR are diagonal in flavor space.

These assumptions should be verified to a high degree of accuracy. They are fulfilled in

models of gauge-mediated SUSY breaking, but not automatically in models of gravity

mediation. If they are satisfied at a high-energy scale, they will be violated by radiative

corrections, although by small amounts.

A different solution,3 proposed by Nir and Seiberg [144], is alignment between

the quark and squark matrices: this corresponds to having the squark mass-squared

matrices diagonal in the same basis in which the quark mass matrices are diagonal.

Then the parameters δMN will be diagonal in flavor space and will not contribute to

3 Another option is the decoupling limit, for which (at least) the squarks of the first two generations
are very heavy, on the order of hundreds or thousands of TeV. Although possible in theory, this decouples
supersymmetry from the weak scale.
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flavor changing processes. This need not to hold exactly, but it should be a good

approximation of the SUSY flavor structure.

Here are the details: first, for the non-diagonal blocks, imagine that there is a

symmetry that leads to the small Yukawas in the quark mass matrix. Assuming that X

is invariant under the symmetry, the coefficients aij in eq. (2.75) will not be arbitrary,

in particular they will be proportional to the Yukawas themselves. We then get the

same suppression factors of
√
mq
im

q
j/m̃ for the parameters (δqLR)ij as in eq. (2.73).

Next, we will examine the diagonal blocks: as hermitian matrices, they are

diagonalized by unitary transformations,

Ṽ q
LM̃

q2
L Ṽ

q†
L = diag(m̃2

qL1
, m̃2

qL2
, m̃2

qL3
) , (2.76)

and similarly for M̃ q2
R . In the basis where all the mass matrices are diagonal, the gluino

interactions in fig. 2.1b depend on the following combinations:

Kq
L = V q

L Ṽ
q†
L , Kq

R = V q
RṼ

q†
R . (2.77)

A flavor changing i → j process as the one in fig. 2.1b then depends on masses and

mixings in the following form:

∑
m,n

(Kq
M )im(Kq

M )∗jm(Kq
N )in(Kq

N )∗jn × f(m̃2
qMm, m̃

2
qNn) , (2.78)

with m and n labelling the squarks in the loop and f being a function of the squark

masses arising from the loop integral. It is easily seen that for degenerate squarks,

m̃2
qMm = m̃2

qNn, the function f factorizes and the sum simplifies,
∑

m(Kq
M )im(Kq

M )∗jm =

0 for i 6= j, as the matrices Kq are unitary. This corresponds to the degenerate case
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discussed above. The other possibility is that the matrices Kq are close to the unit

matrix, which also corresponds to having Ṽ approximately equal to V :

(Kq
M )ij ≈ δij , V q

M Ṽ
q†
M ≈ 1 . (2.79)

Finally, the diagonal blocks δqMM are

(δqMM )ij ∼ max
m

(Kq
M )im(Kq

M )∗jm . (2.80)

The K− K̄ mixing constraint implies a precise alignment between quarks and squarks

in the down sector, meaning that (Kd
M )12 has to be small. This can be ensured by

requiring Md
1i,M

d
i1, (M̃

d2
MM )1i (for i = 2, 3) to be sufficiently small so that the non-

diagonal entries in the matrices V d and Ṽ d are small in the first row and first column.

As the CKM matrix is given by the product of V u
L and V d†

L , this corresponds to a rather

large (V u
L )12 and Mu

12. We see that alignment cannot be imposed on both the up and

down sector: a precise alignment of the down sector predicts a large misalignment of

the up sector, which corresponds to large FCNCs in that sector. As the K − K̄ and

D − D̄ mixings only differ by the different degree of alignment in the down and up

sector, D− D̄ mixing puts important constraints on these models. As noted in [30,93],

given the current measurement of D− D̄ mixing, ∆mD/mD ∼ 8× 10−15, a degeneracy

of order 10 % in the first two squark generations is still needed to suppress FCNCs in

the D sector (for subTeV SUSY).

As will be shown at the end of the next section, alignment is easily generated

in theories with horizontal flavor symmetries.
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2.2.3 Effective theories of flavor: Horizontal symmetries

One of the frameworks that aims to explain the details of the Yukawa interac-

tions dates back to Froggatt and Nielsen [88]. The idea is to introduce a new symmetry

(called horizontal symmetry) to the theory, which is dynamically broken at a high

scale M . Above this scale, only terms that are invariant under the symmetry are allowed

in the (super)potential, while at low energies any term in the lagrangian that breaks the

symmetry will contain a spurion (or a power thereof). The simplest implementation of

this mechanism is through an Abelian U(1)H symmetry, dynamically broken by a SM

singlet S with horizontal charge −1. If an operator O has a charge H[O] > 0 it cannot

appear by itself in the renormalizable high-energy potential, and it can only appear in

the low-energy Lagrangian as

c

(
〈S〉
M

)n
O, n = H[O] . (2.81)

As different operators have different charges, a hierarchical structure can naturally ap-

pear (depending on the magnitude of the spurion 〈S〉M and on the charge n). Here c is a

numerical coefficient, unconstrained by the symmetry. If we aim to explain all the hier-

archies through the horizontal symmetry, we would expect c to be an O(1) number. For

non-SUSY models, if the operator O in eq. (2.81) has a negative charge, it would still

be suppressed by a positive power ε|n|, coming from a non-renormalizable interaction of

the form
(
〈S∗〉
M

)−n
.

Although this framework was originally proposed to explain the SM quark-

Yukawa couplings, it can be easily extended to supersymmetry. One new feature is
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the possibility of having a horizontal R-symmetry, in which case the charge of allowed

operators in the superpotential will be 2H[λ], H[λ] = −H[θ] being the horizontal charge

of the gaugino. Another difference is that, as the superpotential is a holomorphic

function of chiral fields, only the field S can appear in the superpotential, while S†

is forbidden. In other words, operators with negative charges are forbidden in the

superpotential. Still, they can be generated by SUSY breaking, in a way similar to the

familiar Giudice-Masiero mechanism; for simplicity, let us discuss the µφuφd term in

the superpotential, and let us assume that n = H[φu] +H[φd] is negative, n < 0. In the

Kähler potential, only terms invariant under the symmetry are allowed: in particular,

a non-holomorphic correction of the form

L ⊃
∫
d4θ

X†

MP

(
S†

M

)−n
φuφd (2.82)

is allowed, where X is a SUSY-breaking field with a non-zero F -component, 〈FX〉 6= 0,

related to the gravitino mass by m3/2 = 〈FX〉√
3MP

. Below the SUSY breaking scale, this is

equivalent to a µ term in the superpotential:

L ⊃
∫
d2θ

FX
MP

ε−nφuφd, µ =
FX
MP

ε−n ∼ m3/2ε
|n| . (2.83)

A similar argument is valid for dimension-4 operators with negative horizontal charges:

in this case, we would get a factor of order m3/2/MP × ε|n|, which gives negligible

contributions to the Yukawas (with the possible exception of neutrino masses). To

summarize, operators with negative charges are forbidden in the superpotential, but

can appear as soft terms. Operators with fractional charges are forbidden as they

cannot be generated by integrating out heavy fields.
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It should also be kept in mind that the horizontal symmetry should really be

thought as a discrete symmetry, e.g. a ZN symmetry. This comes from the expectation

that quantum gravity effects break continuous global symmetries, and from instanton

effects discussed in section 2.1.2. In this case the maximum suppression for an operator

in the (super)potential would be of order
(
〈S〉
M

)N
. The presence of large hierarchies

would imply a large N . Theories with multiple discrete symmetries, e.g. ZN1 × ZN2 ,

allow a smaller order for the discrete group while providing larger hierarchies.

Hierarchies in the quark sector To illustrate the Froggatt-Nielsen mechanism, we

show how it works in the quark sector. We will perform an expansion in terms of the

Cabibbo angle, ε = sin θC = 0.226. We start with the experimental values for the quark

masses in table 2.1, from which we compute the following mass ratios:

mt/v = 1 ∼ ε0 , mb/mt = 0.017 ∼ ε2.7,

mc/mt = 0.0035 ∼ ε4 , ms/mb = 0.019 ∼ ε3 , (2.84)

mu/mc = 0.002 ∼ ε4, md/ms = 0.053 ∼ ε2.

Here rational numbers were approximated by the closest integers.4 For example, the

approximations mc/mt = ε3.8 ∼ ε4 or ms/mb = ε2.6 ∼ ε3 were taken. This is because

the powers of ε for allowed Yukawa operators have to be integers and an O(1) coupling in

front of any superpotential term will also contribute to the mass ratios; approximating

ε0.5 ∼ ε0 is reasonable, because a factor of ε0.5 corresponds to having an O(1) coefficient

of 0.48 in front of the relevant operator. It would also have been also reasonable to

4 Except for mb/mt: in this case, we are going to include the variable tanβ.
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u (MeV) d (MeV) c (MeV) s (MeV) b (GeV) t (GeV)

1.3± .5 2.9± 1.2 620± 80 55± 15 2.89± 0.09 171.7± 3

Table 2.1: Running quark masses at MZ , from Ref. [162].

approximate ms/mb ∼ ε2; this only means that some of the charges might vary by ±1,

and it does not significantly change our conclusions.

Mixing is given by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which

can be written in the Wolfenstein parametrization:

V =


1− ε2/2 ε Aε3(ρ− iη)

−ε 1− ε2/2 Aε2

Aε3(1− ρ− iη) −Aε2 1

 , (2.85)

|V | ∼


1 ε ε3

1 ε2

1

 . (2.86)

In the MSSM, the superpotential for the quark sector reads

W ⊃ Y d
ijφdQid̄j + Y u

ijφuQiūj , (2.87)

which, in the presence of an horizontal symmetry, becomes

W ⊃
(
〈S〉
M

)mij
φdQid̄j +

(
〈S〉
M

)nij
φuQiūj = εmijφdQid̄j + εnijφuQiūj . (2.88)

Here we neglected the O(1) coefficients in front of each spurion and we defined ε =
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〈S〉/M . The coefficients mij and nij are defined as

mij = H[φd] +H[Qi] +H[d̄j ];

nij = H[φu] +H[Qi] +H[ūj ]; (2.89)

In the following we will denote the horizontal charge of a field Φi by the symbol of

the field itself, H[Φi] = Φi, and the intergenerational difference between charges as

H[Φi]−H[Φj ] = Φij , i, j = 1, 2, 3. Given this superpotential, we have

Y a
ij ∼ εφa+Qi+aj a = u, d; i, j = 1, 2, 3;

ma
i

ma
j

∼ εQi+ai−Qj−aj , |Vij | ∼ ε|Qi−Qj |, (2.90)

It can now be understood why we chose ε = 〈S〉/M = sin θC = 0.226: the CKM matrix

has a neat expansion in terms of sin θC , and it is here proportional to powers of ε.

It should be kept in mind (see [75]) that the Yukawas are determined up to order 1

coefficients; while diagonalizing the quark mass matrix, there might be some accidental

cancellation or enhancement. Additionally, given that ε is not that small, taking only

the leading order in the expansion can lead to some degree of inaccuracy. These effects

can be taken into account by keeping in mind that the hierarchies (2.84) and (2.85) are

determined up to factors of ε±1. This will correspond to uncertainties of ±1 for the

charges .

Combining eqs. (2.90) and (2.84) we can constrain the horizontal charges.

Although there are more variables than constraints, one finds that the intergenerational

differences Qij , uij , dij are unambiguously set by the quarks masses and mixings (see
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section 4.2 for the numerical values of the solutions). This will be important to study

the hierarchies in the RPV sector in section 4.3.

Quark-Squark Alignment As discussed earlier, it is possible to generate models

with quark-squark alignment using horizontal symmetries. Recall that if both the quark

and squark mass matrices have suppressed entries in the first row and column, there will

be quark-squark alignment in the first two generations, as needed to control FCNCs in

light mesons. With horizontal symmetries, some component of the quark mass matrix

Md can be zero because the corresponding operator has a negative charge. These null

entries are called holomorphic zeros. For what concerns the squarks, soft masses are

not all of order m̃2 as in eqs. (2.72) and (2.75): non-renormalizable terms in the Kähler

potential or superpotential only appear if allowed by the horizontal symmetry. Then,

an operator O which appears with a suppression εn in the superpotential generates an

A term of magnitude εnm̃. For this reason, the A-terms for the Yukawa interaction

Y u
ijφuQidj are of order m̃Y u

ij (and similarly for the down sector). This puts under

control the off-diagonal blocks in M̃ q2. For the diagonal blocks, by a careful choice

of the horizontal charges one can have alignment (say in the down sector) by having

suppressed entries in the first row/column, (M̃d2
LL/RR)i1. For details, see ref. [144], where

a symmetry with two horizontal groups, U(1)H1 × U(1)H2 , was studied.
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2.2.4 UV completion

Although the low-energy limit of Froggatt-Nielsen models is simple and elegant,

only relying on a horizontal symmetry and (at least) one spurion, it is fair to say that

its straightforward UV completion (in the sense of a renormalizable high-energy theory

that generates fermion Yukawa couplings at low energies) is contrived (with or without

supersymmetry). In particular, above the scale M one introduces mirror fermions,

that is, fermions that have the same quantum numbers of the SM ones, but with a large

vector-like mass M ;5 for example, to get the low-energy Lagrangian term φuQ1ū1, the

following terms are needed at high energies,

LUV = Q1φuŪ1 + U1S0Ū
′
1 + U ′1S0Ū

′′
1 + . . .+ U1

′′...′′S0ū1 , (2.91)

where to get a large power of ε at low energies we inserted many mirror fermions

U ′1, . . . , U1
′′...′′. The horizontal charges of the mirror fermions are set so that all the

terms in the Lagrangian above are allowed. The Feynman diagram corresponding to the

SM Yukawa coupling has Q1, φu and ū1 as external lines and the heavy fields integrated

out; each heavy field vertex comes with an insertion of 〈S〉, thus generating the spurion

ε = 〈S〉/M .

Additionally, as noted in [63], the coupling in (2.91) gives contributions to the

Higgs mass squared parameter proportional to the mas of U1, thus exacerbating the

fine-tuning problem of the weak scale for large M .

5This mass can be generated dynamically by a field S0 acquiring a vev, 〈S0〉 ∼ M . S0 needs to be
neutral under the horizontal symmetry.
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2.2.5 Effective theories of flavor: Minimal Flavor Violation

Minimal Flavor Violation (MFV) arises from a simple observation: in the

limit in which the Yukawa couplings vanish, each matter field (Q, ū, d̄, L, ¯̀) can trans-

form independently under a U(3) transformation that rotates the flavor indices. This

corresponds to a flavor symmetry

U(3)Q × U(3)ū × U(3)d̄ × U(3)L × U(3)¯̀ . (2.92)

The MFV hypothesis [48,103,62] corresponds to the assumption that, even after intro-

ducing new physics, this flavor symmetry is still only broken by the Yukawa matrices

Y u, Y d and Y `. The Yukawas are spurions of the flavor symmetry (2.92) and operators

that are not flavor singlets will be suppressed by specific combinations of the Yukawa

matrices. Thus flavor changing processes involving the first two generations are natu-

rally suppressed by the corresponding small Yukawa entries.

The application of this framework to supersymmetric (and in particular to

R-parity violation, on which we will focus in this thesis) is straightforward [142,56,17].

First, because the abelian part of the full flavor group (U(1)5 ⊂ U(3)5) contains R-

parity, we will just impose the flavor symmetry SU(3)5. If the fields Q,L (respectively,

ū, d̄, ¯̀) transform as anti-fundamentals (respectively, fundamentals) of each SU(3), the

transformation properties of the Yukawas under this symmetries are given in table

2.2. Second, if the spurions come from vevs of chiral fields, they should appear in the

superpotential only holomorphically (there will be no dependence on Y †).

Assuming MFV, the only renormalizable superpotential term that can be
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SU(3)Q SU(3)u SU(3)d SU(3)L SU(3)`

Y u � � 1 1 1

Y d � 1 � 1 1

Y ` 1 1 1 � �

Table 2.2: Representations of the Yukawa spurions under the MFV flavor symmetry.

From ref. [56].

added to the MSSM causes baryonic R-parity violation:

W ⊃ 1

2
w′′(Y uū)(Y dd̄)(Y dd̄) (2.93)

where w′′ is an unknown O(1) coefficient. It is notable that there is no leptonic R-parity

violation until neutrino masses are added to the model. For example, adding a right

handed neutrino N̄ introduces one more spurion Y N and small leptonic RPV terms in

the superpotential are generated. The Kähler potential can receive corrections which

take the form f(Y iY i†), where i = u, d, ` and f is an unknown function of the spurions.

These unknown corrections are suppressed by the Yukawa couplings and are therefore

small.

Comparing eq. (2.93) to the standard expression of the RPV superpotential,

WBRPV =
1

2
λ′′ūd̄d̄ , (2.94)

it can be found that the coefficients λ′′ depend on the quark masses [56]:

λ′′ijk = w′′y
(u)
i y

(d)
j y

(d)
k εjklV

∗
il = w′′mu

im
d
jm

d
k tan2 βεjklV

∗
il , (2.95)
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where V is the CKM matrix and we have performed a SU(3)5 transformation to

have diagonal Yukawa matrices, Y uvu = V † diag(mu,mc,mt), Y
dvd = diag(md,ms,mb),

Y `vd = diag(me,mµ,mτ ). The R-parity violating couplings involving light quarks are

naturally suppressed with respect to those involving heavier fields.

UV completion Providing a UV model of MFV R-parity violating supersymme-

try involves similar difficulties as with Froggatt-Nielsen theories. The symmetry group

(2.92) is promoted to a gauged flavor symmetry, and one introduces heavy mirror

fermions; those generate both the Yukawas and the RPV terms when they are inte-

grated out. The RPV textures that are obtained are approximately the same as the

ones predicted by the MFV hypothesis. For details, we direct the interested reader to

the original models in refs. [117,87,57].

2.3 Gravitinos and their cosmological implications

In this section, we introduce the gravitino, a spin-3
2 field which can be thought

as the superpartner of the graviton. We review the Feynman rules for the gravitino

in supergravity and the associated cosmological problems. We mainly follow Moroi’s

review [139] but also refer to Pradler [147].

2.3.1 Local supersymmetry

We start with the Wess-Zumino model without interactions,

LWZ = ∂µφ∂µφ
∗ + iχσ̄µ∂µχ , (2.96)
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which is invariant (up to a total derivative) with respect to the global SUSY transfor-

mation 
δφ =

√
2ξχ

δχα = −i
√

2σµαα̇ξ̄
α̇∂µφ, (δχα̇ = −i

√
2ξασµαα̇∂µφ

∗)

. (2.97)

If the supersymmetry transformation is local, ξ = ξ(x), the Lagrangian transforms as

δLWZ = i∂µξ J
µ + h.c.+ (total derivative), Jµα = −i

√
2(σν σ̄µχ)α∂µφ

∗ . (2.98)

To cancel the first term in δLWZ , we need to introduce a field coupled to Jµα that

transforms appropriately under the symmetry:6

Lψ = − i
2
GψµJ

µ + h.c., δψµα =
2

G
∂µξα . (2.99)

Note that ψµα is a field of spin 3
2 . G is a coupling that at the moment is unconstrained.

The Lagrangian is still not invariant: we are now left with δ(LWZ+Lψ) = − i
2GψµδJ

µ+

h.c., up to total derivatives, which can be rewritten as

δ(LWZ + Lψ) =
i

2
G
(
ψµσν ξ̄ + ψνσµξ̄ + ψµσ̄νξ + ψν σ̄µξ

)
Tµν . (2.100)

The energy-momentum tensor is defined from δL
δgµν

δgµν = 2Tµνδgµν , where the the

Lagrangian (2.96) becomes

LWZ =
√
−ggµν(∂µφ∂νφ∗ + iχσ̄µ∂νχ) (2.101)

when we explicitly write down the metric. Then, if the metric also transforms with

respect to the SUSY transformation, and particularly in the following way,

δgµν = −iG
(
ψµσν ξ̄ + ψνσµξ̄ + ψµσ̄νξ + ψν σ̄µξ

)
, (2.102)

6We here work to linear order in ψµ; in the full non-linear lagrangian, there will be four-gravitino
interactions.
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the full Lagrangian is invariant. By this transformation, we see that the metric gµν

and the spin-3
2 field ψµ are related by a supersymmetric transformation: as the metric

contains the graviton degrees of freedom, ψµα takes the name of gravitino.

The coupling G of the gravitino to other fields remains to be determined: first,

we introduce the vierbein vector eaµ,

gµν = ηabe
a
µe
b
ν , (2.103)

where nµν is the Minkoski metric tensor, nµν = diag(1,−1,−1,−1). Because of (2.102),

the vierbein transforms as δeaµ = −iG(ξσaψµ + ξ̄σ̄aψµ). The remaining parts of the

Lagrangian that we have not written down yet are the Einstein-Hilbert Lagrangian for

the metric and the Rarita-Schwinger Lagrangian giving the kinetic term for a spin-3
2

field:

LEH = − eR

16πGN
, LRS = eεµνρσψµσ̄νD̃ρψσ . (2.104)

R is the Ricci scalar and the Einstein-Hilbert Lagrangian can be rewritten as −eM2
PR/2,

defining the reduced Planck mass MP ≡ 1√
8πGN

= 2.4 × 1018 GeV. In the Rarita-

Schwinger Lagrangian, D̃µ is the covariant derivative, which depends on the spin con-

nection ωab. For G = 1
MP

, the action can be shown to be invariant for the transformation
δeaµ = −iG(ξσaψµ + ξ̄σ̄aψµ)

δψµ = 2
GD̃µξ

, (2.105)

which reproduces the metric transformation (2.102) and the gravitino shift in eq. (2.99).

The strength of the gravitino interactions is given by the Planck mass, or, equivalently,
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by Newton’s constant. For reference, we rewrite the coupling in eq. (2.99):

L = − i

2MP
ψµJ

µ + h.c. (2.106)

2.3.2 General Supergravity

The full non-linear supergravity Lagrangian can be found in Wess and Bagger,

ref. [160], and in Moroi [139] or Pradler [147]. We will not copy it here and we will just

write down the general ingredients of the Lagrangian in terms of the superfields Φi:

•
∫
d4θK(Φi,Φj∗) gives the kinetic terms for the chiral fields; K(Φi,Φj∗) is the

Kähler potential and the Kähler metric is defined by gij∗ = ∂2K
∂Φi∂Φj∗

. The inverse

metric is denoted by gij
∗
.

•
∫
d2θW (Φi) is called the superpotential and essentially gives the potential for the

chiral fields; W (Φi) is a holomorphic function of the fields.

•
∫
d2θf(Φ)W 2

α gives the kinetic term for the gauge fields; f(Φ) is called the gauge

kinetic function, and will define the associated gauge coupling.

• The F terms are defined as Fi = eK/2M
2
PDiW , with the Kähler derivative is

DiW ≡Wi+
Ki
MP

W , and with the subscript i we denoted a derivative with respect

to the chiral field Φi.

• The D-terms are defined by Da = φ∗iT aijφ
j .

• The potential for the scalar components of the superfields is

V = eK/M
2
P

[∑
i

gij
∗
FiF

∗
j − 3

|W |2

M2
P

]
+

1

2
g2DaDa. (2.107)
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• The gravitino-current interaction (2.106) becomes

LψJ =− 1

2MP
egij∗

[
D̃νφ

∗jχiσµσ̄νψµ + D̃νφ
iχiσ̄µσνψµ

]
(2.108)

− i

2M
e
(
ψµσ

νρσµλ̄a + ψµσ̄
νρσ̄µλa

)
F (a)
νρ , (2.109)

which gives the interactions of the gravitino fields to the matter fields and the

gauge sector.

Super-Higgs Mechanism Supergravity is a fermionic local symmetry; from Gold-

stone’s theorem, we know that a spontaneously broken global symmetry generates a

massless degree of freedom (here, it would be fermionic and is called the goldstino).

For a local (super)symmetry, the goldstino is “eaten” by the gravitino, which acquires

mass.

Supersymmetry is broken when a F- or D- term acquires a non vanishing vacuum ex-

pectation value. By writing the down terms in the supergravity Lagrangian that are

quadratic in the fields, we can find the following fermion masses for the fields χi, λ(a), ψµ

(we introduce the function G = K + logWW ∗ and set MP = 1):

mij = eG/2(Gij +GiGj), mab =
1

3
e−G/2g2D(a)D(b), (2.110)

mia = i
√

2(−gD(a)
i +

1

3
gGiD

(a)), mψµ = 〈eG/2〉 = eK/2〈W 〉 . (2.111)

We stress that the gravitino acquires a mass, which we will denote by m3/2. If super-

symmetry is broken by a F-term F , and we want to cancel the cosmological constant,

we require that the potential V is zero at the minimum. This implies

F =
√

3
W

MP
, m3/2 =

F√
3MP

. (2.112)

44



2.3.3 Gravitino Feynman Rules

We write down the Feynman rules of the gravitino in a four-component spinor

notation: four-spinors can be build from 2-spinors as follows,

ψ =

 ξα

η̄α̇

 , γµ =

 0 σ̄µ

σµ 0

 , γ5 = iγ0γ1γ2γ3. (2.113)

Gravitinos and gauginos are Majorana fields,

λ =

 λ

λ̄

 , ψµ =

 ψµ

ψµ

 , (2.114)

while left-handed and right-handed spinors are defined via the projection operators

PR/L = 1
2(1± γ5):

χR =

 χ

0

 , χL =

(
0 χ

)
. (2.115)

In momentum space, the following can be shown for the gravitino:

γµψµ(~p, λ) = 0, p µψµ(~p, λ) = 0, (/p−m3/2)ψµ(~p, λ) = 0. (2.116)

where λ = ±1
2 ,±

3
2 are the polarization states of the gravitino. The sum over the

different helicities is7

Pµν(~p) ≡
∑
λ

ψµ(~p, λ)ψν(~p, λ) (2.117)

= −(/p+m3/2)

[(
gµν −

pµpν
m2

3/2

)
− 1

3

(
gµσ −

pµpσ
m2

3/2

)(
gρν −

pρpν
m2

3/2

)
γσγρ

]
.

7Here, as noted in other sources, we correct a sign error in ref. [139, eq. 4.31].
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Finally the Lagrangian (2.108) becomes

LψJ = − 1√
2MP

D̃νφ
i∗ψµγ

νγµχiR −
1√

2MP

D̃νφ
iχiLγ

µγνψµ

− 1

8M
ψµ[γν , γρ]γµλ(a)F (a)

νρ . (2.118)

Feynman rules For a gravitino with momentum pµ and helicity λ in the initial state,

we assign a factor ψµ(~p, λ), while for a final state we assign ψµ(~p, λ). The Feynman

rules can be extracted from the Lagrangian (2.118) and are listed in figure 2.2.

ψµ χi

φi∗p

− 1√
2MP

γνγµ(1 + γ5)pν

ψµ
χi

φi
p

− 1√
2MP

γµγν(1− γ5)pν

ψµ λ(a)

A
(a)
ν

p

− i
4MP

pρ[γ
ρ, γν ]γµ

A
(a)
ν

ψµ χi

φj∗

− 1
2
√
2MP

gT a
jiγνγµ(1 + γ5)

ψµ
χi

φj A
(a)
ν

1
2
√
2MP

gT a
ijγµγν(1− γ5)

A
(c)
σ

ψµ λ(a)

A
(b)
ρ

− 1
4MP

gfabc[γρ, γσ]γµ

Figure 2.2: Feynman rules for the interaction vertices of the gravitino

2.3.4 Goldstino interactions

We have described how the massless gravitino becomes massive by absorbing

the goldstino modes in the super-Higgs mechanism. This adds the helicities ±1
2 to the
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ψG̃ χi

φi∗

m2
χi
−m2

φi

2
√
3Mpm3/2

(1 + γ5)

ψG̃χi

φi

m2
χi
−m2

φi

2
√
3Mpm3/2

(1− γ5)

ψG̃ λ(a)

A
(a)
ν

p

−imλ

2
√
6m3/2

[γρ, γν]p
ρ

A
(c)
σ

ψG̃ λ(a)

A
(b)
ρ

−mλ

2
√
6m3/2

gf abc[γρ, γσ]

Figure 2.3: Feynman rules for the interaction vertices of the goldstino

gravitino and it suggest that those gravitino modes behave like the goldstino. It can be

seen that this is true for a light gravitino, in particular for a gravitino lighter than the

mass splitting between superpartners. In this case, for
√
s � m3/2, the wave function

of the ±1
2 helicity components of the gravitino can be written as

ψµ ∼ i
√

2

3

1

m3/2
∂µψ , (2.119)

where ψ is the spin-1
2 goldstino, sometimes denoted by G̃. The Lagrangian becomes

LG̃ = i
m2
φi
−m2

χi√
3Mpm3/2

(ψχiR)φi∗ − i mλ

8
√

6MPm3/2

ψ[γµ, γν ]λ(a)F (a)
µν + h.c. (2.120)

As F =
√

3m3/2MP , the gravitino interactions are suppressed by the SUSY breaking

scale. For fixed superpartner masses, the goldstino components have stronger interac-

tions as the gravitino gets lighter. The Feynman rules are listed in figure 2.3.

Goldstini If there are multiple, non-interacting sectors that independently break

SUSY, there will be multiple goldstini, one for each sector [47]. One of them will

be eaten by the gravitino, but the others will remain in the theory as fermionic degrees

of freedom. The details depend on the number of SUSY breaking sectors and the rel-
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ative magnitude of the Fi’s, but the goldstini often get a mass of order 2m3/2,8 and

interact with the other degrees of freedom of the theory with a coupling of order 1
Fi

.

The cosmological constant is cancelled by requiring
∑

i F
2
i = |W |2/M2

P , so in the pres-

ence of a large hierarchy between the F -terms the uneaten goldstini will have stronger

interactions with the visible sector than the gravitinos.

2.3.5 The cosmological gravitino problem

Given the Feynman rules outlined in the previous section, one can compute

amplitudes for gravitino decays and for gravitino production. For example, if kinemat-

ically allowed, two typical decay processes are

Γ(ψµ → Aνλ) =
1

32π

m3
3/2

M2
P

(
1−

m2
λ

m2
3/2

)3(
1 +

1

3

m2
λ

m2
3/2

)
· rank(G), (2.121)

Γ(ψµ → φiχi) =
1

384π

m3
3/2

M2
P

(
1−

m2
φ

m2
3/2

)4

, (2.122)

where in the second expression we assumed mφ � mχ. In the limit of a heavy gravitino,

m3/2 � mφ,mλ, its lifetime is

τ(ψµ → γγ̃) = 3.8× 108s

(
100 GeV

m3/2

)3

. (2.123)

The gravitino is long-lived, and the lifetime (about 10 years) should be compared to the

time of Big Bang Nucleosynthesis (BBN), tBBN = 102−3s. If the gravitino is copiously

produced during the Big Bang, the photons from its decay will dissociate the light

elements (D, T, 3He, 4He, . . . ) whose relic abundances are well described by BBN. A

8Although, see ref. [55] for exceptions.
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heavier gravitino, m3/2 & O(10) TeV, is sufficiently short-lived to decay before BBN

and would avoid this problem.9

In the presence of R-parity, the superpartners in the decay will eventually

decay to the stable Lightest Supersymmetric Particle (LSP), so that at least one LSP

is produced for each gravitino. So, if the gravitino is copiously produced, there will

be too much dark matter left and the universe would be overclosed. As we will see

shortly, the gravitino is thermally produced from scattering of superpartners and the

gravitino abundance is proportional to the temperature T of the thermal bath. Then if

the universe’s temperature was ever too high, there would be too much dark matter.

Those are two related aspects of the cosmological gravitino problem: grav-

itinos are produced (easily over-produced) from particles scattering in the thermal bath,

and as they are long-lived they can interfere with BBN. The first problem can be (par-

tially) resolved by introducing an inflationary expansion in the early universe: then, the

primordial gravitino abundance is washed away, and gravitinos production can restart

at the reheating temperature, TR, a model-dependent parameter that can be adjusted to

not overclose the universe or interfere with BBN. The second problem can be solved by

requiring a heavier gravitino, m3/2 & 10 TeV, or that the gravitino decays to superpart-

ners are kinematically forbidden, in which case it is the LSP (this includes the case of a

very light gravitino, m3/2 ≤ 1 keV, which never was in thermal equilibrium). In this last

case there are still problems, as the NLSP is unstable and decays to a gravitino through

a MP -suppressed interaction. The decay rate is (using the goldstino interactions for a

9 Alternatively, if the gravitino is lighter than about 1 keV, it is never in thermal equilibrium and is
not abundantly produced.
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light gravitino and neglecting the fermion mass mχ)

Γ(φ→ χψG̃) =
1

48π

m5
φ

m2
3/2M

2
P

(
1−

m2
3/2

m2
φ

)2

. (2.124)

The lifetime is τ ∼ 6 × 104s
(
m3/2

1 GeV

)2 (
100 GeV
mφ

)5
, so the NLSP does not pertub BBN

if either the superparterns are sufficiently heavy or the gravitionos sufficiently light.

Another way to elude this problem is to have R-parity violation, allowing the NLSP to

decay directly to SM particles, as we will study in chapter 5.

2.3.6 Gravitino production

We now show how the gravitino can be produced in a thermal bath of super-

partners: the relevant processes are listed in [139, Tables 4.2 and 4.3] (see also [147] for

details), and the dominant process is the gluino scattering λ(a) + λ(b) → ψ + λ(c), with

a cross section of order

σ3/2 =
g2

3

64πM2
P

|fabc|2 ×O(20), σ1/2 =
g2

3

24πM2
P

m2
λ

m2
3/2

1

12
|fabc|2 ×O(20), (2.125)

where we have written the contributions from both the helicity ±3
2 and helicity ±1

2

components of the gravitino. For a SU(N) gauge group, |fabc|2 = N(N2 − 1). The

goldstino interactions dominate for light gravitinos, mλ & 2m3/2 (as expected from

the goldstino equivalence theorem). We will first do a simplified calculation for the

gravitino relic density that gives the correct parametric dependence on the relevant

scales, followed by a detailed treatment.

50



Back of the envelope calculation The Boltzmann equation for the gravitino abun-

dance reads

dn3/2

dt
+ 3Hn3/2 = 〈σv〉n2

λ , (2.126)

where on the right-hand side we omit gravitino production from other sources, such as

inflaton or moduli decay. The equilibrium value is reached when
dn3/2

dt = 0,

3Hn3/2 =< σv > n2
λ . (2.127)

If the temperature of the universe is high, TR � mλ, the gluinos (and the other su-

perpartners) are degrees of freedom that behave like radiation. The Hubble constant

is related to the temperature by H ∼
√
V

MP
∼ T 2

R
MP

. In order to just find the parametric

dependence, we substitute σ ≈ m2
λ/m

2
3/2M

2
P , so that the the gravitino density is

ρ3/2 = m3/2n3/2 =
m2
λ

m3/2MP

n2
rad

T 2
R

. (2.128)

In a radiation dominated universe, the scale factor a(t) scales as a ∼ 1
T and the matter

and radiation densities scale as

ρm ∼ a−3 ∼ T 3, ρrad ∼ a−4 ∼ T 4 . (2.129)

Following the evolution of the gravitino and radiation densities between T and Teq (the

matter-radiation equality temperature, Teq = 1.5 eV), we get

1 =

(
ρ3/2

ρrad

)
eq

=
TR
Teq

(
ρ3/2

ρrad

)
TR

=
TR
Teq

m2
λ

m3/2MP
. (2.130)

From this we conclude

TRm
2
λ

m3/2
≈ TeqMP , (2.131)
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where the right hand side is MPTeq ' 3.6 ·109 GeV2. Although this is a crude estimate,

the parametric dependence on the parameters is the correct one. Re-introducing all

the numerical factors that we neglected so far (see below for the details) gives a factor

of O(10−3) on the left-hand side of the equation. Allowing for other constituents of

dark matter, we find an inequality, saturated when the gravitino (or its decay products)

constitutes all of the dark matter:

10−3TRm̃
2

m3/2
. TeqMP . (2.132)

where we assumed a common scale m̃ = mλ = mq̃. This is the overclosure constraint on

the gravitino and sets a maximum reheating temperature for fixed values of m3/2 and

m̃. For a gravitino LSP, m3/2 . m̃, we find

TR . 2 · 109 GeV. (2.133)

All the gory details The collision term in the right-hand side of Boltzmann equation

comes from many individual contributions (see refs. [147,32] for detailed computations)

and it reads

dn3/2

dt
+ 3Hn3/2 = C =

3∑
α=1

(
1 +

m2
λα

3m2
3/2

)
3ζ(3)T 6

16π3M2
P

cαg
2
α log

kα
gα

. (2.134)

The sum runs over the SM gauge groups, and the numerical coefficients are cα =

(11, 27, 72), and kα = (1.266, 1.312, 1.271) for U(1)Y , SU(2) and SU(3) respectively.

The gaugino masses and the gauge couplings should be evaluated at the temperature

T . As seen in the simplified discussion above, the contributions from SU(3) dominate.
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The Friedmann equation for the scale factor a(t) in a flat universe is

H2 =

(
ȧ

a

)2

=
8πGN

3
ρ , (2.135)

where the energy density of the universe is (in a radiation-dominated universe with g∗

relativistic degrees of freedom)

ρ = g∗
π2

30
T 4 . (2.136)

The Hubble rate in this radiation-dominated era is

H(T ) =

√
g∗π2

90

T 2

MP
. (2.137)

The entropy density of the universe, s = (ρ+ p)/T , is dominated by relativistic degrees

of freedom,

s = g∗s
2π2

45
T 3 . (2.138)

In an expanding universe, entropy per comoving volume is conserved, sa3 =const. It is

useful to introduce the yield variable, Y3/2 ≡
n3/2

s , so that the equilibrium value of the

gravitino number density Hn3/2 = C becomes

Y3/2 =
C

Hs
=

3∑
α=1

(
1 +

m2
λα

3m2
3/2

)
yαg

2
α log

kα
gα

(
TR

1010 GeV

)
. (2.139)

Because Y3/2 ∝ T , gravitinos are most efficiently produced at high temperature, so

the present relic density is dominantly produced right after reheating, Y3/2(T0) =

Y3/2(TBBN ) ' Y3/2(TR). This is why we substituted T = TR in the expression above.
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The coefficients yα are (0.653, 1.604, 4.276)× 10−12. Finally, we can get the relic abun-

dance Ω3/2 ≡
ρ3/2

ρc
as

Ω3/2 =

3∑
α=1

(
1 +

m2
λα

3m2
3/2

)
wαg

2
α log

kα
gα

( m3/2

100 GeV

)( TR
1010 GeV

)
, (2.140)

with the coefficients wα equal to (0.0338, 0.0826, 0.22) for the different gauge groups.

The Planck measurement for the dark matter abundance is ΩDM = 0.268 [7]. We can

now see that the expression (2.140) agrees with the crude estimate in eq. (2.132): taking

only the dominant SU(3) contribution in (2.140) and mλ > m3/2, we have

0.27 & Ω3/2 ∼
m2
λ

3m2
3/2

0.22
( m3/2

100 GeV

)( TR
1010 GeV

)
,

m2
λTR
m3/2

. 3.6 · 1012 GeV2 = 103MPTeq . (2.141)

We can now discuss how this result depends on different assumptions: first, it

assumes that the universe was reheated above the superpartner scale, so that thermal

production of gravitinos is possible. In models with lower reheating temperature, one

has to find other ways to generate a relic density. Second, no other gravitino source

is included; this neglects gravitinos produced from inflaton or moduli decay. In the

sense that additional sources would just make the bound stronger, eq. (2.141) is a

conservative bound. Third, it is possible that a late decay of a heavy particle provided

a large entropy injection between reheating and BBN. In this case, the relic abundance

would be diluted by the amount of entropy added to the universe. This is strongly

model-dependent.
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2.4 A short introduction to Inflation

In this section we will introduce and review some aspects of cosmology and

particularly inflation. There are many good reviews; we here refer to Kinney [115] for

a comprehensive introduction and Riotto [148] for a detailed analysis of cosmological

perturbations.

2.4.1 Standard Big Bang cosmology

In a homogeneous and isotropic universe (as supported by observations at large

distances), the metric takes the Friedmann-Robertson-Walker (FRW) form:

ds2 = gµνdx
µdxν = −dt2 + a(t)2

(
dr2

1−Kr2
+ r2(dθ2 + sin2 θdφ2)

)
. (2.142)

Here we used spherical coordinates, a(t) is called the scale factor and the constant K

indicates the curvature of the universe, with values −1, 0,+1 for an open, flat and closed

universe, respectively.

The evolution of the universe is dictated by Einstein’s equations,

Gµν ≡ Rµν −
1

2
gµνR = 8πGNTµν − Λgµν . (2.143)

Here Rµν , R, and Tµν are the Ricci tensor, Ricci scalar and energy-momentum tensor,

with GN Newton’s constant (which defines the reduced Planck mass M2
P = 1

8πGN
=

(2.4 × 1018 GeV)2, in natural units with ~ = c = 1). Λ is the cosmological constant,

Einstein’s “biggest blunder” which turned out to be correct. For a homogeneous and

isotropic universe filled with a material with pressure p and energy density ρ, the energy-
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momentum tensor is

Tµν =



ρ 0 0 0

0 −p 0 0

0 0 −p 0

0 0 0 −p


. (2.144)

The equation of state between the energy density and the pressure characterizes the

fluid: for ultrarelativistic degrees of freedom (“radiation”), p = ρ/3, while for non-

relativistic species (“dust”) we have p = 0. In general relativity, conservation of energy

and momentum is

DνT
µν = 0, (2.145)

where Dν is the covariant derivative.

Given this energy-momentum tensor and neglecting the cosmological constant,

Einstein’s equations (2.143) and the conservation of energy and momentum (2.145) can

be written in the FRW metric (2.142):

H2 ≡
(
ȧ

a

)2

=
8πG

3
ρ− K

a2
, (2.146)

ρ̇+ 3H(ρ+ p) = 0 , (2.147)

where we defined the Hubble constant as H = ȧ
a . This measures the rate at which the

universe expands. The two equations can be combined into

ä

a
= −4πG

3
(ρ+ 3p) . (2.148)
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If the universe is expanding and it has ρ+ 3p > 0, the expansion is slowing down. Eq.

2.146 is called Friedmann equation and can be rewritten as

Ω− 1 =
K

a2H2
, with Ω ≡ ρ

ρc
and ρc ≡

3H2

8πG
. (2.149)

ρc is called the critical density. If ρ = ρc, the density parameter Ω is equal to 1,

corresponding to a flat universe. If it is less than ρc, the universe has an open geometry,

while if it is bigger the universe is closed. For K = 0, we can solve eqs. (2.146) and

(2.147) for radiation and dust:

radiation: arad ∝ t1/2, ρ ∝ a−4
rad ; (2.150)

dust: amat ∝ t2/3, ρ ∝ a−3
mat . (2.151)

For radiation, the spectrum is that of a black-body, with the temperature decreasing

with the expansion, T ∼ a−1. We also consider a third type of fluid, one for which

ρΛ = −pΛ:

cosmological constant: aΛ ∝ eHt, ρΛ = const. , (2.152)

where the Hubble rate H =
√

8πG
3 ρΛ is also constant. A universe with ρΛ 6= 0 and

no cosmological constant in Einstein’s equations is equivalent to an empty universe

with a positive cosmological constant Λ (de Sitter universe). In general, any fluid with

ρ+ 3p < 0 prompts an accelerated expansion: this class is referred to as Dark Energy.

It is customary to introduce a parametric form of the equation of state,

p = wρ (2.153)
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with w = 0, 1
3 ,−1 for dust, radiation and cosmological constant, respectively. The

continuity equation becomes

ρ̇+ 3(1 + w)Hρ = 0 , ρ ∝ a−3(1+w) , (2.154)

while from Friedmann equation we solve for the scale factor,

a(t) ∝ t2/3(1+w) . (2.155)

From eqs. (2.150)-(2.152), we see that if the universe starts with a mixture

of radiation, dust and dark energy, each species will dominate at a certain point in the

history of the universe:

• at early times, radiation dominates. The temperature at which the matter density

is equal to the radiation density is the matter-radiation equality temperature, and

is denoted by Teq ' 1.5eV. This is close to the time when the Cosmic Microwave

Background (CMB) was emitted.

• at intermediate times, matter dominates and the expansion rate continues to slow

down. This is the period in which galaxies form.

• at later times, dark energy begins to dominate and the expansion of the universe

accelerates. This is the current state of the universe that we live in.

Eventually, a cosmological constant in Einstein’s equation will always dominate

the energy content of the universe, and it will continue doing so. As we will see later,

it is necessary to introduce an exponential expansion (inflation) at early times, so that
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a mechanism to end the accelerated expansion is needed, or the universe would never

find itself in a radiation- or matter-dominated era.

2.4.2 Problems of standard Big Bang cosmology

The flatness problem In equation (2.149), the density parameter Ω corresponding

to a flat universe, Ω = 1, is unstable. For a decelerated expansion, ä < 0, the right-hand

side increases with time, aH = ȧ, and any initial deviation from unity is amplified with

time. In particular, given that at present times |Ω− 1| < 0.01, the universe initial state

was incredibly close to flatness, e.g. |Ω− 1| < 10−16 at BBN and more at earlier times

(if the universe started at the Planck scale, |Ω− 1| < 10−60 is needed).

The horizon problem Any particle is in casual contact with a region whose size is

set by the distance travelled by photons since the Big Bang. This defines the horizon

distance

DH(t) = a(t)dH(t), dH(t) =

∫ t

0

dt′

a(t′)
. (2.156)

where dH(t) is the comoving distance, and DH(t) takes into account the expansion

of the universe between the Big Bang and the time t. In the matter dominated era,

DH(t) = 3t = 2H−1 (DH(t) = 2t for radiation domination). The horizon at decoupling,

dH(tCMB), corresponds to the size of a region where photons were in causal contact

when the CMB was emitted. The ratio of dH(tCMB) to today’s particle horizon,

dH(tCMB)

dH(t0)
∼
(
tdec
t0

)1/3

∼
(

105

1010

)1/3

≈ 10−2 (2.157)
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gives us the size of the casually connected patches in the CMB: this corresponds to

about 1◦ in the CMB. Considering the volume, this means that our observable universe

contains approximately 105 patches that did not have enough time to reach thermal

equilibrium before the CMB was emitted. But observations of the CMB tell us that its

temperature is constant (TCMB = 2.7K) across the whole sky up to fluctuations of a

part in 10−5. The horizon problem corresponds to the fact that regions that were not

in casual contact have the same temperature.

2.4.3 Inflation

An accelerated expansion phase would solve the horizon and flatness problems:

for the flatness problem, we see that an accelerated expansion gives Ω→ 1, while if the

CMB coming from opposite sides of the sky originated from a single, casually connected

region which had exponentially expanded before the emission of the CMB, our whole

universe would rightfully be a homogeneous patch. This exponential expansion is called

inflation. As said earlier, it has to end at some point so that the radiation- and

matter-dominated epochs can follow.

Consider a scalar field φ (the inflaton) with a potential V (φ) permeating the

universe. The associated energy density and pressure are

ρ =
1

2
φ̇2 + V (φ), p =

1

2
φ̇2 − V (φ) . (2.158)

To have an accelerated expansion, ä > 0, we need ρ + 3p < 0, corresponding to

φ̇2 < V (φ): the potential energy of the inflaton dominates over its kinetic energy.
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The Friedmann equation and the field equation of motion become

H2 =
8πG

3

(
1

2
φ̇2 + V (φ)

)
' 8πG

3
V (φ), (2.159)

φ̈+ 3Hφ̇+ V ′(φ) = 0 =⇒ 3Hφ̇ ' −V ′(φ). (2.160)

where we have adopted the slow-roll approximation, φ̇ � V, φ̈ � 3Hφ̇. This corre-

sponds to defining the slow-roll parameters

ε =
M2
P

2

(
V ′

V

)2

, η = M2
P

V ′′

V
. (2.161)

and requiring ε � 1, |η| � 1. When ε or η become equal to 1, inflation ends and

the standard Big Bang cosmology treatment applies again. During the expansion H '

const., so that the scale factor grows exponentially,

a(t) ∼ e−
∫
H(t)dt ≡ eN (2.162)

where N , the number of e-foldings, measures by how much the universe expands:

dN ≡ −Hdt,

N (t) = −
∫ te

t
Hdt = −

∫ φe

φ(t)

Hdφ

φ̇
=

1

M2
P

∫ φe

φ(t)

V

V ′
dφ =

1

MP

∫ φe

φ(t)

dφ√
2ε
. (2.163)

Here we have used eqs. (2.159)–(2.160) and we have defined te as the time at which

inflation ends; this corresponds to the failing of slow-roll approximation. N increases

backward in time.

Qualitatively, inflation happens on a plateau of a scalar potential, where the

energy is dominated by the potential, and it ends when the potential steepens. The

field will eventually reach its minimum, and as the field classically oscillates around
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the minimum, the universe is a Bose-Einstein condensate. In order to transition to a

radiation-dominated phase, there needs to be a process for the inflaton to decay to SM

particles. This is called reheating: it depends on the inflaton coupling to SM particles

and is model-dependent.

How much inflation is needed to solve the Big Bang cosmological problems?

We can see this by looking at the flatness problem and how it is solved by inflation.

During inflation, we have

Ω− 1 =
K

a2H2
∼ 1

a2
∼ e−2N . (2.164)

For N ≈ 70, we get |Ω− 1|te < 10−60 at the end of inflation; if the universe reheated at

temperatures smaller than MP , Ω at present times would still be very close to 1.

Perturbations Not only is the universe very homogeneous over large scales, it con-

tains large inhomogeneities, as given by the presence of galaxies and cluster of galaxies.

This is also true in the CMB. The temperature fluctuations in the CMB are of order

δT/T = 10−5 and the fluctuations exhibit correlations at scales much larger than the

horizon scale at decoupling, which corresponds to about 1◦. If a perturbation has a

wavelength λ and the proper wavelength redshifts with the expansion, λ(t) ∼ a(t),

the comoving wavelength stays constant. As the horizon grows during matter- and

radiation-dominated epochs, and shrinks during inflation, an initial perturbation red-

shifts to super-horizon scales (corresponding to a “frozen” perturbation), then later

re-enters the horizon and acts as a source for structure formation.

But what is the initial source of density perturbations? It turns out it is
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quantum fluctuations of the inflaton as it moves along its classical trajectory. In general,

a free scalar field in a de Sitter background has a two-point correlation function

〈0|φ(τ, ~x)φ(τ, ~x′)|0〉 =

∫
dk

k
P (k)ei

~k·(~x−~x′) (2.165)

where the power spectrum goes as P (k) ∼
(
H
2π

)2 '√ V
12π2M2

P
.

It can be shown that the inflaton field δφ ∼ H/2π generates curvature pertur-

bations,

PR(k) = As

(
k

k∗

)ns−1

(2.166)

where the amplitude of the perturbations and the tilt of the spectrum can be expressed

in terms of the slow-roll parameters,

As ≈
V

24π2M4
P

1

ε
, ns ≈ 1 + 2η − 6ε (2.167)

Another type of perturbations that can be generated is tensor perturbations, where the

perturbed fields are the tensor components of the metric,

PT = 〈δ〉g2
ij = At

(
k

k∗

)nt
. (2.168)

In this case the amplitude and tilt are given by

At ≈
2V

3π2M4
P

, nt ≈ −2ε . (2.169)

The importance of tensor modes is that their amplitude depends directly on the value

of the inflaton potential V . The tensor-to-scalar ratio r is defined as

r =
PT
PR
≈ 16ε . (2.170)

63



Observable quantities The density perturbations discussed above leave an imprint

on the CMB as temperature fluctuations. By measuring the temperature fluctuations

across the sky and finding the CMB power spectrum, we can deduct values for the

amplitude of the fluctuations and their spectral index, or tilt.10 The minimum number

of e-foldings N is required to be between 46 and 60 (depending on the scale at which

inflation happened) to solve the flatness and horizon problems.

We here gather the expressions for the slow-roll parameters ε, η and the ob-

servables in terms of the inflaton potential V (in the slow-roll approximation):

ε =
M2
P

2

(
V ′

V

)2

, η = M2
P

V ′′

V
, N =

1

M2
P

∫ φe

φ

V

V ′
dφ, (2.171)

As =
V

24π2M4
P

1

ε
, ns = 1 + 2η − 6ε , (2.172)

At =
2V

3π2M4
P

, nt = −2ε, , r =
As
At

= 16ε . (2.173)

The results cited by the Planck collaboration [8] are

As = 2.196+0.054
−0.058 × 10−9, ns = 0.9603± 0.0073 , r < 0.12 (95%CL) . (2.174)

Lyth bound The so-called Lyth bound [129] relates the tensor-to-scalar ratio r to

the field displacement ∆φ during inflation:

N =
1

MP

∫ φe

φ

1√
2ε
dφ ' ∆φ

MP

√
8√
r
, (2.175)

where we have assumed that ε and r are approximately constant during inflation. For

a large tensor signal, r = O(0.2), ∆φ & 10MP is required. This can be rewritten as a

10For details on connecting the CMB spectrum to inflationary observables, see ref. [120]. Other
observables include the non-gaussianity of the spectrum.
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constraint on the scale of inflation,

V ' (2× 1016 GeV)4 r

0.2
. (2.176)

2.4.4 Inflationary models

There is a miriade of models based on different inflationary potentials. They

can be separated in two broad classes: small field models and large field models, de-

pending on the magnitude of the inflaton field φ with respect to the Planck scale. We

will here give a representative example for each class.

Chaotic inflation [123]: The potential is polynomial, V = λpφ
p, where p is an integer

and λp is a dimensionful parameter (masses are taken in units of the Planck mass,

here taken equal to 1). The slow-roll parameters are

ε =
p2

2φ2
, η =

p(p− 1)

φ2
. (2.177)

Note that slow roll corresponds to φ ≥ O(p), that is, the field value is transPlack-

ian. Inflation ends when the slow roll condition is violated, η = 1 at φe =√
p(p− 1). The observable quantities are

As =
λpφ

p+2

12π2p2
, ns = 1− 2p+ p2

φ2
, r =

8p2

φ2
. (2.178)

They can be rewritten in terms of the number of e-foldings, N = φ2−φ2
e

2p :

As =
λp(2pN )

p+2
2

12π2p2
, ns = 1− p+ 2

2N
, r =

4p

N
(2.179)

where we have used N � p. The small value of As corresponds to a tuning of

the parameter λp. For a quadratic potential, m2 ≡ λp ≈ 10−11, and the mass of
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the inflaton is of order 1012 GeV. Compared to the transPlanckian excursion, the

potential is extremely flat.

Hybrid inflation [124,125]: this is a two field model. The inflaton rolls on a flat direction

of the potential until an instability, after which the other field gives a large mass to

the inflaton. For simplicity we take the supersymmetric case, with superpotential

W = S(kφ2 − µ2), corresponding to a potential V = (µ2 − kφ2)2 + 4k2S2φ2. The

global minimum is at S = 0, φ = µ√
k

and there is a flat direction at large S and

φ = 0. The inflaton rolls on the flat direction towards the minimum, until the

waterfall value, Sw = µ√
2k

. The mass of φ becomes negative and the flat direction

is unstable, so that the field rolls to the global minimum, where S is massive.

The tree-level potential at large S is exactly flat, V = µ4; quantum corrections in

the form of a Coleman-Weinberg potential give

V (S) = µ4

(
1 +

k2

16π2
log(S†S)

)
. (2.180)

The canonically normalized inflaton is S = σ/
√

2. The slow-roll parameters are

ε =

(
k2

16π2

)2
2M2

P

σ2
, η = − k2

16π2

2M2
P .σ2 (2.181)

ε is suppressed by a loop factor with respect to η. Inflaton ends either at waterfall,

σw = µ/
√
k, or when |η| = 1, that is σe = MP

k
4π

√
2. In terms of N = 8π2

k2M2
P

(σ2 −

σ2
e), the observable quantities are

As =
4

3

(
µ

MP

)4 N
k2
, ns = 1− 1

N
, r =

k2

2π2

1

N
. (2.182)

66



The small measured value for As corresponds to a low scale of inflation, µ�MP .

The tensor-to-scalar ratio is always small, r � 1. A number of supergravity

corrections can be added to this potential, as will be studied in chapter 6.

2.4.5 Discussion of BICEP2 results

In March 2014, as this dissertation was being written, the BICEP2 collabora-

tion [9] announced the detection of polarized B modes in the CMB. If interpreted as a

signal from inflation, they would correspond to a discovery of large tensor perturbations.

In terms of the tensor-to-scalar ratio,

r = 0.2+0.07
−0.05 , (2.183)

with r = 0 ruled out with a significance of 7σ. This is in contrast with Planck’s

95% CL upper bound, r < 0.12 [8]. The main uncertainty resides in the modelling of

foreground dust which could mimic the signal attributed to the tensor modes. There

has been some debate in the literature whether this signal is from the CMB or if there

is polarized light emission from foreground dust making up part of or all the signal.

BICEP2 observations are at a single frequency, and observations at multiple frequencies

would discriminate between primordial polarized modes or dust polarized emission, as

they have different spectra. The region of the sky observed by BICEP2 is away from

the galactic plane so that dust along the line of sight should be negligible. Indeed, in

the modeling of the foreground dust performed by BICEP2, the signal from the dust

emission never constitutes a significant part of the total observed signal. The adjusted
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value of r when subtracting the emission from the best dust model from the observed

signal is r = 0.16+0.06
−0.05, with r = 0 ruled out with a significance of 5.9σ. Given the

uncertainties in our knowledge of foreground dust distribution (see [140] for a recent

analysis), BICEP2 results should currently be taken with a pinch of salt. Planck’s

polarization data are expected in the next year, while several other precision CMB

experiments operating at different frequencies will probably corroborate or refute such

a large value for r in the next couple of years.

Taken at face value, this measurement sets the potential during inflation at

V = (2× 1016 GeV)4 , (2.184)

which would rule out the small field models discussed in chapter 6. Lyth bound, eq.

(2.175), tells us that a field displacement of order 10MP is needed to generate a large

r. From the model building point of view, this is problematic, as one would expect

that at values of the field above MP , large gravitational corrections (which appear in

the low-energy effective theory in the form of Planck-suppressed operators) spoil the

flatness of the inflaton potential.

There are some ways to circumvent this argument:

• In a weakly-coupled theory, non-renormalizable operators will be generated via

loop diagrams. The curvature of the potential will be suppressed by the weak

coupling, and corrections to the inflaton mass can remain small;

• In multi-field models of inflation, the inflaton can roll in a multi-dimensional

potential and the total excursion can be trans-Planckian even though the fields
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values always remain sub-Planckian;

• If the inflaton transforms under a shift symmetry φ→ φ+ f , polynomial terms in

the potential (and all higher-order corrections) are forbidden. In this framework,

dubbed Natural Inflation, the potential is given by a cosine potential, V (φ) =

V0(1± cosφ/f). Lyth’s bound still applies, implying that f is required to be large

in Planck units, f & 10MP (see figure 2.4; this is hard to understand in an effective

field theory, especially if quantum gravity breaks such global symmetries. In [22],

it was shown that even in string theory the decay constant f is not parametrically

larger than MP .

• If the inflaton potential is an analytic multivalued function (that is, there are

branches), the field excursion in each branch can be sub-Planckian while the total

excursion is multi-Planckian. This is dubbed monodromy inflation and was first

explored in string theory constructions [152,134].

In ref. [66], in collaboration with Michael Dine and Patrick Draper, we showed

that it is possible to have natural inflation exhibiting monodromy in supersymmetric

QCD with a large number of colors N . The naive 2π periodicity of the inflaton field

becomes 2Nπ when considering the field over the multiple branches. The tunnelling

rate between different branches, which would cause an abrupt end to inflation, can be

small enough.
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Figure 2.4: Values of the spectral index ns and the tensor-to-scalar ratio r in natural

inflation, for different values of the decay constant f (dashed lines) and of the number

of e-foldings N (thick lines). For large f the natural inflation predictions are the same

as those of the φ2 potential. The gray shaded areas are the 1σ and 2σ regions favored

by Planck [8], while BICEP2 results for r are indicated as blue shaded areas. Note how

reaching r = 0.2 is still difficult in this framework.
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Chapter 3

Discrete R Symmetries and Anomalies

Invitation

We comment on aspects of discrete anomaly conditions focussing particularly

on R symmetries. We review the Green-Schwarz cancellation of discrete anomalies, pro-

viding a heuristic explanation why, in the heterotic string, only the “model-independent

dilaton” transforms non-linearly under discrete symmetries; this argument suggests that,

in other theories, multiple fields might play a role in anomaly cancellations, further

weakening any anomaly constraints at low energies. We provide examples in open

string theories of non-universal discrete anomalies at low energies. We then consider

the fact that R symmetries are necessarily broken at low energies. We exhibit dynamical

models, in which fields charged under the Standard Model gauge group (for example, a

doublet and a triplet) gain roughly equal masses, but where the doublet and the triplet

possess different discrete charges and the low-energy anomaly conditions fail.
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3.1 Introduction

It is conceivable that discrete symmetries play an important role in low energy

physics. They are an important tool for model builders. Starting with the work of

Krauss and Wilczek [116], it has been argued that such symmetries should be gauge

symmetries, and as such should be free of anomalies. A set of consistency conditions

were formulated by Ibanez and Ross [106]. Subsequently, it was noted that in heterotic

string theories, only a weaker set of conditions hold [21], and that

1. Anomaly conditions can only be applied with respect to non-abelian symmetries

2. Anomalies can be compensated by a Green-Schwarz mechanism. This is only

meaningful in weak coupling (more precisely in certain extremes of the moduli

space, where the breaking terms are exponentially suppressed).

Various authors have enforced various rules on model building ranging from the stronger

Ibanez-Ross constraints to the weaker ones of [21]1. But even the latter are arguably

too strong; this will be the subject of the present paper. First, these constraints are

frequently applied to discreteR symmetries. But, given the small size of the cosmological

constant, R symmetries are necessarily broken at some high energy scale. Fields may

gain mass as a result of this breaking, negating any constraint. We will illustrate this

effect with explicit models for dynamical R symmetry breaking. Second, we will see

that studies of anomalies in the heterotic string are limiting. For the compactifications

which have been considered to date, there is a simple argument why the anomalies are

1An early example, which finds striking constraints, appears in [119].
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universal. We will (re)consider a set of Type II orientifold models [105,67], and see that

these have non-universal low energy anomalies.2 After discussing gauge unification, we

conclude from these observations that there are no compelling reasons, absent a specific

and detailed microscopic theory, to impose discrete anomaly constraints at low energies.

In the next section, we review briefly the situation with anomalies in the het-

erotic theory. In section 3.3, we explain why in many compactifications of the heterotic

string the anomalies are universal. In section 3.4, we examine several Type II models

which provide examples of non-universal anomalies. Then we discuss breaking of R sym-

metries in sections 3.5 and 3.6, noting that fields can gain mass at a variety of scales,

and consider subtleties of possible constraints from coupling unification. We remark

about implications for model building in section 3.7.

3.2 Anomaly Conditions in Heterotic String Theory

In a unified field theory, it is simple to argue that if the high energy theory

is anomaly free, so is the low energy theory. Whatever fields gain mass as a conse-

quence of the unified symmetry breaking, they are necessarily vector-like with respect

to the unbroken symmetries. On the other hand, the usual ’t Hooft type of argument

would not seem to apply in this case; discrete symmetries could exhibit anomalies with

respect to U(1)’s without leading to any obvious inconsistency. Instead, we can view

2In [105] discrete symmetries are the remnants of the breaking of a gauge symmetry and because of
that they are anomaly-free at low and high energy. This is not the most general way of getting a discrete
symmetry: in the Type II examples discussed here the discrete symmetry has a geometric origin, that
is, it is due to the compactification of the extra dimensions.
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the cancellation of anomalies as a simple algebraic fact. If anomalies are cancelled by a

Green-Schwarz mechanism, in a simple group, the anomalies of the low energy theory

must be equal, by the same algebraic argument as in the case without a GS cancellation.

In string theory, one does in fact find that the only anomaly conditions which

hold, in general, are those involving non-abelian gauge symmetries. Moreover, it has

been known for some time that in string theories, anomalies in discrete symmetries may

be cancelled by a Green-Schwarz mechanism. In other words, there may be a (pseudo)

modulus, Φ, transforming under the discrete symmetry as Φ → Φ + 2πi
N (for the case

of a ZN symmetry) and with coupling ΦW 2
α. From a low energy perspective, once one

has allowed for the possibility of Green-Schwarz cancellations, it would seem that there

are no constraints on discrete anomalies, provided that one has sufficient numbers of

light pseudo moduli with suitable couplings to W 2
α.3 These moduli, if sufficiently weakly

coupled, might play no other significant role in low energy physics (cosmology aside). So

there is no a priori reason, from purely macroscopic considerations, to impose anomaly

constraints. On the other hand, in the heterotic string, at least in all examples which

have been studied to date, only one modulus transforms under the discrete symmetries,

and so all would-be anomalies are identical.

Both of these issues are nicely illustrated by the O(32) heterotic string. We can

consider the textbook [97] example of compactification of the theory on a Calabi-Yau

manifold described by the vanishing of a quintic polynomial in CP 4. In terms of the

3Indeed, one might wonder whether the existence of pseudo moduli is a requirement, with anomalies
instead being cancelled by heavy fields with multiple ground states related by the discrete symmetry
transformation. While logically possible, we have found it difficult to model this phenomenon.
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coordinates of CP 4, xi, i = 1, . . . 5,

P =
∑

x5
i = 0. (3.1)

This theory exhibits a Z4
5 × S5 symmetry. We mod out by the transformation

xi → αixi; α = e
2πi
5 , (3.2)

which is a freely acting symmetry. This reduces the number “generations” (26’s of O(26)

with charge +1) from 101 to 21; there is still one anti generation. We combine this with

the action of a Wilson line. We take the Wilson line to lie in a U(13) subgroup of O(26):

U = diag
(
αk1 , . . . , αk13

)
. (3.3)

The requirement of modular invariance is

1

2N2

∑
(k2
i − kiN) =

n

5
, N = 5 (3.4)

for some integer n.

Consider a particular choice of U :

ki = 1, i = 1 . . . , 9; ki = 2, i = 10, . . . , 13. (3.5)

In this case, the low energy group includes SU(9)×SU(4)×U(1)×U(1). To investigate

the question of anomalies, we choose one of the surviving symmetries:

x1 → αx1. (3.6)

It is a simple exercise to determine the anomalies. For SU(4), one finds α8 = α3,

while for SU(9) one finds α18 = α3. (The counting, here, is particularly simple. The
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matter fields include 20 fields in the (9, 1) and 20 in the (1, 4). The R charges are easily

worked out. The product of scalar R charges, in each case, is 1. The fermion and scalar

charges differ by a fifth root of unity, which cancels out for the 20 fields in the instanton

determinant. This just leaves the 8 and 18 gaugino zero models for the two groups.)

However, the discrete symmetry would appear to have no anomaly with respect to the

U(1)’s, since the anomalies, again, cancel among the matter fields, but now the gauginos

are neutral.

Other choices of Wilson line similarly illustrate these phenomena of Green-

Schwarz cancellations, as well as the lack of a constraint for the anomalies in the sym-

metry relative to U(1) gauge groups.

3.3 On the Possibility of Multiple Green-Schwarz Cancel-

lations

In the heterotic string, discrete anomalies have been studied in a range of

Calabi-Yau, orbifold (symmetric and asymmetric), and other compactifications [21,67].

In these compactifications, one finds that all anomalies can be cancelled by assigning a

transformation law to the dilaton of the weak coupling theory, i.e. the anomalies are all

equal (again this refers to anomalies with respect to non-abelian gauge groups). Many

workers have concluded from these observations that this is a general requirement which

should be imposed on low energy theories.

But a priori this is not obvious. In string models, in particular, there are
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typically multiple moduli fields. Generically, several if not all of these will couple to

some of the various gauge groups (i.e. they will exhibit couplings of the form XW 2
α),

and, if these couplings differ, and if the fields have different transformation laws under

the discrete symmetries, the anomalies could differ. We now argue that the heterotic

string theory is special; that this is not a result which need hold in a general theory

coupled to gravity.

Consider, for example, the case of the quintic. For special values of the radius,

the theory is known to exhibit an enhanced symmetry [94]. Consider the theory at such a

point. If we wish to assign to the radial dilaton a transformation property under the Z5,

this transformation is necessarily linear (a non-linear transformation law, for example,

would not be consistent with the enhanced gauge symmetry), but perturbatively the

dilaton is invariant. Any fields which gain mass as one moves away from this point are

necessarily in vector-like representations of the unbroken symmetries.

This behavior would appear, in the case of the heterotic string, to be generic.

For example, toroidal and orbifold compactifications typically have points in their mod-

uli spaces where all of the moduli, apart from the dilaton, are charged. The same is true

of Calabi-Yau compactifications that admit a Gepner description somewhere on their

moduli space. On the other hand, the space of N = 1 compactifications of string theory

is larger than these particular compactifications of the heterotic string, in which case it

is possible that there are moduli which do not experience such enhanced symmetries,

which could also play a role in anomaly cancellation. So it is worthwhile to study a

broader class of theories.
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3.4 Non-Universal Anomalies in Type II Theories

A clue as to where to look for non-universal anomalies is provided by the study

of continuous U(1) symmetries in string models. In [105] Ibanez and Uranga studied

Type II orientifolds and open strings, and found that often there are several anomalous

U(1)’s, and that these anomalies are not universal, the anomalies being cancelled by

various axion-like fields. Related to these anomalies, there are also Fayet-Iliopoulos

terms, controlled by these various moduli. These may vanish at certain points on the

moduli space.

In addition to U(1)’s, many of these models have discrete symmetries as well,

with assorted anomalies, as discussed in [67]. In that reference, it was noted that the

ratios of the discrete anomalies with respect to the non-Abelian groups were the same

as the ratios of the continuous anomalies with respect to the same groups (modulo suit-

able integers). Then, one could define a non-anomalous discrete symmetry by combining

the discrete symmetry with the U(1): denoting by α the parameter of the continuous

U(1), the discrete symmetry would be Z ′N = ZN × U(1)α= 2π
N

. But this is not really

the interesting question. Instead, one can ask whether, once one has accounted for the

Fayet-Iliopoulos terms, there are surviving discrete symmetries at low energies, whether

these are sometimes anomalous, and whether, if so, these anomalies are universal. Al-

ternatively, if the FI term vanishes, the gauge field and the corresponding modulus are

massive, and one can study the remaining discrete symmetries in the low energy the-

ory and their anomalies in isolation. In what follows, we will give examples of both
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phenomena.

A simple example is provided by a Z3 orbifold, developed in [105] and studied

in [67]. At a microscopic level, this theory has gauge group

SU(12)× SO(8)× U(1). (3.7)

It has two discrete Z6 discrete R symmetries (on a subspace of the moduli space). The

massless field content is:

2(12, 8, 1; γ1/2) + (12, 8, 1; γ−1/2) + 2(66, 1,−2; γ1/2) + (66, 1,−2; γ−1/2)+

+ (143, 1, 0; γ−1/2) + (1, 28, 0; γ−1/2). (3.8)

Here γ = e
2πi
6 , and the γ quantum number refers to the transformation property of

the fermionic component of the multiplet under the discrete symmetry. The last two

sets of fields are the gauginos of U(12) and SO(8), respectively. There are a variety

of anomalies. There are a set of moduli, chiral fields, Φi, i = 1, 2 associated with the

twisted sectors. These fields cancel the anomalies through their couplings to the gauge

U(1)’s W 2
α; they also give rise to Fayet-Iliopoulos D-terms. These are given by:

D = 6
√

3(Φ1 − Φ2). (3.9)

If the D term vanishes, the gauge bosons are massive, and there is no U(1)

in the low energy theory. The discrete anomalies with respect to SU(12) and SO(8)

are γ3 and 1, respectively, i.e. they are not universal. There is still one light linear

combination of Φ1 and Φ2, Φ1 + Φ2. This, along with the dilaton, cancels the discrete

anomaly. Using the analysis of [105], one can compute the couplings of the two twisted
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moduli to the gauge groups SU(12) and SO(8).

fSU(12) = S − 6(Φ1 + Φ2) fSO(8) = S + 4(Φ1 + Φ2). (3.10)

Φ ≡ Φ1 + Φ2 is light. Both S and Φ must transform under the discrete symmetry to

cancel the anomaly.

Consider the case that the D term is non-zero and positive. Then we can

cancel the D term by giving an expectation value to one of the (66, 1,−2; γ1/2) fields,

〈66〉 = v



σ2 0 0 0 0 0

0 σ2 0 0 0 0

0 0 σ2 0 0 0

0 0 0 σ2 0 0

0 0 0 0 σ2 0

0 0 0 0 0 σ2



. (3.11)

This breaks the gauge symmetry to SP (6) × SO(8). The scalar component of the 66

is neutral under the original discrete R symmetry, so this symmetry is unbroken. At

low energies, the discrete anomalies are non-universal. An SP (6) instanton violates the

symmetry by γ3, while an SO(8) instanton does not violate the symmetry at all. There

are three light moduli remaining in the low energy theory, more than enough to cancel

the discrete anomaly.

Alternatively, for the same positive choice of the D-term sign, the field (66, 1,

−2; γ−1/2) can obtain an expectation value. The low energy gauge group is the same, but

the unbroken discrete symmetry is different. The scalar component of the 66 transforms
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with phase γ−1 under the original Z6 symmetry, so at low energies, the unbroken discrete

symmetry is a combination of the microscopic Z6 and a U(1) transformation. However,

the extra U(1) does not contribute to the anomalies at low energies, and one again has

non-universal behavior, with phases (γ3, 1).

If the D term has the opposite sign, it can be cancelled by giving a vev to any

one of the (12, 8, 1; γ±1/2) fields. For example, we can have

〈(12, 8)〉 =



v 0 0 0 0 0 0 0 0 0 0 0

0 v 0 0 0 0 0 0 0 0 0 0

0 0 v 0 0 0 0 0 0 0 0 0

0 0 0 v 0 0 0 0 0 0 0 0

0 0 0 0 v 0 0 0 0 0 0 0

0 0 0 0 0 v 0 0 0 0 0 0

0 0 0 0 0 0 v 0 0 0 0 0

0 0 0 0 0 0 0 v 0 0 0 0



. (3.12)

The low energy gauge group is SO(8) and the discrete symmetry is anomaly free.

Similar results hold for various vacua of the models studied in [67]. So non-

universality seems to be the rule in the Type II constructions. One concludes from this

that, from the perspective of a low energy model builder, there is no strong rationale

for enforcing any discrete anomaly constraints. Only if one is committed to some

particular microscopic framework (e.g. heterotic strings compactified on orbifolds), or

the assumption that there is no small parameter in the microscopic theory, can one
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justify such constraints.

3.5 Models with R Breaking at Multiple Scales

Even if one believes one has an underlying framework in which anomalies

vanish or are universal, it is still not clear that one should enforce anomaly constraints

on R symmetries. This is because R symmetries are necessarily broken at a high energy

scale, given the smallness of the observed cosmological constant. As a result of this

breaking, fields in non-vectorlike representations of the symmetry group may gain mass,

even as the low energy theories may (and often do) exhibit an approximate discrete

R symmetry. The models of ref. [68], for example, possess scalar fields whose vev’s

break discrete symmetries. If they couple to fields charged under the standard model,

these fields gain mass; the low energy theory typically still possesses an approximate R

symmetry, with apparent anomalies, even if the microscopic theory was anomaly free.

One possible argument to impose anomaly constraints on R symmetries arises

from unification. In the simple models of [68], all of the scalars transform in the same way

under the R symmetry, so in a unified model, one might expect that complete multiplets

gain mass, and that there would be no contribution to any anomaly from these fields. In

this section, we present a model with scalars with different transformation properties,

in which fields in the color triplet and weak doublet representations gain comparable

masses but also possess different transformation properties.
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Suppressing dimensionless couplings, we take:

W = S1Q̄fQf + S3
1 +

S2
2

Mp
Q̄aQa +

1

Mp
S4

2 . (3.13)

Here f = 1, . . . , F1, a = 1, . . . , F2 and the fields Qf , Qa, are fundamental of an SU(N).

We want to integrate out the gauge fields and Q, Q̄ fields and obtain an effective super-

potential for the singlets S1, S2. To do this we note, first, that for a set of quarks of

mass mf,f ′ , the effective superpotential at low energies (just the expectation value of

the superpotential) is [12]

W = (det(m))1/NΛ3−
Nf
N (3.14)

where Λ is the (holomorphic) renormalization group invariant scale of the underlying

theory. This follows from the flavor symmetries in the absence of the mass term, in-

cluding the R symmetry, and viewing m as a spurion. In our case,

det(m) = SF1
1 S2F2

2 M−F2
p . (3.15)

Now we can obtain the vev’s of S1 and S2 by finding the stationary points of the

superpotential. This can be done by straightforward algebra. An alternative is to

use symmetry principles. The expectation values of S1 and S2 will be proportional

to a power of Λ. On the other hand, the theory has a non-anomalous continuous R

symmetry under which Λ transforms. The Λ transformation is determined by noting

that

Λ = e−τ/b0 (3.16)
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where Re τ = 8π2

g2 ; Imτ = iθ; b0 = 3N −F1−F2. Then, cancellation of anomalies under

an R transformation with parameter α requires

τ → τ − 2iα(N − 1

3
F1 −

1

2
F2) (3.17)

Correspondingly, Λ transforms as:

Λ→ Λe
2iα

(
N− 1

3F1−
1
2F2

3N−F1−F2

)
. (3.18)

(as a check, one can repeat this argument for the pure gauge theory, to check that 〈λλ〉

transforms with charge 2). So because S1 transforms with β2/3 and S2 with phase β1/2

under an R transformation β = eiα, their form is

〈S1〉 = M
F2

2F1+3F2−6N
p Λ

2F1+2F2−6N
2F1+3F2−6N 〈S2〉 = M

F1+3F2−3N
4F1+6F2−12N
p Λ

3F1+3F2−9N
4F1+6F2−12N (3.19)

These formulas agree with the straightforward algebra.

3.6 Models for Low Energy R Anomalies

In the model of the previous section we took S1 to transform with β2/3, and

S2 with phase β1/2; anomaly freedom for the discrete symmetry yields:

β = e
2πi 1

6N−2F1−3F2 (3.20)

Now we can couple S1 and S2 to fields charged under the Standard Model

gauge group. As an example, we introduce a field q, which is a color triplet, and a field

`, a weak doublet. With a coupling of the form

S1q̄q + S2
¯̀̀ , (3.21)
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the fields q and ` have R charges 2
3 and 3

4 , respectively. With given values of the

parameters N, F1, F2 and Λ, the expectation values of S1 and S2 are set, and the

fields q and ` become massive. If their masses are comparable, because they have the

structure of a complete SU(5) multiplet, they will not spoil (and can even improve)

gauge coupling unification4.

If at high energies the R symmetry was anomaly-free with respect to the SM

non-abelian gauge groups, the low-energy theory will be anomalous. In the same way,

if the high energy anomalies with respect to SU(3) and SU(2) were universal, they will

no longer be in the low energy theory, as fields with different R charges coupling to the

different gauge groups have been integrated out.

To achieve gauge coupling unification, we require that the masses of q and `

not be too different from each other. We reintroduced all of the dimensionless couplings

in equations (3.13) and (3.21), varying them over a range of values of order one. We

varied Λ in coarse steps in a range from 10−4Mp to 0.5MP and varied N, F1, F2 as

well. The results for the masses of q and ` are shown in figure 3.1. The masses of q and

` are approximately the same in a large region, in the range of 1013 − 1018 GeV. 5

As an example of the effects on unification, we can take a point in figure 3.1

with m` = 10−6Mp = 1012 GeV and mq = 1013 GeV. For the MSSM, we will assume

4Unification of coupling, with different R charges for such fields, might arise, for example, in the sort
of direct product representations discussed in [161], or in string theory models [97].

5 In the model presented above, we almost always have mq < m`; this is because for most of our
parameter space, S2 > S1; then, the field coupling to S2 will in general be heavier. One can easily build
another model where the opposite behavior appears. If the couplings have the form

S2
1

M p
q̄q̄ +

S3
2

M2
p

¯̀̀ (3.22)

we generically get mq > m`, while still being comparable on a range 1010 − 1018 GeV.
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Figure 3.1: In red, the masses of the fields q and ` in the model of equations (3.13)–

(3.21); the shaded area highlights the region where the two masses are comparable, that

is, the same up to a factor of 20.

Α1
-1

Α2
-1

Α3
-1

5 10 15
Log10E HGeVL

10

20

30

40

50

60
Α

-1

Α2
-1

Α1
-1

Α3
-1

5 10 15
Log10E HGeVL

10

20

30

40

50

60

Α
-1

Figure 3.2: Left: unification of the couplings in the simple MSSM, assuming the su-

perpartners appear at the TeV scale. Right: unification of the couplings assuming a

doublet appears at 1012 GeV and a triplet at 1013 GeV.
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that the superpartners have a mass of 3 TeV. One sees from figure 3.2 that unification

actually works better than in the MSSM: the O(2%) mismatch is now at the permil

level. Basically, this is because the SU(2) coupling bends down earlier than the SU(3)

one. These models should be embedded in more complete theories, e.g. as in the models

of gauge and gravity mediation of [35]. But it is clear that unification of couplings is

readily consistent with anomalous, approximate, discrete R symmetries at low energies.

We conclude this section by discussing unification in more detail: it has been

argued that non-universal axion couplings in the low-energy spoils gauge coupling uni-

fication, because the saxion expectation value sets the gauge coupling [45, 81]. But

already in typical string compactifications, there is no sense of unification in a semisim-

ple group. Instead, there are multiple moduli, Si = si + iai, with unification arising

(if at all) only because one modulus (call it S0) with universal couplings to the various

groups has an expectation value much larger than the others (this is familiar in the

heterotic string, and has been discussed more generally in [104,64] . It is perfectly pos-

sible that the axion-like fields ai cancel various non-universal anomalies while precision

gauge unification is achieved with 1/g2
i ∼ 〈s0〉.

Even within more conventional grand unification, this possibility may arise; it

is not necessary that the same linear combination of axions that cancels the high-energy

anomaly couples universally to the Standard Model gauge groups. As an existence

proof, consider a field theory model in which unification is achieved in a product group:

following the deconstructed models of [161], we can consider a product group SU(5)4. A

field transforming in the bifundamental representation of the first two SU(5)’s can break
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SU(5)2 to the diagonal subgroup SU(3)diag×U(1), while another bifundamental in the

last two SU(5)’s breaks them to SU(2)diag × U(1). A linear combination of the two

U(1)’s can be further broken by a bifundamental of the first and third SU(5), leaving

electromagnetic U(1)Y at low energy. If the various high-energy anomalies are cancelled

by couplings of the form fiSiW
2
α(i), in the low energy the axions couple non-universally:

(f1S1 + f2S2)W 2
α[SU(3)] + (f3S3 + f4S4)W 2

α[SU(2)] + (f1S1 + f2S2 + f3S3 + f4S4)W 2
α[U(1)]

(3.23)

3.7 Conclusions

If supersymmetry has something to do with electroweak scale physics, discrete

symmetries seem likely to play an important role. Such symmetries, one expects, should

be gauge symmetries, and should be free from anomalies. Constraints from anomalies,

then, could provide interesting constraints on low energy model building.

This viewpoint, however, rests on strong assumptions about the underlying mi-

croscopic theory. Arguably, some understanding of the microscopic theory is required

to determine the low energy constraints. First, at best, without such knowledge, one

can only impose constraints involving anomalies connected to non-abelian gauge sym-

metries in the low energy theory. The second complication arises from the possibility

of Green-Schwarz cancellations. We have seen in this chapter that, already in simple

Type II string compactifications, there can be multiple scalar fields responsible for such

cancellations, and as a result, no constraints on the low energy theory.

One might counter that one should ignore the possibility of Green-Schwarz
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cancellations. These require, after all, that one be in some extreme limit of the moduli

space. Otherwise, the symmetry is badly broken at low energies and the question of

anomalies irrelevant. On the other hand, the notion that one is in such a region is

implicit in almost all discussions of string phenomenology, where it is assumed that

string couplings are weak, and (nearly as often) that compactification radii are large.

So it is difficult to put forth a doctrine, and it is interesting to explore a range of

model building possibilities. But one needs to remember that, without knowledge of

the microscopic theory or a model supported by experimental evidence, that one can’t

put forward a reliably grounded set of rules.

In the case of discrete R symmetries, there is a more immediate issue, in that

any such symmetry is necessarily broken at a high energy scale. While it is certainly

possible that no fields with standard model quantum numbers gain mass as a result

of this breaking, we have seen that in rather simple models, this breaking can leave

an approximate R symmetry at low energies, while at the same time giving mass to

combinations of fields which are chiral with respect to the symmetry. The low energy

theory is then anomalous. So in the case of R symmetries, it seems particularly hard

to justify the imposition of anomaly constraints on the low energy theory.

More generally, the lessons of this chapter apply to “bottom up”, as opposed

to “top down” model building. It is certainly true that many string constructions

realize one or another set of possible anomaly constraints. But we have seen that there

are exceptions to the various candidate anomaly constraints among well-studied string

constructions, so from a purely low energy perspective, none are compelling.
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Chapter 4

Natural, R-parity-violating SUSY and

horizontal flavor symmetries

Invitation

The absence so far of any supersymmetric signals at the LHC pushes towards a

rethinking of the assumptions underlying the minimal supersymmetric Standard Model.

Because the large missing ET searches are inadequate to detect a lightest supersymmet-

ric partner (LSP) decaying within the detector, R-parity violating supersymmetry is still

a good candidate for low-energy, natural supersymmetry. We show that, in Froggatt-

Nielsen-like models of horizontal symmetries, specific textures for the R-parity violating

couplings are dictated by the symmetry, with the largest coupling involving the third

generation fields. Lepton number can be an accidental symmetry of the renormalizable

superpotential and baryon number violation is given by a ūd̄d̄ operator. The collider
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phenomenology then mimics the main features of minimal flavor violation R-parity vio-

lating supersymmetry. The LSP can evade current LHC supersymmetry searches and is

allowed to be well below 1 TeV; at the same time all the constraints from proton decay

and other low-energy decays can be satisfied; in particular, dimension-five operators al-

lowed by R-parity but dangerous for the proton are under control, while neutrino masses

are generated by the Weinberg operator. Assuming sub-TeV ( natural) superpartners,

we obtain both upper and lower limits on the magnitude of the dominant R-parity vio-

lating coupling: a lower limit of order 10−9 arises from null LHC searches on R-hadrons

and heavy stable charged particles, while an upper limit of order 10−2 follows from con-

straints on low-energy flavor-changing neutral currents. Displaced vertices are predicted

in the lower end of this range.

4.1 Introduction

Generic supersymmetric extensions of the Standard Model do not share its

success in suppressing large flavor-changing effects: first, baryon and lepton number

are not accidental symmetries of the supersymmetric Standard Model, unless some

additional (usually discrete) symmetry is assumed, e.g. R-parity, Rp = (−1)2S+3B+L

[83], or matter parity Mp [26], under which the SM fields are even and the superpartners

are odd. This way, all the baryon-number violating (BNV) and lepton-number violating

(LNV) dimension-four operators are forbidden; still, dimension-five operators that would

induce proton decay are allowed by R-parity. Other possibilities are baryon triality
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(B3) [107], which just forbids baryon-number violation, or proton hexality (P6) [73], the

direct product of Mp and B3.

Second, even with a discrete symmetry, generic squark masses at the TeV

scale would generate unsuppressed flavor-changing neutral currents (FCNCs), which

contribute to low-energy phenomena such as meson mixing and decays. To eliminate

large FCNCs in low-energy supersymmetry (SUSY), squark degeneracy is usually as-

sumed; then, in a Glashow-Iliopoulos-Maiani-like mechanism, their contribution is sup-

pressed. Although natural (at the SUSY breaking scale) in gauge-mediated models of

supersymmetry breaking, squark degeneracy is not guaranteed in other frameworks,

such as gravity mediation. An alternative way to suppress large FCNC is to assume

alignment between quark and squark mass matrices; that is, assuming that the squark

mass-squared matrices and the quark mass matrices are simultaneously diagonal, in the

basis where the gluino interactions are diagonal as well [144]. Nevertheless, as pointed

out in Refs. [30,93], for a SUSY breaking scale of 1 TeV alignment alone is not enough to

satisfy the constraints from both K−K and D−D mixing, and an O(10%) degeneracy

for the squarks is needed.

A third, related problem involves the mass of the Higgs boson and the scale

of supersymmetry. In the minimal supersymmetric Standard Model (MSSM), the tree-

level Higgs boson mass is bounded above by MZ , and one has to rely on radiative

correction to lift it up to the value mh = 126 GeV discovered at the LHC [1, 41]. This

either implies a heavy top squark or large soft A-terms, or both. On the other hand, the

fine-tuning of the weak scale is also sensitive to the stop mass, and heavy stops lead to
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higher degrees of fine-tuning. The exact level depends on the definition of fine-tuning,

and it is debated which degree of fine-tuning is acceptable and which is not, but it is

generically accepted that stops heavier than 1 TeV are a problem for the naturalness

paradigm (see Ref. [84] for a review of the concept of naturalness in light of the LHC

searches). When considering light superpartners, a light Higgs at 126 GeV requires extra

contributions to its mass. Here, we will be assuming the presence of a next-to-minimal

supersymmetric SM singlet Ref.N , with a superpotential term λNφuφd; as shown in

Ref. [101], for λ ∼ 0.7 this allows sub-TeV stops and a fine-tuning of order 10%.

The MSSM usually just assumes R-parity, even though additional suppression

is needed for the dimension-five operators: in this scenario superpartners are always pair-

produced. The lightest supersymmetric partner (LSP) is stable and usually a neutralino,

thus providing a weakly interacting massive particle (WIMP) dark matter candidate.

Any superparticle produced at the LHC decays in a cascade leading to the LSP, which

escapes the detector generating events with large missing energy /ET . In most of the

MSSM parameter space, the LHC has set lower limits of 1 TeV or above for superpartner

masses, although searches directed specifically at the stop give slightly lower bounds,

of about 650 GeV. Still, the high limits on the gluino mass result in fine-tuning of the

weak scale as the gluino mass enters the renormalization group equations (RGEs) of the

squark masses, including the top squark. This has pushed some to abandon the concept

of naturalness and accept that some parameters of our theories might be fine-tuned and

that their smallness might be due to environmental selection.

Nevertheless, many low-energy ( natural) supersymmetric models exist that
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evade LHC searches — such as compressed SUSY [133], stealth SUSY [82], and several

models of R-parity violating SUSY [23,14,80,142,56,28] — the common aspect of this

class of models being that the decay cascades have small missing energy, thus evading

the requirement of large /ET in ATLAS and CMS searches.

In this work, we will focus on the last possibility, R-parity violation; without

R-parity, the LSP is not stable and it can decay within the detector, thus leaving no

missing energy. Moreover, because the LSP does not need to be the dark matter, it can

as well be a charged or colored particle (the gravitino1 can be a dark matter candidate,

provided that its lifetime is long enough on cosmological scales [157,137]; on this topic,

see Chapter 5). As we have seen, although R-parity was initially proposed to stabilize

the proton, it is not enough for this purpose, and its very presence can be questioned. In

this context, lepton- and baryon-number conservation is just approximate, and one can

explain small violations as the result of a broken symmetry (a SU(3)5 flavor symmetry

group in minimal flavor violation (MFV) [142], or a U(1) in the models we will be

considering).

A simple model of R-parity violation involves a horizontal symmetry U(1)H

(which might also be an R-symmetry) responsible for the hierarchy in the SM fermion

masses and mixings, in a supersymmetric extension of the Froggatt-Nielsen mecha-

nism [88, 121, 144, 122, 25]. The high-energy theory is assumed to be invariant under a

horizontal symmetry, broken by the vacuum expectation value of a field S with charge

1Note that if the gravitino is lighter than this sparticle, it should be called the LSP, while the
sparticle would be the NLSP. In this chapter it should be understood that when we refer to the LSP we
are talking about the lightest superpartner that can be produced at the LHC, such as a sfermion or a
gaugino/higgsino.
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H[S] = −1 (the flavon). In the low-energy theory, heavy fields that have been integrated

out generate effective operators proportional to the spurion ε = 〈S〉
M , where M is the

high scale related to the horizontal symmetry-breaking mechanism.2 Only terms that

are invariant under the symmetry are allowed in the superpotential. In order to give

mass to the SM fermions, the Higgs Yukawa couplings must be allowed, and their hier-

archies appear because they are proportional to different powers of ε, corresponding to

the diverse horizontal charges of the SM fields. For the same reason, the operators that

break R-parity can be small [25], while FCNCs can be suppressed by charge assignments

that give either squark degeneracy or quark-squark alignment.

Here we will show that the horizontal symmetry predicts the relative hierarchy

of the the R-parity violating couplings and proton decay can be sufficiently suppressed.

The horizontal symmetry can also be embedded in the flavor group U(3)5 that is a

symmetry of the Lagrangian in the limit of vanishing Yukawa couplings, in a weaker

version of the MFV hypothesis. Because no continuous global symmetry is expected in

quantum gravity, the horizontal symmetry might be a discrete symmetry ZHN ; then, SN

would have horizontal charge 0 modN and the maximal suppression for operators would

be εN−1. Achieving adequate suppression for R-parity violating decays would push N

to be greater than 10, making the model less attractive, but if the horizontal symmetry

is ZHN1
× ZHN2

, with two spurions S1 and S2, the values of N1 and N2 can be lower.

We will not ask for the horizontal symmetry to be anomaly free, or that its

2The high-energy theory generally includes extra charged fields, but we are not interested in its
specific form; for a horizontal U(1), heavy mirror fermions are integrated out at the scale M [88, 122].
UV models for MFV SUSY were proposed in Refs. [117,87,57], while a model in which the /Rp couplings
arise through SUSY-breaking soft terms was studied in Ref. [118].

95



anomalies with respect to the SM gauge groups be universal, because we do not want to

commit to a specific high-energy model: as argued in Ref. [69], anomaly universality is

specific to the Green-Schwartz mechanism in the heterotic string, involving one dilaton

field; for both continuous and discrete symmetries, there are examples in the heterotic

[128] and type II [105, 67] string theory where the anomalies are cancelled by multiple

moduli which do not couple universally to gauge-field strengths of different gauge groups.

Furthermore, we are considering an effective theory where heavy charged fields have been

integrated out at a high scale where the symmetry breaks down, so additional heavy

states would contribute to the anomalies. We conclude that the only constraints on the

horizontal symmetry are given by the quark and lepton masses and mixings. Since there

are more variables than constraints, some of the horizontal charges are free parameters.

While this work was in preparation, a similar work was published [85]; the

authors of Ref. [85] also studied R-parity violating SUSY with a horizontal symmetry,

and in particular how baryonic R-parity violation can evade the stringent LHC super-

symmetry searches. A standard Green-Schwarz mechanism with universal anomalies

was assumed. As stated above, we do not ask for anomaly universality, and clarify that

the structure of the RPV coefficients is unequivocally determined by the masses and

mixings of the SM fermions. An important difference arising from anomaly universal-

ity involves the µ term: as can be seen in Ref. [75], anomaly cancellation through a

Green-Schwartz mechanism gives a specific prediction for the magnitude of the µ term,

µ = mε|nµ|, εnµ = mdmsmb
memµmτ

= 5.14+4.40
−3.02, where the error bars come from the experimen-

tal errors in the quark masses, ε = 0.226 and m = MP if nµ ≥ 0, or m = m3/2 for
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negative nµ. This corresponds to nµ = 0, −1 or −2, with −1 the preferred value: this

is a solution of the µ problem if the SUSY scale is not very much above 1 TeV. Al-

though the main purpose of the present work is to consider low-energy supersymmetry,

a horizontal symmetry with nonuniversal anomalies leaves the possibility of a hierar-

chy between the SUSY breaking scale and the weak scale. The only phenomenological

requirement is nµ < 0, and |nµ| can easily be a number of order 10, thus explaining

a hierarchy of up to 10−7 between m3/2 and µ. In this sense, it is noteworthy that, if

there are no superpartners up to a few TeV, a horizontal symmetry with cancellation

of universal anomalies (such as the one considered in Ref. [85]) would be ruled out.

In addition, this chapter takes a different approach to low-energy supersymmetry, as it

is pointed out that current LHC searches also exclude models with arbitrarily small /Rp

coefficients, and a range of allowed R-parity violating couplings is provided. Finally, we

solve issues arising from low-energy supersymmetry, such as the high value of the Higgs

mass and the absence of FCNCs.

This chapter is organized as follows. In Sec. 4.2, we will review how a horizon-

tal symmetry can generate hierarchies in the SM spectrum, and the phenomenological

constraints on the charges of the fields. We will then investigate the implications for the

/Rp couplings in the superpotential in Sec. 4.3, and discuss the phenomenological im-

plications for both low-energy flavor physics and LHC signatures; requiring low-energy

supersymmetry will provide a lower bound for the /Rp coefficients. In Sec. 4.4, we will

consider quark-squark alignment and whether light superpartners are compatible with

low-energy flavor physics: this way, we reconcile the demand for low-energy SUSY from
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naturalness and the demand of a higher scale of supersymmetry from the absence of

FCNC signals. In Sec. 4.5, we examine the NMSSM contribution to the Higgs mass and

present horizontal symmetry constraints on that sector. In Sec. 4.6, we will investigate

the origin of the horizontal symmetry by asking it to be a subgroup of the SU(3)5 flavor

group; this corresponds to the use of a flavor symmetry that is already manifest in the

SM. We will then discuss the similarities of our approach to the MFV approach, and

the different phenomenological implications.

4.2 Horizontal Symmetry

In this section, following Refs. [121, 75], we construct an effective theory in

which a horizontal symmetry H is responsible for the hierarchies and mixings of the

SM fermion sector. Unlike Refs. [75,18], we do not assume anomaly cancellation through

a GS mechanism. The horizontal symmetry is broken when a field S with charge −1

acquires a vacuum expectation value 〈S〉 and the effective theory is valid up to the scale

M , where the flavon dynamics takes place.3 The MSSM superpotential is replaced by

an expression that preserves H,

µφuφd + Y d
ijφdQid̄j + Y u

ijφuQiūj + Y `
ijφdLi

¯̀
j , (4.1)

3The flavor-physics scale is unconstrained; it could be as low as 103−4 TeV [122], or up to MP if
string theory is responsible for it [108].
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which becomes

m

(
〈S〉
M

)|nµ|
φuφd +

(
〈S〉
M

)mij
φdQid̄j +

(
〈S〉
M

)nij
φuQiūj +

(
〈S〉
M

)pij
φdLi ¯̀j =

= mε|nµ|φuφd + εmijφdQid̄j + εnijφuQiūj + εpijφdLi ¯̀j (4.2)

where we have neglected O(1) coefficients of the effective operators in the last equation

and defined ε = 〈S〉/M . If the exponents mij , nij and pij are non-negative (since the

superpotential is holomorphic in S) and nonfractional (unless the effective operator

arises from some nonperturbative effect) the corresponding operator is allowed; other-

wise, it is forbidden. Below the SUSY breaking scale the potential does not have to be

holomorphic, and operators with negative powers of ε appear from Kähler corrections

(for a complete discussion, see Ref. [75]): for dimensionless couplings, this generates an

additional suppression of order m3/2/MP and we will not consider it, while a µ term

µ = m3/2ε
−nµ is generated by a Kähler correction Xφuφd

(
S∗

M

)−nµ
in a Giudice-Masiero-

like mechanism [143], when nµ = H[φu] +H[φd] − r < 0. In the expression above, we

inserted a mass scale m that is M if nµ is positive and is m3/2 if nµ < 0. For negative

nµ, the µ term is automatically suppressed with respect to m3/2.

Because H[S] = −1, the exponents are

mij = H[φd] +H[Qi] +H[d̄j ]− r;

nij = H[φu] +H[Qi] +H[ūj ]− r; (4.3)

pij = H[φd] +H[Li] +H[¯̀j ]− r,

where r = 0, 2 takes care of the possibility that the horizontal symmetry is an R-
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symmetry. In the following we will denote the horizontal charge of a field Φi by the

symbol of the field itself, H[Φi] = Φi, and the intergenerational difference between

charges as H[Φi]−H[Φj ] = Φij , i, j = 1, 2, 3.

Quark sector: Given the superpotential (4.2), the masses and mixing angles in the

quark sector can be expressed in terms of ε [88]:

Y a
ij ∼ εφa+Qi+aj−r a = u, d; i, j = 1, 2, 3;

ma
i

ma
j

∼ εQi+ai−Qj−aj , |Vij | ∼ ε|Qi−Qj |, (4.4)

where V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. It can be written in the

Wolfenstein parametrization,

|V | =

∣∣∣∣∣∣∣∣∣∣∣∣


1− ε2/2 ε Aε3(ρ− iη)

−ε 1− ε2/2 Aε2

Aε3(1− ρ− iη) −Aε2 1



∣∣∣∣∣∣∣∣∣∣∣∣

∼


1 ε ε3

1 ε2

1

 , (4.5)

where we have set ε = |Vus| = sin θC = 0.226 as the magnitude of the flavor spurion.

This choice is taken to limit the tuning of O(1) coefficients needed to explain hierarchies;

if we had taken a smaller ε, we would not have been able to explain the magnitude of

Vus without invoking a tuning of the parameters. If the horizontal symmetry is a direct

product of multiple U(1)’s the magnitude of the spurions can be smaller, while still
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u (MeV) d (MeV) c (MeV) s (MeV) b (GeV) t (GeV)

1.3± .5 2.9± 1.2 620± 80 55± 15 2.89± 0.09 171.7± 3

e (MeV) µ (MeV) τ (MeV)
0.487 102.7 1746

Table 4.1: Running quark and charged lepton masses at MZ , from Ref. [162]. We have

reported error bars only when they are sizable.

explaining hierarchies of order Vus [121, 144]; in Sec. 4.4, we will be working in such a

scenario.

To compute the mass hierarchies, we should take the magnitude of the Yukawas

at the flavor-breaking scale M , and run them down to the observed, low-energy values;

because the running does not alter the mass ratios significantly, we take the values of

the running quark masses at MZ , as listed in Table 4.1,

mt/v = 1 ∼ ε0 , mb/mt = 0.017 ∼ ε2.7,

mc/mt = 0.0035 ∼ ε4 , ms/mb = 0.019 ∼ ε3 , (4.6)

mu/mc = 0.002 ∼ ε4, md/ms = 0.053 ∼ ε2.

Except for b, for which the effect of tanβ will be discussed below, rational numbers were

approximated by the closest integers. For example, the approximations mc/mt = ε3.8 ∼

ε4 or ms/mb = ε2.6 ∼ ε3 were taken. This is because the powers of ε for allowed Yukawa

operators have to be integers and an O(1) coupling in front of any superpotential term

will also contribute to the mass ratios; approximating ε0.5 ∼ ε0 is reasonable, because

a factor of ε0.5 corresponds to having an O(1) coefficient of 0.48 in front of the relevant

operator. It is also reasonable to approximate ms/mb ∼ ε2; this only means that some
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of the charges might vary by ±1, and it does not significantly change our conclusions.

Lepton sector: For the leptons, the masses and mixing angles can be treated in a

similar way,

Y `
ij ∼ εφd+Li+`j−r,

m`
i

m`
j

∼ εLi+`i−Lj−`j , |Uij | ∼ ε|Li−Lj | . (4.7)

Here, U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix; in principle,

its expression in terms of ε depends on the specific mechanism chosen to generate

neutrino masses. We assumed this form as it follows assuming either Dirac neutrino

masses or a type I seesaw mechanism, as shown in Appendix A.1. For U , almost all the

elements are of order 1,

|U | =


0.82 0.55 0.16

0.36 0.7 0.62

0.44 0.46 0.77

 ∼


1 1 1

1 1 1

1 1 1



or


1 ε ε

ε 1 1

ε 1 1

 or


1 1 ε

1 1 ε

ε ε 1

 . (4.8)

The choice of the PMNS parametrization changes the constraints that will be enforced

on the charges of the leptons Li; in particular, the anarchical case corresponds to Lij = 0,

while |L12| = |L13| = 1 in the second case in Eq. (4.8). In the following, we will assume

the anarchical mixing scenario, keeping in mind that there might be a difference of ±1

in the Li charges if another hierarchy were to be generated by the horizontal symmetry.

Although |U13| is small, it is still considered an O(1) factor.
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The mass ratios for the leptons are

mτ

mt
= 0.01 ∼ ε3.1,

mµ

mτ
= 0.059 ∼ ε2,

me

mµ
= 0.0047 ∼ ε4. (4.9)

For the down sector and the leptons, tanβ has to be considered,

〈φu〉
〈φd〉

=
vu
vd

= tanβ, v2
u + v2

d = v2 = (246 Gev)2,

mb

vd
=
mb

vu
tanβ = ε2−xβ ,

mτ

vd
=
mτ

vu
tanβ = ε2−xβ ,

where we defined xβ = −0.7− logε(tanβ) > 0 to be an integer; values of tanβ for which

xβ would not be exactly an integer can still be accounted for by considering the O(1)

couplings. For tanβ ∼ 60, we have xβ = 2 and there is no hierarchy between the up

and down sectors. For small values, tanβ ∼ 3 corresponds to xβ = 0, and tanβ ∼ 1 to

xβ = −1.

Putting together all the constraints (4.5)–(4.8), the following relations must

hold,

|Q12| = 1

|Q23| = 2

|Q13| = 3

,



|L12| = 0

|L23| = 0

|L13| = 0

,



φu +Q3 + u3 = r

Q23 + u23 = 4

Q12 + u12 = 4

, (4.10)



φd +Q3 + d3 = 2− xβ + r

Q23 + d23 = 3

Q12 + d12 = 2

,



φd + L3 + `3 = 2− xβ + r

L23 + `23 = 2

L12 + `12 = 4

.

The two sets of solutions for the charge differences Φij are displayed in Table 4.2.

In this chapter we will use the first set of solutions, while the second one will

be considered in Appendix A.2. The phenomenological implications are similar in both
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Q12 Q13 Q23 d12 d13 d23 u12 u13 u23 L12 L13 L23 `12 `13 `23

1 3 2 1 2 1 3 5 2
0 0 0 4 6 2

−1 −3 −2 3 8 5 5 12 7

Table 4.2: Charge differences allowed by the phenomenological constraints (4.10).

cases. The remaining constraints are

φu +Q3 + u3 = r

φd +Q3 + d3 = 2− xβ + r

φd + L3 + `3 = 2− xβ + r

(4.11)

Because there are 17 charges and only 13 independent equations, they cannot be

uniquely solved and the solutions depend on the choices of four independent variables,

which we take as {Q3, u3, d3, L3}.

The µ term has a charge

nµ = φu + φd − r = 2− xβ − 2Q3 − u3 − d3 + r. (4.12)

For positive charges of the fields, a µ term in the superpotential is easily avoided, as the

right-hand side of the equation becomes negative. In this case, the Kähler-generated µ

term is automatically suppressed with respect to the SUSY breaking scale m3/2. For

low-energy SUSY, nµ should be a small negative number so that µ and m3/2 are not that

different. As stressed in the introduction, the universal anomaly cancellation conditions

predict εnµ ∼ ε−1 and µ = εm3/2. As we do not use a standard GS mechanism, nµ is
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not fixed in our framework; in particular, a rather heavy scale of SUSY breaking can

still generate a weak-scale µ term.

Additional freedom

Until now, we have asked for the superpotential in Eq. (4.1) to be invariant

under the horizontal symmetry U(1)H; but there are additional symmetries under which

the superpotential is already invariant,

U(1)B ×U(1)L ×U(1)Y ×U(1)X. (4.13)

These are the baryon number, the lepton number, the hypercharge and the Peccei-Quinn

symmetry U(1)X under which φd has charge −1 and the d̄i’s and ¯̀
i’s have charge +1.

As pointed out in Ref. [25], it is always possible to define a horizontal symmetry H′

related to H by

H′ = H+ bB + lL+ yY + xX, (4.14)

that still reproduces the hierarchies in Eq. (4.6). This results in different charges for

the quarks and leptons which give the same charge differences as in Table 4.2; it should

be noted that the four independent charges Q3, u3, d3, L3 can be shifted independently

from one another with the action of the four additional symmetries.
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4.3 R-parity breaking

In addition to the mass terms in the superpotential, in the MSSM other

dimension-four operators are allowed that break the R-parity,

W/Rp
= µ̄iLiφu + λijkLiLj ¯̀k + λ′ijkLiQj d̄k + λ′′ijkūid̄j d̄k (4.15)

The first three operators violate lepton number and the last violates baryon

number. To have proton decay, both baryon-number and lepton-number violation are

needed, while neutron and dinucleon decays are affected by λ′′ on its own. At the LHC,

these operators allow sparticles to decay to SM fermions, generating events without

missing energy. Then, most of the LHC limits on superpartners can be evaded and

lighter squarks are allowed. Searches for L-violating decays of squarks and neutralinos

are easier because final states include hard leptons. Searches for the B violation involve

a t̃ decaying to two jets through the coupling λ′′323, or a gluino decaying to three jets

through a (possibly off-shell) stop. Depending on the magnitude of the couplings λ′, λ′′,

the LSP might be long-lived and a displaced vertex might be possible. The LSP lifetime

might even be long enough for it to form a bound state and stop in the detector before

decaying. We will consider the phenomenology at the end of this section.

In the presence of a horizontal symmetry, the values of the RPV couplings are

determined by the horizontal charges of the superfields,

(µ̄i, λijk, λ
′
ijk, λ

′′
ijk) ∼ ε−r(mεLi+φu , εLi+Lj+`k , εLi+Qj+dk , εui+dj+dk).

Following an argument for µ̄i similar to the one about the µ term, m is a scale that can

be either M or m3/2 depending if the corresponding power of ε is positive or negative.
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As we have seen above, requiring a horizontal symmetry does not mandate the

values of all the charges and it seems that it has no predictive power for this sector; but,

as the charge differences are determined in Table 4.2, we can factorize the dependence

on the unknown third generation charges and study the relative structure of the /Rp

coefficients4 (using the first solution for Qij in Table 4.2; for the second solution, see

Appendix A.2; also recall the notation Φij = Φi − Φj). The results for the different

couplings are as follows.

• Bilinear LNV coupling µ̄iLiφu,

µ̄i
µ̄3

= εLi3 = 1, µ̄1 = µ̄2 = µ̄3 = mεnµ̄ , nµ̄ = L3 + φu − r. (4.16)

• Trilinear LNV couplings λijkLiLj ¯̀k and λ′ijkLiQj d̄k: First, we note that

H[λ233] = L2 + L3 + `3 − r = L2 +Q3 + d3 − r = H[λ′333].

The leading coefficients λ233 and λ′333 are the same (apart from O(1) factors) and

as such they are allowed or forbidden together. Defining nLNV = L2 +Q3 +d3− r,
4This property was first noted in Ref. [113], and, in the presence of a GS anomaly cancellation, it

was used to severely constrain the LNV operators.
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we have λ233 = λ′333 = εnLNV , and the textures of the coefficients are

λijk
λ233

= εLi2+Lj3+`k3 = ε`k3 , (4.17)
λ121 λ122 λ123

λ131 λ132 λ133

λ231 λ232 λ233

 = εnLNV


ε6 ε2 1

ε6 ε2 1

ε6 ε2 1

 ,

λ′ijk
λ′333

= εLi3+Qj3+dk3 = εQj3+dk3 ,
λ′i11 λ′i12 λ′i13

λ′i21 λ′i22 λ′i23

λ′i31 λ′i32 λ′i33

 = εnLNV


ε5 ε4 ε3

ε4 ε3 ε2

ε 1 1

 .

• Trilinear BNV coupling λ′′ijkūid̄j d̄k,

λ′′ijk
λ′′323

= εui3+dj2+dk3 , (4.18)
λ′′112 λ′′212 λ′′312

λ′′113 λ′′213 λ′′313

λ′′123 λ′′223 λ′′323

 = εnBNV


ε7 ε4 ε2

ε6 ε3 ε

ε5 ε2 1

 ,

where we have defined λ′′323 = εnBNV , and nBNV = u3 + d2 + d3 − r.

It is worth noting that these textures are a general feature of any Abelian horizontal

symmetry as they come directly from the mass and mixing hierarchies and do not depend

on other constraints such as anomaly cancellation.

It can be seen that the trilinear soft terms are of order m3/2. For example, the
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BNV A-term comes from a superpotential term

λ′′ijkAλ′′ =

∫
d2θ

X

MP
εui+dj+dk ūid̄j d̄k

= m3/2ε
ui+dj+dk ˜̄ui

˜̄dj
˜̄dk = m3/2λ

′′
ijk

˜̄ui
˜̄dj

˜̄dk

Thus, Aλ′′ = m3/2. A similar computation applies to the other A-terms.

The coefficients µ̄3, λ233, λ
′
333, λ

′′
323 are determined by the choice of the charges

Q3, d3, u3, L3. Because the individual charges vary under the additional action of a

U(1)B ×U(1)L ×U(1)Y ×U(1)X transformation, so will the overall coefficients; in par-

ticular, because the operators break B, L and X, under a transformation

bB + lL+ xX (4.19)

the coefficients transform as (µ̄, λ, λ′, λ′′)→ (εlµ̄, εl+xλ, εl+xλ′, ε−b+2xλ′′), or

(nµ̄, nLNV, nBNV)→ (nµ̄ + l, nLNV + l + x, nBNV − 3b+ 2x)

This means that they are not fixed by the fermion hierarchies, as their values can be

shifted by a B, L or X transformation. Hence, as was first pointed out in Ref. [25],

if l, b, x are large enough, the /Rp couplings will be just too small to be of any phe-

nomenological significance; if one considers that arbitrarily high values for the charges

are unnatural and limits them to be at most of order 10, proton decay constraints can

still be satisfied [25]. In the next section we will see that, while this argument still

holds for heavy superpartner masses, it does not hold for sub-TeV SUSY: arbitrarily

small /Rp coefficients would either mimic R-parity conserving supersymmetry, or allow

the formation of R-hadrons or other stable massive particles.
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We can trade the four independent charges (Q3, u3, d3, L3) with the “phe-

nomenological” variables (Q3, nµ, nµ̄, nBNV) (in the sense that they determine the /Rp

phenomenology of the models): using the constraints (4.11), it can be seen that nLNV

is related to these variables by

nµ = nµ̄ − nLNV + 2− xβ + r. (4.20)

For a weak-scale µ term, nµ will need to be a negative integer number of order 1, so

that µ = ε|nµ|m3/2. nµ cannot be fractional, or the µ term would not be generated at

all. Then, the coefficients nµ̄ and nLNV are either both integer or both fractional.

In terms of the variables (nµ̄, nBNV), we have several phenomenological sce-

narios:5

1. If they are both fractional, all the dimension-four RPV operators are forbidden;

LHC searches relying on missing energy apply and the weak scale is generically

fine-tuned.

2. If they are both integers, neither B or L are conserved; the proton can decay

to mesons and leptons through a product of λ′ and λ′′ couplings. The leading

constraints from upper limits on nucleon lifetimes are [23]

p→ π0`+ : |λ′l1kλ′′
∗
11k| . 2× 10−27

(
md̃kR

100 GeV

)2

p→ K+ν̄ : |λ′i2kλ′′
∗
11k| . 3× 10−27

(
md̃kR

100 GeV

)2

n→ π0ν̄ : |λ′31kλ
′′∗

11k| . 7× 10−27

(
md̃kR

100 GeV

)2

5A similar classification allowing/forbidding leptonic or baryonic RPV was outlined in Refs. [18,85].

110



Substituting the expressions for the couplings in terms of ε, the leading constraint

is the second one,

|λ′i23λ
′′∗

113| = εnLNV+nBNV+8 (4.21)

. 10−27

(
mb̃R

100 GeV

)2

= ε41

(
mb̃R

100 GeV

)2

.

A priori, this is possible if both nBNV and nLNV are of order 17 or higher, forcing

the charges of the individual fields to be of order 10, as was considered in Ref. [25].

As we will discuss in Sec. 4.3.2, the individual couplings are very small and either

give missing ET events at the LHC or heavy particles that are stable on collider

timescales. In both cases, generic limits for the sparticle masses go up to and above

1 TeV and this scenario can be neglected when considering low-energy SUSY.

3. If only nBNV is fractional there is no /B operator, while lepton-number violation

is allowed for the three operators Lφu, LL¯̀, LQd̄ (an interesting case opens for

decaying dark matter neutralinos, studied in Ref. [18]). These interactions usually

give rise to collider signatures including multiple leptons and searches at the LHC

exist for a stop LSP [42]. In this scenario, the limits are near or above a TeV

and would rule out a low SUSY scale for a considerable portion of the parameter

space.

4. If only nµ̄ is fractional, so is nLNV and there is no lepton-number violation. The

only RPV operator is ūd̄d̄, which allows a stop LSP to decay to jets and no

missing energy. The idea of a ūd̄d̄ operator has seen a revival since the null LHC

searches and its phenomenology has been studied [14]; it arises in several models
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of low-energy SUSY that evade the LHC bounds [56,28,85]. We will consider this

scenario and put bounds on the magnitude of λ′′ in Sec. 4.3.2.

4.3.1 Dimension-five operators

Although R-parity is usually assumed to make the proton stable by forbidding

the dimension-four operators in Eq. (4.15), there are dimension-five operators that also

have to be suppressed to avoid proton decay: they come from both superpotential and

Kähler corrections [72],

W5 =
(κ1)ijkl
MP

QiQjQkLl +
(κ2)ijkl
MP

ūiūj d̄k ¯̀
l +

(κ3)ijk
MP

QiQjQkφd+

+
(κ4)ijk
MP

Qiφdūj ¯̀k +
(κ5)ij
MP

LiφuLjφu +
(κ6)i
MP

Liφuφdφu, (4.22)

K5 =
(κ7)ijk
MP

ūid̄
∗
j
¯̀
k +

(κ8)i
MP

φ∗uφd
¯̀
i +

(κ9)ijk
MP

QiL
∗
j ūk +

(κ10)ijk
MP

QiQj d̄
∗
k

Some of these operators break B, some break L, and some break both; generically, these

operators are dangerous for nucleon decay because they generate an effective operator

ηeffqqq` (in the same way as LQd̄ and ūd̄d̄ do if they are both allowed) where proton

stability requires ηeff . 10−32GeV−2. For example, for the operator 1
MP

QQQL, ηeff ∼

1
MPMSUSY

∼ 10−21 GeV−2, and an additional suppression of order 10−10 is needed. In

the R-parity conserving MSSM, there is usually no explanation for this small factor. In

a grand unified theory where the effective operator arises from a colored Higgs exchange,

ηeff is proportional to the Yukawa couplings of the lighter generations, providing enough

suppression. In a /Rp model with horizontal symmetries, the couplings can be suppressed

in the same way that all the other couplings are, by different powers of ε.
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O1 6 + r − 2xβ − nBNV − 2nµ + nµ̄

O2 −2− r + xβ + nBNV + nµ − nµ̄

O3 6 + r − 2xβ − nBNV − nµ

O4 2− xβ + r − nµ̄

O5 2nµ̄ + 2r

O6 nµ + nµ̄ + 2r

O7 −nµ̄

O8 2− xβ − nµ̄

O9 −nµ̄

O10 2− xβ − nBNV − nµ

Table 4.3: Horizontal charges H[Oi] of the leading component of the operator κiOi

in Eq. (4.22). The leading component is the one with the greatest number of third

generation fields allowed by the antisymmetric combinations of fields mandated by the

gauge structure; for example, for O1 the leading component is (Q2Q3)(Q3L3). The

numerical value of the coefficient κi is εH[Oi]−r.
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As in the previous section, we can factorize the leading coefficient for each

operator and use the solutions for the SM charge differences (Table 4.2) to find textures

for each operator. We will not write the textures down as they follow from the same

considerations as above and are of limited phenomenological interest; our main interest

will be to find the leading coefficient and to see if the whole operator is allowed or

forbidden: the charges of (the leading component of) each operator are given in Table

4.3.

In particular, if nµ̄ is fractional all the ∆L = 1 operators (O1,O2,O4,O6,O7,

O8,O9) are forbidden (a similar relationship between some dimension-five operators

was noted in a different context in Ref. [72]). O5 (Weinberg’s neutrino-mass effective

operator) is allowed if nµ̄ is a half integer. This gives an irreducible contribution to the

neutrino masses, as such an operator has to be generated at MP (even if we do not have

a specific neutrino sector in mind). Of course, it is possible that the effective operator

is also suppressed by a smaller scale (as in the seesaw mechanism), thus generating

sizeable neutrino masses. The other operators left for a fractional nµ̄ are O3 and O10,

which do not need additional suppression as they could mediate proton decay only if

combined with dimension-four /L operators, which are forbidden for fractional nµ̄.

For operators of dimension-five or higher, negative powers of ε can arise: imag-

ine that a heavy field Φ (charged under the SM group) acquires a mass proportional

to S, m ∝ S, and that it has trilinear couplings to the light fields. Then, one can

get dimension-five operators for the light fields from a superspace diagram where the

internal propagator is the heavy field; its propagator reads m∗

p2−|m|2 ∼
1
S and a negative
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power of ε is present in the low-energy theory. This does not change our conclusions, as

operators with fractional powers of ε are still forbidden, and no dimension-five operator

has been forbidden because it had a negative power of ε.

4.3.2 Phenomenology

In this section, we will study limits on the /Rp couplings in the superpotential;

assuming that the coefficient nµ̄ is a half integer, all the L-violating dimension-four and

5 operators are forbidden, apart from the neutrino mass term. We are left with the

B-violating superpotential

W /B = λ′′ijkūid̄j d̄k. (4.23)

The main motivation for our choice is to avoid a stringent limit like the proton

decay bound (4.21) while still considering low-energy supersymmetry. Then we cannot

have arbitrary small coefficients in the /Rp superpotential of Eq. (4.15): if a LSP is

produced at the LHC but cannot decay because its /Rp coupling is too small, it will

either exit the detector as missing energy if it is neutral (therefore, the limits on R-

parity conserving SUSY will apply), or hadronize and be observed as a new stable

massive particle (an R-hadron). R-hadrons have been investigated by ATLAS and

CMS, and they exclude a stop LSP up to 680 GeV [3] and 850 GeV [44], respectively.

With these limits, we can exclude a range of /Rp couplings that would make

the LSP stable on collider timescales: the width and decay length of a stop decaying
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directly to two quarks through the coupling λ′′3ij are

Γ(t̃→ didj) =
mt̃

8π
sin2 θt̃|λ

′′
3ij |2, (4.24)

cτ =
1

2
10−16|λ′′3ij |−2

(
100 GeV

mt̃

)
m ∼ ε27−2nBNV

(
850 GeV

mt̃

)
m.

where we have taken the coupling λ′′323 and assumed maximal mixing.

For nBNV & 13, the decay length is bigger than 1 m and a t̃ LSP would form an R-hadron

which stops or decays within the detector. Allowing a natural stop with mt̃ < 850 GeV

requires nBNV < 13 (or, correspondingly, λ′′ & 10−8). A similar order-of-magnitude

bound applies to the LNV couplings λ′, if they are allowed. Consequently, the proton

decay rate, proportional to λ′i23λ
′′
113, would be 109 times faster than the experimental

limits. This is why we do not consider the possibility of both BNV and LNV violation

in the renormalizable superpotential.

In Ref. [80], stricter limits are inferred from more complicated decay topologies,

e.g. a stop decaying to a top and a neutralino X̃, which gives another sfermion f̃

ultimately decaying through a RPV coupling C to two fermions. The resulting decay

length cτ is

2 · 10−10|C|−2

(
0.01

α

)2(mX̃

mt̃

)2(mf̃

mt̃

)4(850 GeV

mt̃

)
m

To have cτ . 1 m, we need C to be of order 10−5 or greater. If f̃ is a sbottom and C

is λ′′ij3, this corresponds to a stricter bound, nBNV . 6. This is limit is not relevant in

our case because the amplitude for the direct decay (4.24) would always be bigger and

the top squark would dominantly decay through that channel. In Ref. [80], only one

coupling at a time was assumed to be dominant, which in our case would correspond
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to having nBNV < 0, λ′′323 = 0 and some other λ′′ijk 6= 0. As we will see later, for our

scenario this is not compatible with the bounds from low-energy physics.

ATLAS and CMS can reconstruct displaced vertices for hadronic stops decay-

ing 1mm−10cm away from the interaction point (for a similar discussion in a different

R-parity violating model, see [118]). A stop would generate a displaced vertex for the

range 11 . nBNV . 13. Ruling out these displaced decays would restrict the remain-

ing parameter space of natural supersymmetric models with horizontal symmetries and

R-parity violation.

We can now review how low-energy decays put an upper limit on the couplings

λ′′, and therefore a lower bound on the coefficient nBNV; most of the expressions for

the limits come from the review [23] on R-parity violating SUSY. These bounds depend

generically on squarks and gluino masses, which we will be assuming to be at a common

scale (although not degenerate) m̃ ∼ mq̃k ∼ mg̃. A factor of a few in these relations

would not change the results significantly.

Comparable bounds come from neutron-antineutron oscillation and dinucleon

decay, while limits from B physics are subdominant: here, we update the neutron-

antineutron oscillation period τn−n̄ of Ref. [23] with the latest lower limit by the Su-

perKamiokande experiment [6], τn−n̄ > 2.44× 108s.

• Dinucleon decay NN → KK: From [126,56,85] we read the limit

|λ′′112| . 3× 10−7

(
1.7× 1032 yr

τNN→KK

)1/4 ( ms̃R

300 GeV

)2 ( mg̃

300 GeV

)1/2
(

75 MeV

Λ̃

)5/2

where Λ̃ is the hadronic scale arising from the hadronic matrix element and phase-
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space integrals. Thus, we have

|λ′′112| = εnBNV+7 . ε9

(
m̃

500 GeV

)5/2

, nBNV & 2. (4.25)

As argued in Ref. [126], given the weak dependence of the limit from τNN→KK ,

this channel’s limit will likely not increase substantially in the future.

• n− n̄ oscillation: The limit cited in Ref. [23] is

|λ′′11k| . (10−8 − 10−7)
108s

τn−n̄
·
( mq̃kR

100 GeV

)2 ( mg̃

100 GeV

)1/2
,

which in our model of horizontal symmetries reads (for k = 3)

|λ′′113| = εnBNV+6 . ε10

(
m̃

500 GeV

)5/2

, nBNV & 4. (4.26)

For this process, the original calculation by Zwirner [163] assumed an unknown

10% LR mixing in the squark mass matrix: for a non-R horizontal symmetry, the

soft terms give M̃2
LR/M̃

2
LL ∼M/m̃, where M is the squark mass matrix [122]. In

a n− n̄ oscillation involving a sbottom, the contribution is of order mb/m̃ ∼ 1/100

for weak-scale supersymmetry (and 10−3 for TeV-scale SUSY), which is a factor

of 10 (respectively, 100) smaller than the value assumed by [163]. The bound

changes accordingly: for m̃ . 1 TeV we get nBNV & 2 instead of nBNV & 4. For a

horizontal R-symmetry, the left-right mixing is large [122] and the stricter bound

applies.

Alternative mechanisms for neutron oscillation that do not involve unknown soft

terms have been proposed in Ref. [96, 40], and the resulting bounds are similar,

|λ313| = εnBNV+1 ≤ 10−2 = ε3, nBNV & 2.
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• Neutron decay n→ Ξ:

|λ′′112| . 10−8.5

(
1032yr

τNN

)1/4 ( ms̃R

100 GeV

)2 ( mg̃

100 GeV

)1/2
(

10−6 GeV6

〈N̄ |ududss|Ξ〉

)1/2

∼ ε10

(
m̃

500 GeV

)5/2

, nBNV & 3.

• B− → φπ− decay,

|λ′′∗i23λ
′′
i12| . 6× 10−5

( mũiR

100 GeV

)2
,

|λ′′∗323λ
′′
312| = ε2nBNV+1 . ε5

( mt̃R

500 GeV

)2

from which we conclude nBNV & 2.

The stronger limit comes from the neutron decay channel n→ Ξ, and it is nBNV & 3.

The limits can be compared with the MFV prediction for the magnitude of the

ūd̄d̄ couplings (MFV /Rp SUSY was introduced in Ref. [142] before the start of the LHC;

for its implications on the LHC limits on the scale of supersymmetry, see Ref. [56]). In

this scenario, the Yukawa matrices are considered as spurions of the flavor symmetry

group SU(3)5, and only terms that are invariant under this symmetry are allowed. Thus,

the operator ūd̄d̄ is neutral under the flavor group only if accompanied by products of

Yukawa matrices, and it reads YuYdYdūd̄d̄. The couplings involving light quarks are

suppressed with respect to the couplings involving the top.

We can compare the MFV prediction to the horizontal symmetry results (as

was first done in Ref. [85]), taking the numerical results in Ref. [56] expressed as powers
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of ε,6

λ′′MFV = ε11+2 logε tanβ


ε13 ε8 ε2

ε8 ε3 ε1

ε5 ε2 1

 . (4.27)

Using our notation, the largest coupling is λ′′323 = εnBNV with nBNV = 11 + 2 logε tanβ,

while the structure of the matrix is slightly different compared to the horizontal sym-

metry prediction, Eq. (4.18). The largest coupling is still |λ′′323|, but there is more

suppression for the couplings involving lighter quarks. The collider phenomenology is

similar [142,56,85] and for the most part corresponds to prompt decays. Displaced ver-

tices are allowed only for tanβ < 10, corresponding to | logε tanβ| < 1.5 and nBNV > 8;

in our framework, there is no connection between tanβ and the possibility of having

displaced vertices. Extreme values of tanβ ∼ 100 would bring the exponent of λ′′323 as

low as nBNV = 5.

To summarize this section, generic R-parity violation with both lepton-number

and baryon-number violation is inconsistent with the absence of superpartners that are

stable on collider scales. Low-energy supersymmetry where baryonic R-parity violation

is combined with a horizontal symmetry is only allowed in the range 3 . nBNV . 13,

where εnBNV is the magnitude of the biggest R-parity violating operator, λ′′323ū3d̄2ū3.

Currently, the most relevant LHC searches for this model are performed by ATLAS:

6The couplings depend on the SUSY breaking scale, at which the Yukawas (and quark masses) should
be evaluated. As the running of the quark masses between MZ and m3/2 does not change the exponents,
we evaluate them at MZ . We thank the authors of Ref. [85] for helping us correct an earlier version of
our computation.
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• In Ref. [2] a pair produced massive particle decaying to three jets was looked for:

this topology can describe a decay chain of a gluino to three quarks, g̃ → qq̃ → qqq,

where the last decay involves a RPV coupling. Assuming an off-shell squark, the

95% confidence-level limit on the gluino mass is mg̃ > 666 GeV.

• In Ref. [5] two same-sign leptons in the final state were searched for, as a signature

of two gluinos decaying as g̃ → t̄t̃ → t̄bs. The 95% confidence-level limit on the

gluino mass is mg̃ > 890 GeV.

Unfortunately, these searches do not give stringent limits on the top-squark mass, which

is most important when thinking about naturalness of the weak scale. Still, the gluino

mass enters the RGE of the stop mass term, so that if in the near future a gluino is

excluded above 1.4 TeV, the fine-tuning of the weak scale would be less than 1% [84].

4.4 Quark-Squark Alignment

In the last section we have seen how R-parity violation can solve the ten-

sion between the negative LHC searches for supersymmetry and the presence of light

superpartners.

However, it has long been known that a generic low-energy supersymmetric

spectrum generates unobserved FCNCs. In particular, neutral meson oscillations are

well explained by the Standard Model, leaving little space for new physics contributions.

The flavor structure of a supersymmetric extension of the SM has to be highly nontrivial.

If squark degeneracy is assumed, FCNCs can be suppressed. However, this is a strong

121



assumption, and does not follow automatically from Abelian horizontal symmetries: we

will here focus on aligned models [122], in which the quark and squark mass matrices

are diagonal in the same basis in which the gluino interactions are diagonal. Similarly

to squark degeneracy, alignment suppresses FCNCs in K − K̄ and B− B̄ oscillation. It

turns out that the squark bases cannot be aligned for both the up and down sector and

that, with TeV-scale SUSY, an O(10%) squark degeneracy is still needed to explain the

observed D − D̄ mixing [93].

A natural way to get aligned models is to use horizontal symmetries [144,122];

in particular, a simple model involves two symmetries H1 = U(1)H1 and H2 = U(1)H2

with two spurions ε1, ε2 carrying charges (−1, 0) and (0,−1) under (H1,H2). The

fermion mass hierarchies and mixings can be reproduced and at the same time the

sfermion mass matrix can be nongeneric, suppressing flavor-changing neutral currents.

In a model with two horizontal symmetries, we can see that the /Rp couplings

are either the same as those calculated earlier in Eqs. (4.16)–(4.18), or zero; to see this,

we define coefficients a and b such that ε1 = εa, ε2 = εb, with ε = 0.226 (in this case,

the spurions are smaller). The theory is then invariant under the diagonal subgroup

Hd ⊂ H1 × H2 with a spurion ε and charges Hd[Φ] = aH1[Φ] + bH2[Φ]. A generic

operator O in the superpotential with charges p, q under H1,H2 will be suppressed by

εp1ε
q
2O = εsO, s = ap+ bq. (4.28)

The charge underHd is a linear combination of the charges underH1,H2. It is important

to note that s can be positive even though p or q might be negative; an operator that
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is forbidden by the full symmetry would be allowed by the subgroup Hd. In the same

way, an operator that has an integer charge under Hd might have a fractional charge

under H1 or H2, and therefore be forbidden. For this reason, when there are two or

more symmetries, the /Rp couplings can either be zero or be determined by the textures

in Eqs. (4.16)–(4.18). It is possible to write down aligned models for both cases.

For a specific example of how an /Rp operator can be forbidden by H1 × H2

even if it is allowed by the diagonal Hd, we take an aligned model from Ref. [25], with

a = 1, b = 2 and the following charges for the lepton sector,

L1 L2 L3 `1 `2 `3

H1 5 −1 1 −3 2 0

H2 1 4 3 5 1 1

Hd 7 7 7 7 4 2

(4.29)

For the /Rp term λijkLiLj`k, one can factor out λ233 = ε8
2 = ε16, and compute the

textures of λijk/λ233. If we just considered Hd the texture would be

(λij1, λij2, λij3) = ε16(ε5, ε2, 1). (4.30)

Instead, using the full symmetry H1 ×H2, the coefficients are

(λij1, λij2, λij3) = ε8
2 (ε−3

1 ε4
2, ε

2
1, 1) = (0, ε8

2ε
2
1, ε

8
2). (4.31)

As λij1 has a negative power of ε1, it is a holomorphic zero. A specific coupling can

be forbidden, while the others maintain the previous structure. For a different choice

of the horizontal charges one can build a model where the whole superpotential term is
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forbidden due to negative charges, or a model in which some operators have fractional

charges with respect to ε1 or ε2.

This does not change the phenomenological conclusions of Sec. 4.3.2, as one

can get some of the couplings to be zero, but, in general, similar bounds will be generated

from the remaining nonzero coefficients. We conclude that aligned models of /Rp SUSY

with horizontal symmetries are subject to the same order-of-magnitude limits that we

computed previously.

4.5 Horizontal symmetry implications for the NMSSM

In the presence of light top squarks, the Higgs mass needs an extra contribution

to reach the measured value of 126 GeV. In the NMSSM [79], an extra singlet N has

a tree-level coupling to the Higgs doublets. It should be noted that in our scenario the

singlet is needed just to raise the Higgs mass while keeping light stops, and the arguments

in the other sections are not influenced by choosing an alternative mechanism.7 We first

review the model, and then see the horizontal symmetry constraints on the NMSSM.

We take the superpotential involving N as

W ⊃ λNφuφd +
κ

3
N3, (4.32)

where for simplicity we are taking the so called Z3-symmetric NMSSM [78, 79], where

all the dimensionful couplings have been put to zero. With this superpotential, the µ

7In the NMSSM, a µ term is automatically generated. As seen earlier, a µ term can also be generated
by a Kähler correction in a Giudice-Masiero mechanism: this does not happen in the Z3-symmetric
NMSSM, but it does in the general NMSSM. The interplay between these two mechanisms is left for
discussion in a future work.

124



term is generated dynamically, µ = λ〈N〉; in addition, the Higgs mass receives an extra

contribution, which in the limit κ〈N〉 � |Aκ|, |Aλ|, can be written as

m2
h 'M2

Z cos2 2β + λ2v2 sin2 2β − λ2v2

κ2
(λ− κ sin 2β)2

+
3m4

t

4π2v2

(
log

m2
t̃

m2
t

+
A2
t

m2
t̃

(
1− A2

t

12m2
t̃

))
(4.33)

where the first line includes the additional tree-level contribution proportional to λ and

the second line is the usual stop loop contribution present in the MSSM. This expression

is maximized for λ ∼ 0.7 and tanβ ∼ 2. A Higgs mass of 126 GeV can be achieved with

top squarks around 500 GeV and tanβ ∼ 2, and result in moderately low fine-tuning of

the weak scale [101].

In the NMSSM, the soft SUSY breaking terms are

Vsoft ⊃ m2
N |N |2 + λAλNφuφd +

1

3
AκκN

3 (4.34)

and for large N , an absolute minimum of the superpotential is found for A2
κ > 9m2

N at

〈N〉 =
1

4κ

(
−Aκ −

√
A2
k − 8m2

N

)
(4.35)

With a horizontal symmetry, the terms in the superpotential (4.32) must be

neutral under H: because we are taking λ ∼ 0.7 to maximize the Higgs mass, λ is

assumed to be an O(1) factor, that is, carrying a null horizontal charge. This fixes the

charge of N ,

H[N ] = −φu − φd + r = −nµ. (4.36)
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In particular, a negative nµ translates to a positive H[N ] (We will denote the charge

H[N ] by N). The constant κ is fixed as κ ∼ ε3N−r. The soft terms are of or-

der m3/2, as they come from nonrenormalizable corrections as
∫
d4θNN †

(
1 + XX†

M2
P

)
,∫

d2θ X
MP

Nφuφd and
∫
d2θ X

MP
N3. The minimum for N is unchanged.

Finally, there are some additional operators involving the singlet field N : the

only renormalizable operator is

λ̄iNLiφu (4.37)

If allowed, this would generate an effective µ̄i term with magnitude µ̄i = λ̄i〈N〉, with

λ̄i = εN+Li+φu−r = εnµ̄−nµεLi3 . For the scenario with no lepton-number violation, with

nµ̄ semi-integer, the operator is forbidden.

There are also dimension-five operators involving N ,

W5,N =
(κ11)i
MP

LiφuNN +
(κ12)ijk
MP

LiLj`kN +
(κ13)ijk
MP

LiQj d̄k +
(κ14)ijk
MP

ūid̄j d̄kN,

K5,N =
(κ15)i
MP

LiφuN
∗ .

Their horizontal charges are given in Table 4.4. For fractional nµ̄ and nLNV, the only

operator left is O14 = 1
MP

ūid̄j d̄kN : its coefficients have the same structure as λ′′ijk,

and the overall magnitude differs by a factor 〈N〉MP
εnµ ; its contribution to baryon-number

violation is then negligible.
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O11 nµ̄ − 2nµ + 2r O12 nLNV − nµ + r

O13 nLNV − nµ + r O14 nBNV − nµ + r

O15 nµ̄ + nµ − r

Table 4.4: Horizontal charges H[Oi] of the leading component of the operator κiOi in

Eq. (4.38).

4.6 SU(3)5 embedding of the horizontal symmetry

In the limit that the Higgs Yukawa couplings and soft terms are vanishing, the

R-parity conserving MSSM is invariant under a U(3)5 flavor symmetry group, under

which each superfield transforms independently from the others:8

U(3)5 = U(3)Q ×U(3)d̄ ×U(3)ū ×U(3)L ×U(3)¯̀. (4.38)

The MFV hypothesis [142] assumes that the only flavor violation in beyond-the-Stand-

ard-Model physics comes from the Yukawa couplings, which are treated as spurions

of the SU(3)5 global symmetry. It has been shown that this automatically suppresses

the /Rp couplings and can give an interesting phenomenology for natural SUSY, which

evades current LHC bounds for light superpartners [56]. Although possible, this is a

stringent hypothesis, and by assuming that all the flavor physics is determined by the

8 Because the fields Li and φd have the same gauge quantum numbers, the R-parity violating MSSM
is actually invariant under the flavor group U(3)4×U(4)×U(1)φd . An analysis of MFV supersymmetry
with this symmetry group is performed in Ref. [17]. In this section, we will take the horizontal symmetry
as a diagonal subgroup of SU(3)5, in order to compare our approach to the MFV approaches based on
U(3)5 [142,56].
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already known Yukawa parameters, it gives more weight to couplings whose discovery

might just have been an historical accident.

In this section, we will investigate a weaker hypothesis, in which the horizontal

symmetry is embedded in the Abelian part of the U(3)5 flavor group. Because each

U(3) has three diagonal generators, by taking a linear combination it is possible to give

independent charges to fields in different generations, thus reproducing any horizontal

symmetry. Instead, we will consider the embedding of the horizontal symmetry in the

subgroup SU(3)5.

For each U(3)k, we can write U(3)k = SU(3)k×U(1)k, and from each SU(3)k we

can extract two Abelian generators, T3 = diag(1,−1, 0), T8 = diag(1, 1,−2). Collecting

all the Abelian factors under which the Lagrangian is invariant gives

∏
k=Q,d̄,ū,L,¯̀

(T k3 × T k8 )×U(1)Y ×U(1)B ×U(1)L ×U(1)X (4.39)

where we can take linear combinations of the five U(1)k’s to get the hypercharge U(1)Y

(with charges 1
6 ,

1
3 ,−

2
3 ,−

1
2 , 1,

1
2 ,−

1
2 for Q, d̄, ū, L, ¯̀, φu, φd respectively), the baryon

number U(1)B (with charges 1
3 ,−

1
3 ,−

1
3 for Q, d̄, ū), the lepton number U(1)L (with

charges +1,−1 for L, ¯̀), and the PQ symmetry U(1)X under which φd has charge −1

and d̄ and ¯̀ have charge +1.

Of these terms, the first two give different charges to fields in different gener-

ations, while the last four are diagonal in generation space. As a transformation under

the U(1)’s will not change the hierarchies, it is possible to see if they can be generated
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by the SU(3)5 group alone. Thus, we write

H = H′ ×Hdiag , H′ =
∏

k=Q,d̄,ū,L,¯̀

T k3 × T k8 . (4.40)

We are looking for charges under H′ such that the charge differences Φ′ij are integers;

this corresponds to the horizontal symmetry being a subgroup of SU(3)5.

Because SU(3) is traceless, the sum of the H′ charges of the same field over

the three generations has to be zero,

H′[k1] +H′[k2] +H′[k3] = 0, k = Q, d̄, ū, L, ¯̀

In the following, we denote the charge of the field Φ under H′ as Φ′; we have Φij = Φ′ij

and φa +Qi + ai = Q′i + a′i, a = d, u (and an analogous expression for the leptons): as

before, the hierarchies (4.6) imply the solutions of Table 4.2 for the charge differences,

with the constraints 

Q′3 + u′3 = r,

Q′3 + d′3 = 2− xβ + r,

L′3 + `′3 = 2− xβ + r

(4.41)

In this scenario, we have five additional constraints to satisfy, corresponding to the

tracelessness of SU(3). In particular, one can satisfy
∑

iQ
′
i = 0 or

∑
i u
′
i = 0, but not

both at the same time (the same happens for d, L, `): we have

0 =
∑
i

(Q′i + u′i) = 12 + 3r (4.42)

This can be solved in two ways:
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• Use a discrete horizontal symmetry, ZN , N = 12 + 3r. Although the relation

for the down quarks is similar,
∑

i(Q
′
i + d′i) = 12 + 3r − 3xβ, the index N is the

same only for tanβ ∼ 3, while for the leptons (keeping xβ = 0) we need to satisfy∑
i(L
′
i+ `′i) = 15 + 3r and a second horizontal symmetry ZM , M = 15 + 3r would

be needed.

• Find a way to account for a prefactor of ε4 in the Yukawa couplings for ūi; then

the hierarchy (mt/v,mc/v,mu/v) = (1, ε4, ε8) would be (ε−4, ε0, ε4), which can be

embedded in a traceless SU(3).

We will investigate the second possibility: to be more specific, let us assume we can

write the Yukawa couplings as

εMεmijφdQid̄j + εNεnijφuQiūj + εP εpijφdLi ¯̀j

where the mij , nij , pij ’s are explained by H′ and the prefactors εM , εN , εP would be

explained by an additional symmetry; we will return to this aspect at the end of the

section. M,N,P are determined by requiring
∑

i(Q
′
i+u

′
i) = 0,

∑
i(Q
′
i+d

′
i) = 0,

∑
i(L
′
i+

`′i) = 0,

N − r = 4, M − r = 4− xβ, P − r = 5− xβ

With this addition, all the nondiagonal charges are uniquely determined in Table 4.5

and the horizontal symmetry can be written as a linear combination of all the Abelian

generators.

H′ = 1

2
TQ3 +

5

6
TQ8 +

1

2
T d̄3 +

1

6
T d̄8 +

3

2
T ū3 +

7

6
T ū8 + 2T

¯̀
3 + T

¯̀
8 (4.43)
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Φ Q′1 Q′2 Q′3 d′1 d′2 d′3 u′1 u′2 u′3 L′1 L′2 L′3 `′1 `′2 `′3

H′ 4
3

1
3 −5

3
2
3 −1

3 −1
3

8
3 −1

3 −7
3 0 0 0 3 −1 −2

Hdiag −b− y b− 2y + x b+ 4y l + 3y −l − 6y + x

Φ φu φd

H′ 0 0

Hdiag −3y 3y − x

Table 4.5: The charges of the fields under H′, the nondiagonal part of the horizontal

symmetry (4.43), and the diagonal contribution if the full symmetry is H = H′− 3bB−

6yY + xX + lL, with the normalizations and signs chosen to have simple coefficients.

These charges give the same charge differences as Table 4.2, except for the

leptons, (`12, `13, `23) = (4, 5, 1) instead of (4, 6, 2). (Here we assume that some of the

O(1) factors in front of the superpotential can lead to a slightly different hierarchy,

with mµ/mτ = ε instead of ε1.9: e.g., we can have couplings of the form 0.4φdL3`3 +

1.5φdL2`2.) Then, the RPV coupling textures in Sec. 4.3 are the same, apart from the

structure of the operator λijkLiLj ¯̀k, whose couplings have rows that now read (ε5, ε, 1)

instead of (ε6, ε2, 1). In particular, to have a phenomenologically viable model, the LNV

couplings are still forbidden, and this can be done by having a fractional value for nµ̄.

The experimental limits on nBNV are the same as above.
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The prefactors

In the last section we have seen how the relative hierarchies between the quarks

and leptons can be understood in terms of a horizontal symmetry that is a subgroup

of the flavor group SU(3)5. We did not discuss the origin of the absolute scale, which

appears as an overall factor of ε4 in front of the quark Yukawas and as a factor of ε5 for

the leptons.

We can easily get this factor by adding an extra horizontal U(1)′ and hav-

ing the horizontal symmetry to be U(1)′ × H. The charges of the fields under U(1)′

can just be arranged to get the required suppression, e.g. by taking the charges of

(φu, φd, Q, d̄, ū, L, ¯̀) to be (0, 0, 2, 2, 2, 2, 3).

Another option would be to have a loop factor: if all the SM Yukawas are

generated through a loop diagram, it is natural for them to have a factor of g2

16π2 ∼ ε4−5.

These considerations do not change the textures of the RPV couplings in Sec.

4.3, which are determined by the charge differences in Table 4.2.

4.7 Conclusions

Motivated by current LHC searches that present no hint for R-parity con-

serving supersymmetry, we have revisited /Rp models where a horizontal symmetry is

responsible for the hierarchies of the SM fermion mass and mixing hierarchies. In this

case, the LSP can decay in the detector, thus leaving no large missing energy events. The

RPV couplings are hierarchical and their textures are completely fixed by the known
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hierarchies for squarks and leptons. In particular, there is no need to impose anomaly

cancellation through a standard Green-Schwartz mechanism. The phenomenology is

similar to the MFV SUSY scenario, with the largest RPV coupling involving the top

squark. While the overall scale of the RPV operators is not fixed by the horizontal

symmetry, null LHC searches generically forbid light superpartners with /Rp coefficients

smaller than about 10−9. With this bound, if lepton and baryon number are violated at

the same time the proton lifetime would be shorter than its current experimental limit.

We are then led to consider just baryon-number violation, while lepton number is con-

served in the renormalizable superpotential. The largest ūd̄d̄ coupling, λ′′323 = εnBNV ,

has to lay between 10−3 and 10−9, corresponding to 4 . nBNV . 13. In particular,

we stress that for 8 < nBNV < 13 (corresponding to 10−9 < λ′′ < 10−6, about half of

the remaining allowed range for λ′′), displaced vertices would be a striking signature of

hadronic stop decays. As the LHC pushes up the limits on R-hadrons, light LSPs with

arbitrarily small R-parity violating coefficients will be excluded to higher and higher

squark masses, thus strengthening our argument for natural SUSY with B violation.
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Chapter 5

Gravitino Dark Matter and Flavor

Symmetries

Invitation

In supersymmetric theories without R-parity, the gravitino can play the role of

a decaying Dark Matter candidate without the problem of late NLSP decays affecting

Big Bang Nucleosynthesis. In this work, we elaborate on recently discussed limits on R-

parity violating couplings from decays to antideuterons and discuss the implications for

two classes of flavor symmetries: horizontal symmetries, and Minimal Flavor Violation.

In a large portion of the parameter space the antideuteron constraints are stronger than

low-energy baryon-number-violating processes. For TeV scale superpartners, we find

that the allowed MFV parameter space is a corner with gravitino masses smaller than

O(10) GeV and small tanβ.
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5.1 Introduction

In supersymmetric theories, R-parity [83, 26] is usually introduced to remove

unwanted dimension four operators that would lead to fast proton decay; the renormal-

izable R-parity violating superpotential is:

WRPV = µiLiφu + λijkLiLj ¯̀k + λ′ijkLiQj d̄k + λ′′ijkūid̄j d̄k , (5.1)

where the indices are generation indices, i, j, k = 1, . . . , 3, and only antisymmetric com-

binations of i, j (respectively, j, k) are allowed in λ (respectively, λ′′). The first three

operators violate lepton number while the last violates baryon number, and both types

of operators are involved in proton decay. It is then possible for the proton to be stable

if only one type of operators is allowed, leaving B (or L) as an accidental symmetry of

the theory [108,73].

This is an aspect of the flavor problems associated with low energy Supersym-

metry (SUSY): generic soft terms give large contributions to flavor-changing neutral cur-

rents (FCNCs), which can be suppressed by assuming that flavor symmetries govern the

structure of the Minimal Supersymmetric Standard Model (MSSM) Lagrangian. Two

particularly well motivated types of flavor symmetries are Abelian horizontal symme-

tries (a la Froggatt-Nielsen [88,121,144]) and Minimal Flavor Violation (MFV) [142,56],

according to which the Higgs Yukawa operators are spurions of a SU(3)5 flavor symmetry

under which the full MSSM Lagrangian is invariant.

Under the assumption of these flavor symmetries, definite structures of the

RPV couplings are predicted:
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• with a horizontal U(1) symmetry, the relative structure of the RPV couplings is

completely determined by the fermion masses and mixings alone [136,113,85,18];

the baryon number violating (BNV) or lepton number violating (LNV) operators

are allowed or forbidden independently. In [136], it was argued that, in order not

to disagree with LHC null results, LNV operators should be forbidden altogether

when considering sub-TeV SUSY. The BNV couplings λ′′ijk are written in terms of

an overall scale λ′′323, and depend on the horizontal charges (we denote the charge

of a field by the field symbol itself, Φ ≡ qΦ, and the inter-generational difference

between two fields as Φij ≡ qΦi − qΦj ):

λ′′ijk = λ′′323ε
ui3+dj2+dk3 ,

(
where ε ≡ V CKM

12 ' sin θC
)
, (5.2)

λ′′112 λ′′212 λ′′312

λ′′113 λ′′213 λ′′313

λ′′123 λ′′223 λ′′323

 = λ′′323


3× 10−5 3× 10−3 5× 10−2

1× 10−4 1× 10−2 2× 10−1

6× 10−4 5× 10−2 1

 . (5.3)

• in the MFV framework [142, 56], the baryon number violating couplings depend

just on tanβ and an overall scale factor w′′, while the lepton number violating

operators are naturally suppressed. For tanβ & 1 we have:

λ′′ijk = w′′ tan2 β m
(u)
i m

(d)
j m

(d)
k εjklV

∗
il /v

3, (5.4)
λ′′112 λ′′212 λ′′312

λ′′113 λ′′213 λ′′313

λ′′123 λ′′223 λ′′323

 = w′′ tan2 β


3× 10−12 1× 10−8 4× 10−5

6× 10−9 1× 10−5 6× 10−5

5× 10−7 4× 10−5 2× 10−4

 .

(5.5)
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The coefficient w′′ is not constrained by the flavor structure, and should be O(1).

We take these examples as a justification to consider scenarios in which only Baryonic

R-parity violation (BRPV) is allowed, while lepton number is conserved (at least to a

good approximation). This is the scenario that will be studied in the rest of this paper.

It should be noted that in both models (eqs. (5.3) and (5.5)), λ′′223 is the largest coupling

that does not involve a top in the final state.

Implicit inR-parity scenarios is stability of the lightest supersymmetric particle

(LSP) which can provide a viable relic Dark Matter (DM) candidate. This is a problem

for a gravitino LSP, as the decays of the NLSP are suppressed by the Planck scale MP

and could interfere with Big Bang Nucleosynthesis1. In contrast, R-parity violation

allows the superpartners to decay directly and quickly into SM particles, solving this

problem but at the same time eliminating dark matter candidates from the theory. If,

however, the gravitino is the LSP, its decay (see Figure 5.1) is suppressed by the SUSY

breaking scale F (or equivalently, by MP ), by the R-parity violating couplings, and by

the superpartner scale m̃. This naturally allows for lifetimes longer than the age of the

universe [157]. Because the gravitino is unstable, its decays will generate cosmic-rays

and high-energy γ-ray emission which can potentially be detected by modern indirect-

detection experiments. Although this has been studied extensively in the literature,

many groups have focused on the bilinear RPV coupling µiLiφu [157,112,98,31,27] with

just Refs. [127,33,34,61] discussing the trilinear interactions; weak scale supersymmetry

was also frequently assumed. In this paper, we do not set the superpartner scale and

1For a comprehensive review of gravitino interactions, see Ref. [139].
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we discuss the connection to particular models with flavor symmetries, which has been

unexplored so far.

Following Ref. [138], the decay rate of Figure 5.1 can be written as

Γ3/2 '
19

60 · 768π3
λ′′2ijk

m3
3/2

M2
∗

(m3/2

m̃

)4

(5.6)

in the limit of vanishing masses for the final state particles and at leading order in

m3/2/m̃. The lifetime is

τG̃→uidjdk = 2.9× 1014sec

(
10 GeV

m3/2

)3 1

λ′′2ijk

(
m̃

m3/2

)4

. (5.7)

In this equation m̃ is the common mass scale of the squarks which participate in the

process; it is slightly modified in presence of a large hierarchy between different squarks.

In particular, the detailed dependence on the squark masses is recovered by substituting

the factor 19m4
3/2/m̃

4 in (5.6) with

m2
3/2

m4
ũi

3 + 2nd
m2
ũi

m2
d̃j

+ 3n2
d

m4
ũi

m4
d̃j

 , (5.8)

where we have denoted by d̃j the lightest down squark, and nd is the number of down

squarks participating in the process, n =


1, md̃j

� md̃k

2, md̃j
∼ md̃k

.

With the pre-inflationary gravitino abundance washed out during inflation,

gravitinos are produced by thermal scattering at reheating and by decays of other fields

(such as moduli, or the inflaton). We will show overclosure limits coming from the

overproduction of gravitinos, and in the following we will assume TR > m̃ > m3/2 for

the reheating temperature. As a conservative choice, we will assume that the full DM
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G̃

ui

ũi

dj

dk

Figure 5.1: Gravitino RPV decay; the white vertex marks the 1/MP -suppressed inter-

action, while the RPV interaction λ′′ijk ˜̄uid̄j d̄k is marked by a black dot.

relic abundance is generated in toto at reheating;2 the second class of processes will just

strengthen the overclosure bounds that we are considering.3 The thermal scattering,

with a cross section of order σ ≈ g2
3

m̃2

M2
Pm

2
3/2

, overcloses the universe unless (see [139,102]

for the precise expression)

10−3TRm̃
2

m3/2
.MPTeq. (5.9)

This paper is organized as follows: in Section 5.2, we review the importance of

antideuterons for the indirect detection of dark matter candidates and the coalescence

model of antideuteron formation. We then compute and discuss the antideuteron in-

jection spectrum. In Section 5.3 we derive the upper limits on the RPV coupling λ′′223

from the lack of antideuterons and discuss the dependence on the SUSY and SUSY me-

diation scales. We apply these limits in Section 5.4, where we discuss the implications

for models with flavor symmetries. Finally, we conclude in Section 5.5.

2If the universe reheats below m̃, gravitinos are not produced thermally. Still, a gravitino relic
abundance might be produced by moduli or inflaton decay.

3On the other hand, these limits can be relaxed in the case of a late entropy injection which dilutes
the relic abundance.
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5.2 Antideuterons from Gravitino Decays

Measurements of the cosmic-ray antiproton spectrum by BESS [145, 131, 100]

and PAMELA [10] have provided important constraints on cosmic-ray transport in the

galaxy, as well as placed limits on exotic source models such as dark matter annihi-

lations or decays and primordial black hole emission. In the near future, data from

the AMS-02 experiment on-board the international space-station will provide the most

precise measurements to date. While indirect detection limits on antiprotons currently

provide the leading constraints on R-parity violating λ′′ijk couplings, the production of

secondary antiprotons through cosmic-ray spallation processes provides an astrophysical

background with considerable uncertainty.

In 2000, Donato et al. [71] proposed new physics searches, specifically neu-

tralino annihilations, using heavier anti-nuclei such as antideuterons, antihelium-3, or

antitritium. In contrast to antiprotons, the secondary background for antideuterons is

highly suppressed at low energies while gravitino decays produce a peaked spectrum.

This happens for three reasons: first, the scattering of cosmic-ray protons with interstel-

lar gas produces (secondary) antiprotons only if the center of mass energy is above the

production threshold
√
s = 7mp. At these energies, the density of Galactic cosmic-rays

is substantial, and the antiproton spectrum below ≈ 5 GeV becomes heavily populated

by the astrophysical background. In the case of antideuterons, the production thresh-

old is increased to
√
s = 17mp, where a rapid decrease in the Galactic proton spectrum

heavily suppresses the astrophysical background.4 Second, astrophysical production oc-

4The proton spectrum peaks at approximately 10 GeV and subsequently falls off proportionally to
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curs in a frame which is highly boosted with respect to the rest of the galaxy, whereas

dark matter decays occur at rest. This results in the background spectrum peaking

at higher energies than that of dark matter decays, which typically peaks in the non-

relativistic regime. Finally, the small binding energy of antideuterons causes them to

disintegrate rather than lose energy through inelastic scattering, unlike antiprotons for

which such collisions lead to an increased abundance at lower energies. These low-energy

antideuteron astrophysical backgrounds are 10-50 times less in magnitude than the pri-

mary signals expected from naive thermal dark matter models [86,111], so searches for

low energy antideuterons can provide a promising discovery channel for new physics.

Heavier elements such as antihelium are even cleaner [76], although the expected signals

are too small to observe with the current generation of experiments as shown by one of

the authors (EC) [38] and later independently [52]. For the Baryonic R-parity violating

operators under consideration here, constraints on the couplings are currently compet-

itive with those from antiprotons, and are expected to improve substantially with the

results of AMS-02.

The detection of antinuclei from dark matter decay has been thoroughly inves-

tigated in the literature with an emphasis on simple two-body final states such as bb̄ or

W+W− (see e.g. [71,20,58,110,114,86,111] for antideuterons and [38,52] for antihelium).

Recently, Ref. [61] provided the first antideuteron constraints for gravitinos decaying

through a variety of R-parity violating operators. One novel feature of their analysis

is the detailed treatment of the Monte Carlo parameters controlling the hadronization

E−2.82.
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model in order to reproduce a wider array of experimental antideuteron production

rates. In our paper, much of the same production and propagation framework is used,

but we do not vary the hadronization model in order to extract the model-dependent

features of gravitino decay, and compare them to standard treatments of decaying dark

matter, which have been studied extensively. In doing so, we aim to provide simple

scaling relations which allow BRPV coupling constraints to be easily scaled from future

updated measurements and more sophisticated propagation schemes that are presented

in the context of two-body decays to heavy quark pairs.

In any process producing antinucleons, it is possible for antiprotons and an-

tineutrons to bind together into a nucleus and produce antideuterons. The traditional

formation model, known as the ‘coalescence mechanism’, was designed to empirically

describe nuclei production in heavy-ion collisions based on the phase-space distributions

of the constituent nucleons. It possesses a single energy-independent parameter, the co-

alescence momenta p0, and assumes that if any antineutron and antiproton pair have

relative invariant 4-momenta (kn− kp)2 = (∆~k)2− (∆E)2 ≤ p2
0, they will fuse and form

an antideuteron. The parameter p0 is then tuned to match collider measurements of d

production.

It has long been known that this model cannot accommodate the available data

for a single value of the coalescence momenta to better than a factor of ∼ 3. Despite

this simplistic model, an improved prescription is largely hindered by limited collider

data for production of antideuterons from e+e− collisions at high energies, as well as a

lacking understanding of the underlying nuclear formation dynamics. However, recently
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renewed interest in antideuteron searches have led to at least two important improve-

ments. First, it was pointed out in Ref. [114] that the isotropic nucleon distribution

functions used in analytic estimates of formation rates led to an artificial suppression of

the d production rate at large center of mass energies. In particular, the jet structure of

high-energy showers introduces significant angular correlations between nucleons. One

must therefore run Monte Carlo simulations and apply the coalescence mechanism on

an event-by-event basis using the event generator’s nucleon distribution function. Sec-

ond, it was realized that the antideuteron wave-function is spatially localized to ≈ 2 fm

and contributions to the nucleon population from long-lived baryons should be omitted,

as they decay far from the other particles in the shower. In practice, weakly decaying

baryons are then excluded by stabilizing particles with a lifetime τ > 2fm/c with neg-

ligible dependence on this parameter due to the large gap between weak and hadronic

timescales.

For our study, we first use Feynrules v2.0 package [15] (using a modified

version of the gld-grv [51] and RPV-MSSM [92] model files) to translate our R-parity

violating Lagrangian into a UFO format readable by matrix element generators. The

matrix elements and phase space for the hard process G̃ → ūid̄j d̄k is then generated

using MadGraph v5.0 and MadEvent [16]. Finally, these parton level distributions are

fed into Pythia 8.1 [153] for showering and hadronization.

In order to fix the coalescence parameter we must choose a value which re-

produces a measured rate. As previous studies have noted, the coalescence prescription

has trouble reproducing rates from different underlying processes and we opt to chose
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electron-positron collisions which are more likely to resemble a dark matter scenario – i.e.

color singlets that are not composite. Following the approach of Refs. [111,86,58], we use

e+e− → d measurements from ALEPH at the Z0 resonance, finding (5.9±1.8±.5)×10−6

antideuterons per hadronic Z0-decay with d momenta 0.62-1.03 GeV/c and polar angle

| cos θ| < 0.95 ( [13]). We find a value pA=2
0 = 0.192 ± .030 GeV/c consistent with

Refs. [111,86].

In Figure 5.2 we show the typical antideuteron injection spectra for a gravitino

decay of mass m3/2 =10 GeV, 30 GeV, 100 GeV, 1 TeV, and 10 TeV. In solid lines, we

show the spectra from the heaviest accessible channel, which is expected to dominate

the decay rate in scenarios with flavor symmetries, while dashed lines show the second

heaviest contribution5. For comparison, we also show the spectra for a standard dark-

matter decay to bb̄ in dotted lines. Shaded bands show the acceptance energies for BESS

(red), GAPS (green), the low-energy band of AMS-02 (blue), and the high energy band

of AMS-02 (gray). Here we assume that the spectra will be shifted to lower energies

as the antideuterons propagate through the heliosphere and shift each band upward

in energy due to the Fisk potential φf = 500 MV acting on a unit electric charge in

accordance with the Gleeson & Axford Force Field approximation [95]. The vertical

normalization of each energy band is arbitrary and we have slightly offset the BESS

band in order to keep the others visible. We note that while the energy range of each

experiment is fixed, they are rescaled by a factorm−1
3/2 in these dimensionless coordinates.

With the injection spectra now in hand, several observations can be made:

5In the case of the cbs channel at 10 GeV we observe no events.
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Figure 5.2: Antideuteron injection spectra for different masses and operators involved.

In particular, ū1d̄1d̄2 (uds), ū2d̄2d̄3 (cbs), ū3d̄2d̄3 (tbs). Solid lines represent the heaviest

accessible channel while dashed lines show the second heaviest. Dotted lines represent

the case of a 2-body decay to b-quarks, which is often presented in antideuteron analyses.

In shaded bands, we show the ranges of experimental detectability after accounting for

solar modulation effects. The bands are for BESS (red), GAPS (green), AMS-02-L

(blue), and AMS-02-H (gray). Normalizations for these bands are arbitrary we have

vertically offset BESS for readability. The horizontal range of the detection bands are

identical for each case, but in these coordinates they scale as a function of m−1
3/2.

1. Comparing between decay channels, we see that the second lightest channels have a

significantly harder spectrum than the heaviest. For m3/2 less than a few hundred
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GeV, this yields slightly more detectable antideuterons. Such behavior is also

evidenced in Ref. [61] where the light quark channels provide the best limits on the

trilinear BRPV coupling. Interestingly, this behavior reverses for m3/2 & 1 TeV,

where the heaviest channel dominates by a factor ∼ 20− 30% over the detectable

low energies. One explanation may be the following: Increased jet multiplicity

as the 2nd and 3rd generation quarks cascade down to u and d type quarks will

divide the gravitino’s energy. For low masses, this could sufficiently raise the

threshold where heavy channels can consistently form the requisite number of

protons and neutrons. When the gravitino mass is very high, each jet will contain

energy E � mp, and the 3-tiered decay of the top-quark will effectively soften the

otherwise harder spectrum.

2. Compared with the 2-body decay to bb̄, we see a significantly softer spectrum for

our gravitino decay in all cases. This results in a mild enhancement in detectable

antideuterons of O(50%) for m3/2 ≈ 50 GeV increasing to a significant factor ≈ 3

above 1 TeV. This is mostly attributed to the higher initial multiplicity of quarks

in the final state of the hard process which splits the initial gravitino energy into

three final states rather than two. In addition to this, the 3-body phase-space

allows the hard jets to occasionally align, and thus increase the probability of a

neutron and proton coalescing. In the 2-body case, jets are forced back-to-back

for a decay at rest, and are therefore less likely to have cross-jet correlations.

3. The formation model used here is distinct from Ref. [61]. First, for hadroniza-
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tion we use Pythia (based on the string fragmentation model) while in Ref. [61],

Herwig++ (based on the cluster hadronization model) is used. It has been shown

in Ref. [60] that differences between the two different models can lead to substan-

tially different preferred values of the coalescence momentum and variances in the

spectrum of anti-deuterons produced. Furthermore, our coalescence momentum

is fit to a single data-point at the Z0-resonance while the Ref. [61] varies the

parameters of the hadronization model in order to reproduce results from e+e−

and pp collisions at 50 GeV-7 TeV. We therefore expect to see some level of dis-

agreement at higher energies. In fact, we do find a significant enhancement in our

yield (integrated over the low-energy experimental bands) of around 30% at 50

GeV up to 300% at 1 TeV. As this is an artifact of the underlying hadronization

and coalescence model, it occurs independent of the two results enumerated above

which are based on a common framework.

In order to translate the injection spectra into the observable astrophysical

fluxes, one must propagate the d nuclei through two stages: interstellar transport from

the position of production to the solar system and modulation of the spectra during

through the heliosphere. Interstellar transport of antiprotons and light-nuclei is very

well studied but unfortunately still suffers from considerable uncertainties. Our im-

plementation of interstellar propagation follows the standard semi-analytical treatment

using the ‘two-zone diffusion model’ which provides a simplified but good approximation

by neglecting energy losses and diffusive reacceleration. The neglect of tertiary processes
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– i.e. non-annihilating inelastic scatters are treated as annihilations – is a very good

approximation and in particular does not redistribute the spectrum. As a result, the

injection spectrum can be factored out of propagation. Similarly, propagation through

the solar system in the Force-Field model [95] only introduces an energy dependent

scaling and a global shift the spectrum of 500 MeV lowered energy as discussed was

discussed earlier. This implies that event-rates and observable fluxes can be readily

compared by computing the ratio of the injection spectra, integrated over the experi-

mental acceptance range. As AMS-02 and GAPS results become available, propagation

uncertainties are likely to be reduced based on upper limits on the antiproton spectrum.

Recent analyses have already incorporated sophisticated numerical treatments of inter-

stellar and heliospheric propagation and present their findings in terms of annihilation

or decay to heavy quarks [86]. Conversion of these rates to case of gravitino dark matter

is therefore a simple rescaling according to the integrated injection ratios of Figure 5.2.

Our treatment of propagation and conversion of the flux to event rates is completely

identical to that presented in Section 3 of Ref. [61], and we therefore omit our own

details, instead pointing the interested reader to the discussion presented there6. In the

next section we will discuss how the differences between our injection spectra and that

of Ref. [61] lead to different limits on the BRPV couplings.

6Here, and in Ref. [61], the halo model chosen is a standard NFW profile and the Fisk potential is
taken to be φF = 500MV . In the next section, the results presented use the ‘MED’ propagation model
to compute the flux, although it should be kept in mind that these propagation uncertainties span 2-3
orders of magnitude. See also Ref. [109] or a recent review of indirect detection of decaying dark matter.
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5.3 Model-independent limits on RPV couplings

In this section, we will show the model-independent limits on the RPV cou-

plings coming from null observation of antideuterons at the BESS experiment [91] and

the future reach of the AMS-02 experiment; as a starting point, we take the limits on

λ′′ due to lack of observation of cosmic antideuterons from Ref. [61], where the full

gravitino decay G̃ → ūid̄j d̄k → D̄ + . . . was studied. There, no flavor symmetry was

assumed, and the strongest limits were set on the coupling λ′′112 (uds channel) in the

range 10 GeV ≤ m3/2 . 1 TeV, for m̃ = 1 TeV.

In Figure 5.2, we showed the spectra generated by decays of a gravitino in

the uds, cbs, and tbs channels for different choices of the gravitino mass: compared

to Ref. [61], we find that the number of antideuterons produced in the uds channel is

about 50% higher at low gravitino masses (m3/2 = 50 GeV), and about a factor of 3

higher at m3/2 = 800 GeV. The local flux of antideuterons scales as λ′′2. A change in

the injection spectra by a factor A therefore strengthens the bounds on λ′′ by a factor

of
√
A assuming we are in the signal dominated regime (i.e. low relative background

flux). We then rescale the 95% confidence level limits on the coupling λ′′112 from Figures

7 and 8 of [61] in order to self-consistently employ our injection spectra.

As previously mentioned the number of antideuterons produced in the uds

and cbs channels differs only by 20-30% in the energy range accessible by the BESS

and AMS-02 experiments. This implies that the limits on the respective couplings differ

only by 10-15%. We are particularly interested in the coupling λ′′223, which, according to
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both eqs. (5.3) and (5.5), is the largest coupling that does not involve a top in the final

state. As such, the decay process will proceed through the cbs channel for gravitino

masses between the b-quark mass and about 1 TeV. At high gravitino masses (above 1

TeV), the decay involving the coupling λ′′323 and a top quark will also be relevant. For

such high masses, the tbs channel gives a slightly higher number of antideuterons when

compared to the cbs channel, so that the 95% CL limit on λ′′323 will be slightly stronger

thane the limit on λ′′223 at the same scale. As the resulting antideuteron spectrum

flattens at the low energies relevant experimentally, we can extend the bounds from

Ref. [61] to gravitino masses above 1 TeV and expect no qualitative change in behavior.

As we will see in Section 5.4, because both flavor models predict λ′′323 > λ′′223, λ′′323 will

be the most constrained in this regime. At lower masses, the constraints are strongest

for λ′′223.

In Figure 5.3 we compare the limits from Ref. [61] with the ones that will be

used in the following. We plot the bounds on the individual couplings λ′′112, λ
′′
323 (λ′′223 is

degenerate with λ′′112) as a function of the gravitino mass, with a reference superpartner

scale m̃ = 1 TeV.

Provided that the gravitino is the LSP, the injection spectra are independent

of the mass of the superpartner involved in the process. Thus, the only dependence on

the superpartner scale m̃ is in the hard process that determines the decay rate, as shown

in eq. (5.6). In Figure 5.4, we show how the limits on λ′′223 depend on the superpartner

scale: the dot-dashed diagonal lines show the upper limits on λ′′223 for given values of

m̃ = 1, 10, 100 TeV. The parameter space above each line is ruled out. Alternatively, we
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Figure 5.3: 95% CL limits on different couplings λ′′ijk from antideuteron data, compared

to the values in Ref. [61]. In this graph, m̃ is set at 1 TeV.

fix the ratio m̃/m3/2 to approximately 1, 10, 102, 103 and show the allowed parameter

space. Here the vertical black dashed lines show the upper bounds on the gravitino mass

coming from overproduction during reheating. Setting the ratio m̃/m3/2 corresponds

to setting the SUSY mediation scale M : if the gravitino mass is m3/2 ≈ F
MP

and the

squark masses are m̃ ∼ F
M , we have m̃/m3/2 = MP /M . The limits on λ′′223 presented in

Figure 5.4 are independent of the flavor structure. As stressed above, for m3/2 & 1 TeV,

similar limits apply to λ′′323.

It should be noted that the relevant squarks in this process are s̃R, c̃R, b̃R;

limits from R-parity conserving LHC searches for first and second generation squarks

are above 1 TeV, while for b̃1 they are at ≈ 650 GeV [4, 43]; without R-parity it is in

principle possible for squarks to be significantly lighter than the R-parity conserving

constraints. However, we find it a plausible assumption that the superpartners are not
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hiding at extremely low masses. Allowing for a little hierarchy between b̃ and c̃, s̃, we

require that m̃ ≥ 500 GeV for simplicity.

5.4 Constraints on models with flavor symmetries

As seen in eqs. (5.3) and (5.5), flavor symmetries constrain the structure of

the unknown RPV couplings; limits on one coupling (as λ′′223) directly translate into

limits on all the other couplings (in particular, the largest one, λ′′323).

5.4.1 Horizontal Symmetries

In models with a horizontal symmetry, as λ′′223 is smaller than λ′′323 by a factor

of 20, the conversion is straightforward: for m3/2 between 10 GeV and 200 GeV, the

cbs channel is predominant in creating antideuterons. Above the top mass, from about

200 GeV to about 1 TeV, the tbs channel contribution grows until it eventually outweighs

the cbs channel due to its larger coupling. For m3/2 & 1 TeV, the tbs channel gives

approximately 20-30% more antideuterons per decaying gravitino than the cbs channel

(see Figure 5.2), with tbs dominating the decays given the larger coupling.

In Figure 5.5, we present the limits on the largest allowed RPV coupling, λ′′323,

which is likely to be the most relevant for LHC phenomenology. On the left, we show

limits on λ′′323 for given values of m̃, while on the right we fix the ratio m3/2/m̃. We

also show the future reach of the AMS-02 experiment. An improvement of a factor of

10 is expected across the entire range of gravitino masses.

These limits on RPV couplings can be compared to those found when re-
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quiring a small contribution to low-energy flavor changing processes, such as neutron-

antineutron oscillation or nucleon decay. In [136], one of the authors (AM) showed that

the largest RPV coupling is bound to be less than about 10−2−10−3, depending on the

dominant process and the superpartner scale, and independent of the gravitino mass.

We see that, apart from m3/2 . 30− 50 GeV, the antideuteron limits from a decaying

gravitino are stronger than those of low-energy experiments.

Some reference scales should be kept in mind while discussing these limits:

• λ′′323 = 10−7; in Ref. [24], it was discussed how large R-parity violation would

have washed out baryon number in the early universe if the B-violating processes

were in equilibrium at a temperature of order m̃, and how RPV SUSY at colliders

would most likely involve displaced vertices (this was also pointed out in the

context of horizontal symmetries in [136, 118]). In Figure 5.5, the requirement

λ′′323 < 10−7 is automatically satisfied for m3/2 & 500 GeV for TeV-scale SUSY.

For heavier superpartners, or split spectra, it is true for m3/2 & 2 − 5 TeV. In

other words, for large splittings between the gravitino and the superpartners, the

cosmic ray flux from gravitino DM is more constraining than the requirements of

having baryogenesis with a large reheating temperature. It should be noted that

in baryogenesis scenarios with low reheating temperature [11,65], this bound does

not apply as the baryon asymmetry is created after the BNV processes has fallen

out of equilibrium (An alternative setting in which baryogenesis is generated by

the decay of a meta-stable WIMP was presented in [59].). Given the BICEP2

detection of a tensor-to-scalar ratio r = 0.2 [9], it remains to be seen if such
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scenarios are still viable.

• λ′′323 = 10−9: in [136] one of the authors (AM) showed that, in order to evade

collider signatures for subTeV SUSY, the lower limit λ′′323 > 10−9 should hold

for either a neutralino NLSP (in which case the missing energy signature of R-

parity conserving SUSY reappears) or a stop NLSP (for which the the long lived

stop hadronizes into R-hadrons and heavy stable charged particle searches apply).

From Figure 5.5 we can conclude that heavy gravitinos with m3/2 ∼ m̃ > 1 TeV

imply λ′′323 . 10−9 and either give standard R-parity conserving LHC phenomenol-

ogy or long-lived particles.

• λ′′323 = 10−13: the lowest scale for which the RPV decay of the NLSP happens

before BBN is 10−13. We see that this scale is not particularly constrained by

Figure 5.5.

For collider-accessible superpartners, we can conclude that if the coupling λ′′323

was measured to be large, it would imply a small gravitino mass.

5.4.2 MFV: A gravitino on the edge

In models with a minimal flavor violating structure [142, 56], the only free

parameters are the overall scale w′′, tanβ and m3/2. The cbs coupling λ′′223 is set to

λ′′223 = 4× 10−5 tan2 βw′′ (5.10)

As we will see, we do not need to consider the larger tbs coefficient λ′′323 ' 5λ′′223 as the

limits from the cbs channel are already enough to rule out large gravitino masses where
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the tbs channel (with a top quark in the final state) would dominate.

Setting w′′ ∼ 1, the resulting limits on m3/2 and tanβ are shown in Figure

5.6. For fixed values of m̃, we are forced into a corner with small tanβ and/or small

m3/2. In particular, for LHC-accessible superpartners, the gravitino must be lighter

than 50 GeVif tanβ ∼ 1, and tanβ can be as large as 20 for m3/2 = 10 GeV. We also

note that it is possible to accommodate a 125 GeV Higgs mass in the case of large tanβ

and m̃ = 10 TeV, as well as in the case of m̃ = 100 TeV. The AMS-02 experiment

will remove a large fraction of this parameter space: for m̃ = 1 TeV the limits will be

m3/2 . 10 GeV, with tanβ . 5 for m̃ ∼ 10 GeV.

For given values of m3/2/m̃, the only viable options are m̃ = 102m3/2 and

m̃ = 103m3/2. In the first case, the gravitino mass should be lower than ∼ 200 GeV

for low tanβ and below a few tens GeV for larger tanβ; in the second case, a larger

zone of the parameter space will be explored by AMS-02, but the gravitino is easily

overproduced.

If the overall scale factor w′′ was allowed to be � 1 a larger region of the

parameter space would survive. Given that some couplings are larger than O(10−7),

the MFV structure is consistent with high temperature baryogenesis only if w′′ � 1.

In this case, the limits would scale as
√
w′′ and can be relaxed. Still, w′′ cannot be

infinitely small, and using the expression (5.5) for the RPV couplings, we avoid the

previously discussed limit of λ′′323 & 10−9 with w′′ & 10−5. If allowed, a small w′′ should

be considered as a tuning of the model.
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5.5 Conclusions

In this work, we studied how the non-observation of antideuterons cosmic rays

places significant constraints on gravitino dark matter in baryonic R-parity violating

models with flavor symmetries. We studied a selected number of decay channels and

presented limits on the RPV couplings λ′′223 and λ′′323. If flavor symmetries can be used

as guides, these are the largest couplings and severe bounds can be cast. While the

limits on horizontal flavor symmetries are not as strong, in the minimal flavor violating

case the gravitino mass is forced to m3/2 . 20 GeV for TeV-scale SUSY. The AMS-02

experiment will be able to reduce this bound below 10 GeV. A suggestive implication

(which could hold at least for the MFV scenario) is that the gravitino might be effectively

stable, not because of a discrete symmetry such as R-parity, but because decays are

not kinematically allowed. Further studies, especially at gravitino masses between 1

and 10 GeV, are needed to prove this statement. Below 10 GeV, the best constraints

on the RPV coupling will come from antiprotons and gamma rays. This would also

imply a somewhat suppressed mediation scale for SUSY breaking, lower than MP or

MGUT , providing a suggestive hint for more new physics at intermediate energies. In a

forthcoming publication [39], we are comprehensively exploring all the different decay

and detection channels, the uncertainties related to propagation and DM halo profile,

as well as the full dependence on the SUSY spectrum.

If the gravitino is significantly lighter than the proton, the decay p→ K+G̃ is

mediated by the RPV couplings. This generates stringent bounds (see refs. [49,50]), of
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which the most stringent for our study are:

λ′′112 ≤ 5× 10−16

(
m̃

300 GeV

)2 (m3/2

1 eV

)
(5.11)

λ′′323 ≤ 5× 10−8

(
m̃

300 GeV

)2 (m3/2

1 eV

)
(5.12)

where the first limit comes at tree level while the second is from a loop diagram. One can

repeat the analysis for the different flavor structures: for the horizontal symmetry, we

conclude λ′′323 . 10−10
(

m̃
300 GeV

)2 (m3/2

1 eV

)
= 10−2

(
m̃

300 GeV

)2 ( m3/2

1100 MeV

)
, which should

be compared to the limits in figure 5.5. For m̃ = 1 TeV, they give comparable limits

at small gravitino masses (although they are less stringent for larger scalar masses). In

the MFV scenario, the gravitino mass has to be above O(100 keV) × tan2 β (a similar

bound was also studied in ref. [56], but only the tree level diagram was taken into

account, ending up in a dependence on tan4 β instead of tan2 β. For low tanβ our

bound dominates).

To conclude, in the MFV scenario, it is suggestive that the gravitino could be

bound between O(10) GeV and O(100) keV. The stability of the proton or the gravitino

depends which one is heavier, although their lifetime would be remarkably long in both

cases. For horizontal symmetries, a gravitino outside of this region would require small

R-parity violating couplings.

Note Added While the write-up of this paper was being completed, reference [151]

was submitted to the arXiv, which puts similar limits on gravitino DM in the MFV

framework by analyzing the antiproton and γ fluxes and has no mention of the SUSY

scale. In the present work, the source of the bounds is the lack of observation of
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antideuterons, which is less sensitive to astrophysical uncertainties. In addition to an-

alyzing other types of flavor symmetries and a larger range of gravitino masses, we

extensively discuss sensitivity to the superpartner scale and limits from overclosure.
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Figure 5.4: Maximum coupling λ′′223 allowed by the non-observation of antideuterons

at BESS, for different values of m3/2/m̃; the shaded region above each continuous line

is excluded. The blue dashed lines correspond to fixed values of m̃ = 1, 10, 100 TeV.

The vertical dashed lines are the upper limits on the gravitino mass coming from over-

production of gravitinos at reheating, with the labels indicating the respective values

of TR/m̃; the regions to the right of these lines are excluded for each given value of

m3/2/m̃.
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Figure 5.5: Maximum coupling λ′′323 allowed by the non-observation of antideuterons

at BESS, and the reach of AMS-02, in the context of horizontal symmetries. Left:

the blue dot-dashed lines indicate current upper bounds on λ′′323 for fixed values of

m̃ = 1, 10, 100 TeV, while the red dot-dashed lines and red shaded area correspond

to the parameter space which will be probed by AMS-02. Right: for different values

of m3/2/m̃, solid lines show the upper bound on λ′′323 from BESS, while dashed lines

show the future reach of AMS-02. The vertical dashed lines are the upper limits on the

gravitino mass coming from overproduction at reheating, with the labels indicating the

respective values of TR/m̃; the regions to the right of these lines are excluded for each

given value of m3/2/m̃.
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Figure 5.6: Constraints in the m3/2− tanβ plane when the RPV couplings have a MFV

flavor structure; the shaded region above each continuous line is excluded in that case.

Left: the blue dot-dashed lines indicate current upper bounds on λ′′323 for fixed values

of m̃ = 1, 10, 100 TeV, while the red dot-dashed lines and red shaded area corresponds

to the parameter space which will be probed by AMS-02. Right: for different values

of m3/2/m̃, solid lines show the upper bound on λ′′323 from BESS, while dashed lines

show the future reach of AMS-02. The vertical dashed lines are the upper limits on the

gravitino mass coming from overproduction at reheating, with the labels indicating the

respective values of TR
m̃ . We set w′′ ∼ 1; the limits scale as 1/

√
w′′.
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Chapter 6

Small Field Inflation and the Spectral

Index

Invitation

It is sometimes stated that ns = 0.98 in hybrid inflation; sometimes that it

predicts ns > 1. A number of authors have consider aspects of Planck scale corrections

and argued that they affect these predictions. Here we consider these systematically,

describing

6.1 Introduction

In [70], it was argued that, with some very mild assumptions about genericity,

we can characterize small field inflation quite simply. First, it was argued that the

effective theory should exhibit an approximate (global) supersymmetry in order that
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there be fields light on the scale of the Hubble constant during inflation, HI . Then,

assuming HI � m3/2: 1

1. The inflaton is a pseudomodulus, labeling a set of approximate ground states with

spontaneously broken supersymmetry.

2. The effective theory should obey a discrete R symmetry in order that the cosmo-

logical constant (c.c.) be approximately zero at the end of inflation. By “approx-

imately”, here, we have in mind that the scale of inflation will typically be large

compared to the scale of supersymmetry breaking at late times (msusy ∼ 103−1012

GeV).2 It is widely appreciated that the fine tuning of the cosmological constant is

severe even if the energy scale of the underlying theory is msusy; it is much worse

if it is the inflationary scale which is important. While we view this as a plau-

sible criterion, one could imagine that the ultimate solution of the cosmological

constant problem might point in other directions.

3. At the end of inflation, the inflaton must couple through relevant or marginal

operators to fields which are light with respect to the scale of the energy density

during inflation, in order that the cosmological constant be small at the end of

inflation. In particular, it was stressed that inflation typically ends, in the hybrid

case, before the inflaton reaches the waterfall region.

So-called models of hybrid inflation [125,124,54,77,130] have in common the last feature

above; in [70] it was argued that this full set of conditions should be taken as the

1For an early analysis of supersymmetric small field inflation, see ref. [149].
2We will see that the scale of inflation might be towards the high end of this range.
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definition of hybrid inflation.

Within such models, these authors noted general features:

1. The (approximate) goldstino may or may not lie in a multiplet with the inflaton.

2. The effective theory exhibits an approximate, continuous R symmetry.

3. Terms allowed by the discrete symmetry break the accidental continuous global

symmetry and spoil inflation, unless the inflationary scale (the square of the Gold-

stino decay constant) is sufficiently small.

4. There are further requirements on the Kähler potential in order to obtain slow roll

inflation with adequate e-foldings. This sets an irreducible minimum amount of

fine tuning necessary to achieve acceptable inflation. This tuning grows in severity

with the number of Hubble mass fields.

5. In order that inflation ends with small c.c., the inflaton must couple, as noted

above, to other light degrees of freedom, or must have appreciable self-couplings

in the final ground state. The coupling to this extra field, or the self couplings, are

fixed by the density perturbations PR and the inflationary scale. In the case of

extra fields, the resulting structure is necessarily what is called “hybrid inflation”

[125,124,54,77,130]. The spectral index, quite generally, is less than one.

In [70], it was noted that for a broad range of parameters, ns = 0.98 was typical;

this is widely considered a general result of hybrid models. Recently, considering the

Planck CMB temperature data supplemented by the WMAP large-scale polarization
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data, the Planck collaboration has reported a value [8]:

ns = 0.9603± 0.0073. (6.1)

And indeed, the authors of the Planck papers argued that their data excludes hybrid

inflation. Within the definition outlined above, it is interesting to look more carefully

at the range of allowed values of ns.

In this paper, we systematically consider various Planck scale corrections to

the simplest version of hybrid inflation. We explain why (parametrically) the most

important are the quartic corrections to the Kähler potential, and certain power law

corrections to the superpotential. The former must be suppressed by an amount of order

1/N , where N is the number of e-foldings. The latter lead to an approximately zero

c.c., supersymmetric minimum for large fields; in turn this means that the potential

has a local maximum (saddle). This gives rise to a variant of “hilltop inflation” [37];

we will see that the initial conditions need not be substantially tuned in order that one

obtain adequate e-foldings and ns ≈ 0.96. If the superpotential has coefficient scaled

by a suitable power of MP and a dimensionless coefficient of order one, one obtains

a prediction of the scale of inflation. The scale depends on the index N of a ZN R

symmetry, and ranges from about 1011 GeV to 1015 GeV.

In the next section, we review the simplest hybrid model, and recall the pre-

diction ns = 0.98. In section 6.3, we classify the various Planck scale corrections to the

simplest hybrid model. In section 6.4, we consider the implications of the leading super-

potential corrections for inflation, explaining why one obtains the structure of hilltop
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inflation. In section 6.5, we present numerical results for these models. In section 6.6,

we suggest that predictions might arise if inflation is connected with supersymmetry

breaking. In section 6.7, we conclude by considering possible observable consequences

of this picture.

6.2 Hybrid Models and MP Effects

The simplest model of hybrid inflation contains two chiral superfields, S and

φ, with superpotential

W = S(κφ2 − µ2). (6.2)

If one imposes, as is usually done, a continuous R symmetry under which the charges

of S and φ are respectively 2 and zero, this superpotential is the most general permitted

by symmetries. Classically, the theory has a moduli space,

|S|2 >
∣∣∣∣µ2

κ

∣∣∣∣ , (6.3)

on which

V = V0 = |µ|4. (6.4)

At one loop, the potential receives corrections. In the global limit:

V = V0(1 +
κ2

8π2
log |S|). (6.5)

If one considers only this term, one has, for the number of e-foldings:

N =
1

2

8π2

κ2
|S|2. (6.6)
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In this simple model, the ε parameter is negligible, and

η = − 1

2N
. (6.7)

This yields

ns = 1− 1

N
. (6.8)

This is the origin of the prediction that ns ≈ 0.98.

In this model, κ is related to µ by the fluctuation spectrum:

κ = 0.17×
( µ

1015GeV

)2
= 7.1× 105 ×

(
µ

MP

)2

. (6.9)

6.3 Hierarchy of Corrections

This treatment, however, is oversimplified. Already, in [54, 125], the role of

higher order terms in the Kähler potential was considered. More recently, in [146], the

effects of a linear term in the potential for S, arising from the constant term in the

superpotential (needed to account for the small cosmological constant of the present

universe) has been considered. In [70], this particular contribution was treated as small,

but a number of other effects were considered. So it is first worthwhile to consider the

various possible corrections in powers of 1/MP , and their relative importance.

First, it is generally believed that theories of gravity should not exhibit contin-

uous global symmetries; in string theories, this is a theorem. Replacing the continuous

R symmetry by a discrete ZN symmetry allows corrections of the form

WR =
λ

2(N + 1)

SN+1

MN−2
P

. (6.10)
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More generally, our viewpoint will be that all terms allowed in the effective

action below MP should appear with order one coefficients; we will assume that smaller

coefficients represent a “fine tuning” of parameters. We can systematically consider

types of corrections, ordered in powers of 1/MP :

1. Kähler potential corrections: α
M2
P

(S†S)2, β
M4
P

(S†S)3.

2. Superpotential corrections: in addition to WR (and higher powers of S, other

fields), at some level there must be a constant in the superpotential, W0, to account

for the smallness of the cosmological constant now.

3. Supersymmetry breaking effects.

The term

δK =
α

M2
P

(S†S)2 (6.11)

has been noted already in [125]. In [70], precise limits on α (of order 1/N , where N is

the number of e-foldings) were discussed. It was noted that the quantum corrections

of eqn. (6.5) only dominate over this Kähler potential correction for sufficiently small

S. In fact, as we will review shortly, for the simplest model, the quantum corrections

never dominate unless µ is quite small.

Terms of sixth order or higher in S in the Kähler potential are irrelevant.

They lead to highly suppressed contributions to η and ε, for example. We will be more

quantitative about this question when we turn to models that can reproduce the Planck

value of ns.

168



Now we turn to the various superpotential corrections. Our definition of hybrid

inflation is motivated by the hypothesis that the scale of inflation is large compared to

the scale of supersymmetry breaking. This means, in particular, that

m3/2 =
|W0|
M2
P

� HI (6.12)

with HI = µ2

MP
the Hubble scale during inflation. As a result, terms in the potential

arising from W0 can be neglected during inflation. If, in fact, the actual value of m3/2 is

comparable to HI , then this term, and terms associated with supersymmetry breaking,

would be important. Even for m3/2 = 102 TeV, this corresponds to an inflationary

energy scale well below 1012 GeV.

So finally we turn, again, to WR. The presence of this term in the superpoten-

tial gives rise to a supersymmetric minimum of the potential at S large but parametri-

cally smaller than MP . This is unlike the case, for example, of higher order corrections

to the Kähler potential. As a result, this term qualitatively alters the behavior of the

system, for large but not Planck scale fields. In [70] this term was used to constrain

features of inflation. Requiring that it was not important during inflation constrained

the scale of inflation, and lead to the prediction ns ≈ 0.98. To be compatible with the

results from Planck, however, it is clearly necessary that inflation occur in a region near

the local maximum (as in “Hilltop inflation” [37]). We will explore this in the next

section.
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6.4 Hybrid Inflation and WR

Including WR, it is first important that the system not flow towards the su-

persymmetric minimum. Indeed, for an intermediate range of field values, there are

corrections to the potential (6.5) of the form

δVR = λµ2 SN

MN−2
P

+ c.c. (6.13)

For negative λ, this leads to a maximum, for

SN ≈ κ2

8π2

µ2

|λ|
MN−2
P . (6.14)

To obtain suitable inflation, it is necessary that S be smaller than this at the beginning.

But, given eqn. (6.9), except for very large N , S is smaller than the “waterfall value”,

Sw =
µ√
κ
. (6.15)

As a result of these considerations, the simplest (and rather standard) model

of hybrid inflation (allowing for WR) does not appear suitable. In [70], a simple mod-

ification was suggested with two fields, S and I, with couplings at the renormalizable

level:

W = S(κφ2 − µ2) + λIφφ′ + . . . (6.16)

The theory, classically, has two flat directions, one with large S, one with large I. As in

the previous model, in order that inflation occur, the Kähler potential must be tuned so

that at least one of the fields S or I, has mass small compared to the Hubble constant
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during inflation, HI = µ2

MP
. To obtain a workable model, we require that I be the light

field. This amounts to requiring that in the Kähler potential term

δK = α
S†SI†I

M2
P

(6.17)

α should be close to unity. The waterfall regime is now at smaller value of the inflaton

field I, Iw =
√
k µλ , and hybrid inflation can be driven by the quantum and discrete

symmetry corrections.

Assuming a discrete R symmetry, there are a variety of possible higher dimen-

sion terms which might appear in W depending on the transformation properties of the

fields. We will consider a term of the form

δW = −γ SIN

MN−2
P

. (6.18)

Alternatively, a term proportional to IM , for example, corrects the potential for I if

there is a term in the Kähler potential

δK =
SI∗M

MM−1
P

. (6.19)

The allowed values of M depend on the discrete charge assignments of the fields. If M

is not too large, its effects are dramatic.

Such terms, again, lead to a supersymmetric minimum of the potential at large

I (with φ = φ′ = 0), and again give rise, for positive γ, to a maximum of the potential

for I at field strength generically large compared to µ but small compared to MP .

Proceeding as before, using the superpotential and Kähler corrections in eqns.

(6.16)–(6.18), we can compute the number of e-foldings and the slow roll parameters
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(and hence ns). The potential for I is now, approximately,

V (I) = µ4

(
1 +

κ2

16π2
log(I†I)− (α− 1)

I†I

M2
P

)
− γµ2M2

P

(
I

MP

)N
+ c.c.. (6.20)

The fluctuation spectrum relates κ and µ, as before. For a given value of µ,

the initial value of the field at N = 60 e-foldings is fixed. So, then, is ns.

To get a rough sense of scalings, we can suppose that I starts very near the

maximum of the potential, and that η = −0.02 (in order to achieve ns = 0.96). Because

V ′ ∼ 0 at the hilltop, we will simply use the formula for normal hybrid inflation in our

estimate; shortly we will check the accuracy of this numerically, and see that this leads

to an order one error. Then one finds that

µ

MP
=

((
.02

N

)N
· (6.4× 109)2−N (Nγ)−2

) 1
4N−12

. (6.21)

For particular values of N , we can compute µ and κ: taking γ ≈ 1 and N = 4, this gives

µ ≈ 1011 GeV and κ ≈ 10−10. For N = 5, one obtains µ ≈ 1013 GeV, and κ ≈ 10−5.

The scale µ grows slowly with N , reaching 1014 GeV at N = 7 and 1015 GeV for N = 12.

In general, these results scale with γ as:

γ
− 1

2(N−3) . (6.22)

We discuss numerical studies of this problem in the next section. But the lesson here

is that, for fixed values of γ, and for a given N , the scale of inflation, µ, is fixed to a

narrow range.
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6.5 Numerical Studies of Small Field Inflation

Denoting the real part of the field I by σ, the potential in eqn. (6.20) becomes

V (σ) = µ4

(
1 +

κ2

16π2
log(σ2)− (α− 1)

σ2

M2
P

)
− γµ2M2

P

(
σ

MP

)N
, (6.23)

where we have included in γ the numerical factor 2N/2−1 coming from the field redefini-

tion. It will be handy to denote the hilltop position by σh, and to investigate how close

σ has to be to σh in order to successfully have N = 50–60 e-foldings of inflation.

For a given N , the parameters of the two field model are readily enumerated:

µ, κ, α, and γ. Given knowledge of these, we can compute the observable predictions

of the inflationary model, to be compared with the Planck collaboration results [8]:

1. The number of e-foldings N . To solve the horizon and flatness problems, it must

be N ≥ 50. In our numerical treatment, we will assume the range of N = 50–60

e-foldings.

2. The slow roll parameters η, ε, which result in the spectral index ns = 1− 6ε+ 2η.

The measured value by the Planck collaboration is ns = 0.9603± 0.0073.

3. The density perturbation spectrum PR, whose amplitude is a function of V 3/2/V ′.

Planck measurements translate to V 3/2/V ′ = (5.10± 0.07)× 10−4M3
P .

We can, in principle, compute the tensor to scalar ratio r, but in all such

models this will be unobservably small. In general, as said in the previous section,

(1 − α) quantifies the Kähler correction independent from the discrete symmetry, and
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is already required to be small, while the dependence on γ is weak. In the following we

will set α ∼ 1, γ = 1.

Given the potential (6.23), the expression for the number of e-foldings N in-

volves an integral that can be computed numerically. With a χ2 analysis, for each given

N , we set the three remaining parameters µ, σ, κ by fitting the experimental values

of N , ns, V 3/2/V ′. For example, in Fig. 6.1, where we set N = 4 and κ to its best-

fit value, we show how the allowed ranges for each experimental quantity intersect at

specific values of µ and σ.

In Table 6.1, we give the best-fit values of µ, σ, κ, with the corresponding

uncertainties for N from 4 to 12. There is no fine-tuning associated with the inflaton

being close to the hilltop value, as the allowed values for σ/σh are in the range 0.6–

0.8. For small N , the coupling κ is tuned to be small. In the last column, we show

how close to unity α has to be for the Kähler correction not to overcome the discrete

symmetry correction. As |α− 1| is already fine-tuned to be of order 1
N in order not to

spoil inflation, we conclude that there is another mild tuning which operates to keep α

close to 1.

For N = 12, the initial value of the field is σ = 1.7 × 1017 GeV, just a factor

of 10 below MP . For larger N , it is not possible to accomodate ns = 0.96 within the

framework of small field inflation. Even for this large value of the field, the tensor-to-

scalar ratio is predicted to be small:

r = 0.12
V

(1.94× 1016 GeV)4
≤ 2× 10−6 (6.24)
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Figure 6.1: Contours for the spectral index ns (dashed red), the density perturbation

V 3/2/V ′ (solid black) and the number of e-foldings N (solid blue), for N = 4. The

coupling κ is kept fixed at its best fit value of κ = 2.1 × 10−9. The shaded zones

indicate the 1-sigma regions allowed by the Planck results for ns and V 3/2/V ′, and the

range of 50–60 e-foldings. The χ2 is minimized where the bands intersect each other.

For each value of κ a specific range of µ and σ is allowed. As κ varies, each variable

changes independently and the allowed region moves and shrinks, until the three bands

do not intersect.
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6.6 Incorporating Supersymmetry Breaking

The picture of small field inflation we have developed up to now assumes that

the scale of inflation is large compared to the scale of supersymmetry breaking, i.e. that

HI � m3/2. This is the origin of the requirement that the superpotential should vanish

and supersymmetry be unbroken, to a good approximation, at the end of inflation. But

one might consider the possibility that HI ∼ m3/2. A higher scale of m3/2 is suggested

by the observed Higgs mass and supersymmetry exclusions. In addition, for small values

of N , we have obtained small values of HI . So it is interesting to consider the possibility

that the the scale of inflation is comparable to m3/2.

For example we can modify the models we have studied, to give them an

O’Raifeartaigh like structure, adding to the superpotential of eqn. (6.2) a coupling

mφΦ. (6.25)

Provided

|m2| > κµ2 (6.26)

supersymmetry is broken, in a state with Φ = 0. It is interesting that in this case,

inflation ends without ever passing into a “waterfall” regime. As we have stressed, the

so-called waterfall is indeed not the distinguishing feature of hybrid inflation.

A different approach has been pursued in [156]. Again, it is assumed that the

scale of inflation is not too much different than the scale of supersymmetry breaking.

One writes a theory of a single field, φ, and does not require an unbroken R symmetry
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at the end of inflation. Instead, one assumes that the negative contribution to the

cosmological constant arising from the vev of the superpotential is cancelled by some

supersymmetry breaking dynamics. To constrain the form of the superpotential, one

still assumes a discrete R symmetry. It is necessary, as in hybrid inflation, to tune the

Kähler potential so that the |φ|4 term is small. The superpotential takes the form:

W (φ) = v2φ− g

n+ 1
φn+1, (6.27)

while the quartic term in the Kähler potential must be quite small. The resulting

model is of the hilltop type. The potential exhibits a local maximum at the origin,

and the initial value of the field must lie quite close to the maximum (compared to the

distance of the origin from the minimum). Inflation occurs in a region very close to

the origin in field space (defined by an unbroken R symmetry). The field then settles

into a minimum with small cosmological constant and broken supersymmetry and R

symmetry. The model can produce the requisite number of e-foldings and fluctuation

spectrum, without introducing an extremely small number analogous to κ of eqn. (6.2).

However, it predicts too small a value of ns,

ns = 0.94. (6.28)

To obtain a spectral index consistent with Planck, it is necessary to introduce a small and

well-tuned constant in the superpotential, which the authors denote c, and is of order

10−19 (in Planck units). There are other issues, such as a possible gravitino problem and

overproduction of dark matter, but these can readily be solved by introducing additional

matter coupled to the inflaton.
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Both approaches, then, seem viable, and have the potential to relate super-

symmetry breaking dynamics to inflationary dynamics. Each requires certain tunings.

6.7 Conclusions: Predictions and Observable Conse-

quences for Low Energy Physics

The results from Planck pose challenges for models of small field inflation.

It has been said that they rule out “hybrid inflation.” Here, following [70], we have

carefully defined models of hybrid inflation as models in which inflation occurs on a

pseudomoduli space, with supersymmetry and an R symmetry approximately restored

at the end of inflation. We have assumed a discrete R symmetry, and have considered

the importance of corrections to the superpotential and Kähler potential. For initial

values of the field far from the local maximum of the potential, one predicts a spectral

index inconsistent with Planck. To obtain ns = 0.96, it is necessary that the field start

near the local maximum, though this condition is not severely tuned. For ZN symmetry

with N = 4, the scale of inflation is rather low, and we considered the possibility that

HI ≈ m3/2. In this case, the dynamics of inflation might be closely tied to the scale

of supersymmetry breaking, and there is some chance that aspects of the physics of

inflation could be studied in accelerator experiments.

We have noted that, in this case, the assumption of an unbroken R symmetry

and unbroken supersymmetry at the end of inflation might be relaxed, and compared

the hybrid models with those of [156]. Each of these models can reproduce the data, and
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involves very small parameters and tunings. The fact that many models with such fea-

tures can reproduce the basic data of inflation raises, as always, the question of whether

there is any way they might be testable or falsifiable. We would argue that the best

hope is connecting inflation with the dynamics responsible for supersymmetry breaking.

It will be particularly interesting to explore dynamical supersymmetry breaking (and

generation of scales) in this framework.
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Chapter 7

Conclusions and outlook

The quest for the degrees of freedom of the Standard Model of particle physics

was completed with the discovery of the Higgs boson in 2012. With the exception of

neutrino masses, the Standard Model is a complete theory of all high-energy experi-

ments, and could plausibly extend to very high energies, up to the scale of quantum

gravity. The lack of positive experimental results is certainly not giving physicists many

hints on which direction Nature takes at energies above the weak scale. The existence of

Dark Matter gives some hope that New Physics might be around the corner, but there

are many alternatives to the so-called WIMP (for Weakly Interacting Massive Particle)

miracle, according to which a new weakly coupled field with weak scale mass would give

the observed dark matter density. The fact that gauge couplings do not unify in the SM,

while they do in weak-scale supersymmetric theories, might also be a red herring: apart

from the logarithmic dependence on the new particles scale, one can just add fields with

specific charges and masses to make the couplings unify at any arbitrary scale.
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The arguments that lead to new physics just above the weak scale seem mostly

based on aesthetics. If the SM is thought as an effective theory, the Higgs mass receives

corrections proportional to the UV cutoff of the theory, where new degrees of freedom

appear. But there is certainly nothing manifestly wrong with the bare Higgs mass

parameter cancelling against such contributions and leaving a Higgs at 126 GeV. This

is especially true as there is yet no compelling explanation for why the present value

of the cosmological constant is 10−60 TeV4 = 10−122M4
P . Forbidding fine-tuning at

any cost for the weak scale while permitting it for the cosmological constant seems

unjustified.Thus, studying extensions of the Standard Model at the TeV scale should

be considered as a convenient choice, that of studying models that could show up at

current experiments. The role of model-builders should then be to consider all possible

variants of new theories, and to make sure that experimental searches are effectively

sweeping away all of them while confirming the SM.

In this thesis, we have focused on supersymmetric extensions of the SM; apart

from the aestethical arguments about fine-tuning and gauge coupling unification, super-

symmetry does predict a relatively low Higgs mass. The fact that the measured value

of 126 GeV is slightly above the predictions of simple models of low-energy supersym-

metry should be taken as a positive fact, as it can hopefully teach us more about the

supersymmetric spectrum (of course, it might also correspond to heavy superpartners).1

We have put particular emphasis on the role of flavor symmetries, and shown

that they can be used to discuss R-parity violation. We stress that, although R-parity

1 It is also worth noting the Coleman-Mandula theorem, and the Haag?Lopuszanski?Sohnius theorem,
which say that a fermionic supersymmetry is the only non-trivial extension of the Poincaré algebra.
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violation relaxes the limits on superpartners at the LHC, it is not a game changer for

many channels: in reconstructing a supersymmetric event, the lack of missing energy is

replaced by the high multiplicity of final states, and substantial bounds can still be cast.

Our justification for R-parity violation is not the reduced fine-tuning of the model, but

the idea that it comes almost inevitably with an understanding of the flavor structure

of the SM itself. In this view, the RPV couplings are morally in the same realm as the

Yukawa couplings of the Higgs sector.

We have not been dogmatic about the superpartners scale: in Chapter 4 we

have studied low-energy supersymmetry because of its accessibility at the LHC, but

in Chapter 5 we showed that heavy gravitinos and superpartners can generate sizable

antideuteron signals, unless the RPV couplings are small.

Without any discrepancy from the SM, it is hard to guess where any New

Physics could show up. The only strictly non-SM discovery so far is neutrino oscillation,

which requires new degrees of freedom. Those could be right-handed neutrino and, if

the seesaw mechanism is at work, would point to dynamics at a scale inaccessible to

colliders. It is worth noting that R-parity violation (in the lepton sector) could be

responsible to generate neutrino masses and it is a possibility worth exploring. In the

next decade, colliders will continue probing the Standard Model at larger energies, but

no discovery is guaranteed. This has almost always been the case in high energy physics,

and the only way to know is to continue looking with wide open eyes.
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Appendix A

More details on models with horizontal

symmetries

A.1 The neutrino sector

Let us recall the neutrino oscillation parameters,

∆m2
� = 7.45 · 10−5 eV2, |∆mA|2 = 2.35 · 10−3 eV2 (A.1)

We take note of the relation ∆m2
� ∼ ε2|∆mA|2, and explore two ways of generating

neutrino masses:

• Dirac neutrino masses: If there are three right-handed neutrinos with a mass term

gνijLiφuν̄Rj , the neutrinos have Dirac masses of order gνv. The oscillation data

can be fitted by gν11 ∼ gν22 = 3.5 · 10−14 ≈ ε21 and gν33 ∼ 2 · 10−13 ∼ ε20. The

horizontal symmetry relates the magnitude of the couplings to the charges of the
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fields,

(gν)ij = εLi+φu+νj ∼ εnµ̄+Li3+νj (A.2)

As the lepton sector is similar to the quark sector, the expression (4.7) for the

PMNS matrix is analogous to the expression for the CKM matrix. Taking νi =

15
2 , Li3 = (1, 1, 0) and nµ̄ = 25

2 , the atmospheric and solar oscillation parameters

are explained by a set of charges of order 7–8, which are deemed natural. The

PMNS matrix has the third form in Eq. (4.8). Other natural choices of charges

are possible to have a nonhierarchical mixing matrix.

• Type I seesaw mechanism: Here we mainly review arguments given in Refs. [150,

74]. Including three heavy right-handed neutrinos NR with a superpotential

gijν LiφuNRj +
1

2
N̄ c
RMRRNR, (A.3)

the magnitude of the couplings gν are

gijν = εLi+φu+Nj (A.4)

with the definition Nj = H[NRj ], and (MRR)ij = MRε
Ni+Nj . Assuming Ni > 0,

the seesaw mechanism gives Majorana masses for the neutrinos as

mij
ν =

v2

2MR
ε2φu+Li+Lj =

v2

2MR
ε2nµ̄εLi3+Lj3 , (A.5)

where nµ̄ = L3 + φu − r is defined in Eq. (4.16). For MR = MP , the masses are

too small, although it could be MR = MGUT, or MR = M , the flavor breaking

scale.1

1The discussion for Ni < 0 or nµ̄ < 0 can be found in Ref. [74]; the overall scale v2/2MR can be
enhanced and be consistent with the experimental results (A.1) even for MR = MP .
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Given the expression above for mij
ν , the PMNS matrix U still takes the form

|Uij | = ε|Li−Lj |. If we take the PMNS matrix to be anarchical, that is, |Uij | = O(1)

for all i, j, we have Li3 = 0, and all masses should be of order v2

2MR
. To explain

oscillation data, we have to assume a tuning of order ε in the eigenvalues of the

matrix of O(1) coefficients, e.g. by having eigenvalues such as

mνj =
v2

2MR
(1, 1, ε−1) (A.6)

For a seesaw mechanism, some amount of tuning is generally needed. The masses

are

mν =
v2

2MR
ε



2L13 L13 + L23 L13

L23 + L13 2L23 L23

L13 L23 0


. (A.7)

As Li3 is an integer, the eigenvalues will either be degenerate or differ by a factor

of at least ε2; the latter case would correspond to a factor of ε4 between the

atmospheric and solar squared-mass differences, instead of ε2. Thus, an accidental

tuning of the O(1) factors is needed to have the mass eigenvalues differ by a factor

of ε; for clarity, taking Li3 = (1, 1, 0), we could have

mνj =
v2

2MR
(Aε2, Bε2, C2) (A.8)

which, for A = 1
2 , B = 2

3 and C = 2, gives ∆m2
� ∼ ε2|∆mA|2.
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A.2 The other solution for Qij

The second solution for the quark charge differences from Table 4.2 is

Q12 Q13 Q23 d12 d13 d23 u12 u13 u23

−1 −3 −2 3 8 5 5 12 7

(A.9)

Because the charge differences in the baryon sector have changed, the /Rp phe-

nomenology will change too. Factoring out the dependence on nLNV and nBNV gives

the following textures, which can be compared to Eqs. (4.16)–(4.18),

µ̄1 = µ̄2 = µ̄3 = mεnµ̄ ,
λ121 λ122 λ123

λ131 λ132 λ133

λ231 λ232 λ233

 = εnLNV


ε6 ε2 1

ε6 ε2 1

ε6 ε2 1

 ,


λ′i11 λ′i12 λ′i13

λ′i21 λ′i22 λ′i23

λ′i31 λ′i32 λ′i33

 = εnLNV


ε5 ε2 ε−3

ε6 ε3 ε−2

ε8 ε5 1

 ,


λ′′112 λ′′212 λ′′312

λ′′113 λ′′213 λ′′313

λ′′123 λ′′223 λ′′323

 = εnBNV


ε20 ε15 ε8

ε15 ε10 ε3

ε12 ε7 1


where nµ̄, nLNV and nBNV have been defined as in the main text. This gives a different

phenomenology if we had lepton-number violation, in which the largest /L coupling is

LiQ1d̄3. For BNV, the phenomenology is approximately the same as before, with a

187



dominant coupling λ′′323, except that there is more suppression on couplings involving

the first two generations.

As before, LHC searches for stable particles or missing energy events would

apply if the couplings were small enough: the bound is still nLNV, nBNV . 13. The

constraint on proton decay used earlier (from p→ K+ν) is weaker in this case, because

the first generations of squarks have smaller couplings

|λ′i23λ
′′
113| = εnLNV+nBNV+13 . ε41(ms̃R/100)2

which gives the constraint nBNV + nLNV & 28. Other decay channels give comparable

bounds,

p→ π0`+ : nLNV + nBNV & 27 :

|λ′l13λ
′′∗

113| = εnLNV+nBNV+12 . 10−25

(
mb̃R

500 GeV

)2

.

p→ K0`+ : nLNV + nBNV & 30 :

|λ′l13λ
′′
123| = εnLNV+nBNV+9 . 10−25

(
mb̃R

500 GeV

)2

These bounds are incompatible with the LHC limit nLNV, nBNV . 13 required by not

having light supersymmetric particles that are stable on collider time scales. Thus we

will set to zero all the LNV couplings by taking nLNV (and nµ̄) fractional, and we are left

with the BNV operator ūd̄d̄. Revisiting the limits on λ′′ from low-energy experiments,

Eqs. (4.26)–(4.27), we get a lower limit on nBNV & 3 from n − n̄ oscillation; the

allowed range for nBNV is approximately the same as for the other solution allowed

by horizontal symmetries. The only phenomenological difference is that the hierarchy
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between |λ′′323| and the other coefficients is enhanced, and |λ′′323| is the only coupling

that could realistically be measured.
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