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Abstract

A Few Possible Explanations of Physics Beyond the Standard Model

by

Daniel Julian Stolarski

Doctor of Philosophy in Physics

University of California, Berkeley

Professor Y. Nomura, Chair

Weak scale supersymmetry provides elegant solutions to many of the problems of the stan-
dard model, but it also generically gives rise to excessive flavor and CP violation. I show
that if the mechanism that suppresses the Yukawa couplings also suppresses flavor changing
interactions in the supersymmetry breaking parameters, essentially all the low energy flavor
and CP constraints can be satisfied. The standard assumption of flavor universality in the
supersymmetry breaking sector is not necessary. I also study signatures of this framework
at the LHC. The mass splitting among different generations of squarks and sleptons can be
much larger than in conventional scenarios, and even the mass ordering can be changed. I
find that there is a plausible scenario in which the NLSP is a long-lived right-handed selec-
tron or smuon decaying into the LSP gravitino. This leads to the spectacular signature of
monochromatic electrons or muons in a stopper detector, providing strong evidence for the
framework.

I also present concrete realizations of this framework in higher dimensions. The Higgs
fields and the supersymmetry breaking field are localized in the same place in the extra
dimension(s). The Yukawa couplings and operators generating the supersymmetry breaking
parameters then receive the same suppression factors from the wavefunction profiles of the
matter fields, leading to a specific correlation between these two classes of interactions.
I construct both unified and non-unified models in this framework, which can be either
strongly or weakly coupled at the cutoff scale. I analyze one version in detail, a strongly
coupled unified model, which addresses various issues of supersymmetric grand unification.
The models presented here provide an explicit example in which the supersymmetry breaking
spectrum can be a direct window into the physics of flavor at a very high energy scale.

I also study, in an operator analysis, the compatibility between low energy flavor and
CP constraints and observability of superparticles at the LHC, assuming a generic corre-
lation between the Yukawa couplings and the supersymmetry breaking parameters. I find
that the superpotential operators that generate scalar trilinear interactions are generically
problematic. I discuss several ways in which this tension is naturally avoided. In particu-
lar, I focus on several frameworks in which the dangerous operators are naturally absent.
These frameworks can be combined with many theories of flavor, including those with (flat
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or warped) extra dimensions, strong dynamics, or flavor symmetries. I show that the result-
ing theories can avoid all the low energy constraints while keeping the superparticles light.
The intergenerational mass splittings among the sfermions can reflect the structure of the
underlying flavor theory, and can be large enough to be measurable at the LHC. Detailed
observations of the superparticle spectrum may thus provide new handles on the origin of
the flavor structure of the standard model.

Independent of supersymmetry, I also study the electron/positron excesses seen by
PAMELA and ATIC. One interpretation of these excesses is dark matter annihilation in the
galactic halo. Depending on the annihilation channel, the electron/positron signal could be
accompanied by a galactic gamma ray or neutrino flux, and the non-detection of such fluxes
constrains the couplings and halo properties of dark matter. I study the interplay of electron
data with gamma ray and neutrino constraints in the context of cascade annihilation models,
where dark matter annihilates into light degrees of freedom which in turn decay into leptons
in one or more steps. Electron and muon cascades give a reasonable fit to the PAMELA
and ATIC data. Compared to direct annihilation, cascade annihilations can soften gamma
ray constraints from final state radiation by an order of magnitude. However, if dark matter
annihilates primarily into muons, the neutrino constraints are robust regardless of the number
of cascade decay steps. I also examine the electron data and gamma ray/neutrino constraints
on the recently proposed “axion portal” scenario.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics [1, 2, 3] has been extremely successful in
predicting the results of nearly all experiments done in particle physics. Despite its success,
there are many reasons to believe that it is incomplete, and that there is physics beyond the
standard model. One of the oldest such reasons is called the hierarchy problem. In the SM,
the particle which breaks electroweak symmetry down to electromagnetism and the weak
force is called the Higgs boson [4]. The potential for the Higgs boson, however, is unstable
under radiative corrections, so the physics at the highest energy which couples to the Higgs
controls its mass. We know, however, that its mass should be of the same order as the mass
of the W and Z bosons, about 100 GeV. Therefore, if we want the Higgs potential to be
natural, we need new physics beyond the SM to come in around the weak scale.

Another line of reasoning for physics beyond the SM is that the SM has a large number of
free parameters which are not predicted by the theory. Once the parameters are measured,
then the theory can make a large number of predictions, but a fundamental theory should
have zero or very few parameters and explain a large number of phenomena. Of the 19
parameters, 13 arise in the so-called flavor sector, meaning the couplings of the fermions to
one another and their resulting masses. The large number of parameters is made worse by
the fact that they are all dimensionless, yet they have a range of five orders of magnitude.
Namely, the ratio of the mass of the top quark to that of the electron more than 100,000! It
is hard to imagine a fundamental theory which generates such a large range of numbers at
random. On the other hand, all the parameters in the flavor sector are dimensionless, so if
there is new physics which generates these parameters, there is no reason to expect it to be
at an energy scale that will ever be accessible to human experiments.

The first two reasons given to expect physics beyond the SM come from theoretical
prejudice. We have a belief for how a theory that explains the universe should look, and
because the SM does not conform to that belief, we expect it to be superseded by a better
theory. On the other hand, there is no proof that fundamental theories should not be fine-
tuned, and no proof that fundamental theories should not have many parameters which
vary over large ranges. A third line of reasoning for physics beyond the SM is much more
solid. Recent observations of the cosmic microwave background (CMB) have shown that
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the particles of the SM, the atoms which make up all the structures we have ever seen, only
comprise about 5% of the energy in the universe [5]. Most of the energy in the universe, about
72% comes from dark energy. While dark energy is quite a puzzle, there is not necessarily
a particle physics interpretation. The remaining 23% of the energy of the universe, referred
to as dark matter (DM), does point to new physics beyond the SM.

The gravitational properties of dark matter have been well studied [6], and it is now
known that no particle in the SM has the necessary properties of DM. A DM candidate
must be the seed for the gravitational formation of galaxies, so it must not have much
self-interactions and it must be non-relativistic. Furthermore, in order to not have been
discovered thus far by a wealth of experiments looking for it, its coupling to SM particles,
if it has any at all, must be very weak. Thus, an active avenue of research in the particle
physics community has been to come up with models of dark matter. These models are
often motivated by other types of physics, such as the hierarchy problem, and have definite
predictions for experiments.

One rich avenue of research in physics beyond the standard model is supersymmetry
(SUSY) [7]. SUSY is an extension of spacetime symmetry to include fermionic generators.
It posits a symmetry between fermions and bosons such that all particles are represented by
a supermultiplet. Because we have not observed any superpartners, for example, there is no
scalar electron, SUSY must be broken if it exists in nature. If SUSY is only softly broken,
namely all SUSY breaking parameters have positive mass dimension, then the hierarchy
problem is softened down to the scale of SUSY breaking. Furthermore, if SUSY is broken
at the TeV scale, then the hierarchy is almost completely solved, and we should expect to
discover a host of new SUSY particles when we explore the TeV scale with the now running
Large Hardron Collider (LHC).

If SUSY is softly broken at the TeV scale and has all renormalizable operators allowed
by the Standard Model gauge symmetries, we lose the baryon number and lepton number
conservation which is automatic in the SM. Therefore, the minimal supersymmetric standard
model (MSSM) includes a discrete Z2 symmetry called R-parity which eliminates renormal-
izable operators which violate baryon and lepton number and thus stabilizes the proton.
An immediate consequence of R-parity is that the lightest particle which is R-odd is stable.
Since all of the SM particles are R-even, this stable particle will be the lightest supersym-
metric particle (LSP). In much of the MSSM parameter space, the LSP is neutral and makes
a great dark matter candidate. SUSY not only solves the hierarchy problem, but it has a
good chance to explaining the dark matter of the universe.

Despite having many nice properties, SUSY does not explain the strange pattern of
masses and mixings of the SM fermions. Furthermore, SUSY introduces new problems
associated with flavor because precision experiments require new physics at the TeV scale
to have virtually no new flavor structure. Therefore, generic SUSY breaking is completely
excluded, and most of the literature considers minimally flavor violating setups such as gauge
mediation [8, 9] where there is a mechanism to make all flavor violating parameters zero at
tree level, or the cMSSM or mSUGRA [10] which simply assumes that these parameters are
zero.
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In chapter 2, I show that if the flavor violating parameters of the SUSY breaking sector
are the same size as the Yukawa couplings, then there is a large region of parameter space
that is not only allowed by low energy experiments, but also can give insights into the
standard model flavor puzzle at future collider experiments. In this framework, which I
call flavorful supersymmetry, the deviations from minimal flavor violation are small but the
phenomenology can be quite distinct. For example, if the gravitino is the LSP and a slepton
is the next to lightest SUSY particle (NLSP), then the prediction of minimal flavor violation
is that the stau is the NLSP. In flavorful SUSY, however, any of the three sleptons can be
the lightest, and the splittings can be much larger than in traditional models. If a long lived
slepton NLSP is discovered, various experimental proposals have shown that its decay could
be measured. While most SUSY models would predict a 3-body decay of a stau with a broad
energy spectrum, we could see a monochromatic spectrum in the 2-body decay of a smuon
or selectron.

In chapter 3, I describe extra dimensional models where there is a correlation between
the SUSY breaking parameters and the Yukawa couplings. These models localize the physics
that generates the Yukawa couplings in the same part of the extra dimension as the physics
which breaks SUSY. Some of these models incorporate grand unification and utilize the
success of extra dimensional SUSY GUTs. One model is constructed in a warped extra
dimension and can viewed as a 4 dimensional model through the AdS/CFT correspondence.
In chapter 4, I do an operator analysis of SUSY breaking in the flavor sector and find that
one particular class of operators must be suppressed if TeV scale supersymmetry is to be
discovered at the LHC. I describe several natural ways in which these operators can be
suppressed. I also describe how measurement of the SUSY spectrum at the LHC can give
insight into the standard model flavor puzzle, even if the physics which generates the flavor
parameters is operative at energies much higher than those which we will be directly probing.

While SUSY provides a good dark matter candidate, dark matter is such an interest-
ing and important problem in physics that it is being explored in many different avenues.
One avenue which is independent of SUSY is indirect detection. Dark matter particles are
abundant throughout our galaxy, and while they are stable1, occasionally two dark matter
particles could collide and annihilate into standard model particles. In the majority of theo-
ries of dark matter, some of the annihilation products are positrons or anti-protons or both.
Further, we would expect that these annihilation products are higher energy than many of
the particles produced by astrophysical sources. Therefore, indirect detection experiments
look for either antimatter, or high energy particles coming from space in excess of what we
would expect from astrophysical sources.

In the last two years, there has been a tremendous amount of excitement in the field
of indirect detection because several experiments, including PAMELA [11] and ATIC [12],
have discovered an excess of high energy electrons and positrons coming from space. While
these anomalies could be caused by some poorly understood astrophysics, the possibility

1Dark matter may decay, but its lifetime must be at least the age of the universe. If dark matter does
decay, its decay products could also be detected in indirect detection experiments
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that they are due to dark matter is very tantalizing. Due to the peculiarities of the data,
models in which dark matter annihilates to a pair of light bosons which then decay to muons
or electrons better explain the data than vanilla models such as the lightest supersymmetric
particle.

In chapter 5, I preform an analysis of the PAMELA [13] and ATIC [14] electron and
positron data in the framework of “cascade annihilation” where dark matter annihilates into
a pair of light scalars. I determine the best fit region in the dark matter mass vs. annihilation
cross section plane, and I compare direct to cascade annihilations. The best fit regions turn
out to be relatively insensitive to the distribution of dark matter in the galaxy and to the
details of particle propagation through the galaxy. Dark matter with a mass of a few TeV
and a cross section about one hundred times the thermal relic cross section provides the best
fit to the data. Going to cascade annihilation does not change the goodness of fit, but it
raises the best fit mass and cross section.

In addition to fitting the electron and positron data, I also placed constraints from null
searches for galactic gamma rays and neutrinos. I use the fact that there will be final state
radiation of photons in any process involving charged leptons, and that there will be neu-
trinos in any final state involving muons. Experimental searches for photons have mostly
focused on the galactic center where there is considerable uncertainty in the dark matter
distribution. I find that while the constraints are significant for direct annihilation, they
become substantially weaker for cascade models, strengthening the hypothesis of an inter-
mediate light scalar. I also find that neutrino searches place stringent bounds on annihilation
models. Furthermore, these bounds are more robust than the ones from gamma rays because
the neutrinos come from a much larger region of the galaxy, so the halo uncertainties are
less important. Neutrino bounds do not change much with cascades, suggesting that the
annihilation proceeds dominantly to electrons.

While there are many mysteries in particle physics, experiments in the coming years
will shed light on many of them, but probably produce more questions than answers. It
is important to fully understand what the different questions are in fundamental physics
and the possible connections between them. Furthermore, all the answers will be driven by
experiment so it is important to understand not only what previous experiments have done,
but also what capabilities future experiments such as the LHC have to shed light on these
important questions. This work makes modest progress toward trying to answer some of
these questions.
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Chapter 2

Flavorful Supersymmetry1

2.1 Introduction

Despite many new alternatives, weak scale supersymmetry is still regarded as the leading
candidate for physics beyond the standard model. It not only stabilizes the electroweak
scale against potentially large radiative corrections, but also leads to successful gauge cou-
pling unification at high energies and provides a candidate for dark matter. The fact that
supersymmetry must be broken, however, leads to a severe flavor and CP problem. Including
generic supersymmetry breaking parameters of order the weak scale causes flavor changing
and CP violating processes with rates much greater than current experimental bounds. In
fact, the problem has become more severe because of recent experimental progress, especially
in B physics.

The most common approach to this problem is to assume that supersymmetry breaking
and its mediation to the supersymmetric standard model sector preserve flavor. In other
words, the mechanism for generating the Yukawa couplings for the quarks and leptons is
separate from that which mediates supersymmetry breaking, so the fundamental supersym-
metry breaking parameters do not contain any sources of flavor or CP violation. This is
typically achieved in one of two ways. The first is to simply assume flavor universality and
CP conservation for the supersymmetry breaking parameters at the scale where the low
energy field theory arises [10], and the second is to impose a low energy mechanism which
leads to flavor universality [8, 9].

A careful look at the problem, however, shows that the situation does not need to be
as described above. We know that the Yukawa couplings for the first two generations of
quarks and leptons are suppressed, implying that there is some mechanism responsible for
this suppression. Suppose that this mechanism suppresses all non-gauge interactions associ-
ated with light generation fields, not just the Yukawa couplings. Then the supersymmetry
breaking masses for the light generation squarks and sleptons are also suppressed at the
scale where the mechanism is operative, suppressing flavor and CP violation associated with

1This chapter was co-written with Yasunori Nomura and Michele Papucci and published in [15].
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these masses. This scenario was considered before in Ref. [16] in the context of reducing
fine-tuning in electroweak symmetry breaking. The necessary flavor universal contribution
to the squark and slepton masses arises automatically at lower energies from the gaugino
masses through renormalization group evolution. An additional contribution may also arise
from a low energy mechanism leading to flavor universal supersymmetry breaking masses.

In this chapter we study a scenario in which the physics responsible for the quark and
lepton masses and mixings is also responsible for the structure of the supersymmetry breaking
masses. We call this scenario flavorful supersymmetry in order to emphasize the direct
connection between flavor physics and supersymmetry breaking. To preserve the success
of gauge coupling unification in the most straightforward way, we assume that this physics
lies at or above the unification scale MU ≈ 1016 GeV. We find that, in contrast to naive
expectations, a large portion of parameter space is not excluded by current experimental
data. We study implications of this scenario on the low energy superparticle spectrum,
which can be tested at future colliders. In particular, we point out distinct signatures at the
LHC, arising in the plausible case where the gravitino is the lightest supersymmetric particle.
Throughout the chapter we assume that R parity is conserved, although the framework can
be extended straightforwardly to the case of R parity violation.

The organization of the chapter is as follows. In section 2.2 we describe our basic frame-
work, and in section 2.3 we show that it satisfies experimental constraints from low energy
flavor and CP violation. In section 2.4 we discuss implications on the weak scale superparti-
cle spectrum, and we analyze signatures at the LHC in section 2.5. Finally, conclusions are
given in section 2.6.

2.2 Framework

Suppose that the supersymmetric standard model, or supersymmetric grand unified the-
ory, arises at a scale M∗ (>∼ MU) as an effective field theory of some more fundamental
theory, which may or may not be a field theory. We consider that the physics generating the
Yukawa couplings suppresses all non-gauge interactions associated with the quark, lepton
and Higgs superfields Qi, Ui, Di, Li, Ei, Hu and Hd (and Ni if we introduce the right-handed
neutrinos), where i = 1, 2, 3 is the generation index. In particular, it suppresses the operators
generating the supersymmetry breaking masses at the scale M∗:

L =

(

∑

A=1,2,3

∫

d2θ ηA
X

M∗
WAαWA

α + h.c.

)

+
∫

d4θ

[

κHu

X†X

M2
∗
H†
uHu + κHd

X†X

M2
∗
H†
dHd

+

(

κµ
X†

M∗
HuHd + κb

X†X

M2
∗
HuHd + ηHu

X

M∗
H†
uHu + ηHd

X

M∗
H†
dHd + h.c.

)
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+ (κΦ)ij
X†X

M2
∗

Φ†
iΦj +

(

(ηΦ)ij
X

M∗
Φ†
iΦj + h.c.

)]

+

[

∫

d2θ

(

(ζu)ij
X

M∗
QiUjHu + (ζd)ij

X

M∗
QiDjHd + (ζe)ij

X

M∗
LiEjHd

)

+ h.c.

]

, (2.1)

where X = θ2FX is a chiral superfield whose F -term vacuum expectation value is responsible
for supersymmetry breaking, WA

α (A = 1, 2, 3) are the field-strength superfields for U(1)Y ,
SU(2)L and SU(3)C , and Φ = Q,U,D, L and E. The κΦ are 3×3 Hermitian matrices, while
ηΦ, ζu, ζd and ζe are general complex 3 × 3 matrices. (Here, we have omitted the operators
involving Ni because in most cases they do not affect our analysis.)

Assuming that suppression factors ǫΦi
, ǫHu and ǫHd

appear associated with the fields Φi,
Hu and Hd, we obtain for the parameters in Eq. (2.1)

κHu ≈ κ̃Huǫ
2
Hu
, κHd

≈ κ̃Hd
ǫ2Hd

, (2.2)

κµ ≈ κ̃µ ǫHuǫHd
, κb ≈ κ̃b ǫHuǫHd

, ηHu ≈ η̃Huǫ
2
Hu
, ηHd

≈ η̃Hd
ǫ2Hd

, (2.3)

(κΦ)ij ≈ κ̃Φ ǫΦi
ǫΦj

, (ηΦ)ij ≈ η̃Φ ǫΦi
ǫΦj

, (2.4)

(ζu)ij ≈ ζ̃u ǫQi
ǫUj
ǫHu , (ζd)ij ≈ ζ̃d ǫQi

ǫDj
ǫHd

, (ζe)ij ≈ ζ̃e ǫLi
ǫEj

ǫHd
, (2.5)

and for the Yukawa couplings

(yu)ij ≈ ỹu ǫQi
ǫUj
ǫHu , (yd)ij ≈ ỹd ǫQi

ǫDj
ǫHd

, (ye)ij ≈ ỹe ǫLi
ǫEj

ǫHd
, (2.6)

where tilde parameters represent the “natural” size for the couplings without the suppression
factors. For example, if the theory is strongly coupled at M∗, ỹu ∼ ỹd ∼ ỹe ∼ O(4π), while if
it is weakly coupled, we expect ỹu ∼ ỹd ∼ ỹe ∼ O(1). Note that O(1) coefficients are omitted
in the expressions of Eqs. (2.2 – 2.6); for example, (κΦ)ij is not proportional to (ηΦ)ij because
of an arbitrary O(1) coefficient in each element.

Depending on the setup, some of the coefficients may be vanishing. For example, if the
supersymmetry breaking sector does not contain an “elementary” gauge singlet at M∗, then
ηA = κ̃µ = η̃Hu = η̃Hd

= η̃Φ = ζ̃u = ζ̃d = ζ̃e = 0, and the gaugino masses must be generated
by some low energy mechanism. (The supersymmetric Higgs mass, the µ term, must also be
generated at low energies unless it exists at M∗ in the superpotential.) The precise pattern
for ηA and the tilde parameters affects low energy phenomenology, but our analysis of flavor
and CP violation is independent of the detailed pattern.

In this chapter we consider the case where ǫHu ∼ ǫHd
∼ O(1), and assume for simplicity

that the two Higgs doublets obey the same scaling, κ̃Hu ∼ κ̃Hd
∼ κ̃H and η̃Hu ∼ η̃Hd

∼ η̃H ,
as do the matter fields, κ̃Q ∼ κ̃U ∼ κ̃D ∼ κ̃L ∼ κ̃E ∼ κ̃Φ and η̃Q ∼ η̃U ∼ η̃D ∼ η̃L ∼ η̃E ∼ η̃Φ,
leading to ζ̃u ∼ ζ̃d ∼ ζ̃e ∼ ζ̃ and ỹu ∼ ỹd ∼ ỹe ∼ ỹ. An extension to more general cases is
straightforward. The supersymmetry breaking (and µ) parameters are then obtained from
Eqs. (2.1 – 2.5) as

MA ≈ ηAMSUSY, µ ≈ κ̃µM
†
SUSY, b ≈ (κ̃b + κ̃µη̃H)|MSUSY|2, (2.7)
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m2
Hu

≈ m2
Hd

≈ (κ̃H + |η̃H |2)|MSUSY|2, (m2
Φ)ij ≈ {(κΦ)ij + (η†ΦηΦ)ij}|MSUSY|2, (2.8)

(au)ij ≈ {(yu)kj(ηQ)ki + (yu)ik(ηU)kj + (yu)ij η̃H}MSUSY + ζ̃ ǫQi
ǫUj
MSUSY, (2.9)

(ad)ij ≈ {(yd)kj(ηQ)ki + (yd)ik(ηD)kj + (yd)ij η̃H}MSUSY + ζ̃ ǫQi
ǫDj

MSUSY, (2.10)

(ae)ij ≈ {(ye)kj(ηL)ki + (ye)ik(ηE)kj + (ye)ij η̃H}MSUSY + ζ̃ ǫLi
ǫEj

MSUSY, (2.11)

where MSUSY ≡ FX/M∗, and MA are the gaugino masses, m2
Hu

, m2
Hd

and m2
Φ are non-

holomorphic supersymmetry breaking squared masses, b is the holomorphic supersymmetry
breaking Higgs mass-squared, and (au)ij, (ad)ij and (ae)ij are holomorphic supersymme-
try breaking scalar trilinear interactions. We find that the pattern of the supersymmetry
breaking parameters is correlated with that of the Yukawa couplings, which now read

(yu)ij ≈ ỹ ǫQi
ǫUj
, (yd)ij ≈ ỹ ǫQi

ǫDj
, (ye)ij ≈ ỹ ǫLi

ǫEj
. (2.12)

In general, the correlation between Eqs. (2.7 – 2.11) and Eq. (2.12) significantly reduces
the tension between supersymmetry breaking and flavor physics [16]. We note again that
O(1) coefficients are omitted in each term in Eqs. (2.7 – 2.12); for instance, the last terms
of Eqs. (2.9 – 2.11) are not proportional to the corresponding Yukawa matrices, Eq. (2.12),
because of these O(1) coefficients.

Taking ǫΦ1
≤ ǫΦ2

≤ ǫΦ3
without loss of generality, the Yukawa couplings of Eq. (2.12)

lead to the following quark and lepton masses and mixings

(mt, mc, mu) ≈ ỹ 〈Hu〉 (ǫQ3
ǫU3
, ǫQ2

ǫU2
, ǫQ1

ǫU1
),

(mb, ms, md) ≈ ỹ 〈Hd〉 (ǫQ3
ǫD3

, ǫQ2
ǫD2

, ǫQ1
ǫD1

),
(mτ , mµ, me) ≈ ỹ 〈Hd〉 (ǫL3

ǫE3
, ǫL2

ǫE2
, ǫL1

ǫE1
),

(mντ , mνµ, mνe) ≈ ỹ2〈Hu〉2
MN

(ǫ2L3
, ǫ2L2

, ǫ2L1
),

(2.13)

and

VCKM ≈







1 ǫQ1
/ǫQ2

ǫQ1
/ǫQ3

ǫQ1
/ǫQ2

1 ǫQ2
/ǫQ3

ǫQ1
/ǫQ3

ǫQ2
/ǫQ3

1





 , VMNS ≈







1 ǫL1
/ǫL2

ǫL1
/ǫL3

ǫL1
/ǫL2

1 ǫL2
/ǫL3

ǫL1
/ǫL3

ǫL2
/ǫL3

1





 ,

(2.14)
where we have included the neutrino masses through the seesaw mechanism with the right-
handed neutrino Majorana masses W ≈MN ǫNi

ǫNj
NiNj , and VCKM and VMNS are the quark

and lepton mixing matrices, respectively. The values of the ǫ parameters are then constrained
by the observed quark and lepton masses and mixings.

There are a variety of possibilities for the origin of the ǫ factors. They may arise, for
example, from distributions of fields in higher dimensional spacetime or from strong con-
formal dynamics at or above the scale M∗. In a forthcoming chapter we will discuss an
explicit example of such models. In general, if the suppressions of the Yukawa couplings
arise from wavefunction effects in a broad sense, as in the examples described above, we can
obtain the correlation given in Eqs. (2.7 – 2.11) and Eq. (2.12). Another possibility is to
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introduce a non-Abelian flavor symmetry connecting all three generations. Flavor violating
supersymmetry breaking parameters having a similar correlation to Eqs. (2.7 – 2.12) may
then be generated through the breaking of that symmetry.2 While this allows flavor universal
contributions to the supersymmetry breaking parameters in addition to Eqs. (2.7 – 2.11),
the essential features of the framework are not affected.

2.3 Constraints from Low Energy Processes

The supersymmetry breaking parameters are subject to a number of constraints from low
energy flavor and CP violating processes. Here we study these constraints for the parameters
given in Eqs. (2.7 – 2.11). We assume that CP violating effects associated with the Higgs
sector are sufficiently suppressed. This is achieved if either b ≪ |µ|2 at M∗ or the phases of
µ and b are aligned in the basis where the MA are real.

The values of low energy supersymmetry breaking parameters are obtained from
Eqs. (2.7 – 2.11) by evolving them down to the weak scale using renormalization group
equations. Contributions from other flavor universal sources, such as gauge mediation, may
also be added. To parameterize these effects in a model-independent manner, we simply add
universal squark and slepton squared masses, m2

q̃ ≡ λ2
q̃ |MSUSY|2 and m2

l̃
≡ λ2

l̃
|MSUSY|2, to

(m2
Φ)ij :

(m2
Φ)ij →

{

(m2
Φ)ij + λ2

q̃ |MSUSY|2δij for Φ = Q,U,D
(m2

Φ)ij + λ2
l̃
|MSUSY|2δij for Φ = L,E

. (2.15)

We neglect the differences of the flavor universal contribution among various squarks and
among various sleptons, but it is sufficient for our purposes here. Effects on the gaugino
masses and the scalar trilinear interactions are absorbed into the redefinition of ηA and η̃H ,
respectively. The m2

Hu
and m2

Hd
are also renormalized, but this effect is incorporated by

treating tanβ ≡ 〈Hu〉/〈Hd〉 as a free parameter.
We use the mass insertion method [18] to compare the expected amount of flavor violation

in the present scenario to low energy data. In order to do a mass insertion analysis, we need to
work in the super-CKM basis where the Yukawa matrices are diagonalized by supersymmetric
rotations of Qi, Ui, Di, Li and Ei. The mass insertion parameters, δij , are then obtained by
dividing the off-diagonal entry of the sfermion mass-squared matrix by the average diagonal
entry. Using Eqs. (2.7 – 2.11, 2.15), we obtain

(δuij)LL ≈ 1

λ2
q̃

(

κ̃Φ + |η̃Φ|2ǫ2Q3

)

ǫQi
ǫQj

, (δuij)RR ≈ 1

λ2
q̃

(

κ̃Φ + |η̃Φ|2ǫ2U3

)

ǫUi
ǫUj
, (2.16)

(δuij)LR = (δuji)
∗
RL ≈ 1

λ2
q̃

{

ỹ η̃Φ(ǫ2Qj
+ ǫ2Ui

) + ζ̃
}

ǫQi
ǫUj

v sin β

MSUSY

, (2.17)

2For earlier analyses on flavor violation in models with non-Abelian flavor symmetries, see e.g. [17].
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for the up-type squarks,

(δdij)LL ≈ 1

λ2
q̃

(

κ̃Φ + |η̃Φ|2ǫ2Q3

)

ǫQi
ǫQj

, (δdij)RR ≈ 1

λ2
q̃

(

κ̃Φ + |η̃Φ|2ǫ2D3

)

ǫDi
ǫDj

, (2.18)

(δdij)LR = (δdji)
∗
RL ≈ 1

λ2
q̃

{

ỹ η̃Φ(ǫ2Qj
+ ǫ2Di

) + ζ̃
}

ǫQi
ǫDj

v cos β

MSUSY
, (2.19)

for the down-type squarks,

(δeij)LL ≈ 1

λ2
l̃

(

κ̃Φ + |η̃Φ|2ǫ2L3

)

ǫLi
ǫLj
, (δeij)RR ≈ 1

λ2
l̃

(

κ̃Φ + |η̃Φ|2ǫ2E3

)

ǫEi
ǫEj

, (2.20)

(δeij)LR = (δeji)
∗
RL ≈ 1

λ2
l̃

{

ỹ η̃Φ(ǫ2Lj
+ ǫ2Ei

) + ζ̃
}

ǫLi
ǫEj

v cosβ

MSUSY
, (2.21)

for the charged sleptons, and

(δνij)LL ≈ 1

λ2
l̃

(

κ̃Φ + |η̃Φ|2ǫ2L3

)

ǫLi
ǫLj
, (2.22)

for the sneutrinos. Here, v ≡ (〈Hu〉2 + 〈Hd〉2)1/2 ≃ 174 GeV and tan β = 〈Hu〉/〈Hd〉.
The values of the ǫ parameters are constrained to reproduce the observed quark and

lepton masses and mixings through Eqs. (2.13, 2.14). They depend on ỹ as well as the value
of tan β. For illustrative purpose, we take the pattern

ǫQ1
≈ ỹ−

1

2αq ǫ
2, ǫU1

≈ ỹ−
1

2α−1
q ǫ2, ǫD1

≈ ỹ−
1

2α−1
q αβ ǫ,

ǫQ2
≈ ỹ−

1

2αq ǫ, ǫU2
≈ ỹ−

1

2α−1
q ǫ, ǫD2

≈ ỹ−
1

2α−1
q αβ ǫ,

ǫQ3
≈ ỹ−

1

2αq, ǫU3
≈ ỹ−

1

2α−1
q , ǫD3

≈ ỹ−
1

2α−1
q αβ ǫ,

(2.23)

ǫL1
≈ ỹ−

1

2αl ǫ, ǫE1
≈ ỹ−

1

2α−1
l αβ ǫ

2,

ǫL2
≈ ỹ−

1

2αl ǫ, ǫE2
≈ ỹ−

1

2α−1
l αβ ǫ,

ǫL3
≈ ỹ−

1

2αl ǫ, ǫE3
≈ ỹ−

1

2α−1
l αβ,

(2.24)

with
tan β ≈ αβ ǫ

−1, (2.25)

where ǫ ∼ O(0.1) and αq, αl and αβ are numbers parameterizing the freedoms unfixed by
the data of the quark and lepton masses and mixings. Here, we have assumed that tan β is
larger than ≈ 2, as suggested by the large top quark mass. The pattern of Eq. (2.23 – 2.25)
leads to

(mt, mc, mu) ≈ v (1, ǫ2, ǫ4),
(mb, ms, md) ≈ v (ǫ2, ǫ3, ǫ4),
(mτ , mµ, me) ≈ v (ǫ2, ǫ3, ǫ4),

(mντ , mνµ , mνe) ≈ v2

MN
(1, 1, 1),

(2.26)
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and

VCKM ≈







1 ǫ ǫ2

ǫ 1 ǫ
ǫ2 ǫ 1





 , VMNS ≈







1 1 1
1 1 1
1 1 1





 , (2.27)

which successfully reproduces the gross structure of the observed quark and lepton masses
and mixings [19]. The mass insertion parameters are obtained by substituting Eqs. (2.23 –
2.25) into Eqs. (2.16 – 2.22).

Here we summarize the constraints from low energy flavor and CP violating processes,
compiled from Ref. [20]. In the quark sector, the most stringent experimental constraints
come from K-K̄, D-D̄ and B-B̄ mixings, sin 2β and the b → sγ process. The model-
independent constraints are obtained by turning on only one (or two) mass insertion param-
eter(s) and considering the gluino exchange diagrams. They are summarized as

√

|Re(δd12)
2
LL/RR| <∼ (10−2–10−1),

√

|Re(δd12)
2
LR/RL| <∼ (10−3–10−2),

√

|Re(δd12)LL(δ
d
12)RR| <∼ 10−3,

√

|Im(δd12)
2
LL/RR| <∼ (10−3–10−2),

√

|Im(δd12)
2
LR/RL| <∼ (10−4–10−3),

√

|Im(δd12)LL(δ
d
12)RR| <∼ 10−4,

|(δu12)LL/RR| <∼ (10−2–10−1), |(δu12)LR/RL| <∼ 10−2,

|(δu12)LL| = |(δu12)RR| <∼ (10−3–10−2), |(δd13)LL/RR| <∼ (0.1–1),

|(δd13)LR/RL| <∼ (10−2–10−1), |(δd13)LL| = |(δd13)RR| <∼ 10−2,

|(δd23)LR/RL| <∼ 10−2,

where we have taken the gluino and squark masses to be the same order of magnitude and
mq̃ = 500 GeV. For heavier superparticles, the bounds scale roughly linearly with mq̃, i.e.
all the bounds weaken for larger mq̃ by a factor of mq̃/500 GeV. In the lepton sector, the
most stringent constraint comes from the µ → eγ process, and is given by

|(δe12)LL| <∼ (10−4–10−3), |(δe12)LR/RL| <∼ (10−6–10−5),

where we have taken the weak gaugino and slepton masses to be the same order of magni-
tude and ml̃ = 200 GeV. For heavier superparticles, the bound on |(δe12)LL| scales roughly
quadratically with ml̃, while that on |(δe12)LR/RL| scales roughly linearly with ml̃. Finally,
the bounds from the neutron and electron electric dipole moments (EDMs) constrain the
flavor conserving entry of the sfermion mass matrices:

|Im(δu11)LR| <∼ 10−6, |Im(δd11)LR| <∼ 10−6, |Im(δe11)LR| <∼ 10−7,
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where we have again taken mq̃ = 500 GeV and ml̃ = 200 GeV, and the bounds become
weaker linearly with increasing superparticle masses.

We now determine whether flavor and CP violation arising from Eqs. (2.16 – 2.25) is
compatible with the experimental bounds given above. We take ǫ ≈ (0.05 – 0.1) to reproduce
the gross structure of the quark and lepton masses and mixings, and take κ̃Φ ∼ η̃Φ ∼ O(1)
for simplicity. For ζ̃ ∼ O(1), we find stringent constraints coming from the electron EDM
and µ → eγ, which push the supersymmetry breaking scale up to MSUSY >∼ 5 TeV for
ỹ ∼ 1 and MSUSY >∼ 1.5 TeV for ỹ ∼ 4π. Here, we have taken MSUSY ≈ mq̃ ≈ (5/2)ml̃.
This implies that the superpotential couplings in Eq. (2.1), ζ̃, must somehow be suppressed,
unless the superparticles are relatively heavy. This may naturally arise from physics above
M∗, since the superpotential has the special property of not being renormalized at all orders
in perturbation theory.

For ζ̃ ≪ 1, a wide parameter region is open. For ỹ ∼ 1, we find that the region

0.2 <∼ αq <∼ 3,
αq
αβ

>∼ 0.5, αl <∼ 0.3,
αl
αβ

>∼ 0.2, (2.28)

satisfies all the constraints for ǫ = 0.05, MSUSY = mq̃ = 500 GeV and ml̃ = 200 GeV. The
region is somewhat smaller for ǫ = 0.1. For ỹ ∼ 4π, we find the region

0.05 <∼ αq <∼ 10,
αq
αβ

>∼ 0.1, αl <∼ 1,
αl
αβ

>∼ 0.04, (2.29)

for ǫ = 0.05, MSUSY = mq̃ = 500 GeV andml̃ = 200 GeV, and somewhat smaller for ǫ = 0.1.3

This result agrees with that of Ref. [16], which analyzed the case of ỹ ∼ 1 without including
the constraints from the EDM bounds.

We have used the particular parameterization of Eq. (2.23 – 2.25) in the analysis here,
but we can adopt a more refined scheme for the values of the ǫ parameters to better accom-
modate the observed quark and lepton masses and mixings. For example, we can make ǫL1

somewhat smaller than Eq. (2.24) to explain the smallness of the e3 element of VMNS, which
is experimentally smaller than about 0.2. A value of tan β somewhat larger than Eq. (2.25)
also improves the top to bottom mass ratio. Our basic results above are not affected by
these modifications.

We conclude that the current experimental constraints allow the existence of the general
supersymmetry breaking parameters of Eq. (2.1) where the couplings are suppressed by the
factors suggested by Yukawa couplings, as long as the superparticles are relatively heavy
or the superpotential couplings, ζ̃ , are suppressed. For ζ̃ ≪ 1, a wide parameter region is
open even for light superparticles, mq̃ ≈ 500 GeV and ml̃ ≈ 200 GeV. In the next section,
we discuss implications of this scenario, which we call flavorful supersymmetry, on the low
energy spectrum.

3If we require the absence of cancellation among diagrams for µ → eγ, the bound |(δe
12)RR| <∼ (10−3–10−2)

arises. This, however, changes the regions of Eqs. (2.28, 2.29) only slightly. The lower bound on αl/αβ

becomes 0.5 in Eq. (2.28), and 0.1 in Eq. (2.29).
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2.4 Implications on the Superparticle Spectrum

Phenomenology of supersymmetric theories depends strongly on the spectrum of super-
particles. In particular, the order of the superparticle masses controls decay chains, and thus
affects collider signatures significantly. In this section we discuss the splitting and ordering
of the superparticle masses among different generations and between different superparticle
species.

2.4.1 Mass splitting and ordering among generations

Among the various sfermions, the lightest species are most likely the right-handed slep-
tons: ẽR, µ̃R and τ̃R. This is because the sfermion squared masses receive positive contri-
butions from the gaugino masses through renormalization group evolution at one loop, and
these contributions are proportional to the square of the relevant gauge couplings. Since the
right-handed sleptons are charged under only U(1)Y , they receive contributions from just the
hypercharge gaugino and are expected to be lighter than the other sfermions. A possible low
energy gauge mediated contribution will not change the situation because it gives positive
contributions to the sfermion squared masses proportional to the fourth power of the relevant
gauge couplings (at least in the simplest case). Thus we focus on the right-handed sleptons
and analyze the mass splitting among the three generations. A similar analysis, however,
can also be performed for the other sfermion species.4

We consider the field basis in which the lepton Yukawa couplings, (ye)ij , are real and
diagonal. If there is no intrinsic flavor violation in the sfermion masses, the 3 × 3 mass-
squared matrix for the right-handed sleptons, m2

E , receives a flavor universal contribution,
m2
ẽ diag(1, 1, 1), and flavor dependent contributions through renormalization group evolution.

This leads to

m2
E =







m2
ẽ − Ie 0 0
0 m2

ẽ − Iµ 0
0 0 m2

ẽ − Iτ





 , (2.30)

at the weak scale, where Ie, Iµ and Iτ parameterize the effect of renormalization group
evolution from the Yukawa and scalar trilinear couplings, and Ie : Iµ : Iτ ≈ (ye)

2
11 : (ye)

2
22 :

(ye)
2
33 ≈ m2

e : m2
µ : m2

τ . (The effects from the neutrino Yukawa couplings that may exist
above the scale of right-handed neutrino masses, MN , are neglected here since they are
expected to be small.) The expression of Eq. (2.30) tells us that, in the absence of a flavor
violating contribution, (i) the interaction and mass eigenstates of the right-handed sleptons
coincide, and (ii) the mass of a slepton corresponding to a heavier lepton is always lighter,
since Iτ > Iµ > Ie > 0 due to the form of the renormalization group equations of the

4The mass splitting and ordering for heavier species may also provide important tests for flavorful super-
symmetry. Moreover, if there exists a U(1)Y D-term contribution, i.e. m2

Hu
−m2

Hd
+ Tr[m2

Q − 2m2
U + m2

D −
m2

L + m2
E ] 6= 0, then the left-handed sleptons and sneutrinos may be lighter than the right-handed sleptons.

It is also possible to consider the case in which a squark is the lightest sfermion if M3 is significantly smaller
than M1,2 at M∗.
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supersymmetric standard model when (m2
E)ii, (m

2
L)ii, m

2
Hd

> 0. Inclusion of flavor universal
left-right mixing does not change these conclusions.

The situation is very different if there exists intrinsic flavor violation in supersymmetry
breaking. The supersymmetry breaking parameters at M∗ in our scenario are given para-
metrically by Eqs. (2.7 – 2.11, 2.4) even in the basis where (ye)ij is diagonal. In particular,

m2
E(M∗) ≈







ǫ2E1
ǫE1

ǫE2
ǫE1

ǫE3

ǫE1
ǫE2

ǫ2E2
ǫE2

ǫE3

ǫE1
ǫE3

ǫE2
ǫE3

ǫ2E3





 |MSUSY|2, (2.31)

for κ̃Φ ∼ η̃Φ ∼ O(1). In addition, m2
E receives universal contributions from the U(1)Y gaugino

mass through renormalization group evolution, as well as possibly from other sources such as
low energy gauge mediation. It also receives flavor violating contributions from the Yukawa
and scalar trilinear couplings through renormalization group evolution. We find that the
evolution effect on the off-diagonal elements is not significant; the changes of the coefficients
are at most of order unity. The diagonal elements receive flavor universal contributions,
which we denote as m2

ẽ ≡ ξ2
ẽ |MSUSY|2, as well as flavor dependent contributions. Defining

the flavor dependent part as m̂2
Ei

≡ (m2
E)ii − (m2

E)ii|ye=ae=0, the renormalization group
equation for m̂2

Ei
is given by

d

d lnµR
m̂2
Ei

=
1

4π2

[

(ye)
2
ii

{

(m2
E)ii + (m2

L)ii +m2
Hd

}

+
∑

k

|(ae)ki|2
]

, (2.32)

where i in the right-hand-side is not summed. This leads to m2
E at the weak scale of the

form

m2
E ≈







m2
ẽ −Ke 0 0

0 m2
ẽ −Kµ 0

0 0 m2
ẽ −Kτ





+







ǫ2E1
ǫE1

ǫE2
ǫE1

ǫE3

ǫE1
ǫE2

ǫ2E2
ǫE2

ǫE3

ǫE1
ǫE3

ǫE2
ǫE3

ǫ2E3





 |MSUSY|2, (2.33)

where O(1) coefficients are omitted in each element in the second term, but not in the first
term. The quantities Ke, Kµ and Kτ are defined by Kτ ≡ m̂2

E3
(M∗) − m̂2

E3
(MSUSY) and

{τ, 3} → {e, 1}, {µ, 2}, and are given by solving Eq. (2.32). They are always positive for
(m2

E)ii, (m
2
L)ii, m

2
Hd
> 0, and Ke : Kµ : Kτ ≈ (ye)

2
11 : (ye)

2
22 : (ye)

2
33 for (ae)ij ∝ (ye)ij .

The contributions Ke, Kµ and Kτ compete in general with the second term in Eq. (2.33).
For κ̃Φ ∼ η̃Φ ∼ η̃H ∼ O(1) and ζ̃ <∼ ỹ, for example, Eq. (2.32) scales as

d

d lnµR
m̂2
Ei

≈ 1

4π2
(ye)

2
ii

(

ξ2
ẽ + 2ξ2

l̃
+
∑

k

ǫ2Lk

ǫ2Li

)

|MSUSY|2, (2.34)

where we have set (m2
L)ii ≈ m2

Hd
≡ ξ2

l̃
|MSUSY|2. With the choice of Eqs. (2.23 – 2.25), this

gives

Kτ ≈
1

4π2
(ye)

2
33

(

ξ2
ẽ + 2ξ2

l̃
+O(1)

)

|MSUSY|2 ln
M∗

MSUSY

∼ ỹ2ǫ2L3
ǫ2E3

|MSUSY|2, (2.35)



15

and {τ, 3} → {e, 1}, {µ, 2}, leading to

m2
E ≈







ξ2
ẽ − ỹ2ǫ2L1

ǫ2E1
+ ǫ2E1

ǫE1
ǫE2

ǫE1
ǫE3

ǫE1
ǫE2

ξ2
ẽ − ỹ2ǫ2L2

ǫ2E2
+ ǫ2E2

ǫE2
ǫE3

ǫE1
ǫE3

ǫE2
ǫE3

ξ2
ẽ − ỹ2ǫ2L3

ǫ2E3
+ ǫ2E3





 |MSUSY|2. (2.36)

Note that the signs of the ỹ2ǫ2Li
ǫ2Ei

terms are all negative, while each ǫEi
ǫEj

term has an O(1)
coefficient whose sign can be either positive or negative.

The expression of Eq. (2.36) shows that in flavorful supersymmetry (i) the interaction
and mass eigenstates of the right-handed sleptons do not in general coincide, and (ii) the
mass ordering of the sleptons is not necessarily anticorrelated with that of the leptons. In
particular, we find that the lightest sfermion can easily be ẽR or µ̃R (with slight mixtures
from other flavors), in contrast to the usual supersymmetry breaking scenarios in which τ̃R is
the lightest because Iτ > Iµ > Ie > 0 in Eq. (2.30). In our case, τ̃R is heavier than ẽR and µ̃R
if, for example, ỹ ∼ 1 and the ǫ2E3

term in the 3-3 entry of Eq. (2.36) has a positive coefficient.
As we will see in section 2.5, this can lead to distinct signatures at the LHC which provide
strong evidence for the present scenario. Note that even when the mass ordering is not
flipped, the amount of mass splitting between the generations differs from the conventional
scenarios, which may provide a direct test of this scenario at future colliders. In particular,
with our choice of Eqs. (2.23 – 2.25), the flavor dependent contribution to the 3-3 entry of
Eq. (2.36), ǫ2E3

|MSUSY|2, can be of the same order as the flavor universal contributions. This
implies that the τ̃R mass may be significantly split from those of ẽR and µ̃R, giving a window
into the effect of intrinsic flavor violation in the supersymmetry breaking sector. The mass
splitting between ẽR and µ̃R is of order ǫ2E2

|MSUSY|2, which can also be much larger than the
conventional scenarios and may be measurable.

2.4.2 The lightest and next-to-lightest supersymmetric particles

Phenomenology at colliders depends strongly on the species of the lightest superparticle
(LSP) and the next-to-lightest superparticle (NLSP). As we have seen, it is natural to expect
that (any) one of the right-handed sleptons is the lightest sfermion. For the gauginos,
we expect that the bino, B̃, is naturally the lightest because of the renormalization group
property of the gaugino masses, MA(µR) = (g2

A(µR)/g2
A(M∗))MA(M∗), where gA (A = 1, 2, 3)

are the U(1)Y , SU(2)L and SU(3)C gauge couplings. This implies that the LSP and NLSP
are determined by the competition between the right-handed sleptons, bino, and gravitino,
which may also be lighter than the other superparticles.

The mass ordering between the right-handed sleptons, bino, and gravitino depends on the
mechanism generating the gaugino masses and the universal contributions to the sfermion
masses. Here we consider three representative cases. The first is the simplest case that
all the operators of Eq. (2.1) exist with all ηA and tilde parameters of order unity, except
that ζ̃ is somewhat smaller (to suppress dangerous low energy processes). The second is
that the theory does not contain an elementary singlet at M∗ (> MU), so that ηA = κ̃µ =
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η̃H = η̃Φ = ζ̃ = 0, and the gaugino and scalar masses are generated by gauge mediation
with the messenger scale of order the unification scale, MU . An interesting aspect of this
theory is that the µ term can be generated from the interaction L ≈ ∫

d4θ (HuHd + h.c.) via
supergravity effects, which are comparable to the gaugino and scalar masses: µ ≈ FX/MPl ≈
(g2
A/16π2)FX/MU ≈ mλ,q̃,l̃, where MPl ≈ 1018 GeV is the reduced Planck scale, and mλ,q̃,l̃

represents the gaugino, squark and slepton masses (κ̃b must be suppressed for M∗ smaller
than MPl). The third is a class of theories considered in Ref. [21], where M∗ ≈MU , and the
gaugino and universal scalar masses arise from low energy gauge mediation.

The right-handed slepton mass-squared, m2
E , and the bino mass, M1, at the weak scale

are given in terms of their values, m2
E,H and M1,H , at some high energy scale MH by

m2
E ≃ m2

E,H +
2

11

(

1 − g4
1

g4
1,H

)

|M1,H |2, (2.37)

M1 ≃ g2
1

g2
1,H

|M1,H |, (2.38)

where g1 and g1,H are the U(1)Y gauge couplings at the weak scale and MH , respectively. In
the first case described above, we take MH ≈ M∗ and m2

E,H ≈ 0 for ẽR and µ̃R. Neglecting
model-dependent effects above MU , we can set MH ≈ MU , and we find that m2

E < M2
1 at

the weak scale for these particles, i.e. ẽR and µ̃R are lighter than B̃. The mass of τ̃R depends
on the sign and size of m2

E,H ≈ ǫ2E3
|MSUSY|2, and may be lighter or heavier than ẽR, µ̃R.

In the case where the origin of the gaugino and sfermion masses is gauge mediation, as in
the second and third cases above, we should take MH to be the messenger scale, Mmess. We
find that B̃ is lighter than ẽR and µ̃R for Mmess ≈MU , but the opposite is possible for lower
Mmess, depending on the number of messenger fields. The mass of τ̃R, again, depends on
m2
E,H .
The gravitino mass is given by

m3/2 ≃
FX√
3MPl

, (2.39)

which should be compared to the gaugino and sfermion masses. In the case that all the
operators of Eq. (2.1) exist (except for the superpotential ones) with order one ηA and tilde
parameters, the gaugino and sfermion masses are given by

mλ,q̃,l̃ ≈
FX
M∗

. (2.40)

We consider that M∗ is at least as large as MU to preserve successful gauge coupling unifica-
tion and at most of order MPl to stay in the field theory regime with weakly coupled gravity.
This then leads to

MU

MPl

mλ,q̃,l̃
<∼ m3/2

<∼ mλ,q̃,l̃, (2.41)
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where MU/MPl ≈ 10−2. Note that order one coefficients are omitted in Eq. (2.41), so that
the gravitino can be heavier than some (or all) of the superparticles in the supersymmetric
standard model sector. Nevertheless, a natural range for the gravitino mass is below the
typical superparticle mass by up to two orders of magnitude.

The gravitino mass in the other two cases also falls in the range of Eq. (2.41). In our
second example, the superparticle masses are given approximately by (g2

A/16π2)FX/MU ≈
FX/MPl, leading to m3/2 ≈ mλ,q̃,l̃. The third example has superparticle masses of order
(g2
A/16π2)FX/(M

2
U/MPl) ≈ FX/MU , leading to m3/2 ≈ (MU/MPl)mλ,q̃,l̃ ≈ 10−2mλ,q̃,l̃.

We conclude that the mass ordering between the right-handed sleptons, bino, and grav-
itino is model dependent. We find, however, that a natural range for the gravitino mass is
given by Eq. (2.41).5 Thus, it is plausible that the LSP is the gravitino with mass smaller
than the typical superparticle mass by a factor of a few to a few hundred.

2.5 Signatures at the LHC

Signatures of flavorful supersymmetry at the LHC depend strongly on the mass ordering
between the right-handed sleptons, l̃R = ẽR, µ̃R, τ̃R, the bino, B̃, and the gravitino, G̃. Based
on signatures at the LHC, the six possible orderings can be classified into three cases.

(a) mG̃ < ml̃R
< mB̃:

One of the right-handed sleptons is the NLSP, which decays into the LSP gravitino. The
lifetime is given by

τl̃R ≃
48πm2

G̃
M2

Pl

m5
l̃R



1 −
m2
G̃

m2
l̃R





−4

, (2.42)

which is longer than ∼ 100 sec for m3/2 in the range of Eq. (2.41). Signatures are therefore
stable charged tracks inside the main detectors, as well as the late decay of the lightest
slepton in a stopper which could be placed outside the main detector.

(b) ml̃R
< mB̃, mG̃:

One of the right-handed sleptons is the LSP, leaving charged tracks inside the detector. This
case, however, has the cosmological problem of charged stable relics.

(c) mB̃, mG̃ < ml̃R
or mB̃ < ml̃R

< mG̃:

A slepton decays into a bino and a lepton inside the detector, so that characteristic signa-
tures are conventional missing energy events. Intrinsic flavor violation in the supersymmetry
breaking masses, however, may still be measured by looking at various distributions of kine-
matic variables.

5The gravitino mass can be outside this range. A smaller gravitino mass could arise, for example, if the
physics of flavor and supersymmetry breaking occurs below MU consistently with gauge coupling unification.
A larger gravitino mass is also possible if the couplings between X and the matter and Higgs fields are
somehow suppressed. For example, if the X field carries a suppression factor ǫX then the gravitino mass is
enhanced by ǫ−1

X .
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2.5.1 Long-lived slepton

We begin our discussion with case (a) above, in which (one of) the right-handed sleptons
is the NLSP decaying into the LSP gravitino. The lifetime of the decay, however, is longer
than ∼ 100 sec, so that the NLSP is stable for collider analyses.

In the LHC, a stable charged particle interacts with the detector in much the same
way as a muon. Therefore its momentum can be measured in both the inner tracker and
the muon system. Because of its large mass, however, it will generally move slower than
a muon. If its speed is in the range 0.6 <∼ β <∼ 0.8, then its mass will be measured to a
precision of order a few percent [22, 23]. While not all NLSP’s produced have velocity in
this range, it is reasonable to expect that a substantial fraction will. Even though they are
produced from decays of much heavier strongly interacting superparticles, there will usually
be several decay branches, each of which will divide the energy of the event. This reasoning
is confirmed by more detailed study [24]. With a measurement of the NLSP mass, we can
do full reconstruction of decay chains which will reduce the uncertainty in the NLSP mass
to of order 0.1% [25],6 and can measure more parameters of the low energy theory.

To determine the relationship between supersymmetry breaking and flavor physics, a
critical measurement is the flavor content of the leptonic NLSP. Because flavor mixing is
generically suppressed by ǫ factors, the NLSP will be mostly of a single flavor. In addition,
the NLSP is right handed, so the coupling to the charginos will be small, except possibly the
Higgsino to τ̃R. The coupling to the neutralino with mostly B̃ content, however, will be large,
so the NLSP will usually be produced with a charged lepton of the same flavor. Therefore,
we can look for events with only two isolated leptons and two NLSP’s, and a (large) number
of jets. Most such events will have leptons of the same flavor as the NLSP. The high effective
mass of the event should significantly reduce the standard model backgrounds (mostly coming
from fakes in events with heavy flavors plus jets or electroweak gauge bosons plus jets).
Further background rejection, including supersymmetric and combinatoric, will be possible
by reconstructing the masses of the intermediate particles. This could be complicated if the
NLSP is mostly τ̃R, because we cannot fully reconstruct τ ’s, but the invariant mass can still
be reconstructed and the flavor of the NLSP can be identified.

We now analyze the possibility of probing the flavor properties of the heavier sleptons.
In particular, we focus on the situation where l̃1 and l̃2 are mostly ẽR and µ̃R. We consider,
for definitiveness, the case where ẽR is the NLSP, although the same analysis applies if µ̃R
is the NLSP. As shown in section 2.4.1, it is likely that µ̃R is only ǫ2E2

MSUSY ≈ a few GeV

heavier than the NLSP, so the decay of B̃ will produce ẽR about half the time and µ̃R just
as often. When a µ̃R is produced, it will decay into a ẽR and two leptons. The leptons
produced in this decay will be soft in the µ̃R rest frame, having energy of order only a few
GeV, but in general the system will be boosted. This possibly poses a problem: for a fast
µ̃R the leptons will be harder but highly collimated with the NLSP track, θ <∼ 0.1, while for
a slow µ̃R the opening angle will be larger but the leptons will have low pT . One expects

6This precision can be achieved if the systematic uncertainties are ∼ 100 MeV and the squarks and gluinos
are not too heavy.
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that in some intermediate kinematic regime a reconstruction may be feasible, but a detailed
study of this issue is beyond the scope of this chapter. If this reconstruction turns out to be
possible, one can look for events where one µ̃R is produced, decaying to ẽR. These events
will have two hard leptons, two soft leptons, and two NLSP’s. This event topology should
make it possible to measure the mass difference between the two lightest sleptons, as well as
to provide information on the flavor content of the (N)NLSP by looking at the flavor of the
four leptons.

In the region of parameter space where αβ/αl ≪ 1, the flavor non-universal contribution
will be very small and the sleptons will be degenerate. In this co-NLSP region the decay
of one slepton into another is suppressed because the decay into charged sleptons is not
kinematically allowed and the right-handed sleptons do not couple to neutrinos. In this
region, all three right-handed sleptons are long lived, and extracting information on intrinsic
flavor violation in the supersymmetry breaking parameters requires careful analyses. Since
this is a small region of parameter space, we do not focus on it here.

The above analysis was for case (a) where the slepton was the NLSP and the gravitino
the LSP, but it also applies to case (b) where the slepton is the LSP. While this scenario is
disfavored cosmologically by limits on charged relics, the situation could be ameliorated by,
for example, slight R parity violation in the lepton sector, along with a solution to the dark
matter problem independent of supersymmetry.7

2.5.2 Late decay of the long-lived slepton

In order to determine the lifetime of the NLSP slepton, we would like to observe its
decays. The NLSP’s produced with β <∼ 0.4 will be stopped within the detector. One can
then detect NLSP decays by looking for particles which do not point back to the interaction
area. Another possibility is that the NLSP will be stopped in the rock just outside the
detector, and then some of the decay products will re-enter the detector. Unfortunately,
very few NLSP’s will be produced with low enough velocity, and one has to deal with cosmic
neutrino background. A further possibility is to use the tracker to determine where in the
surrounding rock the NLSP is stopped. If the lifetime is longer than a few weeks, we could
then extract pieces of the rock where the NLSP is stopped and study the decay in a more
quiet environment [23]. This will also not have very many events, but it will allow very
precise measurement of the mass and decay properties of the NLSP.

In addition, a large stopper detector can be built outside the main detector to trap the
NLSP’s and measure their decay products [24, 26]. Conventional scenarios only consider
a τ̃R NLSP, but in flavorful supersymmetry the NLSP could be one of the other sleptons,
which would decay to a monochromatic electron or muon. This would make it very easy to
(i) measure the mass of the gravitino given the mass of the NLSP measured in the collider,
(ii) measure the lifetime of the NLSP by counting the number of decays as a function of time,

7An alternative possibility is that the slepton decays into the axino, the fermionic superpartner of the
axion, with a lifetime (much) longer than the collider time scale. The phenomenology of this scenario is
similar to the case with a gravitino LSP.
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and (iii) test supergravity relations such as Eq. (2.42) [27], and make sure that the gravitino
is indeed the LSP. The stopper detector proposed in Ref. [24] did not include a magnetic
field, so it could not measure the energy of muons, only of electrons and taus. Perhaps this
design can be modified to include a magnetic field to measure the momentum of the muons.

A stopper detector can very precisely measure the flavor content of the NLSP. If a suf-
ficient number of NLSP’s are trapped and there is flavor mixing, then a few of the NLSP’s
will decay to a lepton with different flavor. This occurs in a very clean environment so there
should be almost no fakes once the accelerator is turned off. A stopper detector can very
efficiently separate electrons from muons, and it can use the monochromatic spectrum of the
first two generation slepton decays to distinguish τ decay products. Mixing angles as small
as about 10−2 can be measured [28]. The main background comes from cosmic neutrino
events, but those should all have much lower energy than the NLSP decays.

2.5.3 Neutralino (N)LSP

Finally we consider case (c) where the neutralino is lighter than the sleptons. With this
spectrum, all sleptons will decay promptly, and measuring flavor violation is more difficult.
Because the neutralino will escape the detector without interacting, every event has missing
energy, making event reconstruction much more difficult. For direct slepton production one
is forced to use kinematic variables such as MT2 [29], but they require very high statistics.
The low Drell-Yan production cross section quickly prevents this strategy as the slepton
mass is increased. The τ̃R is expected to be very split from the other two generations, but
looking for τ ’s means even more particles contributing to missing energy.

We are then driven to study lepton flavor violation in cascade decays by looking at
multiple edges in flavor-tagged dilepton invariant mass distributions, along the lines of
Refs. [30, 31]. This method requires sizable flavor violating couplings and will probe both
those and any modifications to the slepton spectrum. However, in order to perform this
study with right-handed sleptons, they must be produced by the second lightest neutralino,
χ0

2, which will be mostly wino, so it has a small branching fraction to right-handed sleptons,
typically of order 1%. On the other hand, the χ0

2 and the left-handed sleptons are expected
to be in the same mass range. So if the spectrum is such that the left-handed sleptons are
lighter than χ0

2, then the branching ratio of χ0
2 to l̃L will be large. One can then repeat the

analysis of section 2.4.1 in the left-handed slepton sector and use the methods of Ref. [30]
to probe flavor violation.

2.6 Conclusions

Weak scale supersymmetry provides elegant solutions to many of the problems of the
standard model, but it also generically gives rise to excessive flavor and CP violation. While
most existing models assume that the mechanism of mediating supersymmetry breaking to
the supersymmetric standard model sector is flavor universal, we have shown that this is not
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necessary to satisfy all low energy flavor and CP constraints. We have considered a scenario,
flavorful supersymmetry, in which the mechanism that suppresses the Yukawa couplings also
suppresses flavor changing interactions in the supersymmetry breaking parameters. We find
that a broad region of parameter space is allowed, as long as the superpotential couplings
generating scalar trilinear interactions are suppressed or the superparticles have masses of
at least a TeV.

The flavorful supersymmetry framework can lead to mass splitting among different gen-
erations of squarks and sleptons much larger than in conventional scenarios. This has inter-
esting implications on collider physics. In particular, the mass ordering and splitting among
the three right-handed sleptons, which are expected to be the lightest sfermion species, can
easily differ significantly from the conventional scenarios. Signatures at colliders depend
strongly on the species of the LSP and the NLSP, and we have argued that these are likely
to be one of the right-handed sleptons, the bino, or the gravitino. The gravitino mass is typ-
ically in the range 10−2mλ,q̃,l̃

<∼ m3/2
<∼ mλ,q̃,l̃, where mλ,q̃,l̃ is a characteristic superparticle

mass, so that it is plausible to expect that the LSP is the gravitino with mass smaller than
the typical superparticle mass by a factor of a few to a few hundred.

In the case that the lightest right-handed slepton is lighter than the bino, we expect to
see the dramatic presence of long-lived charged particles at the LHC. This allows us to do full
reconstruction of decay chains and reduce the uncertainty in the NLSP mass determination.
Moreover, it is natural to expect that the lightest right-handed slepton is, in fact, the NLSP
decaying into the gravitino with the lifetime longer than ∼ 100 sec. Because of intrinsic
flavor violation in the superparticle masses in flavorful supersymmetry, the NLSP is not
necessarily τ̃R but can be ẽR or µ̃R, leading to the spectacular signature of monochromatic
electrons or muons in a stopper detector. This provides a simple method to measure the
gravitino mass, as well as the lifetime and the flavor content of the NLSP, and will be a
smoking gun signature for flavorful supersymmetry. In general, flavorful supersymmetry
predicts flavor violation in both production and decay of sleptons. Precision measurements
of these processes will also test the flavor content of the sleptons. While these precision
measurements are difficult at the LHC, they can be done by using certain event topologies,
regardless of the LSP species. Further study of flavor violation can also be done at a future
linear collider.

The origin of the flavor structure is a deep mystery both in the context of the standard
model and beyond the standard model. The framework of flavorful supersymmetry allows
the LHC to probe this physics which may lie at a scale close to the Planck scale. Precise
study of processes such as the ones discussed in this chapter will be crucial to uncover the
mechanism that leads to the distinct flavor pattern we see in nature.

Note Added:
While completing this chapter, we received Ref. [32] which discusses similar ideas.
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Chapter 3

Flavorful Supersymmetry from
Higher Dimensions1

3.1 Introduction

One of the longstanding puzzles of the standard model is the distinct pattern of masses
and mixings of the quarks and leptons. While supersymmetry addresses many of the other
mysteries of the standard model, including the instability of the electroweak scale and the
lack of a dark matter candidate, it is not clear if and how supersymmetry helps us understand
the flavor puzzle of the standard model at a deeper level. Recently, it has been pointed out
that the supersymmetry breaking parameters can exhibit nontrivial flavor structure, and
that measurement of these parameters at the LHC can give insight into the flavor sector
of the standard model [32, 15]. In particular, it has been shown in Ref. [15] that the class
of models called flavorful supersymmetry, in which the supersymmetry breaking parameters
receive similar suppressions to those of the Yukawa couplings, can evade all the current
experimental bounds and have very distinct signatures at the LHC. In this chapter we
present explicit models of flavorful supersymmetry.

In this chapter we construct models in higher dimensional spacetime where supersym-
metry breaking and the Higgs fields reside in the same location in the extra dimension(s).
This provides a simple way to realize the necessary correlation between the structures of
the supersymmetry breaking parameters and the Yukawa couplings [16, 15]. To preserve the
successful prediction for supersymmetric gauge coupling unification, we take the size of the
extra dimension(s) to be of order the unification scale. The hierarchical structure for the
Yukawa couplings is generated by wavefunction overlaps of the matter and Higgs fields [34],
and the correlation between flavor and supersymmetry breaking is obtained by relating the
location of the Higgs and supersymmetry breaking fields in the extra dimension(s). Mod-
els along similar lines were considered previously in Ref. [35], where flavor violation in the
supersymmetry breaking masses is induced by finite gauge loop corrections across the bulk.

1This chapter was co-written with Yasunori Nomura and Michele Papucci and published in [33].
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Here we consider models in which matter fields interact directly with the supersymmetry
breaking field, giving the simplest scaling for flavorful effects in the supersymmetry breaking
parameters.2

While not necessary, the extra dimension(s) with size of order the unification scale can also
be used to address various issues of supersymmetric grand unified theories. Grand unification
in higher dimensions provides an elegant framework for constructing a simple and realistic
model of unification [38, 39]. It naturally achieves doublet-triplet splitting in the Higgs
sector and suppresses dangerous proton decay operators, while preserving successful gauge
coupling unification. Realistic quark and lepton masses and mixings are also accommodated
by placing matter fields in the bulk of higher dimensional spacetime [39, 40, 41]. We thus
first construct a grand unified model of flavorful supersymmetry which can successfully
address these issues. In this model we also adopt the assumption of strong coupling at the
cutoff scale motivated by the simplest understanding of gauge coupling unification in higher
dimensions [42, 43], although this is not a necessity to realize flavorful supersymmetry.

There are a variety of ways to incorporate supersymmetry breaking in the present setup.
An important constraint on the flavorful supersymmetry framework is that superpotential
operators leading to the supersymmetry breaking scalar trilinear interactions must be some-
what suppressed, unless the superparticles are relatively heavy. While it is possible that this
suppression arises accidentally or from physics above the cutoff scale, we mainly consider the
case where the suppression is due to a symmetry under which the supersymmetry breaking
field is charged. This symmetry can also be responsible for a complete solution to the µ
problem, the problem of the supersymmetric Higgs mass term (the µ term) being of order
the weak scale and not some large mass scale. This leads to a scenario similar to the one
discussed in Refs. [21, 44], in which the µ term arises from a cutoff suppressed operator [45]
while the gaugino and sfermion masses are generated by gauge mediation [8, 9]. The present
setup, however, also leads to flavor violating squark and slepton masses that are correlated
with the Yukawa couplings, characterizing flavorful supersymmetry.

We stress that only the extra dimension(s) and the field configuration therein are essential
for a realization of flavorful supersymmetry. All the other ingredients, including grand
unification, strong coupling, and the particular way of mediating supersymmetry breaking,
are not important. While the model described above provides an explicit example of flavorful
supersymmetry in which many of the issues of supersymmetric unification are addressed in
a relatively simple setup, it is straightforward to eliminate some of the ingredients or to
extend the model to accommodate more elaborate structures. In particular, we explicitly
discuss a construction in which the theory is weakly coupled at the cutoff scale, which can
be straightforwardly applied to models with various spacetime dimensions or gauge groups.

The organization of the chapter is as follows. In the next section we present a unified
model of flavorful supersymmetry with the assumption that the theory is strongly coupled at
the cutoff scale. We explain how the relevant correlation between the Yukawa couplings and

2Flavor violation in higher dimensional supersymmetric models was also discussed in different contexts,
see [36, 37].
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supersymmetry breaking parameters is obtained. Phenomenology of the model is studied
in section 3.3, including constraints from low-energy processes, the superparticle spectrum,
and experimental signatures. In section 3.4 we construct a model in warped space, which
allows us to obtain a picture of realizing flavorful supersymmetry in a 4D setup, through
the AdS/CFT correspondence. In section 3.5 we present a weakly coupled, non-unified
model, which does not possess a symmetry under which the supersymmetry breaking field is
charged. Extensions to larger gauge groups or higher dimensions are also discussed. Finally,
conclusions are given in section 3.6.

3.2 Model

In this section we present a unified, strongly coupled model. We adopt the simplest
setup, SU(5) in 5D, to illustrate the basic idea. Extensions to other cases such as larger
gauge groups and/or higher dimensions are straightforward. It is also easy to reduce the
model to a non-unified model in which the gauge group in 5D is the standard model SU(3)C×
SU(2)L × U(1)Y .

3.2.1 SU(5) grand unification in 5D

We consider a supersymmetric SU(5) gauge theory in 5D flat spacetime with the extra
dimension compactified on an S1/Z2 orbifold: 0 ≤ y ≤ πR, where y represents the coordinate
of the extra dimension [38, 39]. Under 4D N = 1 supersymmetry, the 5D gauge supermulti-
plet is decomposed into a vector superfield V (Aµ, λ) and a chiral superfield Σ(σ + iA5, λ

′),
where both V and Σ are in the adjoint representation of SU(5). We impose the following
boundary conditions on these fields:

V :

















(+,+) (+,+) (+,+) (+,−) (+,−)
(+,+) (+,+) (+,+) (+,−) (+,−)
(+,+) (+,+) (+,+) (+,−) (+,−)
(+,−) (+,−) (+,−) (+,+) (+,+)
(+,−) (+,−) (+,−) (+,+) (+,+)

















, (3.1)

Σ :

















(−,−) (−,−) (−,−) (−,+) (−,+)
(−,−) (−,−) (−,−) (−,+) (−,+)
(−,−) (−,−) (−,−) (−,+) (−,+)
(−,+) (−,+) (−,+) (−,−) (−,−)
(−,+) (−,+) (−,+) (−,−) (−,−)

















, (3.2)

where + and − represent Neumann and Dirichlet boundary conditions, and the first and
second signs in parentheses represent boundary conditions at y = 0 and y = πR, respectively.
This reduces the gauge symmetry at y = πR to SU(3) × SU(2) × U(1), which we identify
with the standard model gauge group SU(3)C×SU(2)L×U(1)Y (321). The zero-mode sector



25

contains only the 321 component of V , V 321, which is identified with the gauge multiplet of
the minimal supersymmetric standard model (MSSM).

The Higgs fields are introduced in the bulk as two hypermultiplets transforming as the
fundamental representation of SU(5). Using notation where a hypermultiplet is represented
by two 4D N = 1 chiral superfields Φ(φ, ψ) and Φc(φc, ψc) with opposite gauge transfor-
mation properties, our two Higgs hypermultiplets can be written as {H,Hc} and {H̄, H̄c},
where H and H̄c transform as 5 and H̄ and Hc transform as 5∗ under SU(5). The boundary
conditions are given by

H(5) = HT (3, 1)
(+,−)
−1/3 ⊕HD(1, 2)

(+,+)
1/2 , (3.3)

Hc(5∗) = Hc
T (3∗, 1)

(−,+)
1/3 ⊕Hc

D(1, 2)
(−,−)
−1/2 , (3.4)

for {H,Hc}, and similarly for {H̄, H̄c}. Here, the right-hand-side shows the decomposition
of H and Hc into representations of 321 (with U(1)Y normalized conventionally), together
with the boundary conditions imposed on each component. The zero modes consist of the
SU(2)L-doublet components of H and H̄ , HD and H̄D, which are identified with the two
Higgs doublets of the MSSM, Hu and Hd.

Matter fields are also introduced in the bulk. To have a complete generation, we introduce
three hypermultiplets transforming as 10, {T, T c}, {T ′, T ′c} and {T ′′, T ′′c}, two transforming
as 5∗, {F, F c} and {F ′, F ′c}, and one transforming as 1, {O,Oc}, for each generation. The
boundary conditions are given by

T (10) = TQ(3, 2)
(+,+)
1/6 ⊕ TU(3∗, 1)

(+,−)
−2/3 ⊕ TE(1, 1)

(+,−)
1 , (3.5)

T ′(10) = T ′
Q(3, 2)

(+,−)
1/6 ⊕ T ′

U(3∗, 1)
(+,+)
−2/3 ⊕ T ′

E(1, 1)
(+,−)
1 , (3.6)

T ′′(10) = T ′′
Q(3, 2)

(+,−)
1/6 ⊕ T ′′

U(3∗, 1)
(+,−)
−2/3 ⊕ T ′′

E(1, 1)
(+,+)
1 , (3.7)

F (5∗) = FD(3∗, 1)
(+,+)
1/3 ⊕ FL(1, 2)

(+,−)
−1/2 , (3.8)

F ′(5∗) = F ′
D(3∗, 1)

(+,−)
1/3 ⊕ F ′

L(1, 2)
(+,+)
−1/2 , (3.9)

O(1) = ON(1, 1)
(+,+)
0 . (3.10)

The boundary conditions for the conjugated fields are given by + ↔ −, as in Eqs. (3.3, 3.4).
With these boundary conditions, the zero modes arise only from TQ, T ′

U , T ′′
E , FD, F ′

L and
ON , which we identify with a single generation of quark and lepton superfields of the MSSM
(together with the right-handed neutrino), Q, U , E, D, L and N .3

There are two important scales in the theory: the cutoff scaleM∗ and the compactification
scale 1/R. We take the ratio of these scales to be πRM∗ ≈ 16π2/g2C ≈ O(10 – 100), where g

3It is possible to extract both U and E from a single hypermultiplet {T ′, T ′c} by adopting the boundary

conditions T ′(10) = T ′
Q(3,2)

(+,−)
1/6 ⊕ T ′

U (3∗,1)
(+,+)
−2/3 ⊕ T ′

E(1,1)
(+,+)
1 , in which case we do not introduce the

hypermultiplet {T ′′, T ′′c}. In fact, this is what we obtain if we naively apply the orbifolding procedure to
the matter hypermultiplets. The model also works in this case, with the extra constraint of MUi

= MEi
(see

section 3.2.2) and qQ = qL (see section 3.2.3).
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is the 4D gauge coupling at the unification scale, g = O(1), and C ≃ 5 is the group theoretical
factor for SU(5). This makes the theory strongly coupled at M∗, suppressing incalculable
threshold corrections to gauge coupling unification [42, 43].4 Motivated by successful gauge
coupling unification at about 1016 GeV in supersymmetric models, we take the cutoff scale
and the scale of the extra dimension to be

M∗ ≈ 1017 GeV, 1/πR ≈ 1015 GeV. (3.11)

More detailed discussions on gauge coupling unification will be given in section 3.3.4.

3.2.2 Quark and lepton masses and mixings

With the boundary conditions given in the previous subsection, the matter content of the
theory below 1/R reduces to that of the MSSM and right-handed neutrinos: V 321, Hu, Hd,
Qi, Ui, Di, Li, Ei and Ni, where i = 1, 2, 3 is the generation index. The Yukawa couplings
for the quarks and leptons are introduced on the y = 0 and y = πR branes. The sizes of
the 4D Yukawa couplings are then determined by the wavefunction values of the matter and
Higgs fields on these branes. This can be used to generate the observed hierarchy of quark
and lepton masses and mixings [34, 35, 41]. Here we consider particular configurations of
these fields, relevant to our framework.

A nontrivial wavefunction profile for a zero mode can be generated by a bulk mass term.
A bulk hypermultiplet {Φ,Φc} can generally have a mass term in the bulk, which is written
as

S =
∫

d4x
∫ πR

0
dy
∫

d2θMΦΦΦc + h.c., (3.12)

in the basis where the kinetic term is given by Skin =
∫

d4x
∫

dy [
∫

d4θ (Φ†Φ + ΦcΦc†) +
{∫ d2θΦc∂yΦ + h.c.}] [46]. The wavefunction of a zero mode arising from Φ is proportional
to e−MΦy, so that it is localized to the y = 0 (y = πR) brane for MΦ > 0 (< 0), and flat for
MΦ = 0. (The Φc case is the same with MΦ → −MΦ.) In the present model, we have a bulk
mass for each of the Higgs and matter hypermultiplets. For clarity of notation, we specify
these masses by the subscript representing the corresponding zero mode: MHu , MHd

, MQi
,

MUi
, MDi

, MLi
, MEi

and MNi
.

We mainly consider the case that the two Higgs doublets Hu and Hd are strongly localized
to the y = πR brane:

MHu , MHd
≪ − 1

R
. (3.13)

The relevant Yukawa couplings are then those on the y = πR brane

S =
∫

d4x
∫ πR

0
dy δ(y − πR)

∫

d2θ
{

(λu)ijTQiT
′
UjHD

+(λd)ijTQiFDjH̄D + (λe)ijF
′
LiT

′′
EjH̄D + (λν)ijF

′
LiONjHD

}

+ h.c., (3.14)

4Our estimate on the strong coupling scale is conservative. It is possible that M∗R can be larger by a
factor of ≈ π, but it does not affect our results.
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where the sizes of the couplings are naturally given by (λu)ij , (λd)ij, (λe)ij, (λν)ij ≈ 4π/M
3/2
∗

using naive dimensional analysis [47, 42]. This leads to the low-energy 4D Yukawa couplings

W = (yu)ijQiUjHu + (yd)ijQiDjHd + (ye)ijLiEjHd + (yν)ijLiNjHu, (3.15)

with

(yu)ij ≈ 4π ǫQi
ǫUj
, (yd)ij ≈ 4π ǫQi

ǫDj
,

(ye)ij ≈ 4π ǫLi
ǫEj

, (yν)ij ≈ 4π ǫLi
ǫNj

, (3.16)

where the factors ǫΦ (Φ = Qi, Ui, Di, Li, Ei, Ni) are given by

ǫΦ =

√

2MΦ

(1 − e−2πRMΦ)M∗
e−πRMΦ ≃















√

2MΦ

M∗

e−πRMΦ for πRMΦ >∼ 1
1√

πRM∗

for |πRMΦ| ≪ 1
√

2|MΦ|
M∗

for πRMΦ
<∼ −1

. (3.17)

Realistic Yukawa couplings are obtained by localizing lighter generations more towards
the y = 0 brane so that their wavefunction overlaps with the Higgs fields are more suppressed.
For example, we can take

ǫQ1
≈ ỹ−

1

2 ǫ2, ǫU1
≈ ỹ−

1

2 ǫ2, ǫD1
≈ ỹ−

1

2 ǫ, ǫL1
≈ ỹ−

1

2 ǫ, ǫE1
≈ ỹ−

1

2 ǫ2,

ǫQ2
≈ ỹ−

1

2 ǫ, ǫU2
≈ ỹ−

1

2 ǫ, ǫD2
≈ ỹ−

1

2 ǫ, ǫL2
≈ ỹ−

1

2 ǫ, ǫE2
≈ ỹ−

1

2 ǫ,

ǫQ3
≈ ỹ−

1

2 , ǫU3
≈ ỹ−

1

2 , ǫD3
≈ ỹ−

1

2 ǫ, ǫL3
≈ ỹ−

1

2 ǫ, ǫE3
≈ ỹ−

1

2 ,

(3.18)

and

tan β ≡ 〈Hu〉
〈Hd〉

≈ ǫ−1, (3.19)

where ǫ ∼ O(0.1) and ỹ ≃ 4π ≈ 1/ǫ, to reproduce the gross structure of the observed quark
and lepton masses and mixings. The suppression factors of Eq. (3.18) are obtained by taking
bulk masses

MQ3,U3,E3
≈ − 1

R
, MQ2,U2,Di,Li,E2

≈ 0.5 – 1

R
, MQ1,U1,E1

≈ 1.5

R
. (3.20)

Small neutrino masses are obtained through the seesaw mechanism by introducing Majorana
masses for the right-handed neutrinos on the y = πR brane

S =
∫

d4x
∫ πR

0
dy δ(y − πR)

∫

d2θ
(MN)ij
2M∗

ONiONj + h.c. (3.21)

The values of ǫNi
are then not relevant to the low-energy masses and mixings (unless Ni’s

are localized to the y = 0 brane extremely strongly), since they cancel out in the expression
for the light neutrino masses.

The localization of various fields in the extra dimension with the bulk masses of
Eqs. (3.13, 3.20) is depicted schematically in Fig. 3.1. The quark and lepton masses and
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y = 0 y = πR

SU(5) 321

SU(5)

Q3

Q2

Q1

Hu, Hd, X

y = 0 y = πR

SU(5) 321

SU(5)

Q3

Q2

Q1

Hu, Hd, X

Figure 3.1: A schematic depiction of the localization for various fields. Here, X represents
the supersymmetry breaking field (see section 3.2.3).

mixings are given by
(mt, mc, mu) ≈ v (1, ǫ2, ǫ4),
(mb, ms, md) ≈ v (ǫ2, ǫ3, ǫ4),
(mτ , mµ, me) ≈ v (ǫ2, ǫ3, ǫ4),

(mντ , mνµ , mνe) ≈ v2

MN
(1, 1, 1),

(3.22)

and

VCKM ≈







1 ǫ ǫ2

ǫ 1 ǫ
ǫ2 ǫ 1





 , VMNS ≈







1 1 1
1 1 1
1 1 1





 , (3.23)

where O(1) factors are omitted from each element, and VCKM and VMNS are the quark and
lepton mixing matrices, respectively. This reproduces the gross structure of the observed
quark and lepton masses and mixings [19].

The matter configuration considered here can be extended easily to account for the more
detailed pattern of the observed masses and mixings. For example, we can localize L1 slightly
more towards the y = 0 brane to explain the smallness of the e3 element of VMNS, which is
experimentally smaller than about 0.2. The other elements of VCKM and VMNS, as well as the
mass eigenvalues, can also be better fitted by choosing the bulk masses more carefully. Here
we simply adopt Eq. (3.20) (and its variations, discussed in section 3.3.1) for the purpose of
illustrating the general idea.

There are also variations on the location of the Higgs fields. For example, we can localize
the two Higgs doublets on the y = 0 brane, instead of the y = πR brane: MHu ,MHd

>∼ 1/πR.
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In this case, the localization should not be very strong so that their colored-triplet partners,
whose masses are given by ≈ 2MHue

−πRMHu and 2MHd
e−πRMHd , do not become too light. The

location of the matter fields can simply be flipped with respect to y = πR/2: MΦ → −MΦ

for Φ = Qi, Ui, Di, Li, Ei, Ni. Another possibility is to (slightly) delocalize Hu and/or Hd

from the brane. In this chapter, we focus on the case of Eq. (3.13), where Hu and Hd are
strongly localized to the y = πR brane.

3.2.3 µ term, U(1)H , and flavorful supersymmetry

In order to have a complete solution to the doublet-triplet splitting problem, a possible
large mass term for the Higgs doublets on the y = πR brane, δ(y − πR)

∫

d2θ HDH̄D, must
be forbidden by some symmetry. Moreover, to understand the weak scale size of the mass
term (µ term) for the Higgs doublets, the breaking of this symmetry must be associated
with supersymmetry breaking. One possibility to implement this idea is to consider a U(1)R
symmetry under which the two Higgs doublets are neutral [39]. Here we consider the case
that the symmetry is a non-R symmetry.

We consider that the bare µ term,
∫

d2θ HuHd, is forbidden, but the effective µ term
is generated by the operator

∫

d4θ X†HuHd through supersymmetry breaking, where X is
a supersymmetry breaking field [45]. We then find that the relevant symmetry is U(1) (a
Peccei-Quinn symmetry) whose charge assignment can be taken, without loss of generality,
as

Qi(qQ), Ui(−1 − qQ), Di(−1 − qQ), Li(qL), Ei(−1 − qL), Ni(−1 − qL), (3.24)

Hu(1), Hd(1), X(2), (3.25)

where qQ and qL are real numbers, and we have assumed that the Yukawa couplings are invari-
ant under the symmetry. In the context of the 5D theory, this assignment can be implemented
by considering U(1) charges for a hypermultiplet {Φ,Φc} (Φ = H, H̄, Ti, T

′
i , T

′′
i , Fi, F

′
i , Oi)

such that the charge of Φ follows that of the corresponding zero mode, while the charge of
Φc is the opposite to that of Φ. This U(1) symmetry commutes with 5D supersymmetry.
The X field is introduced on the y = πR brane, either as a brane field or a bulk field whose
zero mode is strongly localized to the y = πR brane by a bulk mass term MX ≪ −1/R (see
Fig. 3.1).

The U(1) symmetry of Eqs. (3.24, 3.25), which we call U(1)H , has several immediate
virtues. First of all, the most general interactions between the Higgs and X fields, located
on the y = πR brane, leads (up to the quadratic order in X) to the following interactions in
4D:

L ≈
∫

d4θ
[(

1

Λ
X†HuHd + h.c.

)

+
1

Λ2
X†XH†

uHu +
1

Λ2
X†XH†

dHd

]

, (3.26)

where we have used naive dimensional analysis to estimate the sizes of various coefficients,
and omitted an O(1) factor in each term. The mass scale Λ is defined by

Λ ≡ M∗
4π

≈ 1016 GeV, (3.27)
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where we have used Eq. (3.11). After supersymmetry is broken by the F -term vacuum
expectation value (VEV), FX , of the X field (see the next subsection), these interactions
lead to the µ term and soft supersymmetry breaking masses for the Higgs fields of order
FX/Λ at the scale M∗:

µ ≈ FX
Λ
, m2

Hu
≈ m2

Hd
≈
(

FX
Λ

)2

. (3.28)

(Note that O(1) coefficients are omitted in these equations, so that the ratio of m2
Hu

to
m2
Hd

, for example, can be an arbitrary O(1) number.) An important point here is that the
operator L ≈ ∫

d4θ (X†XHuHd/Λ
2 + h.c.) is prohibited by U(1)H , so that the holomorphic

supersymmetry breaking mass-squared for the Higgs doublets (Bµ term) is not generated
at order (FX/Λ)2 at tree level.5 The low-energy value of the Bµ term is then generated
by contributions from the gaugino masses through renormalization group evolution. This is
crucial to avoid the supersymmetric CP problem, since for weak scale superparticle masses
an arbitrary relative phase between the µ and Bµ terms leads to an unacceptably large
electric dipole moment for the electron.

Another important implication of U(1)H is that possible y = πR brane operators δ(y −
πR)

∫

d2θ (XTQiT
′
UjHD +XTQiFDjH̄D +XF ′

LiT
′′
EjH̄D + XF ′

LiONjHD) + h.c., which reduce

in 4D to
∫

d2θ (XQiUjHu + XQiDjHd + XLiEjHd + XLiNjHu) + h.c., are forbidden. If
these operators were present, they would lead to supersymmetry breaking scalar trilinear
interactions (A terms) of order (au)ij ≈ 4πǫQi

ǫUj
(FX/Λ), (ad)ij ≈ 4πǫQi

ǫDj
(FX/Λ), (ae)ij ≈

4πǫLi
ǫEj

(FX/Λ) and (aν)ij ≈ 4πǫLi
ǫNj

(FX/Λ), which are not necessarily proportional to the
corresponding Yukawa matrices in flavor space. Here, (af )ij (f = u, d, e, ν) are defined by
Lsoft = −(au)ij q̃iũjhu − (ad)ij q̃id̃jhd − (ae)ij l̃iẽjhd − (aν)ij l̃iñjhu + h.c.. While these terms
are suppressed by ǫ factors, they still provide sizable contributions to low-energy flavor
violating processes, because an A-term insertion flips the chirality of the sfermion and thus
eliminates one factor of the Yukawa coupling from an amplitude. We then find that with
O(1) coefficients, the rate for µ → eγ is expected to be larger than the experimental upper
bound by a couple of orders of magnitude for weak scale superparticle masses [15, 16]. This
problem does not arise in the present model.

The interactions between the matter and X fields relevant to soft supersymmetry break-
ing parameters take the form δ(y − πR)

∫

d4θ (X†XTQ
†
iTQj +X†XT ′

U
†
iT

′
Uj + X†XFD

†
iFDj +

X†XF ′
L
†
iF

′
Lj +X†XT ′′

E
†
iT

′′
Ej +X†XON

†
iONj), which reduce in 4D to

L ≈
∫

d4θ
∑

Φ

∑

i,j

ǫΦi
ǫΦj

Λ2
X†XΦ†

iΦj , (3.29)

where Φ = Q,U,D, L,E,N . This leads to the following supersymmetry breaking squared

5There are contributions to the Bµ term of order F 2
X〈X〉/Λ3 and FXm3/2/Λ, where m3/2 is the gravitino

mass, coming from operators L ≈
∫

d4θ (X†2XHuHd/Λ3 +h.c.) and the supergravity effects of the first term
of Eq. (3.26), respectively. These contributions are, however, negligibly small, since 〈X〉/Λ ≈ Λ/MPl ≪ 1
and m3/2 ≈ FX/MPl ≪ FX/Λ, where MPl ≃ 2 × 1018 GeV is the reduced Planck scale (see section 3.2.4).
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masses for the squarks and sleptons at the scale M∗:

(m2
q̃)ij ≈ ǫQi

ǫQj

(

FX
Λ

)2

, (m2
ũ)ij ≈ ǫUi

ǫUj

(

FX
Λ

)2

, (m2
d̃
)ij ≈ ǫDi

ǫDj

(

FX
Λ

)2

, (3.30)

(m2
l̃
)ij ≈ ǫLi

ǫLj

(

FX
Λ

)2

, (m2
ẽ)ij ≈ ǫEi

ǫEj

(

FX
Λ

)2

, (3.31)

where we have omitted supersymmetry breaking masses for the right-handed sneutrinos,
which are not relevant for low-energy phenomenology. Through Eq. (3.16), these masses are
related to the Yukawa couplings — lighter generation scalars receive only small contributions,
while heavier generation scalars can receive sizable ones. This is exactly the pattern needed
to realize the flavorful supersymmetry scenario, which arises here from the fact that the
Higgs and supersymmetry breaking fields reside in the same location in the extra dimension.

As shown in Ref. [15], the existence of flavor non-universal contributions of
Eqs. (3.30, 3.31) does not contradict the low-energy data on flavor or CP violating processes
for wide parameter regions. Since the masses of Eqs. (3.30, 3.31) are highly flavor non-
universal, they cannot be the dominant contribution to the soft masses (except possibly for
some of the third generation sfermions), and we need an extra flavor universal contribution
as well as the gaugino masses. These are generated in the present model by gauge mediation,
as discussed in the next subsection.

Finally, the U(1)H symmetry forbids any superpotential term involving only the X field.
Since breaking supersymmetry requires a linear X term in the superpotential, this implies
that supersymmetry is not broken unless U(1)H is broken, providing a solid relation between
breaking of supersymmetry and that of U(1)H .

3.2.4 Supersymmetry breaking and the low-energy spectrum

To induce supersymmetry breaking VEV FX , we need a linear term of X in the super-
potential. This implies that U(1)H must be broken either explicitly or spontaneously. Here
we simply parameterize the effect of U(1)H breaking in the X potential by a dimensionless
chiral spurious parameter η, which we assume to have the U(1)H charge of −2. The resulting
physics does not depend much on the underlying origin of this breaking.

The most general low-energy 4D interactions of X consistent with the (broken) U(1)H
symmetry is given by the following Kähler potential and superpotential:

K ≈ X†X − 1

4Λ2
(X†X)2 + · · · , (3.32)

W ≈ c+ µ2
XX +

µ4
X

4πΛ3
X2 +

µ6
X

(4π)2Λ6
X3 + · · · , (3.33)

where c is a constant term in the superpotential, needed to cancel the cosmological constant,
and µ2

X ≡ 4πηΛ2. Here, again, we have used naive dimensional analysis to estimate the sizes
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of various coefficients (except for the c term), and omitted an O(1) factor in each term.6

Note that the terms in Eqs. (3.32, 3.33) arise from operators localized on the y = πR brane,
except for the c term which can have contributions from other sources as well.

The scalar potential arising from Eqs. (3.32, 3.33) can be minimized in supergravity.
Assuming that the coefficient of the (X†X)2/Λ2 term in the Kähler potential is negative,
the minimum of X is given by the competition between the X mass term arising from
V ≃ (µ4

X/Λ
2)|X|2 ⊂ |∂W/∂X|2(∂2K/∂X†∂X)−1 and the linear term V ≃ −2µ2

Xc(X +
X†)/M2

Pl arising in supergravity. The constant c is determined to cancel the vacuum energy
V ≃ |∂W/∂X|2 − 3|W |2/M2

Pl as c ≃ µ2
XMPl/

√
3. This, therefore, leads to the following

supersymmetry breaking minimum

〈X〉 ≃ 2Λ2

√
3MPl

≈ 1014 GeV, FX ≃ µ2
X , (3.34)

with the mass-squared for the X excitation given by m2
X ≈ µ4

X/Λ
2. Note that the X VEV,

〈X〉 ≈ 1014 GeV, is smaller than the compactification scale, 1/πR ≈ 1015 GeV, so that the
4D analysis of the potential minimization is justified. In fact, with µX much smaller than
〈X〉 to reproduce the weak scale superparticle masses (see Eqs. (3.28, 3.30, 3.31) and below),
the only relevant terms in the potential minimization are the first two terms of Eqs. (3.32)
and (3.33).

The supersymmetry breaking of Eq. (3.34) can be transmitted to the MSSM gauginos and
scalars by gauge mediation by coupling X to the messenger fields f and f̄ : W = λXff̄ [48].
The minimum of X in Eq. (3.34) is not destabilized as long as the coupling λ is sufficiently
small, λ2nf/16π2 <∼ (Λ/MPl)

2, where nf is the number of components for the messenger
fields. We introduce the messenger fields in the bulk as hypermultiplets: {f, f c} and {f̄ , f̄ c}.
The boundary conditions are given by

f(5) = fD(3, 1)
(+,+)
−1/3 ⊕ fL(1, 2)

(+,+)
1/2 , (3.35)

f c(5∗) = f cD(3∗, 1)
(−,−)
1/3 ⊕ f cL(1, 2)

(−,−)
−1/2 , (3.36)

and similarly for {f̄ , f̄ c}, leading to the zero modes from fD, fL, f̄D and f̄L. Here, we have
chosen the messenger fields to be a pair of 5 + 5∗, for simplicity, but they can in general
be an arbitrary number of pairs of arbitrary SU(5) representations (as long as they do not
make the standard model gauge couplings strong at or below ∼ 1/R). The messenger fields
have interactions to X on the y = πR brane:

S =
∫

d4x
∫ πR

0
dy δ(y − πR)

∫

d2θ (ηDXfDf̄D + ηLXfLf̄L) + h.c., (3.37)

where the couplings ηD and ηL are of order 4π/M∗ (4π/M
3/2
∗ ) from naive dimensional analysis

if X is a y = πR brane (bulk) field. This determines the U(1)H charges of the f = fD + fL

6The most general insertions of the spurious parameter η allows us to write down the tree-level µ term
in the superpotential, with µ ≈ 4πηΛ ≈ µ2

X/Λ. This contribution is the same order as the one in Eq. (3.28);
see Eq. (3.34).
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and f̄ = f̄D + f̄L fields such that the sum of the f and f̄ charges is −2. (The f c and f̄ c fields
have the opposite charges to f and f̄ , respectively.)

The messenger multiplets in general have the bulk mass terms of the form of Eq. (3.12),
Mf and Mf̄ . The interactions of Eq. (3.37) then lead to the 4D superpotential

W = λDXfDf̄D + λLXfLf̄L, (3.38)

where fD, fL, f̄D and f̄L represent the zero-mode chiral superfields, and

λD ≈ λL ≈ 4π ǫfǫf̄ , (3.39)

where ǫf , ǫf̄ are given by Eq. (3.17) with Φ = f, f̄ . The stability condition for the potential
is λ2

D,Lnf/16π2 <∼ (Λ/MPl)
2 ≈ 10−4, which can be easily satisfied, for example, by taking

Mf ,Mf̄
>∼ 1/πR, i.e., fD, fL, f̄D and f̄L localized towards the y = 0 brane. At the scale

Mmess ≈ λD,L〈X〉 ≈ λD,LΛ
2

MPl
, (3.40)

the messenger fields are integrated out, generating the gauge-mediated contributions to the
MSSM gaugino and scalar masses [8, 9]:

Ma = Nmess
g2
a

16π2

FX
〈X〉 , m2

f̃
= 2Nmess

∑

a

C f̃
a

(

g2
a

16π2

)2 ∣
∣

∣

∣

∣

FX
〈X〉

∣

∣

∣

∣

∣

2

, (3.41)

where a = 1, 2, 3 represents the standard model gauge group factors, ga are the standard
model gauge couplings at Mmess, f̃ = q̃, ũ, d̃, l̃, ẽ, Hu, Hd, and C f̃

a are the quadratic Casimir
coefficients.

The supersymmetry breaking parameters and the µ parameter in our theory receive
contributions of Eqs. (3.28, 3.30, 3.31) generated at the scale M∗ and those of Eq. (3.41)
generated at the scale Mmess. The low-energy superparticle masses are then obtained by
evolving the parameters of Eqs. (3.28, 3.30, 3.31) from M∗ to Mmess, adding the contributions
of Eq. (3.41) at Mmess, and then evolving the resulting parameters from Mmess down to the
weak scale. Because of the wavefunction suppression factors ǫf,f̄ , which are exponentially
sensitive to the bulk masses Mf,f̄ , the value of Mmess can in general be anywhere between
≈ 100 TeV and O(0.1)〈X〉 ≈ 1013 GeV. Here, the upper bound comes from the stability
condition on λD,L, while the lower bound from the messenger stability. Note that since the
gauge-mediated contributions of Eq. (3.41) have the size

Ma ≈ (m2
f̃
)1/2 ≈ FX

Λ

(

g2

16π2

MPl

Λ

)

≈ FX
Λ
, (3.42)

where g represents the standard model gauge couplings, they are comparable to the tree-
level contributions to the Higgs-sector parameters of Eq. (3.28).7 On the other hand, the

7In contrast with the situation discussed in Ref. [21], there is no reason in the present theory that the
µ term must be suppressed compared with the gauge-mediated contributions. In fact, they are naturally
expected to be comparable.
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flavor non-universal contributions of Eqs. (3.30, 3.31) are suppressed due to the ǫ factors
associated with the quark and lepton superfields (except possibly for the third generation).
This therefore reproduces precisely the pattern for the low-energy supersymmetry breaking
masses in flavorful supersymmetry.

The model also has other flavor violating contributions to the supersymmetry breaking
parameters, but they are all small. For example, loops of the higher dimensional gauge
and messenger fields produce flavor violating scalar squared masses at 1/R, but they are
of order Nmess(g

2/16π2)2|FX/Λ|2 ≈ (〈X〉/Λ)2m2
f̃

and thus small. The y = 0 brane Kähler

potential operators connecting the matter (and messenger) fields, e.g. δ(y)
∫

d4θ T †
i TjT

†
kTl

and δ(y)
∫

d4θ T †
i Tjf

†f , also generate flavor violating scalar squared masses through loops of
the matter (or messenger) fields. Using naive dimensional analysis to estimate the coeffi-
cients of the operators, we find that this contribution is at most of order |FX/Λ|2/(πRM∗)

5

and negligible. Possible contributions from bulk higher dimension operators are also ex-
pected to be small based on similar dimensional arguments. Finally, y = 0 brane localized
kinetic terms, e.g. δ(y)

∫

d4θ T †
i Tj, can introduce flavor violation by giving corrections of

order 1/M∗R ≈ 1/16π2 to the kinetic terms of the low energy 4D fields. After canonically
normalizing the 4D fields, these corrections affect both the Yukawa couplings and the su-
persymmetry breaking parameters. Interestingly, however, this does not affect the mass
insertion parameters used in section 3.3.1 at the order of magnitude level. In other words,
we can always take the basis for the low energy 4D fields such that the Yukawa couplings
and supersymmetry breaking masses are given by Eqs. (3.16, 3.30, 3.31) at M∗ even in the
presence of the general brane kinetic terms.8 Below, we assume that this basis is taken.

Setting the size of the dominant contributions to the supersymmetry breaking and µ
parameters to be the weak scale, we obtain FX/Λ ≈ (100 GeV – 1 TeV) from Eq. (3.42).
The value of FX is then determined as

√
FX ≈ (108.5 – 109.5) GeV using Eq. (3.27). This

leads to the gravitino mass

m3/2 ≃
FX√
3MPl

≈ (0.1 – 10) GeV, (3.43)

implying that the gravitino is the lightest supersymmetric particle (LSP). Together with the
flavor non-universal contributions of Eqs. (3.30, 3.31), this can lead to spectacular signatures
at the LHC [15], some of which will be discussed in section 3.3.5.

3.2.5 Neutrino masses, R parity, and dimension five proton decay

The U(1)H charge assignment of Eqs. (3.24, 3.25) contains two free parameters qQ and
qL. These parameters can be restricted by imposing various phenomenological require-
ments [44]. For example, if we require that dangerous dimension-five proton decay oper-
ators W ∼ QiQjQkLl and UiUjDkEl are prohibited by U(1)H , then we obtain the conditions

8In fact, this property persists even if the corrections to the 4D kinetic terms are of order unity.
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3qQ + qL 6= 0 and 3qQ + qL 6= −4, respectively. Similarly, if we require that U(1)H for-
bids dimension-four R-parity violating operators W ∼ LiHu, QiDjLk, UiDjDk, LiLjEk and

K ∼ L†
iHd, we obtain qL 6= −1, qL 6= 1, qQ 6= −1, qL 6= 1 and qL 6= 1.

An interesting possibility arises if qL = 0. In this case we can have the following super-
potential on the y = πR brane:

S =
∫

d4x
∫ πR

0
dy δ(y − πR)

∫

d2θ
κ̂ij
2
XONiONj + h.c., (3.44)

which, together with the last term of Eq. (3.14), leads to

W =
κij
2
XNiNj + (yν)ijLiNjHu, (3.45)

in the low-energy 4D theory. Using naive dimensional analysis, the couplings κij and (yν)ij
are given by κij ≈ 4π ǫNi

ǫNj
and (yν)ij ≈ 4π ǫLi

ǫNj
. The vacuum of Eq. (3.34) is not

destabilized as long as κij <∼ O(0.1), which can be easily satisfied by taking ǫNi
to be

somewhat small, i.e., by taking MNi
>∼ −1/πR. Small neutrino masses are then generated

by the seesaw mechanism through the X VEV of Eq. (3.34). Note that the ǫNi
factors cancel

out from the generated neutrino masses:

(mν)ij ≈ 4πǫLi
ǫLj

〈Hu〉2
〈X〉 . (3.46)

It is interesting that with 〈X〉 ≈ 1014 GeV, this is in the right ballpark to explain the
experimental data on neutrino oscillations.9

It is not necessary to impose all the requirements above for the U(1)H charge assignment.
For example, R-parity violating operators can be forbidden simply by imposing matter par-
ity in addition to U(1)H . Nevertheless, it is interesting that one can consider the U(1)H
assignment that satisfies all these requirements. For example, one can adopt

qQ =
4

3
+ 2n, qL = 0, (3.47)

where n is an integer. The U(1)H symmetry is spontaneously broken by the VEV of X, but
the charge assignment of Eq. (3.47) leaves a discrete Z6 symmetry after the breaking. The
product of Z6 and U(1)Y contains the (anomalous) Z3 baryon number and (anomaly-free)
Z2 matter parity (R parity) as subgroups. This symmetry, therefore, strictly forbids the
R-parity violating operators, and the lightest supersymmetric particle is absolutely stable.

In the rest of the chapter, we assume that the LSP is absolutely stable (although it is
not necessarily required by the model). This can be achieved either by choosing the U(1)H
charges so that all the R-parity violating operators are forbidden even after the U(1)H
breaking, as is the case for Eq. (3.47), or simply by imposing matter (or R) parity.

9The interactions of Eq. (3.45) also generate supersymmetry breaking masses of order (y2
ν/16π2)FX/〈X〉

for Li and Hu through loops of Ni (A terms at one loop and non-holomorphic supersymmetry breaking
masses at two loops [49]). This effect, however, is small for yν ≪ 1, compared with the contributions of
Eqs. (3.28, 3.41).
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3.2.6 Origin of U(1)H breaking

In section 3.2.4, we have simply parameterized the effect of (small) U(1)H breaking by a
spurious parameter η ≪ 1. This breaking controls the size of the coefficient µ2

X for the X
linear term in the superpotential, and thus the size of supersymmetry breaking. There are
a variety of possibilities for the origin of the required small breaking. For example, it may
simply arise as a result of string theory dynamics at the cutoff scale M∗. Here, we discuss
two explicit examples for the origin of U(1)H breaking. The validity of the model as well as
its basic phenomenological consequences discussed in section 3.3 have little dependence on
this physics.

The first possibility is that the U(1)H breaking effect arises from the mixed U(1)H
anomaly with respect to the hidden sector gauge group. The scale µX then arises from
dimensional transmutation associated with the hidden sector gauge group. This scenario
can be implemented in our higher dimensional framework simply by promoting the model
discussed in Refs. [44, 50] to higher dimensions. Specifically, we consider a supersymmetric
SU(5)hid × SU(5) gauge theory on 5D flat spacetime, where the latter SU(5) factor is iden-
tified with the unified gauge group, whose gauge multiplet obeys the boundary conditions of
Eqs. (3.1, 3.2). The Higgs and matter fields are singlet under SU(5)hid, and have the same
SU(5) gauge quantum numbers and boundary conditions as in section 3.2.1. The location
for the Higgs, matter and X fields, as well as their U(1)H charges, are also the same as
before.

The messenger fields {f, f c} and {f̄ , f̄ c} are also introduced in the bulk as before, with
the interactions to the X field given by Eq. (3.37). Instead of introducing arbitrary explicit
U(1)H breaking, however, here we assign the gauge quantum numbers (5∗, 5) to f and f̄ c,
and (5, 5∗) to f̄ and f c, where the numbers in parentheses represent the quantum numbers
under SU(5)hid × SU(5). Below the compactification scale ≈ 1/πR, this reduces to the
model discussed in [44, 50]. In particular, the required X linear term in the superpotential
is generated:

Weff = λΛ2
hidX, (3.48)

where Λhid is the dynamical scale of SU(5)hid, and we have taken λD ≈ λL ≈ λ. Note that
this superpotential is “exact,” i.e., no higher order terms in X are generated.

A virtue of the higher dimensional setup in the context of SU(5)hid × SU(5) is that the
nontrivial wavefunction profiles of f and f̄ needed to suppress λD,L (to satisfy the stability
condition λ2

D,L
<∼ 10−3) also suppress the superpotential coupling W = ζf f̄HuHd/Λ in the

low-energy 4D theory, which can arise from the y = πR brane localized operator and leads
to an unwanted large µ term unless ζ <∼ λD,L. Using naive dimensional analysis, we find
λD,L ≈ ζ ≈ 4πǫf ǫf̄ , so that we do not have a large µ term from the superpotential operator.

Another possibility for the U(1)H breaking is that U(1)H is spontaneously broken. Since
U(1)H has a mixed anomaly with respect to SU(3)C , this provides a solution to the strong
CP problem [51]. We do not attempt here to construct a complete model of this kind. It is,
however, straightforward to realize this possibility at the level of a non-linear sigma model,
i.e. the axion field being realized nonlinearly.
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3.3 Phenomenology

In this section we study phenomenology of the model presented in the previous section.
We study constraints from flavor and CP violation and the variation of the superparticle
spectrum allowed by these constraints. We find that there are a variety of possibilities for
the next-to-lightest supersymmetric particle (NLSP), which decays into the LSP gravitino
with the lifetime of O(102 – 106 sec). We also discuss proton decay, precision gauge coupling
unification, and possible experimental signatures.

3.3.1 Constraints from flavor violation and the variety of the spec-
trum

Phenomenology of the model depends on the wavefunction profiles for the quark and
lepton zero modes, which are controlled by the bulk masses for these fields. In the low-
energy 4D theory, these affect the Yukawa matrices, Eq. (3.16), and the flavor violating
contribution to the squark and slepton masses generated at M∗, Eqs. (3.30, 3.31). This
effect is parameterized by the factors ǫΦ (Φ = Qi, Ui, Di, Li, Ei, Ni) in Eq. (3.17).

The values for the ǫΦ factors are restricted by requiring that the gross structure of the
observed quark and lepton masses and mixings are reproduced by these factors. This,
however, still leaves some freedoms for the choice of the ǫΦ factors. For example, scal-
ing {ǫQi

, ǫUi
, ǫDi

} → {αǫQi
, α−1ǫUi

, α−1ǫDi
} does not change the quark masses and mixings.

Taking these freedoms into account, here we consider

ǫQ1
≈ ỹ−

1

2αq ǫ
2, ǫU1

≈ ỹ−
1

2α−1
q ǫ2, ǫD1

≈ ỹ−
1

2α−1
q αβ ǫ,

ǫQ2
≈ ỹ−

1

2αq ǫ, ǫU2
≈ ỹ−

1

2α−1
q ǫ, ǫD2

≈ ỹ−
1

2α−1
q αβ ǫ,

ǫQ3
≈ ỹ−

1

2αq, ǫU3
≈ ỹ−

1

2α−1
q , ǫD3

≈ ỹ−
1

2α−1
q αβ ǫ,

(3.49)

ǫL1
≈ ỹ−

1

2αl ǫ, ǫE1
≈ ỹ−

1

2α−1
l αβ ǫ

2,

ǫL2
≈ ỹ−

1

2αl ǫ, ǫE2
≈ ỹ−

1

2α−1
l αβ ǫ,

ǫL3
≈ ỹ−

1

2αl ǫ, ǫE3
≈ ỹ−

1

2α−1
l αβ,

(3.50)

with
tan β ≈ αβ ǫ

−1, (3.51)

where ǫ = O(0.1) and αq, αl and αβ are numbers parameterizing the freedoms unfixed
by the data of the quark and lepton masses and mixings. Note that the range of αq,l,β is
restricted such that the ǫ parameters, ǫQi,Ui,Di,Li,Ei

, do not exceed ≈ 1; see Eq. (3.17). (The
value of αβ is also restricted so that tanβ stays within the regime in which none of the
Yukawa couplings blow up below the cutoff scale.) The pattern of Eqs. (3.49, 3.50) is a
straightforward generalization of Eq. (3.18), and the resulting quark and lepton masses and
mixings are still given by Eqs. (3.22, 3.23).

The parameters αq, αl and αβ, however, alter the size of the flavor violating contribution
to the squark and slepton masses, and are thus constrained by low-energy flavor and CP
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violating processes. We use the mass insertion method [18] to derive constraints on these
parameters. The experimental bounds on the mass insertion parameters can be found, e.g.,
in Ref. [20], and are summarized in Ref. [15]. In the quark sector, the most stringent bounds
come from K-K̄, D-D̄ and B-B̄ mixings and sin 2β, while in the lepton sector the most
stringent one comes from the µ→ eγ process, giving

√

|Re(δd12)
2
LL/RR| <∼ (10−2–10−1),

√

|Re(δd12)LL(δ
d
12)RR| <∼ 10−3,

√

|Im(δd12)
2
LL/RR| <∼ (10−3–10−2),

√

|Im(δd12)LL(δ
d
12)RR| <∼ 10−4,

(3.52)

|(δu12)LL/RR| <∼ (10−2–10−1), |(δu12)LL| = |(δu12)RR| <∼ (10−3–10−2),

|(δd13)LL/RR| <∼ (0.1–1), |(δd13)LL| = |(δd13)RR| <∼ 10−2,
(3.53)

|(δe12)LL| <∼ (10−4–10−3), (3.54)

where we have kept only the bounds relevant to our model. In deriving the above bounds,
we have taken the gluino and squark masses to be the same order of magnitude with mq̃ ≃
500 GeV, and the same for the weak gaugino and slepton masses with ml̃ ≃ 200 GeV.
For heavier superparticles, the bounds become weaker linearly with increasing superparticle
masses, except for that on |(δe12)LL|, which scales quadratically with ml̃.

In order to compare our model with the above bounds, we need to obtain the structure of
the squark and slepton mass matrices at low energies. We first consider the flavor universal
contribution. It comes from two different sources. The first is gauge mediation, generated
at the scale Mmess, while the other is a U(1)Y Fayet-Iliopoulos D-term piece, Tr(Yf̃m

2
f̃
) 6= 0,

of the soft masses generated at M∗, Eqs. (3.28, 3.30, 3.31). The sfermion masses at a low
energy, µR, can then be written as

m2
f̃
(µR) ≃ 2Nmess

3
∑

a=1

C f̃
a

g4
a(Mmess)

(16π2)2

[

1 +
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ba

(

1 − g4
a(µR)

g4
a(Mmess)

)]

F 2
X

〈X〉2

−
6Yf̃
5

g2
1(µR)

16π2

(

xHu − xHd
+
xQ3

α2
q

ỹ
− 2

xU3

ỹ α2
q

+
xE3

α2
β

ỹ α2
l

)

F 2
X

Λ2
ln
M∗
µR

, (3.55)

where (b1, b2, b3) = (33/5, 1,−3) are the 321 beta-function coefficients, Yf̃ represents hyper-
charges in the normalization that Q has Yf̃ = 1/6, and xHu,Hd,Q3,U3,E3

are the O(1) factors
in front of the corresponding soft masses generated at M∗. (Here, we have kept only the
leading terms in ǫ.) As we will see in section 3.3.2, the U(1)Y D-term piece can considerably
affect the superparticle spectrum, leading to interesting phenomenology.

The flavor violating elements of the sfermion mass matrices are renormalized among them-
selves, and are also generated from the flavor universal piece through the Yukawa couplings.



39

These effects, however, do not significantly modify the values of these elements in most of
the parameter space. We therefore take the approximation that the flavor non-universal part
of the sfermion masses is parameterized by Eqs. (3.30, 3.31) with Eqs. (3.49, 3.50) at low
energies.10 The chirality-preserving mass insertion parameters are then obtained by dividing
these flavor violating elements by the (average) diagonal elements in the super-CKM basis.

With the low-energy mass parameters described above, one can study the constraints from
flavor and CP violation. The scalar trilinear interactions in our model are generated only by
renormalization group evolution, so that they are proportional to the corresponding Yukawa
couplings with real proportionality constants, in the basis where the gaugino masses are real.
They, therefore, do not contribute to flavor or CP violating processes. The constraints on
the α parameters are then obtained from Eqs. (3.52 – 3.54). We find that for ỹ = 4π and
ǫ = 0.05, all constraints from the quark sector are satisfied, while µ→ eγ gives

αl <∼ 1.8, (3.56)

with no further constraints on αq or αβ. Taking ǫ = 0.1, the constraints become stronger
with both µ→ eγ and K-K̄ mixing, giving

αl <∼ 0.9, αβ <∼ 1.4. (3.57)

These bounds are obtained for the superparticle mass scale of ml̃ ∼ 400 GeV, with FX/M∗ ∼
1 TeV. (This corresponds to mq̃ ∼ 1.2 TeV, which is sufficient to avoid the LEP II bound on
the physical Higgs boson mass.) While these bounds are rough ones, they show that there
exists a consistent parameter region. For heavier superparticles, the bounds become weaker
and the region expands.

3.3.2 The NLSP

As we have seen in section 3.2.4, the LSP is the gravitino with mass ≈ (0.1 – 10) GeV.
In order to study phenomenology, it is important to determine which particles can be the
NLSP. Since the dominant contribution to the masses of most supersymmetric particles
comes from gauge mediation, we first consider the spectrum without the corrections from
tree-level pieces generated at M∗. Since the masses are determined by the gauge charge, the
lightest particles will be those neutral under SU(3)C and SU(2)L. Therefore, the lightest
gaugino is a neutralino, χ0

1 which is mostly bino, and the lightest sfermions are the right-
handed sleptons. The mass of the bino at low energy is given by

mB̃(µR) ≃ Nmess
g2
1(µR)

16π2

FX
〈X〉 , (3.58)

while the mass of the sleptons can be derived from Eq. (3.55). From these two equations we
see that with increasing Nmess the sleptons become lighter than the bino, while increasing

10A possible contribution to m2
l̃

from loops of the right-handed neutrinos is also not important as long as

(yν)ij <∼ O(1), which is the case for the ǫ factor assignment of Eq. (3.50) with αl ≈ O(1).
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Mmess makes the sleptons heavier because of renormalization group effects. Calculations
show that for Nmess = 1 the bino is always the NLSP, while for larger Nmess the sleptons can
be lighter. In the case of Nmess = 3 (5), for example, the sleptons are lighter than the bino
for Mmess <∼ 1010 (1012) GeV.

The bino mass in the present model is the same as in gauge mediation, but the slepton
masses can deviate. As discussed in section 3.3.1, the sleptons receive the contribution from
the U(1)Y D-term, indicated by the second line of Eq. (3.55). This contribution is flavor
universal so it does not affect the splitting among sleptons, but it affects the relation between
the sleptons and the bino. The other correction to gauge mediation comes from the tree-
level masses in Eqs. (3.30, 3.31). From Eqs. (3.49, 3.50), we see that these mass terms are
ǫ suppressed for most fields, but the effect can be O(1) for τ̃R, and the unknown coefficient
could even be negative as long as the sum of the tree-level and gauge mediated pieces bring
the physical mass above direct detection bounds. This means that τ̃R could lie anywhere in
the spectrum of ẽR, µ̃R and B̃.

The splitting between ẽR and µ̃R is controlled almost entirely by the splitting at M∗
because the renormalization group running is universal up to small effects from the muon
Yukawa coupling. Phenomenology is governed by the splitting between mass eigenstates
which is given by

mµ̃R
−mẽR

≈ m2
µ̃R

−m2
ẽR

2
√

m2
ẽR,µ̃R

≈ O(0.01)

N2
mess

(

αβ
αl

)2
(

Λ/MPl

0.01

)2 m2
B̃

√

m2
ẽR,µ̃R

. (3.59)

The splitting between light generation sfermions is much larger than in the usual gauge
mediation scenario. It can be large enough that the heavier one can decay to the lighter by
emission of an electron and a muon.

There are corners of parameter space where the NLSP is not a right-handed slepton or
bino. Since the contribution from the U(1)Y D-term in Eq. (3.55) has opposite signs for
the left-handed and right-handed sleptons, it could invert the usual order between these two
species. The lighter stop could also be the NLSP because, like τ̃R, it has an O(1) tree-level
contribution to its mass. The stops also have a contribution from the large top Yukawa
coupling, which decreases the masses through renormalization group evolution. While the
tree-level piece is expected to be smaller than the SU(3)C gauge mediation piece, negative
tree-level and Yukawa effects could combine to give a strongly interacting NLSP. We do not
consider these exotic NLSPs in the rest of this chapter because they require large cancellation
between independent effects.

3.3.3 Proton decay

Dimension four proton decay in the present model can be forbidden by the U(1)H sym-
metry or matter parity. Dimension five proton decay caused by colored Higgsino exchange
is also absent because of the form of the Higgsino mass matrix determined by higher dimen-
sional spacetime symmetry [39]. Proton decay in the present model can thus arise only from
dimension six operators and cutoff suppressed dimension five operators.
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As discussed in section 3.2.5, we can take the charge assignment of U(1)H such that the
operators W ∼ QiQjQkLl and UiUjDkEl are forbidden: 3qQ + qL 6= 0,−4. In this case,
dimension five proton decay arises only from operators on the y = πR brane which involve
the X VEV. The relevant interactions are W ∼ XmQiQjQkLl and XmUiUjDkEl, which can
be written for 3qQ + qL = −2m and 3qQ + qL = 2m − 4 (m ∈ Z > 0), respectively. In the
low-energy 4D effective theory, these interactions lead to dimension five operators

W ≈ 4πǫQi
ǫQj

ǫQk
ǫLl

Λm−1

Mm
Pl

QiQjQkLl and 4πǫUi
ǫUj
ǫDk

ǫEl

Λm−1

Mm
Pl

UiUjDkEl, (3.60)

where the coefficients are evaluated using naive dimensional analysis, and we have used
〈X〉 ≈ Λ2/MPl. We find that the approximate sizes of these operators are obtained by
replacing the colored Higgsino mass by 4πMm

Pl/Λ
m−1 in the corresponding expressions in the

minimal supersymmetric SU(5) grand unified theory. The resulting proton decay rate is thus
much smaller than the current experimental bound for all the values of 3qQ + qL 6= 0,−4.

Dimension six operators are generated in the present model only through brane localized
terms, since without them exchange of bulk gauge bosons does not transform a quark into a
lepton or vice versa. (Note that different 321 multiplets arise from different SU(5) multiplets,
see Eqs. (3.5 – 3.10).) The relevant terms are kinetic mixing operators K ∼ T †T ′, T †T ′′,
F †F ′ and cutoff suppressed dimension six operators K ∼ T †T ′T †T ′′, T †T ′F ′†F on the y = 0
brane. Here, we have omitted factors involving the gauge multiplet needed to make operators
gauge invariant, and the existence of Hermitian conjugates is implied. The kinetic mixing
terms lead, through unified gauge boson exchange, to dimension six operators at low energies,
whose coefficients have approximately the size obtained by replacing the unified gauge boson
mass by 1/πR in the corresponding minimal supersymmetric SU(5) expressions. For 1/πR ≈
1015 GeV, this leads to a proton decay rate somewhat larger than the current experimental
bound [52]. This implies that the compactification scale should be somewhat larger (by
a factor of a few) or the coefficients of the original kinetic mixing operators should be
suppressed (by an order of magnitude or so). This potential difficulty does not arise in weakly
coupled models, an example of which will be discussed in section 3.5. The coefficients of
low-energy dimension six operators arising from the cutoff suppressed operators are similar
in size to those in the minimal supersymmetric SU(5) model, so that they do not lead to
proton decay at a dangerous level.

In summary, proton decay in the present model is caused by dimension six operators,
originating from terms on the y = 0 brane. Since the wavefunction values for the first and
second generation fields on this brane are typically of the same order, the proton can decay
into final states containing µ+ with a similar rate to those containing e+. This provides
interesting signatures for future proton decay experiments.

3.3.4 Precision gauge coupling unification

Strongly coupled grand unification in higher dimensions allows a precise calculation for
gauge coupling unification [42, 43]. Incalculable corrections arising from the cutoff scale
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physics are suppressed, and the corrections from higher dimensional fields between the energy
interval between M∗ and 1/πR are precisely calculated. Here we study this issue in the model
of section 3.2.

We phrase the degree of the success of gauge coupling unification in terms of the prediction
of αs(MZ) = g2

3(MZ)/4π obtained from g1,2(MZ), where g1,2,3 represent the standard model
gauge couplings. In particular, we consider the deviation of the prediction in the present
model, α5D

s , from that obtained by assuming the exact unification in the MSSM, αSGUT,0
s :

δαs ≡ α5D
s − αSGUT,0

s ≃ − 1

2π
α2
s∆. (3.61)

Here, ∆ parameterizes corrections from higher dimensional fields, which can be calculated
within higher dimensional effective field theory. Using the result of Ref. [53], we find that in
the present model

∆ = −3

7
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ǫQ2
ǫQ3

) +
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7
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7
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) − 9

7
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ǫL2
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6

7
ln(ǫE1

ǫE2
ǫE3

), (3.62)

where we have used the approximation that the Higgs doublets are strictly localized to the
y = πR brane. (The term −(9/7) ln(ǫHuǫHd

) should be added to the right-hand-side if the
Higgs fields are delocalized.) Inserting Eqs. (3.49, 3.50) into this equation, we obtain

∆ = −3

7
ln(πRM∗) −

135

7
lnαq −

45

7
lnαl +

45

7
lnαβ. (3.63)

Considering that the logarithms are expected to be of order unity, we find that ∆ is typically
of O(10), with the sign depending on the values of αq,l,β. For typical superparticle spectra,
including the one considered here, a good fit to the experimental values of g1,2,3(MZ) is
obtained for

∆exp ≈ 5 ± O(1). (3.64)

The expression in our model, Eq. (3.63), can easily accommodate this value.

3.3.5 Collider signatures

Phenomenology of the general flavorful supersymmetry scenario has been discussed in
Ref. [15]. Here we summarize some of the basic features in the context of the present model.
As we saw in section 3.3.2, this model has a large portion of parameter space where there is
a charged NLSP which is stable for the purposes of collider studies. Unlike the conventional
scenarios, the NLSP in flavorful supersymmetry could be a τ̃R or a right-handed slepton
of a different flavor. Heavy stable charged particles are relatively easy to see at colliders.
By measuring their velocity and momentum, their mass can be deduced. The mass of the
charged NLSP be can measured to better than 1% at the LHC by measuing only a few
hundred NLSPs with 0.6 < β < 0.91 [54].
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Once the NLSP mass is known, it is possible to fully reconstruct events even in the
hadronic environment of the LHC. Therefore we can determine the flavor content of the
NLSP by taking its invariant mass with other leptons in the event. If the NLSP is found to
be mostly selectron or smuon, this is definitive evidence for nontrivial flavor structure in the
supersymmetry breaking sector, and possibly for flavorful supersymmetry. In addition, once
we learn the dominant flavor of the NLSP, we can look for NLSP production in association
with leptons of other flavors to measure the mixing angles of the NLSP.

Because the lifetime of the NLSP is quite long, it can be studied in a cleaner environment.
One proposal involves using the muon tracker to determine where in the surrounding rock
an NLSP went, and extracting pieces of rock that likely contain NLSPs to study them
elsewhere [23]. Another possibility is to build a large stopper detector outside of one of the
main detectors which can stop the NLSPs and then measure the decay products [24]. This
would allow precise measurements of the lifetime of the NLSP as well as the masses of the
decay products. As pointed out in Ref. [15], a particularly distinct signature of flavorful
supersymmetry is monochromatic electrons or muons in the decay of the NLSP, indicating
a two body decay of a selectron or smuon. This is not a possibility in the conventional
scenarios because the τ̃R is the NLSP, and it decays to a τ which further decays, so the
many body decay causes the leptons to have a broad spectrum. Even if the NLSP is a τ̃R, a
stopper detector will allow us to look for rare decays into other flavors and precisely measure
the flavor content of the NLSP. The stopper detector can also check to see if the LSP is the
gravitino. From the kinematics, the mass of the LSP can be measured, which can then be
tested against the supergravity prediction which relates the lifetime of the NLSP to the mass
of the gravitino [27].

While the signatures are much more spectacular if there is a slepton NLSP, evidence for
flavorful supersymmetry can still be found with a neutralino NLSP. One possibility is to look
for direct slepton production from Drell-Yan processes and measure the spectrum through
kinematic variables such as MT2 [29]. This is difficult because it requires high statistics and
the Drell-Yan cross section falls rapidly with increasing slepton mass. Another possibility
is to look for multiple edges in flavor-tagged dilepton invariant mass distributions as in
Ref. [30]. This will allow us to find different flavors of sleptons if they are separated by more
than a few GeV, which we would expect in flavorful supersymmetry. Finally, we could also
study the spectrum of left-handed sleptons or even squarks to look for flavor non-universality.
While these measurements are more difficult than those with stable sleptons, they could still
provide information on the flavor structure of the supersymmetry breaking sector.

3.4 4D Realization — Model in Warped Space

The model in section 3.2 has been formulated in flat space, but we can also consider
a similar model in warped space, along the lines of Ref. [55]. An interesting feature of
this model is that it allows for a 4D interpretation through the AdS/CFT correspondence,
providing a picture of realizing flavorful supersymmetry in a 4D setup.
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Specifically, we take the metric

ds2 = e−2kyηµνdx
µdxν + dy2, (3.65)

where k denotes the inverse curvature radius of the warped spacetime. The two branes are
located at y = 0 (the UV brane) and y = πR (the IR brane). The scales of these branes are
chosen to be k ≈ 1017 GeV and k′ ≡ k e−πkR ≈ 1016 GeV, respectively. The cutoff scale of
the 5D theory is taken to be M∗ ≈ 1018 GeV. The gauge symmetry structure is as described
in section 3.2; the bulk SU(5) symmetry is broken to 321 on the IR brane at y = πR. The
IR brane thus serves the role of breaking the unified symmetry.

The configuration of the matter and Higgs fields is as described in section 3.2. The
locations of these fields are controlled by the bulk masses, and the resulting Yukawa couplings
are given by Eq. (3.16), where the ǫ factors are given by Eq. (3.17) with MΦ → MΦ − k/2.
The analysis of U(1)H and supersymmetry breaking is as in sections 3.2.3 – 3.2.6. (Note
that the cutoff scale on the IR brane is warped down to M ′

∗ ≡ M∗e
−πkR ≈ 1017 GeV.)

This leads to phenomenology discussed in sections 3.3.1, 3.3.2 and 3.3.5. Dimension four
and five proton decay is negligible for the reasons described in section 3.3.3. Dimension
six proton decay is also not dangerous as the unified gauge boson mass is now of order
πk′ ≈ 1016 GeV. For gauge coupling unification, we can show, using the results of [56], that
the threshold correction is still given by the formula Eq. (3.62). (Note that the contribution
from the Higgs doublets to differential running shuts off above M ′

∗, since these fields are
localized on the IR brane.) The experimental values of the low-energy gauge couplings are
thus successfully reproduced, as seen in section 3.3.4.

The model described here has the following 4D interpretation through the AdS/CFT
correspondence. At very high energies above k′ ≈ 1016 GeV, the theory is a 4D super-
symmetric SU(5) × G gauge theory, where SU(5) is the unified gauge group and G some
quasi-conformal gauge group. There are three generations of matter fields, 3 × (10 + 5∗)
of SU(5) (and possibly three right-handed neutrinos), but not the Higgs fields. There are
also fields charged under G, some of which are charged under SU(5) as well. At the scale
k′ ≈ 1016 GeV, the G sector deviates from the conformal fixed point, breaking the unified
SU(5) symmetry to 321 by the gauge dynamics. It also produces the MSSM Higgs doublets
and the supersymmetry breaking sector containing X as composite states. The effective
theory below k′ is thus the MSSM (and possibly three right-handed neutrinos) together with
the supersymmetry breaking sector.

An important point is that the interaction strengths of the matter fields to the G sector
are controlled by the dimensions of operators coupling matter to fields charged under G. In
general, these dimensions are generation dependent. Moreover, since G is strongly interacting
above k′, the anomalous dimensions for these operators can be large. As a result, the
interaction strengths of matter to the G sector strongly vary between different generations,
and since the Higgs doublets and X arise as composite states of G, the interactions of
matter to these states show strong generation dependence. Since the origin of this generation
dependence is common for the matter couplings to the Higgs fields (the Yukawa couplings)
and to the X field (supersymmetry breaking couplings), the patterns of these two classes
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of couplings are correlated. The correlation is exactly the one given in Eqs. (3.16, 3.29),
realizing flavorful supersymmetry.

We have considered here a 4D theory in which the G sector is quasi-conformal and has a
large ’t Hooft coupling above the dynamical scale, motivated by the warped space construc-
tion. The dynamics described above, however, are independent of these assumptions. The
same dynamics can also be incorporated, in principle, in a purely 4D theory whose ’t Hooft
coupling is not necessarily large above k′. The quasi-conformal nature of the dynamics is
also not essential. It will be interesting to construct an explicit example of purely 4D theory
in which the G sector exhibits different renormalization group behavior, e.g. asymptotic
freedom, above the dynamical scale ΛG ≈ 1016 GeV.

3.5 Weakly Coupled (Non-Unified) Models

In this section we present a non-unified model of flavorful supersymmetry in higher di-
mensions. Here we do not require that the theory is strongly coupled at the cutoff scale, nor
that it possesses the U(1)H symmetry. Rather, we assume that certain operators are small
at the cutoff scale due to ultraviolet physics.

We consider a supersymmetric SU(3)C ×SU(2)L×U(1)Y gauge theory in 5D flat space-
time, compactified on an S1/Z2 orbifold: 0 ≤ y ≤ πR. As in the model of section 3.2, the
two Higgs doublets are localized towards the y = πR brane, where supersymmetry is broken
by the F -term VEV of a chiral superfield X. The matter fields are introduced in the bulk as
hypermultiplets, whose zero modes Qi, Ui, Di, Li, Ei (and Ni) are identified with the MSSM
matter fields. The wavefunction profiles of the zero modes are controlled by the bulk masses
MΦ (Φ = Qi, Ui, Di, Li, Ei, Ni), as seen in section 3.2.2.

We do not require that the theory is strongly coupled at the cutoff scale M∗, which is
taken to be a factor of a few above 1/R. We then naturally expect that the operators located
on branes have O(1) coefficients in units of M∗. This leads to the 4D Yukawa couplings of
Eq. (3.15) with

(yu)ij ≈ ǫQi
ǫUj
, (yd)ij ≈ ǫQi

ǫDj
, (ye)ij ≈ ǫLi

ǫEj
, (yν)ij ≈ ǫLi

ǫNj
, (3.66)

at low energies, where ǫΦ are given by Eq. (3.17). By choosing ǫΦ and tanβ to be as given
in Eqs. (3.49 – 3.51) with ỹ = 1, this reproduces the gross structure of the observed quark
and lepton masses and mixings, Eqs. (3.22, 3.23).11 The configuration of the matter fields,
as well as those of the Higgs and supersymmetry breaking fields, are depicted schematically
in Fig. 3.2.

The supersymmetry breaking parameters are generated through the interactions of the
MSSM states to the X field on the y = πR brane. In the absence of the U(1)H symmetry, the

11Here we have assumed that the Majorana masses for Ni are on the y = πR brane, but not on the y = 0
brane. This can be realized, for example, by introducing the U(1)B−L symmetry broken on the y = πR
brane.
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y = 0 y = πR

SU(3)C × SU(2)L × U(1)Y
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X:FX 6= 0

y = 0 y = πR

SU(3)C × SU(2)L × U(1)Y
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Q1

Hu, Hd

X:FX 6= 0

Figure 3.2: A schematic depiction of the configuration for various fields.

superpotential operators W ∼ XQiUjHu +XQiDjHd +XLiEjHd +XLiNjHu are not for-
bidden in general. These operators generate flavor non-universal left-right mixing terms for
the squarks and sleptons that require relatively heavy superparticles to avoid the constraints
from low-energy flavor and CP violating processes. Here we assume that these operators are
somehow suppressed. We also assume that the direct µ term, W ∼ HuHd, is absent. Note
that these assumptions are technically natural because of the nonrenormalization theorem.
The supersymmetry breaking parameters are then generated by the Kähler potential opera-
tors and L ∼ ∫

d2θ XWα
aWaα + h.c., where Wα

a (a = 1, 2, 3) are the 321 gauge field strength
superfields, giving

Ma ≈ µ ≈ FX
M∗

, m2
Hu

≈ m2
Hd

≈ Bµ ≈
(

FX
M∗

)2

, (3.67)

(m2
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(
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, (m2
ũ)ij ≈ ǫUi
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(

FX
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)2

, (m2
d̃
)ij ≈ ǫDi

ǫDj

(
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)2

, (3.68)

(m2
l̃
)ij ≈ ǫLi

ǫLj

(

FX
M∗

)2

, (m2
ẽ)ij ≈ ǫEi

ǫEj

(

FX
M∗

)2

, (3.69)

(au)ij ≈ {(yu)kj(ηQ)ki + (yu)ik(ηU)kj + (yu)ij}
FX
M∗

, (3.70)

(ad)ij ≈ {(yd)kj(ηQ)ki + (yd)ik(ηD)kj + (yd)ij}
FX
M∗

, (3.71)
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(ae)ij ≈ {(ye)kj(ηL)ki + (ye)ik(ηE)kj + (ye)ij}
FX
M∗

. (3.72)

Here, we have omitted O(1) coefficients in each term, and (ηΦ)ij ≈ ǫΦi
ǫΦj

(Φ = Q,U,D, L,E)
are general complex 3 × 3 matrices. This gives a correlation between the Yukawa couplings
Eq. (3.66), and the supersymmetry breaking parameters Eqs. (3.67 – 3.72), realizing flavorful
supersymmetry. Note that because of the absence of a factor 4π in Eq. (3.66), the mass
splittings between different generation sfermions in Eqs. (3.68, 3.69) can be larger than
those in the strongly coupled case.

The model has other flavor violating contributions to the supersymmetry breaking pa-
rameters, but they can be controlled. For example, loops of the higher dimensional gauge
fields produce flavor violating supersymmetry breaking masses at 1/R, but they are not much
larger than the tree-level masses in the parameter region considered, as long as the coeffi-
cients of the matter brane kinetic operators at y = 0 are of order 1/16π2M∗ or smaller. Note
that this size of the coefficients is technically natural. The matter 4-point Kähler potential
operators on the y = 0 brane also give flavor violating contributions at loop level. They are,
however, suppressed by a factor of 1/(πRM∗)

5 and negligible. Possible contributions from
bulk higher dimension operators are also expected to be small.

The compactification scale 1/R in the present model is naturally of order the unification
scaleMU ≈ 1016 GeV to preserve the successful supersymmetric prediction for the low-energy
gauge couplings. In this case, the gaugino and sfermion masses are of order m̃ ≈ FX/MU

while the gravitino mass is m3/2 ≈ FX/MPl, so that m3/2 ≈ (MU/MPl)m̃ ≈ (1 – 10) GeV,
leading to signatures discussed in section 3.3.5 with the NLSP being one of the right-handed
sleptons. The compactification scale, however, can in principle take any value larger than
of order a few TeV, in which case the gravitino may be (much) lighter. Note that the
supersymmetry breaking parameters of Eqs. (3.67 – 3.72) are running parameters evaluated
at the scale 1/R. The low-energy superparticle spectrum is obtained by evolving them down
to the weak scale using renormalization group equations.

Here we have presented a non-unified model of flavorful supersymmetry in 5D. It is,
however, straightforward to make it a unified model, e.g., based on SU(5). We simply have
to adopt the field content and boundary conditions of section 3.2.1 and follow the analysis
above. To understand gauge coupling unification, we need to assume that incalculable brane-
localized gauge kinetic terms on the y = πR brane are somehow suppressed (or universal),
but dangerous proton decay can be easily suppressed, possibly by U(1)R symmetry [39].12 It
is also straightforward to extend the model to higher dimensions. The only requirement is
that the Higgs fields and the supersymmetry breaking field X are localized in the same place
in the extra dimensions.13 An advantage of such a setup is that we can suppress cutoff scale
dimension-five proton decay operators by localizing the Q,U,E and D,L fields in different

12It is interesting to note that the 321 gaugino masses do not have to be unified at the unification scale
even if the model is unified because the gaugino mass operators reside on the y = πR brane, where the active
gauge group is only 321 [39].

13To be more precise, it is sufficient to require that the matter interactions to the Higgs and X fields are
suppressed by common wavefunction factors, allowing the Higgs and X to propagate in different subspaces.
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subspaces in higher dimensions. These extensions allow us to realize flavorful supersymmetry
in a wide variety of higher dimensional models, with varying spacetime dimensions, compact
space geometries, and gauge groups.

3.6 Conclusions

In this chapter we have presented explicit models of flavorful supersymmetry in higher
dimensions. The basic idea is to localize the Higgs fields and the supersymmetry breaking
field in the same location in the extra dimension(s). The interactions of matter fields to
the Higgs fields (the Yukawa couplings) and to the supersymmetry breaking field (operators
generating the supersymmetry breaking parameters) then receive the same suppression fac-
tors from the wavefunction profiles of the matter fields. This leads to a specific correlation
between these two classes of interactions, realizing flavorful supersymmetry. The resulting
phenomenology at future colliders is very rich, while stringent experimental constraints from
the low-energy flavor and CP violating processes can all be satisfied.

We have constructed a unified model of flavorful supersymmetry in 5D, in which the
theory is strongly coupled at the cutoff scale. Supersymmetry breaking is mediated to the
supersymmetric standard model sector by a combination of cutoff suppressed operators and
gauge mediation. This model addresses various issues in supersymmetric unification. We
have also presented a model in warped space, which allows us to obtain a picture of realizing
flavorful supersymmetry in a 4D setup, through the AdS/CFT correspondence. Finally, we
have discussed models which do not require that the theory is strongly coupled at the cutoff
scale. This construction can be easily extended to a wide variety of higher dimensional
theories, with varying spacetime geometries and gauge groups.

It is interesting to note that the present setup is very generic in the context of a single
extra dimension. If we want to explain the observed hierarchical structure of the Yukawa
couplings by wavefunction overlaps between the matter and Higgs fields, the simplest way is
to localize the Higgs fields to one of the branes and lighter generation matter more towards
the other brane. Now, if the supersymmetry breaking field X is not localized to the same
brane as the Higgs fields, interactions of lighter generation matter to X are not suppressed,
leading to large flavor violating supersymmetry breaking masses. To avoid this problem, we
need to localize X to the same brane as the Higgs fields (unless some other flavor universal
mediation mechanism dominates). This gives the spectrum of flavorful supersymmetry.

As the LHC will turn on this year, it is important to explore possible theoretical con-
structions and experimental signatures of supersymmetric theories. The models presented
here provide an example in which the supersymmetry breaking spectrum can be a window
into the physics of flavor in the standard model. If supersymmetry is discovered at the LHC,
it will be interesting to see if the longstanding assumption of flavor universality holds, or if
there is a richer flavor structure within the supersymmetry breaking sector. This structure
could give us information about the physics of flavor which could lie at energy scales as high
as the unification or Planck scale.
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Chapter 4

Naturally Flavorful Supersymmetry
at the LHC1

4.1 Introduction

The origin of the flavor structure is one of the deepest mysteries of the standard model.
In the absence of the Yukawa couplings (and neutrino masses), the standard model respects
the following flavor symmetry:2

GSM
flavor ≡ U(3)5 = U(3)Q × U(3)U × U(3)D × U(3)L × U(3)E . (4.1)

Is this symmetry a mere artifact of the low-energy Lagrangian, or is it (or its subgroup)
physically realized at high energies and spontaneously broken to produce the Yukawa cou-
plings? If the latter, what is the fundamental flavor group Gflavor (⊂ GSM

flavor), and how is it
broken? In the standard model, these questions can be explored only through the observed
pattern of masses and mixings of the quarks and leptons, making it difficult to arrive at
conclusive answers.

Theories beyond the standard model may provide additional clues to address the puzzle
of flavor, since the new physics sector may contain new information on flavor. In supersym-
metric theories, for example, supersymmetry breaking parameters for squarks and sleptons
may carry such information. It is, however, not obvious how much new information one
can expect. In supersymmetric theories, generic weak scale values for the supersymmetry
breaking parameters

(m2
Φ)ij ∼ m2

SUSY, (af)ij ∼ mSUSY, (4.2)

lead to flavor changing neutral currents far in excess of current experimental bounds. Here,
(m2

Φ)ij (Φ = Q,U,D, L,E) and (af)ij (f = u, d, e) represent scalar squared masses and trilin-

1This chapter, as well as Appendix A, were co-written with Yasunori Nomura and published in [57].
2GSM

flavor contains hypercharge, baryon number, and lepton number. Out of the five U(1) factors, only
hypercharge and baryon minus lepton number are anomaly free with respect to the standard model gauge
group.
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ear interactions, respectively, i, j = 1, 2, 3 are generation indices, and mSUSY is a parameter
of order the weak scale. A common solution to this problem is to assume flavor universality

(m2
Φ)ij ∝ δij or ≪ m2

SUSY, (af)ij ∝ (yf)ij or ≪ mSUSY, (4.3)

at a scale M where the supersymmetry breaking parameters are generated [58, 10, 59, 60, 8,
61, 62, 63, 9, 64, 65, 66]. Here, (yf)ij are the Yukawa matrices. This assumption, however,
greatly reduces the flavor information encoded in low energy supersymmetry. A nontriv-
ial flavor structure can still be found in the low energy squark and slepton masses due to
renormalization group evolution below M . This structure, however, does not carry any in-
formation on flavor beyond Yukawa couplings Φ have, although it does allow us to explore
some of these couplings that cannot be probed in the standard model [18]. In addition,
the size of the relevant flavor nonuniversality is typically so small that most of the interest-
ing parameters can be probed only indirectly through low energy flavor and CP violating
processes.

In this chapter we study the question: is there a natural and generic framework for
supersymmetry which is sufficiently “flavorful,” i.e. which allows us to obtain more detailed
information on flavor through measurements of superparticle masses and interactions at the
LHC? This is not trivial because such a framework must satisfy stringent constraints from
flavor and CP violation while the deviation from universality must be sufficiently large to be
experimentally observable. In particular, in order for the flavor information to be extracted
at the LHC, superparticles must be light enough to be produced at the LHC, making it more
difficult to satisfy the bounds from the low energy flavor and CP violating processes.

While it is not too difficult to consider an ad hoc deviation from universality that is
measurable at the LHC and not excluded by the low energy data, an important question is
if there is a theoretically well-motivated setup which naturally produces measurable effects
that are consistent with the low energy experiments and encode information on the origin of
flavor. In a previous chapter, we studied a simple setup in which flavor changing interactions
in the supersymmetry breaking parameters are scaled by factors associated with the Yukawa
couplings [15]. We showed that such a setup can avoid all the low energy constraints,
while giving interesting flavor signatures at the LHC. This clearly illustrates that there
is an interesting, natural stage between Eqs. (4.2, 4.3). In fact, there have been many
models proposed to address the problem of flavor changing neutral currents, in which flavor
violation in the supersymmetry breaking parameters is somehow related to the Yukawa
couplings [67, 68, 17, 69, 70, 71, 72, 73, 74, 75, 32, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86,
87, 88, 35, 89, 36, 90, 37, 33, 91]. While many of these models require rather special structures
or setups to avoid all the current experimental bounds, the analysis of Ref. [15] suggests that
the minimal structure needed to obtain a consistent framework for flavor signatures at the
LHC may, in fact, be much simpler.

In this chapter we study the tension between LHC observability and constraints from low
energy flavor and CP violation in generic supersymmetric theories in which the structure of
the supersymmetry breaking parameters is correlated with that of the Yukawa couplings. An
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interesting general point emphasized in Ref. [15] (see also [16]) is that among the operators
giving supersymmetry breaking parameters, a class of operators in the superpotential

W ∼ XQiUjHu, XQiDjHd, XLiEjHd, (4.4)

generally leads to a strong tension. Here, X represents a chiral superfield whose F -term
vacuum expectation value (VEV) is responsible for supersymmetry breaking. We first elu-
cidate this point, and define what we call the superpotential flavor problem. We emphasize
that the problem is general and does not depend on any particular theory of flavor. In fact,
this problem is part of a more general problem associated with left-right propagation of
sfermions, which is also discussed in detail.

We then discuss how the problems described above can be solved. We present several
possibilities that can avoid the stringent constraints from left-right sfermion propagation
without suppressing the operators of Eq. (4.4). We also present simple frameworks in which
the operators of Eq. (4.4) are naturally absent. These frameworks can be combined with
many theories of flavor, including theories with (flat or warped) extra dimensions, strong
dynamics, or flavor symmetries. We perform detailed studies of the constraints from low
energy flavor and CP violation within these frameworks, and find that they can naturally
avoid all the constraints while preserving the observability of superparticles at the LHC.
We also find that the intergenerational mass splittings among sfermions can show a variety
of patterns depending on the details of the underlying flavor theory, allowing us to gain
additional handles on the origin of flavor at the LHC.

The organization of the chapter is as follows. In section 4.2 we discuss constraints from
low energy flavor and CP violation arising from left-right propagation of sfermions. We
emphasize the model-independent nature of the problem associated with the operators of
Eq. (4.4), but also discuss additional stringent model dependent constraints. In section 4.3 we
discuss possibilities to avoid these constraints. In particular, we present simple frameworks
in which the operators of Eq. (4.4) are naturally absent. In section 4.4 we study constraints
from flavor and CP violation, including ones arising from left-left and right-right sfermion
propagation, in these frameworks. We also analyze the size of the intergenerational mass
splittings among sfermions, and find that they can differ significantly from the flavor universal
case. Prospects for observing these features at the LHC are discussed in section 4.5. Finally,
discussion and conclusions are given in section 4.6.

4.2 The Supersymmetric Left-Right Flavor Problem

The flavor problem in supersymmetric models is typically phrased such that generic su-
persymmetry breaking parameters, Eq. (4.2), lead to excessive flavor and CP violation at
low energies. This, however, neglects the possibility that the physics responsible for the
observed Yukawa couplings also controls the pattern of the supersymmetry breaking param-
eters. Here we argue that there is a generic tension between weak scale supersymmetry and
low energy flavor and CP violation even if we take this possibility into account. Throughout
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the discussion, we assume that CP violating effects not associated with flavor, e.g. those
arising from a nontrivial phase in the Higgs sector, are adequately suppressed. We also
assume that the strong CP problem is solved.

4.2.1 Flavor (non)universality in the operator language

We begin our discussion by listing all the operators in the supersymmetric standard
model (SSM). In the gauge sector, the relevant operators are

OgA
:
∫

d2θ
1

4g2
A

WAαWA
α + h.c., OλA

:
∫

d2θ ηA
X

M
WAαWA

α + h.c., (4.5)

where A = 1, 2, 3 represents the standard model gauge group, U(1)Y , SU(2)L and SU(3)C ,
and OgA

and OλA
give the gauge kinetic terms and the gaugino masses, respectively.3 Here, X

is the supersymmetry breaking superfield, 〈X〉 = θ2FX , and M characterizes a scale at which
supersymmetry breaking effects are mediated to the SSM sector. Since FX/M sets the scale
for superparticle masses, we consider FX/M ≈ O(TeV). In the minimal supersymmetric
standard model (MSSM), the Higgs sector operators are given by

OZH
:
∫

d4θ ZH H
†H, (4.6)

OκH
:
∫

d4θ κH
X†X

M2
H†H, OηH

:
∫

d4θ ηH
X

M
H†H + h.c., (4.7)

Oµ :
∫

d4θ ηµ
X†

M
HuHd + h.c., Ob :

∫

d4θ κb
X†X

M2
HuHd + h.c., (4.8)

OSUGRA :
∫

d4θ λH HuHd + h.c., (4.9)

where H = Hu, Hd. The operators OZH
give the kinetic terms, while the rest provide

the supersymmetric mass, µ, and the holomorphic and non-holomorphic supersymmetry
breaking squared masses, b, m2

Hu
and m2

Hd
, for the Higgs doublets.4 The last operator is

relevant only in the context of supergravity. In non-minimal models, e.g. in models with
extra gauge groups and/or singlet fields, the set of operators in Eqs. (4.5 – 4.9) is extended.

The operators described above (or their extensions in non-minimal models) do not in-
troduce flavor violation. Flavor violation may arise when we introduce matter fields. With
matter fields, we can write operators

OZΦ
:
∫

d4θ (ZΦ)ijΦ
†
iΦj , (4.10)

OκΦ
:
∫

d4θ (κΦ)ij
X†X

M2
Φ†
iΦj, OηΦ :

∫

d4θ (ηΦ)ij
X

M
Φ†
iΦj + h.c., (4.11)

3We define an operator O to be the entire term that appears in the Lagrangian, including the coefficient.
4Here we have neglected the tree-level superpotential operator

∫

d2θ µ0 HuHd + h.c.. In order to have
weak scale values for µ and b, the coefficient of this operator must be suppressed: µ0 <∼ O(TeV).
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Oλf
:
∫

d2θ (λf)ijΦLiΦRjH + h.c., Oζf :
∫

d2θ (ζf)ij
X

M
ΦLiΦRjH + h.c., (4.12)

where Φ = ΦL,ΦR with ΦL = Q,L and ΦR = U,D,E represents matter fields, i, j = 1, 2, 3
are generation indices, and f = u, d, e corresponds to

{ΦL,ΦR, H} = {Q,U,Hu}, {Q,D,Hd}, {L,E,Hd}.

Here, ZΦ and κΦ are 3×3 Hermitian matrices, while ηΦ, λf and ζf are general complex 3×3
matrices. The operators OZΦ

give the kinetic terms, Oλf
the Yukawa couplings, and OκΦ

,
OηΦ and Oζf the soft supersymmetry breaking parameters.

Flavor universality is the assumption that

(κΦ)ij ∝ (ZΦ)ij, (ηΦ)ij ∝ (ZΦ)ij, (ζf)ij ∝ (λf)ij , (4.13)

for all Φ = Q,U,D, L,E and f = u, d, e, which leads to supersymmetry breaking parameters
of the form

(m2
Φ)ij ∝ δij, (af)ij ∝ (yf)ij , (4.14)

where (m2
Φ)ij, (af )ij and (yf)ij represent the scalar squared masses, scalar trilinear interac-

tions, and the Yukawa couplings in the basis where the fields are canonically normalized. In
fact, the three conditions of Eq. (4.13) could each be replaced by

|(κΦ)ij| ≪ |ηA|2, |(ηΦ)ij | ≪ |ηA|, |(ζf)ij| ≪ |(λf)ijηA|, (4.15)

since then the low energy supersymmetry breaking parameters, generated by SSM renormal-
ization group evolution, take approximately the form of Eq. (4.14).

Deviations from Eqs. (4.13, 4.15) generically lead to flavor and CP violating effects. If
the supersymmetry breaking parameters take the flavor universal form at some scale below
the scale of flavor physics MF , then small deviations from universality are caused only by
SSM renormalization group evolution below that scale, which do not provide much insight
into the origin of flavor at the LHC. On the other hand, if MF <∼ M (or if the mediation
mechanism of supersymmetry breaking somehow carries information on physics responsible
for the Yukawa structure), then we expect that the supersymmetry breaking parameters
have an intrinsic flavor nonuniversality, which contains information on the physics of flavor
at MF . Of course, this deviation from universality cannot be arbitrary. In order to satisfy
all the constraints while keeping superparticles within the reach of the LHC, the deviation
must somehow be correlated with the Yukawa structure. This is, however, precisely what we
expect if the supersymmetry breaking parameters feel the physics responsible for the flavor
structure.

4.2.2 Generic scalar trilinear interactions

We consider the case where MF <∼ M and flavor nonuniversality in the operators of
Eqs. (4.10 – 4.12) at MF is controlled by the physics responsible for the structure of the
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Yukawa couplings. This provides a possibility of avoiding the low energy constraints without
imposing flavor universality, allowing us to probe the origin of flavor through the superpar-
ticle spectrum. In general, correlations between the structure of the Yukawa couplings and
that of the nonuniversality in the operators of Eqs. (4.10 – 4.12) are model dependent. How-
ever, one class of operators, Oζf in Eq. (4.12), is expected to have a structure similar to the
Yukawa couplings. This is relatively model independent because the matter and Higgs fields
appear in Oζf in precisely the same way as in Oλf

, which produces the Yukawa couplings.
Suppose that the Yukawa couplings

(yf)ij = (λf)kl
(

Z
−1/2
ΦL

)

ki

(

Z
−1/2
ΦR

)

lj
Z

−1/2
H , (4.16)

have a hierarchical structure as a result of some flavor physics, for example, physics associated
with spontaneous breaking of a flavor symmetry or wavefunction profiles of matter fields in
extra dimensions. We then expect that the scalar trilinear interactions generated by Oζf ,

(af)ij = −(ζf)kl
(

Z
−1/2
ΦL

)

ki

(

Z
−1/2
ΦR

)

lj
Z

−1/2
H

FX
M

, (4.17)

also have a similar structure. Specifically, we can consider that the Yukawa couplings take
the form

(yu)ij ≈ Euij ỹ, (yd)ij ≈ Edij ỹ, (ye)ij ≈ Eeij ỹ, (4.18)

and that the observed structure for the quark and lepton masses and mixings is generated by
the “suppression factors” Efij. Here, ỹ represents the “natural” size of the couplings before
taking into account the origin of the flavor structure; for example, we expect ỹ ≈ O(1) if the
relevant physics is weakly coupled, but it could be as large as of O(4π) if strongly coupled.
The scalar trilinear interactions are then expected to take the form

(au)ij ≈ Euij
ζ̃FX
M

, (ad)ij ≈ Edij
ζ̃FX
M

, (ae)ij ≈ Eeij
ζ̃FX
M

, (4.19)

where ζ̃ again represents the “natural” size of the coefficients. Note that O(1) coefficients
are omitted in the expressions of Eqs. (4.18, 4.19); for example, we expect that (af )ij is in
general not proportional to (yf)ij because of an arbitrary O(1) coefficient in each element.

The structure of Eqs. (4.18, 4.19) is expected to appear in most theories of flavor. A
special case is when Efij factorize as Euij = ǫQi

ǫUj
, Edij = ǫQi

ǫDj
and Eeij = ǫLi

ǫEj
, so that

each matter field carries its own suppression factor. This arises in many models of flavor,
for example in classes of models with flavor symmetries or strong dynamics. The important
point is the similarity between the forms of (yf)ij and (af)ij . This comes from the fact that
matter and Higgs fields appear identically in the two classes of operators in Eq. (4.12).

The gaugino masses, which arise from OλA
as MA = −2ηAg

2
AFX/M , set the scale for

the superparticle masses. Assuming that the mediation mechanism produces unsuppressed
Oζf , i.e. ζ̃ ≈ ηA, we then obtain (af)ij ≈ EfijMA/g

2
A at the scale MF .5 Taking into account

5Note that in our notation, the grand unified relations for the gaugino masses correspond to η1 = η2 = η3.
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Eq. (4.18) and SSM renormalization group evolution below M , we can write the flavor
nonuniversal part of the low energy scalar trilinear interactions as

(au)ij ≈ (yu)ij
aC

ỹ
, (ad)ij ≈ (yd)ij

aC

ỹ
, (ae)ij ≈ (ye)ij

aN

ỹ
, (4.20)

where aC, aN ≈ O(MA) are characteristic mass scales for these interactions associated with
colored and non-colored sfermions, and we expect aC

>∼ aN due to the structure of the SSM
renormalization group equations. We note again that O(1) coefficients are omitted for each
element of Eq. (4.20), so that (af )ij is not proportional to (yf)ij as a matrix.

4.2.3 The superpotential flavor problem

The flavor nonuniversality at the level of Eq. (4.20) can be problematic. Flavor and CP
violation can in general be quantified by mass insertion parameters, which are obtained by
dividing the off-diagonal entry of the sfermion mass-squared matrix by the average diago-
nal entry in the super-CKM basis [92, 20]. The mass insertion parameters obtained from
Eq. (4.20) are

(δuLR)ij ≈
aC

ỹ m2
C

(Mu)ij, (δdLR)ij ≈
aC

ỹ m2
C

(Md)ij , (δeLR)ij ≈
aN

ỹ m2
N

(Me)ij, (4.21)

for i 6= j, where mC and mN are characteristic masses for colored and non-colored super-
particles, and we expect mC

>∼ mN. Here, (Mu)ij = (yu)ij〈Hu〉, (Md)ij = (yd)ij〈Hd〉 and
(Me)ij = (ye)ij〈Hd〉 are the quark and lepton mass matrices in the original (not super-CKM)

basis. The diagonal elements, (δfLR)ii, receive additional terms coming from the flavor univer-
sal contribution to (af )ij from renormalization group evolution below M and the contribution
to the sfermion left-right masses proportional to |µ|. However, assuming there is no intrinsic
CP violation associated with supersymmetry breaking, these terms do not contribute to the
imaginary parts of (δfLR)ii, which are relevant in the discussion below. We thus find

Im(δuLR)ii ≈
aC sinϕu
ỹ m2

C

(Mu)ii, Im(δdLR)ii ≈
aC sinϕd
ỹ m2

C

(Md)ii,

Im(δeLR)ii ≈
aN sinϕe
ỹ m2

N

(Me)ii, (4.22)

where ϕf are the phases of the contributions to (δfLR)ii from the flavor nonuniversal part of
(af )ij. Note that ϕf ≈ O(1) is expected even if supersymmetry breaking does not introduce
new CP violating phases because these complex phases arise generically from the Yukawa
couplings when going into the super-CKM basis.6

6This may be avoided in certain models, e.g., models with hermitian Yukawa and scalar trilinear interac-
tion matrices [93] and those with spontaneous CP violation [94].
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The theoretical estimate of Eqs. (4.21, 4.22) can be compared with experimental con-
straints from low energy observables. The bound on the µ→ eγ process [95] gives

1√
2

√

|(δeLR)12|2 + |(δeLR)21|2 <∼ 4 × 10−6
(

mN

200 GeV

)

. (4.23)

The µ → e conversion and µ → eee processes also give comparable bounds. The limits on
the electric dipole moments (EDMs) of the electron [96], neutron [97] and mercury atom [98]
lead to

|Im(δeLR)11| <∼ 2 × 10−7
(

mN

200 GeV

)

, (4.24)

|Im(δuLR)11| <∼ 2 × 10−6
(

mC

600 GeV

)

, |Im(δdLR)11| <∼ 1 × 10−6
(

mC

600 GeV

)

, (4.25)

|Im(δuLR)11| <∼ 4 × 10−7
(

mC

600 GeV

)

, |Im(δdLR)11| <∼ 4 × 10−7
(

mC

600 GeV

)

, (4.26)

respectively. Here, the bounds of Eqs. (4.23 – 4.26) are obtained conservatively by scanning
the ratios of the superparticle masses in a reasonable range (see e.g. [20, 99]).7 The bounds
from neutron and mercury EDMs are subject to large theoretical uncertainties [100], and
we have used conservative estimates. The constraints from (ǫ′/ǫ)K and b → sγ also lead to
bounds on |Im(δdLR)12, 21| and |(δdLR)23, 32|, but they are not as strong as the bounds above
when the left-right mass insertion parameters scale naively with the quark masses.

We can obtain the bounds on the superparticle masses using Eqs. (4.21, 4.22), with the
approximation aC ≈ mC and aN ≈ mN, which is sufficient for the level of analysis here.
Taking (Mu)11 ≃ mu ≃ 2 MeV and (Md)11 ≃ md ≃ 4 MeV, the neutron EDM bound of
Eq. (4.25) leads to the following bound on mC :

mC
>∼ max







800 GeV

(

sinϕu
ỹ

)1/2

, 1.5 TeV

(

sinϕd
ỹ

)1/2






, (4.27)

whereas the mercury EDM bound, Eq. (4.26), gives

mC >∼ max







1.3 TeV

(

sinϕu
ỹ

)1/2

, 1.9 TeV

(

sinϕd
ỹ

)1/2






. (4.28)

The bound on mN depends on the assumption on the charged lepton mass matrix. If we
conservatively take (Me)11 ≃ me ≃ 0.5 MeV and (Me)12 ≃ (Me)21 ≃ (memµ)

1/2 ≃ 7 MeV,
we obtain

mN >∼ max







600 GeV
1

ỹ1/2
, 700 GeV

(

sinϕe
ỹ

)1/2






. (4.29)

7Here we consider the ranges m2
g̃/m2

q̃
<∼ 2 and m2

χ/m2
l̃

<∼ 3, where mg̃, mq̃, mχ, and ml̃ are the gluino,
squark, weak gaugino, and slepton average masses. These ranges are motivated by renormalization group
considerations with MF well above the TeV scale, e.g. MF >∼ 1010 GeV. The case of smaller MF will be
discussed in section 4.3.1.
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On the other hand, if the large neutrino mixing angle θ12 receives a significant contribution
from the charged lepton Yukawa matrix, we expect (Me)12 ≃ mµ tan θ12 ≃ 70 MeV, giving a
much stronger bound

mN >∼ max







1.9 TeV
1

ỹ1/2
, 700 GeV

(

sinϕe
ỹ

)1/2






. (4.30)

In fact, this latter bound is expected to apply in the case where Eeij factorizes: Eeij = ǫLi
ǫEj

,
since then the large 1-2 neutrino mixing angle generically implies ǫL1

≈ ǫL2
, leading to a

large 1-2 element of the charged lepton mass matrix of O(mµ).
In addition to the uncertainties already described, the bounds on mC,N derived above

are subject to uncertainties coming from O(1) coefficients in front of Eq. (4.20). Only the
square root of these coefficients, however, appear in the bounds. For example, if we take the
magnitude of these coefficients to be between 0.5 and 2, the bounds receive unknown coef-
ficients of O(0.7 – 1.4), which do not significantly affect the results. These bounds also scale
with the square root of the natural size of the scalar trilinear interactions at M , (ζ̃/ηA)1/2,
which we have set unity. In addition, the bounds scale with the experimental limits on the
µ → eγ branching ratio, Br(µ → eγ), and the electron, neutron and mercury EDMs, de, dn
and dHg, as

(

Br(µ→ eγ)

1.2 × 10−11

)−1/4

, (4.31)

(

de
1.6 × 10−27 e cm

)−1/2

,

(

dn
2.9 × 10−26 e cm

)−1/2

,

(

dHg

2.1 × 10−28 e cm

)−1/2

. (4.32)

Therefore, if future experiments such as ones in [101, 102, 103, 104, 105, 106, 107, 108, 109]
improve the upper bounds on these (and other) quantities, the lower bounds onmC,N increase
accordingly.

The bounds of Eqs. (4.27 – 4.30) place lower limits on the superparticle masses, yielding a
tension with the observability of supersymmetry at the LHC. In fact, the conservative bound
of Eq. (4.29) already gives strong constraints on the superparticle spectrum for ỹ ≈ 1. In
particular, in the case that colored and non-colored superparticles do not have a strong
mass hierarchy at M ≫ TeV, we expect that mC ≈ (2 – 4)mN at low energies. This pushes
up the masses of colored superparticles beyond 1 TeV, and, in many cases, beyond the
reach of the LHC. The constraints are even stronger if the large neutrino mixing angle θ12
receives a sizable contribution from the charged lepton Yukawa matrix, as in Eq. (4.30). We
call this generic tension between low energy flavor and CP violation and the observability
of supersymmetry at the LHC the superpotential flavor problem, since it is caused by the
superpotential operators Oζf . An important point, again, is that the problem is relatively
model independent because the flavor structure of Oζf is expected to be correlated with that
of Oλf

in wide classes of flavor theories.
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(a)

fL fRλ

f̃

δfLL δfLR

(b)

fL fRλ

f̃

δfLR δfRR

(c)

fL fRλ

f̃
δfLL

δfLR
δfRR

(d)

fL fRλ

f̃
δfLR

δfRL
δfLR

Figure 4.1: Multiple mass insertion diagrams that lead to dangerous flavor and CP violating
contributions. Here, fL,R, f̃ and λ represent fermions, scalars and gauginos, respectively.

4.2.4 More general problem with left-right sfermion propagation

The superpotential flavor problem provides a strong, model-independent tension between
weak scale supersymmetry and low energy flavor and CP violating observables. This is,
however, only one aspect of a more general problem associated with left-right propagation
of the sfermions in flavor and CP violating amplitudes.

Suppose that the superpotential flavor problem is somehow solved, i.e. the operators
Oζf are strongly suppressed. There will still be the contributions to lepton flavor violation
and EDMs associated with left-right propagation of sfermions. First of all, there are flavor
nonuniversal scalar trilinear interactions generated by OZΦ,ηΦ , yielding (δfLR)ij (i 6= j) and

Im(δfLR)ii. These contributions must be sufficiently suppressed. Moreover, even if they are
small, lepton flavor violation and EDMs are induced by diagrams that use multiple mass
insertion parameters (δfLR)ij , (δfLL)ij and (δfRR)ij (see Fig. 4.1) [110], instead of a single

insertion of (δfLR)ij . Since the diagrams depend on parameters (δfLL)ij and (δfRR)ij , whose
correlations with the Yukawa couplings are model dependent, the tension caused by these
diagrams is not as model independent as the superpotential flavor problem. Nevertheless,
this provides strong constraints on supersymmetric models in which the structure of the
supersymmetry breaking parameters is correlated with that of the Yukawa couplings.

One might naively think that because of the use of multiple mass insertion parameters,
the diagrams of Fig. 4.1 are much smaller than those using a single (δfLR)ij . This is, however,
not always the case for the following reasons:

• The left-right mass insertions used can be flavor universal, Re(δfLR)ii, since the nec-
essary flavor/CP violation can come from insertions of (δfLL)ij and/or (δfRR)ij. This
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may enhance the contributions from multiple mass insertion diagrams relative to sin-
gle insertion ones, especially for f = d, e, since the flavor universal part of (δd,eLR)ij is
enhanced by tan β ≡ 〈Hu〉/〈Hd〉. (For f = e, it is also enhanced by µ/mN, which is
typically of O(mC/mN).)

• The sfermions propagating between two mass insertions can be from a heavier gener-
ation. For diagrams with triple mass insertions, for example, the states propagating
between mass insertions can be third generation states, minimizing extra suppressions
arising from use of more mass insertion parameters.

In fact, these two ingredients can make the contributions from the diagrams of Fig. 4.1
comparable or even larger than those from the diagrams with a single insertion of (δfLR)ij of
Eqs. (4.21, 4.22).

To illustrate this point, suppose that Efij in Eq. (4.18) factorize, Euij = ǫQi
ǫUj

, Edij = ǫQi
ǫDj

and Eeij = ǫLi
ǫEj

, giving the Yukawa couplings (yu)ij ≈ ỹ ǫQi
ǫUj

, (yd)ij ≈ ỹ ǫQi
ǫDj

and
(ye)ij ≈ ỹ ǫLi

ǫEj
. Suppose also that the flavor nonuniversal part of the sfermion squared

masses scale naively with the ǫ factors:

(m2
Φ)ij ≈ ǫΦi

ǫΦj
m2

S, (4.33)

where mS ≈ ηAFX/M is the scale of supersymmetry breaking parameters at M , which
we assume to be the same for colored and non-colored superparticles. The mass insertion
parameters generated by Eq. (4.33) are then

(δuLL)ij ≈ (δdLL)ij ≈ ǫQi
ǫQj

m2
S

m2
C

, (δuRR)ij ≈ ǫUi
ǫUj

m2
S

m2
C

, (δdRR)ij ≈ ǫDi
ǫDj

m2
S

m2
C

, (4.34)

(δeLL)ij ≈ (δνLL)ij ≈ ǫLi
ǫLj

m2
S

m2
N

, (δeRR)ij ≈ ǫEi
ǫEj

m2
S

m2
N

, (4.35)

where i 6= j, and we have included the mass insertion parameters for the sneutrinos. On
the other hand, the dominant contribution to the flavor universal part of the left-right mass
insertion parameters are given by

Re(δuLR)ii ≈
1

mC
(Mu)ii,

Re(δdLR)ii ≈
µ tanβ

m2
C

(Md)ii,

Re(δeLR)ii ≈
µ tanβ

m2
N

(Me)ii, (4.36)

where we have taken µ ≈ mC
>∼ mN and tan β >∼ 1, and assumed that flavor universal

scalar trilinear interactions (au,d)ii ≈ (yu,d)iimC and (ae)ii ≈ (ye)iimN are generated by
renormalization group evolution. (The expression of Eq. (4.36) also applies to the case
where Efij do not factorize.)
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Consider, for example, the diagram of Fig. 4.1(c) with f = u. This leads to the contri-
bution to the up quark EDM that scales with

(δuLL)13(δ
u
LR)33(δ

u
RR)31 ≈

(Mu)11

ỹ mC

(

mS

mC

)4 (yu)
2
33

ỹ
, (4.37)

which can be comparable to the dangerous contribution that scales with (δuLR)11 ≈
(Mu)11/ỹ mC of Eq. (4.21) with aC ≈ mC. The diagram of Fig. 4.1(a) with f = e gives a
contribution to the µ→ eγ process that scales with

(δeLL)12(δ
e
LR)22 ≈

(Me)12

ỹ mN

m2
S µ

m3
N

ỹ ǫ2L2
tanβ, (4.38)

which can also be dangerous because it could be comparable to the contribution from
(δeLR)12 ≈ (Me)12/ỹ mN of Eq. (4.21) with aN ≈ mN, especially for large tanβ. These exam-
ples show that the multiple mass insertion diagrams may lead to flavor and CP violation at
a dangerous level even in the absence of flavor and CP violating (δfLR)ij .

In practice, the constraints from multiple mass insertion diagrams can be taken into
account by considering the effective left-right mass insertion parameters

(δfLR,eff)ij ≡ max
{

cd(δ
f
LL)ik(δ

f
LR)kj, cd(δ

f
LR)ik(δ

f
RR)kj,

ct(δ
f
LL)ik(δ

f
LR)kk(δ

f
RR)kj, ct(δ

f
LR)ik(δ

f
RL)kk(δ

f
LR)kj

}

, (4.39)

and requiring that (δfLR,eff)ij satisfy the bounds of Eqs. (4.23 – 4.26) with (δfLR)ij replaced by

(δfLR,eff)ij . Here, cd ≃ (0.5 – 0.8) and ct ≃ (0.3 – 0.6) are numerical coefficients arising from
the difference of momentum integral functions with various numbers of insertions. Once
(δfLL)ij and (δfRR)ij are given, these constraints can be checked.

4.3 Approaches to the Problem

In order to have a framework for weak scale supersymmetry in which the LHC can provide
additional insight into the origin of the observed flavor structure, the supersymmetric left-
right flavor problem must somehow be addressed. The bounds associated with left-left and
right-right sfermion propagation must also be avoided, although they are, in general, less
stringent. To address the issue of whether there are theories that naturally satisfy all these
constraints, we start by identifying classes of theories that do not have the superpotential
flavor problem, a robust part of the supersymmetric left-right flavor problem. While it is
not automatic that these theories will be safe from low energy constraints or even solve the
supersymmetric left-right flavor problem, they provide frameworks with which to build more
detailed theories that can avoid all low energy constraints. The remaining constraints will
be discussed in the next section.
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4.3.1 General considerations

There are essentially two different directions to address the superpotential flavor problem.
One is to assume that the operators Oζf exist with their natural size, but the bounds are
somehow avoided. Barring accidental cancellations in the amplitudes for low energy flavor
and CP violating effects, this includes the following possibilities:

(i) The bounds are given by Eq. (4.29), and the superparticles are not too much heavier.
If the superparticle masses satisfy mC ≈ (2 – 4)mN, the viable parameter region is
somewhat squeezed. The constraints are slightly relaxed if we allow the masses of
colored and non-colored superparticles to be of similar size, mC ∼ mN. Avoiding the
bound of Eq. (4.30), however, is still not easy.

(ii) The intrinsic size of the Yukawa couplings is large, ỹ ≫ O(1). In this case the bounds
on mC and mN are not significant, especially in the case where the large neutrino
mixing angle θ12 arises only from the neutrino mass matrix, Eqs. (4.27 – 4.29). If
the bound is given by Eq. (4.30), the lower bound on mN can be relaxed to about
500 GeV by taking the largest possible value of ỹ ≈ 4π. This constraint, however, is
still significant.

(iii) The gauginos are significantly heavier than the sfermions. In this case the bounds
of Eqs. (4.27, 4.28) and Eqs. (4.29, 4.30) are relaxed approximately by a factor of
(mg̃/mq̃)/

√
2 and (mχ/ml̃)/

√
3, respectively, with mC,N now interpreted as the masses

of the sfermions. This situation can occur if MF is close to the TeV scale, and the
masses of the sfermions at MF are suppressed by the dynamics generating the Yukawa
hierarchy, as in flavor models of Ref. [85].8 Note that we only need sfermions to be
accessible at the LHC to probe the origin of the flavor structure.

These possibilities are certainly viable, especially given uncertainties in our estimates. The
tension between flavor constraints and the LHC observability, however, still exists. If one of
these possibilities is realized, and the superparticles are within the LHC reach, we expect
that µ → e processes and/or atomic and nuclear EDMs will be discovered in the near future,
for example in the experiments of [101, 102, 103, 104, 105, 106, 107, 108, 109], which expect
to improve present bounds by several orders of magnitude.

The other direction to address the superpotential flavor problem is to consider that the
operators Oζf are somehow suppressed. This includes the following possibilities:

(iv) The coefficients of the operators Oζf (or at least those of the 1-2 and 2-1 elements of
Oζe) are accidentally suppressed. The required amount of suppression is not strong if
we adopt Eq. (4.29). However, if we instead use Eq. (4.30), we need to have ζ̃/ηA <∼
0.07 ỹ (mN/500 GeV)2, which provides a strong bound on ζ̃/ηA for ỹ ≈ 1.

8MF needs to be low to prevent the scalar masses from becoming comparable to the gaugino masses
through SSM renormalization group evolution.
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(v) The scalar trilinear interactions are exactly proportional to the Yukawa matrices,
(af)ij ∝ (yf)ij , leading to vanishing flavor and CP violating mass insertion param-
eters. This may be achieved, for example, if (af)ij and (yf)ij arise from a single
operator through the lowest and highest components VEVs of X, 〈X〉 = X0 + θ2FX ,
with arg(FX/X0) ≈ arg(MA). The large top quark mass, however, requires that X0

is close to the cutoff scale M∗, and the problem may be regenerated by higher order
terms in X0/M∗.

(vi) The operators Oζf are suppressed by some mechanism, ζ̃ ≪ ηA. This mechanism may
or may not operate in the regime where effective field theory is valid.

Note that (iv), (v) and (vi) above can also be combined with (i), (ii) and (iii) described
before. For example, we can consider a setup where Oζf are suppressed by some mechanism,
(vi), and the natural size of the Yukawa couplings, ỹ, is large, (ii).

In the rest of this chapter, we focus on the last possibility, (vi), and see how much the
situation will be improved. As we discussed, we still need to address the more general left-
right flavor problem and the constraints from left-left and right-right sfermion propagation,
which we defer to the next section. Here we present simple classes of theories in which Oζf

are naturally suppressed. In fact, this provides a platform for the analysis of the more model
dependent part of the flavor problem.

There are several possible ways that the operators Oζf can be suppressed. In fact, they
may simply be absent at a scale where the SSM arises as an effective field theory, as a result of
the dynamics of some more fundamental theory. This is not unreasonable because Oζf are the
only superpotential operators associated with supersymmetry breaking, so if supersymmetry
breaking is mediated to the SSM sector by loop processes then these operators may be absent.
In the remainder of this section we discuss three simple classes of theories for suppressing
Oζf . We classify them according to the pattern of the supersymmetry breaking parameters
obtained at MF . The simple suppression of Oζf described above can effectively be classified
into the first class, because it leads to the same pattern of the supersymmetry breaking
masses at MF . There are clearly many models within each class, and we explicitly discuss
some of them.

4.3.2 Framework I — Higgsphobic supersymmetry breaking

We here present the first class of theories in which Oζf are naturally suppressed. A
unique feature of the operators Oζf is that among the operators relevant to flavor violation,
Eqs. (4.10 – 4.12), these are the only operators that contain both Higgs fields, H , and the
supersymmetry breaking field, X. Therefore, if the theory does not allow direct coupling
between H and X, a framework which we call Higgsphobic supersymmetry breaking, then Oζf

are forbidden. The other operators OZΦ,κΦ,ηΦ,λf
can exist as long as couplings between Φ and

X and between Φ and H are allowed. A simple way of realizing this is to assume that H and
X are localized in different points in extra dimensions, while Φ have broad wavefunctions
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overlapping with both H and X.9

Let us now focus on the extra dimensional way of suppressing Oζf described above. In
theories with extra dimensions, wavefunction overlaps between Φ and H control the size
of the 4D Yukawa couplings [111, 34, 35]. This motivates a configuration where heavier
generation matter fields have larger wavefunction overlaps with the Higgs fields. For example,
if the widths of all the matter wavefunctions are the same, then heavier generation fields
have wavefunctions peaked closer to the Higgs fields. On the other hand, if all the matter
wavefunctions are peaked at the same point (separated from where the Higgs fields reside),
then heavier generation fields have wider wavefunctions. A schematic depiction of these
possibilities is shown in Fig. 4.2.

The location of X cannot be arbitrary. If the X field is localized to a generic point in
the region where matter wavefunctions are significant, the generated soft supersymmetry
breaking parameters have a random structure, e.g. Eq. (4.2), leading to large flavor and CP
violation. One way of avoiding this is to localize X far away from wavefunction peaks for all
the matter fields, in which case flavor violation in the low energy supersymmetry breaking
masses arises only from loop effects across the bulk [35]. Another way is to localize X at a
point close to where the Higgs fields are localized [33]. In this case the tree-level structure of
the operators OκΦ,ηΦ is correlated with that of the Yukawa couplings Oλf

, since they are both
controlled by the wavefunction values of the matter fields in the region where the X and the
Higgs fields reside. In the case where all the matter wavefunctions are spherically symmetric
and peaked at the same point o, a similar correlation can be obtained by localizing X to a
point (approximately) the same distance away from o as the Higgs fields. In all these cases,
flavor violation also arises from loop effects across the bulk.

Some of the field configurations discussed above are depicted schematically in Fig. 4.2.
Note that while the figures describe only three matter wavefunctions for illustrative purposes,
all Qi, Ui, Di, Li and Ei fields can have distinct wavefunctions. The geometry of the
extra dimensions can also be more general: the number of extra dimensions is arbitrary,
and the spacetime need not be flat. While the scale of the extra dimensions, i.e. the
scale of Kaluza-Klein resonances, is, in principle, arbitrary, it is simplest to consider it to
be of order the unification scale, 1/R ≈ Munif ≈ 1016 GeV, to preserve the success of
supersymmetric gauge coupling unification in the most straightforward manner. In the case
where H and X are localized in the infrared region of warped spacetime, the scale can be
lower, 10 TeV <∼ 1/R <∼ Munif (in which case gauge coupling unification can occur through
modified gauge coupling running above 1/R, as in Ref. [112].) It is also possible to consider
the framework in the context of grand unification in higher dimensions [38, 55]. In the
theories considered here, a natural scale for flavor physics is of order 1/R, while a natural
scale for supersymmetry breaking mediation is of order the (local) cutoff scale M∗, which we
take to be somewhat above 1/R.

One consequence of Higgsphobic supersymmetry breaking is that the Higgs sector oper-

9Precisely speaking, in extra dimensional theories it is sufficient to assume that the Yukawa couplings are
allowed only in places separated from the X field. The Higgs fields can be delocalized in that case.
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Figure 4.2: A schematic depiction of possible configurations of the matter, Higgs and su-
persymmetry breaking fields. The Higgs and supersymmetry breaking fields are localized
to separate but nearby points (left). In the case where all the matter wavefunctions are
spherically symmetric and centered around the same point o, the Higgs and supersymmetry
breaking fields can be localized (approximately) the same distance away from o (right). The
gauge fields are assumed to propagate in the bulk.
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operators OZΦ
OκΦ

OηΦ Oλf
Oζf

Gflavor breaking
√ √

supersymmetry breaking
√ √ √

Table 4.1: Required symmetry breaking to write down operators in Eqs. (4.10 – 4.12). The
operators Oλf ,ζf require Gflavor breaking, while OκΦ,ηΦ,ζf require supersymmetry breaking.

ators OκH ,ηH ,µ,b in Eqs. (4.7, 4.8) are forbidden in the minimal setup. There are, however,
several ways to generate the desired µ and b parameters, which are discussed in Appendix A.1.

4.3.3 Framework II — Remote flavor-supersymmetry breaking

We now consider the second framework. An essential ingredient of this framework is a
“separation” between supersymmetry breaking and flavor symmetry breaking. Consider a
flavor symmetry Gflavor that prohibits the Yukawa operators Oλf

in the unbroken limit. The
SSM Yukawa couplings are then generated through breaking of Gflavor, which we assume to
be the origin of the observed Yukawa structure [113]. An important point is that among
the operators relevant to flavor violation, OZΦ,κΦ,ηΦ,λf ,ζf in Eqs. (4.10 – 4.12), Oζf are the
only operators that require bothGflavor breaking and supersymmetry breaking (see Table 4.1).
Therefore, if we assume that the theory possesses Gflavor, and that Gflavor and supersymmetry
are broken in different sectors of the theory that do not directly communicate with each other,
a framework which we call remote flavor-supersymmetry breaking, then the operators Oζf

are absent.
In the present framework, the Yukawa couplings are generated through breaking ofGflavor.

Assuming that the breaking is caused by the VEV of a chiral superfield φ, the relevant
operators are written schematically as

L ≈
∫

d2θ
∑

i,j

(

φ

M∗

)(nf )ij

ΦLiΦRjH + h.c., (4.40)

where M∗ is the (effective) cutoff scale and (nf )ij are integers. In general, these operators
could generate dangerous scalar trilinear interactions through supersymmetry breaking. Here
we assume that they do not generate significant scalar trilinear interactions. The conditions
under which this is indeed the case are discussed in Appendix A.2 for the general case that
Gflavor is broken by the VEVs of several fields φm (m = 1, 2, · · ·).

A symmetry group Gflavor needs to be chosen to avoid all the low energy flavor and CP
violating constraints. Suppose that Gflavor were a simple U(1) symmetry, whose breaking
controls the size of the Yukawa couplings. In this case the Cabibbo angle, θC , would be
reproduced by the difference of the U(1) charges of Q1 and Q2, qQ1

and qQ2
, as sin θC ≈

ǫqQ1
−qQ2 , where ǫ is the dimensionless U(1) breaking parameter normalized to have a charge

of −1, and qQ1
> qQ2

. This, however, would lead to too large flavor violation in OκQ
,
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Figure 4.3: The schematic picture of a remote flavor-supersymmetry breaking theory with
Gflavor being a sufficiently large subgroup of SU(3)5. Here, we have depicted only operators
relevant for the analysis.

giving (δdLL)12 ≈ (δdLL)21 ≈ O(ǫqQ1
−qQ2 ) ≈ O(sin θC), which needs to be smaller than of

order 10−2(mC/600 GeV) to avoid the bound from ǫK . (Here we have assumed η2
A ≈ κΦ

and a generic Yukawa structure.) Similar conflicts between the Yukawa structure and flavor
violating processes also arise in other places. One possibility of avoiding these bounds is to
consider more elaborate Abelian charge assignments, for example, underGflavor = U(1)×U(1)
(see e.g. [32]). Another, perhaps simpler, approach is to consider a non-Abelian Gflavor

symmetry under which (at least) the first two generations of quarks and leptons having the
same standard model gauge quantum numbers are in a single Gflavor multiplet. This makes
the relevant coefficients of OκΦ

proportional to the unit matrix, significantly reducing the
problem.

Note that flavor violation in this framework can come mainly from the operators OZΦ

(in the Gflavor symmetric field basis). Consider that Gflavor is a sufficiently large subgroup of
SU(3)5 = SU(3)Q×SU(3)U ×SU(3)D ×SU(3)L×SU(3)E so that all the three generations
are treated equally under Gflavor. In this case the sector breaking supersymmetry generates
the operators OκΦ

and OηΦ , but they are completely flavor universal:

(κΦ)ij ∝ δij , (ηΦ)ij ∝ δij . (4.41)

Flavor violation, however, still arises at MF because the operators OZΦ
receive flavor nonuni-

versal contributions from the sector breaking Gflavor:

(ZΦ)ij ∝6 δij . (4.42)

This situation is depicted schematically in Fig. 4.3. The scalar squared masses and trilinear
interactions in the basis where the fields are canonically normalized are, therefore, flavor
nonuniversal at MF .

A simple way of realizing the present framework is to consider higher dimensional theories
in which the bulk flavor symmetry Gflavor and supersymmetry are broken on separate branes.
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Note that Gflavor can be broken on multiple branes, which could help address the issue of
vacuum alignment, depending on Gflavor and its breaking pattern. If the relevant extra
dimension is warped [114], Gflavor and supersymmetry can be broken at the ultraviolet and
infrared branes, respectively. Through the AdS/CFT correspondence, these theories have
a 4D interpretation that supersymmetry is dynamically broken by strong gauge dynamics
that have an approximate flavor symmetry. Exchanging the locations of supersymmetry and
flavor breaking is also an interesting possibility, which corresponds to 4D theories in which
nontrivial flavor structures arise dynamically at low energies.

4.3.4 Framework III — Charged supersymmetry breaking

The final framework we consider is one in which X carries a nontrivial charge of some
symmetry, so that the operators Oζf are forbidden. (We assume that the Yukawa couplings,
Oλf

, are allowed.) This symmetry should have anomalies with respect to the standard model
gauge group so that the gaugino mass operators OλA

can be written. (For an example of
this class of models, see [33].) An immediate consequence of this framework, which we call
charged supersymmetry breaking, is that the operators OηH

and OηΦ are also forbidden. This
class of theories, therefore, has vanishing scalar trilinear interactions at the scale M .10

The operator Oµ, which leads to the µ parameter, may or may not be forbidden, depend-
ing on the charge assignments of X and H . An interesting point is that once we choose the
charge assignment such that Oµ is allowed, Ob is always forbidden. Assuming that the grav-
itino mass is small, m3/2 ≪ mC,N, this implies that |b| ≪ |µ|2, solving the supersymmetric
CP problem associated with the Higgs sector. In the case where Oµ is not allowed, the µ
and b parameters can be generated from OSUGRA, as long as m3/2 is of order the weak scale.

The framework of charged supersymmetry breaking is compatible with many theories of
flavor, including theories with extra dimensions or flavor symmetries. For example, it can
be combined with the framework described in the previous subsection. This will prohibit
the operators OηH ,ηΦ, which would otherwise be there. Another interesting way of obtaining
the Yukawa hierarchy in this framework is to generate it at lower energies by some strong
gauge dynamics [85]. This generates large anomalous dimensions for Φ, and, after canon-
ically normalizing fields, the Yukawa and supersymmetry breaking parameters develop a
hierarchy. Note that unlike Higgsphobic or remote flavor-supersymmetry breaking, charged
supersymmetry breaking guarantees that the scalar trilinear interactions vanish at M , which
is necessary to prevent reintroducing the superpotential flavor problem in models of the type
given in Ref. [85] (although the problem may be avoided by making the gauginos much
heavier than the scalars, as discussed in (iii) in section 4.3.1). In these theories, the scale
for supersymmetry breaking mediation can be high to naturally preserve gauge coupling

10It is possible that the mechanism generating OλA
, ≈

∫

d2θ (lnX)WAαWA
α + h.c., also generates other

operators, e.g. OηH
and OηΦ

of the form
∫

d4θ ln(X†X)H†H and
∫

d4θ ln(X†X)Φ†
iΦj +h.c., with the similar

size. In the minimal case such as one in Ref. [33], OλA
are generated by gauge mediation and the other

operators are suppressed (except for OκΦ
with (κΦ)ij ∝ (ZΦ)ij). The scales of MA and other supersymmetry

breaking masses are of the same order for 〈X〉 ≈ g2
AM/16π2. We here assume that these are the case.
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unification, e.g. M >∼Munif , while the scale of flavor physics, MF , can be much lower as long
as the mechanism generating the Yukawa structure does not introduce large relative running
between the standard model gauge couplings. In these models, the scale of flavor physics
can be as low as 10 – 100 TeV.

4.4 Superparticle Spectra and Low Energy Constraints

In the previous section we have presented three classes of theories in which Oζf are nat-
urally suppressed. This, however, is not sufficient to avoid all the flavor and CP constraints
while keeping superparticles light. The constraints from general left-right sfermion prop-
agation discussed in section 4.2.4, as well as those from left-left and right-right sfermion
propagation, must still be addressed. The strongest constraints on left-left and right-right
sfermion propagation arise from ǫK and the µ→ eγ process, giving

√

|Im(δdLL/RR)2
12| <∼ 1 × 10−2

(

mC

600 GeV

)

,
√

|Im(δdLL)12(δdRR)12| <∼ 2 × 10−4
(

mC

600 GeV

)

, (4.43)

|(δeLL)12| <∼ 6 × 10−4 10

tan β

(

mN

200 GeV

)2

,

|(δeRR)12| <∼ 3 × 10−3 10

tanβ

(

mN

200 GeV

)2

. (4.44)

Here, the bounds are obtained conservatively by scanning the ratios of the superparticle
masses in the same range as that leading to Eqs. (4.23 – 4.26) (see e.g. [20]).11 The bounds
from ǫK are obtained from the conservative requirement that the supersymmetric contribu-
tion does not exceed the experimental value of |ǫK,exp| ≃ 2.23 × 10−3 [115]. The µ → eγ
process also leads to the bounds on |(δνLL)ij|, which provide similar constraints on the pa-
rameters as the bound on |(δeLL)12| in factorized flavor theories considered below.

In this section we perform general analyses on flavor and CP constraints in the classes of
theories discussed in section 4.3, assuming that the Yukawa structure coefficients Efij factorize.
This is possible because the supersymmetry breaking parameters follow a definite pattern in
each class of theories, which, up to O(1) coefficients, is described by a few free parameters.

4.4.1 Factorized flavor structure

In many of the theories discussed in section 4.3, the Yukawa structure coefficients Efij
take a factorized form: Euij = ǫQi

ǫUj
, Edij = ǫQi

ǫDj
and Eeij = ǫLi

ǫEj
, where ǫΦ1

≤ ǫΦ2
≤ ǫΦ3

11Here, we have also scanned the region 0.3 α1/α2 <∼ M2
1 /M2

2
<∼ 3 α1/α2 and 1 <∼ µ2/m2

N
<∼ 16, and

required that 10% of the region evades the experimental constraints. If we change these conditions, the
bounds would change by a factor of a few, but our conclusions would be unaffected.
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without loss of generality. The Yukawa couplings, Eq. (4.18), are then given by

(yu)ij ≈ ỹ ǫQi
ǫUj
, (yd)ij ≈ ỹ ǫQi

ǫDj
, (ye)ij ≈ ỹ ǫLi

ǫEj
. (4.45)

In fact, this factorization generically appears in models with Abelian flavor symmetries and
those with extra dimensions. Models with non-Abelian symmetries may also obey this, for
example, if the SU(3)Φ symmetry is broken by three spurions, ≈ (0, 0, ǫΦ3

), (0, ǫΦ2
, ǫΦ2

), and
(ǫΦ1

, ǫΦ1
, ǫΦ1

) for each Φ = Q,U,D, L,E. The Yukawa couplings of Eq. (4.45) lead to the
following quark and lepton masses and mixings

(mt, mc, mu) ≈ ỹ 〈Hu〉 (ǫQ3
ǫU3
, ǫQ2

ǫU2
, ǫQ1

ǫU1
),

(mb, ms, md) ≈ ỹ 〈Hd〉 (ǫQ3
ǫD3

, ǫQ2
ǫD2

, ǫQ1
ǫD1

),
(mτ , mµ, me) ≈ ỹ 〈Hd〉 (ǫL3

ǫE3
, ǫL2

ǫE2
, ǫL1

ǫE1
),

(mντ , mνµ, mνe) ≈ ỹ2〈Hu〉2
MN

(ǫ2L3
, ǫ2L2

, ǫ2L1
),

(4.46)

and

VCKM ≈







1 ǫQ1
/ǫQ2

ǫQ1
/ǫQ3

ǫQ1
/ǫQ2

1 ǫQ2
/ǫQ3

ǫQ1
/ǫQ3

ǫQ2
/ǫQ3

1





 ,

VMNS ≈







1 ǫL1
/ǫL2

ǫL1
/ǫL3

ǫL1
/ǫL2

1 ǫL2
/ǫL3

ǫL1
/ǫL3

ǫL2
/ǫL3

1





 , (4.47)

where we have included the neutrino masses through the seesaw mechanism with the right-
handed neutrino Majorana masses W ≈MN ǫNi

ǫNj
NiNj , and VCKM and VMNS are the quark

and lepton mixing matrices, respectively.
The values of the ǫ parameters are constrained by the observed quark and lepton masses

and mixings through Eqs. (4.46, 4.47). They may also be constrained by possible grand
unification. In the analysis of this section we use the following values for ǫΦi

, inferred from
the quark and lepton masses and mixing run up to the unification scale [116]:

ǫQ1
≈ 0.003 ỹ−

1

2αq, ǫU1
≈ 0.001 ỹ−

1

2α−1
q , ǫD1

≈ 0.002 ỹ−
1

2α−1
q tanβ,

ǫQ2
≈ 0.03 ỹ−

1

2αq, ǫU2
≈ 0.04 ỹ−

1

2α−1
q , ǫD2

≈ 0.004 ỹ−
1

2α−1
q tanβ,

ǫQ3
≈ 0.7 ỹ−

1

2αq, ǫU3
≈ 0.7 ỹ−

1

2α−1
q , ǫD3

≈ 0.01 ỹ−
1

2α−1
q tan β,

(4.48)

ǫL1
≈ 0.002 ỹ−

1

2αl tanβ, ǫE1
≈ 0.001 ỹ−

1

2α−1
l ,

ǫL2
≈ 0.008 ỹ−

1

2αl tanβ, ǫE2
≈ 0.04 ỹ−

1

2α−1
l ,

ǫL3
≈ 0.01 ỹ−

1

2αl tan β, ǫE3
≈ 0.7 ỹ−

1

2α−1
l ,

(4.49)

where αq,l are numbers parameterizing the freedoms unfixed by the data. We have chosen
αq,l so that SU(5) grand unified relations, ǫQi

= ǫUi
= ǫEi

and ǫDi
= ǫLi

, are almost satisfied
with αq = αl = 1. Note that the precise numbers in Eqs. (4.48, 4.49) are not very important
because of unknown O(1) coefficients in the expressions of the quark and lepton masses and
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mixings as well as the bounds from low energy flavor and CP violation. In addition, while
we have used the data at MF ≃ Munif , using a lower value of MF would not qualitatively
change the results, as it would only change the numbers in Eqs. (4.48, 4.49) by additional
O(1) factors.

4.4.2 Higgsphobic supersymmetry breaking

Higgsphobic supersymmetry breaking theories discussed in section 4.3.2 give the following
pattern for the flavor supersymmetry breaking parameters at MF :

(m2
Φ)ij ≈ {ǫΦi

ǫΦj
+ (η†ΦηΦ)ij + ∆Φ

ij}m2
S, (4.50)

(af )ij ≈ {(yf)kj(ηΦL
)ki + (yf)ik(ηΦR

)kj}mS, (4.51)

where we have suppressed flavor universal contributions as well as a possible difference be-
tween the colored and non-colored superparticle mass scales. Here, mS is the characteristic
scale for supersymmetry breaking parameters, (ηΦ)ij ≈ ǫΦi

ǫΦj
are complex 3×3 matrices, and

∆Φ
ij parameterize flavor violating effects arising from bulk loops in higher dimensional theories

discussed in section 4.3.2. In flat space models, we typically find ∆Φ
ii
<∼ g2/16π2 ≈ O(10−2)

because they arise from bulk gauge loops, where g represents the standard model gauge cou-
plings. The off-diagonal components are smaller, ∆Φ

ij(i 6= j) ≪ ∆Φ
ii, since they arise through

brane-localized terms which are volume suppressed. On the other hand, in warped space
models where H and X are in the infrared region, we expect ∆Φ

ij
<∼ ǫΦi

ǫΦj
, since in the dual

4D picture any couplings of a matter field to H and X, including flavor violating loops in
higher dimensions, are controlled by the anomalous dimension of the corresponding strong
dynamics operator, which provides a factor ǫΦi

for each Φi.
12

The pattern of Eqs. (4.50, 4.51) is essentially the one discussed in Ref. [15] (for ∆Φ
ij
<∼

ǫΦi
ǫΦj

). The left-left and right-right mass insertion parameters generated by Eq. (4.50) are

(δuLL)ij ≈
{

(1 + ǫ2Q3
)ǫQi

ǫQj
+ (∆Q

i − ∆Q
j )
ǫQi

ǫQj

}

m2
S

m2
C

, (δuRR)ij ≈ (δuLL)ij
∣

∣

∣

Q→U
, (4.52)

(δdLL)ij ≈
{

(1 + ǫ2Q3
)ǫQi

ǫQj
+ (∆Q

i − ∆Q
j )
ǫQi

ǫQj

}

m2
S

m2
C

, (δdRR)ij ≈ (δdLL)ij
∣

∣

∣

Q→D
, (4.53)

(δeLL)ij ≈
{

(1 + ǫ2L3
)ǫLi

ǫLj
+ (∆L

i − ∆L
j )
ǫLi

ǫLj

}

m2
S

m2
N

, (δeRR)ij ≈ (δeLL)ij
∣

∣

∣

L→E
, (4.54)

for i < j, and (δfLL)ij ≈ (δfLL)ji and (δfRR)ij ≈ (δfRR)ji. Here, we have retained only the
diagonal components of ∆Φ

ij , ∆Φ
i ≡ ∆Φ

ii, which is justified in most models, as discussed

12In these warped space models, the gaugino masses MA are likely to be somewhat suppressed compared
with mS, and a flavor universal contribution to the scalar squared masses at MF , δm2

Φ|univ <∼ M2
A, is also

expected. Using naive dimensional analysis in the dual 4D picture, we find MA ≈ g2
A(N/16π2)3/4mS/ỹ1/2,

where N is the size of the strongly coupled sector yielding H and X . This does not significantly affect the
analysis below in some parameter region, although the top squarks may be somewhat heavy in these theories.
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above. The left-right mass insertion parameters given by Eq. (4.51) are

(δuLR)ij = (δuRL)∗ji ≈ ǫQi
ǫUj

(ǫ2Qj
+ ǫ2Ui

)
v sin β

mC
, (4.55)

(δdLR)ij = (δdRL)∗ji ≈ ǫQi
ǫDj

(ǫ2Qj
+ ǫ2Di

)
v cosβ

mC
, (4.56)

(δeLR)ij = (δeRL)∗ji ≈ ǫLi
ǫEj

(ǫ2Lj
+ ǫ2Ei

)
v cosβ

mN
, (4.57)

where we have assumed that the renormalization group effect makes mS → mC and mN in
the scalar trilinear interactions for colored and non-colored superparticles, respectively. Note
that we have suppressed all the subleading terms as well as O(1) coefficients in Eqs. (4.52 –
4.57).

One finds that (δfLR)ij in Eqs. (4.55 – 4.57) are typically much smaller than those in
Eq. (4.21) with aC,N ≈ mC,N for i, j = 1, 2, so that the left-right flavor violation caused by
this source is small. For the multiple mass insertion diagrams discussed in section 4.2.4, we
find that the effective mass insertion parameters of Eq. (4.39) for i, j = 1, 2 are given in
terms of

dfij ≈ max

{

(ǫ2ΦLj
+ ǫ2ΦR3

)∆̂ΦL
i3

cdm
2
S

m2
C,N

, (ǫ2ΦL3
+ ǫ2ΦRi

)∆̂ΦR
3j

cdm
2
S

m2
C,N

,

∆̂ΦL
i3 ∆̂ΦR

3j

ctỹ mCm
4
S t

m5
C,N

, (ǫ2ΦL3
+ ǫ2ΦRi

)(ǫ2ΦLj
+ ǫ2ΦR3

)ǫ2ΦL3
ǫ2ΦR3

ctỹ v
2mC

m3
C,N t

}

, (4.58)

as

(δfLR,eff)ij ≈ ǫΦLi
ǫΦRj

v

mC,N t
max

{

dfij, ∆̂ΦL
ij

cdỹ mCm
2
S t

m3
C,N

, ∆̂ΦR
ij

cdỹ mCm
2
S t

m3
C,N

}

, (i 6= j),

(4.59)
and

(δfLR,eff)ii ≈ ǫΦLi
ǫΦRi

v

mC,N t
dfii. (4.60)

Here,

∆̂ΦL

ij ≡ (∆ΦL

i − ∆ΦL

j ) θL + ǫ2ΦLj
, θL =

{

1 for i < j
ǫ2ΦLj

/ǫ2ΦLi
for i > j

, (4.61)

∆̂ΦR
ij ≡ (∆ΦR

i − ∆ΦR
j ) θR + ǫ2ΦRi

, θR =

{

ǫ2ΦRi
/ǫ2ΦRj

for i < j

1 for i > j
, (4.62)

(ΦL,ΦR, mC,N, t) = (Q,U,mC, 1), (Q,D,mC, tanβ), (L,E,mN, tanβ) for f = u, d, e, and we

have assumed ǫΦ1
<∼ ǫΦ2

<∼ ǫΦ3
<∼ O(1), tanβ >∼ O(1), and µ ≈ mC. The values of (δfLR,eff)ij

above should be compared with the “naive” (δfLR)ij in Eq. (4.21) with aC,N ≈ mC,N:

(δfLR,naive)ij ≈ ǫΦLi
ǫΦRi

v

mC,N t
. (4.63)
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Using Eqs. (4.48, 4.49) and ∆Φ
i
<∼ max{g2/16π2, ǫ2Φi

}, and neglecting contributions suffi-

ciently smaller than (δfLR,naive)ij , the expressions of Eqs. (4.59, 4.60) for moderate tanβ ≈
O(10) and ỹ ≈ O(1) become

(δfLR,eff)ij ≈ (δfLR,naive)ij max

{

(yf)
2
33

cdm
2
S

ỹ2m2
C,N

, (yf)
2
33

ctmCm
4
S t

ỹ m5
C,N

, (yf)
4
33

ctv
2mC

ỹ3m3
C,N t

}

. (4.64)

(For larger ỹ, we have additional potentially relevant contributions of order
∆Φ
ijcdỹ mCm

2
St/m

3
C,N inside the curly brackets.) From this, we find that (δfLR,eff)ij can in

fact be smaller than (δfLR,naive)ij, so that the supersymmetric left-right flavor problem can

be solved. Natural values of (δfLR,eff)ij inferred from Eq. (4.64), however, are not very much

smaller than (δfLR,naive)ij (typically no more than an order of magnitude for f = e), so we
can still expect positive signatures in future search on flavor and CP violation, e.g. in EDM
experiments, in this class of theories. For larger tanβ, it becomes increasingly difficult to
obtain (δfLR,eff)ij ≪ (δfLR,naive)ij , so that very large tanβ, e.g. tan β >∼ 30, is disfavored.

We now consider constraints from left-left and right-right sfermion propagation. Using
Eqs. (4.48, 4.49) in Eqs. (4.53, 4.54), the bounds of Eqs. (4.43, 4.44) give

(∆Q
1 − ∆Q

2 ) + 9 × 10−4 α
2
q

ỹ
<∼ 0.1

(

mC

600 GeV

)

m2
C

m2
S

, (4.65)

(∆D
1 − ∆D

2 ) + 2 × 10−5 tan2β

ỹ α2
q

<∼ 2 × 10−2
(

mC

600 GeV

)

m2
C

m2
S

, (4.66)

{

(∆Q
1 − ∆Q

2 ) + 9 × 10−4 α
2
q

ỹ

}1/2 {

(∆D
1 − ∆D

2 ) + 2 × 10−5 tan2β

ỹ α2
q

}1/2

<∼

9 × 10−4
(

mC

600 GeV

)

m2
C

m2
S

, (4.67)

(∆L
1 − ∆L

2 ) + 6 × 10−5 α
2
l tan2β

ỹ
<∼ 2 × 10−3 10

tan β

(

mN

200 GeV

)2 m2
N

m2
S

, (4.68)

(∆E
1 − ∆E

2 ) + 2 × 10−3 1

ỹ α2
l

<∼ 0.1
10

tanβ

(

mN

200 GeV

)2 m2
N

m2
S

, (4.69)

where we have assumed ǫΦ3
<∼ O(1). While there is an O(1) coefficient omitted in front of

each term, we still find some tension in Eqs. (4.66, 4.67, 4.68). For mS ≈ mN ≈ mC/(2 – 4),
for example, these bounds require

1

ỹ α2
q

<∼ 102

(

10

tanβ

)2 (
mC

600 GeV

)

, (4.70)
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(∆Q
1 − ∆Q

2 )1/2

{

(∆D
1 − ∆D

2 ) + 2 × 10−5 tan2β

ỹ α2
q

}1/2

<∼ 10−2
(

mC

600 GeV

)

, (4.71)

(∆L
1 − ∆L

2 ) + 6 × 10−5 α
2
l tan2β

ỹ
<∼ 10−3 10

tanβ

(

mN

200 GeV

)2

, (4.72)

at the order of magnitude level. The conditions of Eqs. (4.70, 4.71) are satisfied in a wide
parameter region, while the condition of Eq. (4.72) requires

(∆L
1 − ∆L

2 ) <∼ 10−3 10

tan β

(

mN

200 GeV

)2

,
α2
l

ỹ
<∼ 0.1

(

10

tanβ

)3 (
mN

200 GeV

)2

, (4.73)

unless there is a strong cancellation. The first inequality leads to a tension in theories with
∆Φ
i ≈ g2/16π2 ≈ O(10−2), although it can be ameliorated by taking somewhat large mN, e.g.

mN >∼ 600 GeV(tanβ/10)1/2 or smaller tan β. On the other hand, theories with ∆Φ
i ≈ ǫ2Φi

have little tension, and taking somewhat small αl is enough to avoid the bounds. Note that
very large tanβ is, again, disfavored.

Finally, we discuss implications on the superparticle spectrum. The intergenerational
mass splittings between the sfermions are controlled by Eq. (4.50), leading to

|m2
Φi

−m2
Φj
| ≈ m2

S max{∆Φ
i,j, ǫ

2
Φi,j

}. (4.74)

In particular, this gives

|m2
τ̃R

−m2
µ̃R
| ≈ m2

S max{∆E
2 ,∆

E
3 , ǫ

2
E3
}, (4.75)

|m2
τ̃R

−m2
ẽR
| ≈ m2

S max{∆E
1 ,∆

E
3 , ǫ

2
E3
}, (4.76)

|m2
µ̃R

−m2
ẽR
| ≈ m2

S max{∆E
1 ,∆

E
2 , ǫ

2
E2
}, (4.77)

which can lead to O(1) fractional mass splittings between τ̃R and ẽR, µ̃R, and O(10−3–10−2)
fractional mass splitting between µ̃R and ẽR. The signs of the splittings are arbitrary, so that,
for example, τ̃R can be heavier than ẽR, µ̃R. Similar levels of intergenerational mass splittings
are also possible for other sfermions, although for squarks, splittings will be somewhat diluted
by large flavor universal renormalization effects by a factor of order m2

S/m
2
C.

4.4.3 Remote flavor-supersymmetry breaking

The remote flavor-supersymmetry breaking scenario discussed in section 4.3.3 can give a
variety of patterns for the supersymmetry breaking parameters, depending on Gflavor and its
breaking. In general, Gflavor can be a product of a “3 generation,” “2 generation,” or “single
generation” symmetry acting on each Φ = Q,U,D, L,E. The first class corresponds to (a
sufficiently large subgroup of) SU(3) acting on three generations (Φ1,Φ2,Φ3), the second to
(a sufficiently large subgroup of) SU(2) acting on the first two generations (Φ1,Φ2), and the
third to products of U(1) symmetries.
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In the limit of unbroken Gflavor, the coefficients of the matter supersymmetry breaking
operators are given by

(κΦ)ij ≈ δijκ
Φ
i , (ηΦ)ij ≈ δijη

Φ
i , (4.78)

in the field basis where (ZΦ)ij = δij . Here, depending on the component of Gflavor acting on
Φi, the parameters κΦ

i and ηΦ
i exhibit the following pattern:

κΦ
1 = κΦ

2 = κΦ
3 , ηΦ

1 = ηΦ
2 = ηΦ

3 , for “3 generation” symmetry, (4.79)

κΦ
1 = κΦ

2 6= κΦ
3 , ηΦ

1 = ηΦ
2 6= ηΦ

3 , for “2 generation” symmetry, (4.80)

κΦ
1 6= κΦ

2 6= κΦ
3 , ηΦ

1 6= ηΦ
2 6= ηΦ

3 , for “single generation” symmetry. (4.81)

In any of these theories, our framework provides a solution to the superpotential problem.
To see if all the constraints are avoided, we also need to study effects coming from Gflavor

violation.
We now focus on the case where Gflavor contains a “3 generation” symmetry for each

Φ = Q,U,D, L,E, e.g. Gflavor = SU(3)5. We also assume that Gflavor is broken by three
spurions, ≈ (0, 0, ǫΦ3

), (0, ǫΦ2
, ǫΦ2

), and (ǫΦ1
, ǫΦ1

, ǫΦ1
) for each Φ = Q,U,D, L,E, which

guarantees that Efij take a factorized form. The operator coefficients at MF in the field basis
that naturally realizes Gflavor are then given by

(ZΦ)ij ≈ δij + γ ǫΦi
ǫΦj

, (κΦ)ij ≈ δij + (D-term), (ηΦ)ij ≈ δij , (4.82)

where we have omitted O(1) coefficients that appear in each (i, j)-element of the second term
of (ZΦ)ij, in front of the first term of (κΦ)ij, and in front of the expression for (ηΦ)ij. Here, γ
parameterizes the strength of the Gflavor breaking effect, which is suppressed by the volume
of the extra dimensions in a higher dimensional realization of the scenario. (If the matter
fields have nontrivial wavefunctions and/or Gflavor is broken on several different branes, γ can
depend on Φ, i, j.) The second term of (κΦ)ij , denoted as D-term, arises if Gflavor contains a
continuous gauge symmetry component (for MF

<∼ M), but it is absent if Gflavor is a global
or discrete symmetry.

After canonically normalizing fields, (ZΦ)ij = δij , Eq. (4.82) leads to the following oper-
ator coefficients:

(κΦ)ij ≈ δij(1 + γǫ2Φi
+ ∆Φ

i ), (ηΦ)ij ≈ δij(1 + γǫ2Φi
), (4.83)

where we have diagonalized (ZΦ)ij of Eq. (4.82) and then rescaled fields so that the (ZΦ)ij
become δij. Here, the third term of (κΦ)ij parameterizes the possible D-term contribution
(which is always flavor diagonal in this basis). This contribution arises when a continuous
gauged Gflavor symmetry is broken by the VEVs of fields φm (m = 1, 2, · · ·) which have
supersymmetry breaking masses [117]. For example, if Gflavor is broken by φ1 and φ2 whose
transformation properties under Gflavor is opposite, a D-term contribution of order m2

φ1
−

m2
φ2

generically arises, where m2
φm

represents the supersymmetry breaking mass squared
of φm. While the D-term contribution is generically dangerous in theories with a gauged
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flavor symmetry, in the present framework the supersymmetry breaking masses of φm are
suppressed because of the separation between Gflavor and supersymmetry breaking, so that
the resulting D-term contribution ∆Φ

i is also suppressed. (This was observed in Ref. [118]
in theories with Gflavor = U(1).) The contribution is typically suppressed by a loop factor,
as well as by powers of the ratio of the compactification scale, Mc, to the (effective) cutoff
scale, M∗, in theories with extra dimensions. We therefore expect ∆Φ

i ≈ (Mc/M∗)
n/16π2 <∼

O(10−2), where n is a model-dependent integer which can in general depend on Φ and i.13

Note that in the field basis leading to Eq. (4.83) the Yukawa couplings are still given by
Eq. (4.45). The left-left and right-right mass insertion parameters are then given by

(δuLL)ij ≈
{

γ(1 + γǫ2Q3
)ǫQi

ǫQj
+ (∆Q

i − ∆Q
j )
ǫQi

ǫQj

}

m2
S

m2
C

, (δuRR)ij ≈ (δuLL)ij
∣

∣

∣

Q→U
,(4.84)

(δdLL)ij ≈
{

γ(1 + γǫ2Q3
)ǫQi

ǫQj
+ (∆Q

i − ∆Q
j )
ǫQi

ǫQj

}

m2
S

m2
C

, (δdRR)ij ≈ (δdLL)ij
∣

∣

∣

Q→D
,(4.85)

(δeLL)ij ≈
{

γ(1 + γǫ2L3
)ǫLi

ǫLj
+ (∆L

i − ∆L
j )
ǫLi

ǫLj

}

m2
S

m2
N

, (δeRR)ij ≈ (δeLL)ij
∣

∣

∣

L→E
,(4.86)

for i < j, and (δfLL)ij ≈ (δfLL)ji and (δfRR)ij ≈ (δfRR)ji. The flavor and CP violating left-right
mass insertion parameters are given by

(δuLR)ij = (δuRL)∗ji ≈ γǫQi
ǫUj

(ǫ2Qj
+ ǫ2Ui

)
v sin β

mC

, (4.87)

(δdLR)ij = (δdRL)∗ji ≈ γǫQi
ǫDj

(ǫ2Qj
+ ǫ2Di

)
v cosβ

mC
, (4.88)

(δeLR)ij = (δeRL)∗ji ≈ γǫLi
ǫEj

(ǫ2Lj
+ ǫ2Ei

)
v cosβ

mN
. (4.89)

We find that the mass insertion parameters of Eqs. (4.84 – 4.89) take the same form as
those of Eqs. (4.52 – 4.57) for γ = 1, although the origins of ∆Φ

i are different. Since γ is
expected to be smaller than 1, the present class of theories is at least as safe as Higgsphobic
theories with ∆Φ

i ≈ O(10−2) from the flavor and CP violation point of view. Moreover,
since we expect ∆Φ

i < O(10−2) in most cases due to power suppressions of (Mc/M∗)
n, the

low energy constraints from flavor and CP violation generically give little tension with the
LHC observability in the present class of theories.

The intergenerational mass splittings between sfermions have a similar formula to the
Higgsphobic case:

|m2
Φi

−m2
Φj
| ≈ m2

S max{∆Φ
i,j, γǫ

2
Φi,j

}. (4.90)

In particular, the right-handed sleptons have the splittings

|m2
τ̃R

−m2
µ̃R
| ≈ m2

S max{∆E
2 ,∆

E
3 , γǫ

2
E3
}, (4.91)

13If different φm have different renormalizable interactions of order λ, ∆Φ
i ≈ (λ2/16π2)2(m3/2/mS)

2 can
be generated through anomaly mediation. This contribution is typically of order 10−4 or smaller.
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|m2
τ̃R

−m2
ẽR
| ≈ m2

S max{∆E
1 ,∆

E
3 , γǫ

2
E3
}, (4.92)

|m2
µ̃R

−m2
ẽR
| ≈ m2

S max{∆E
1 ,∆

E
2 , γǫ

2
E2
}. (4.93)

The size of the splittings depends on the details of the theory, specifically the size of ∆E
i and

γ. We expect that the fractional mass splittings between τ̃R and ẽR, µ̃R and between µ̃R and
ẽR are at most of O(1) and O(10−2), respectively, and typically smaller by at least a factor
of a few because of the suppression by γ and (Mc/M∗)

n.
In the above analysis, we have focused on the case that Gflavor is the product of five

“3 generation” symmetries acting on Q,U,D, L,E. Similar analyses, however, can also be
performed in the case where (some of) Q,U,D, L,E have only “2 generation” or “single
generation” symmetries. In particular, in the case of a “2 generation” symmetry, we expect
that the conclusion on flavor and CP violation does not change because the constraints from
the processes involving the third generation particles are weak. The fractional mass splittings
between the third and first two generation sfermions in this case are expected to be of O(1),
without a suppression from γ or (Mc/M∗)

n. In the case of a “single generation” symmetry,
model by model analyses are needed. We expect, however, that the model can avoid the
constraints if it involves “single generation” symmetries only for some Φ. For example, we
can consider only E has a “single generation” symmetry while the rest have “3 generation”
symmetries, e.g. Gflavor = SU(3)Q × SU(3)U × SU(3)D × SU(3)L × U(1)E . In this case the
fractional mass splittings between τ̃R and µ̃R and between µ̃R and ẽR are of the same order,
and presumably of O(1).

4.4.4 Charged supersymmetry breaking

If the supersymmetry breaking field is charged under some symmetry, the operators OηΦ

are forbidden. In fact, this charged supersymmetry breaking framework can be combined
with many flavor theories. To parameterize these wide classes of theories, we somewhat
arbitrarily take

(κΦ)ij ≈ δij + γǫΦi
ǫΦj

+ δij∆
Φ
i , (ηΦ)ij = 0, (4.94)

at the scale MF . This parameterization accommodates many theories of flavor, including
ones based on extra dimensions, strong dynamics, and “3 generation” flavor symmetries.
(In some of these theories, the flavor universal part, i.e. the first term, of (κΦ)ij is absent,
but this does not affect the analysis of flavor and CP violation.) This parameterization
needs to be modified appropriately for other types of theories, for example those based on
“2 generation” or “single generation” flavor symmetries.

The left-left and right-right mass insertion parameters generated by Eq. (4.94) are

(δuLL)ij ≈
{

γǫQi
ǫQj

+ (∆Q
i − ∆Q

j )
ǫQi

ǫQj

}

m2
S

m2
C

, (δuRR)ij ≈ (δuLL)ij
∣

∣

∣

Q→U
, (4.95)

(δdLL)ij ≈
{

γǫQi
ǫQj

+ (∆Q
i − ∆Q

j )
ǫQi

ǫQj

}

m2
S

m2
C

, (δdRR)ij ≈ (δdLL)ij
∣

∣

∣

Q→D
, (4.96)
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(δeLL)ij ≈
{

γǫLi
ǫLj

+ (∆L
i − ∆L

j )
ǫLi

ǫLj

}

m2
S

m2
N

, (δeRR)ij ≈ (δeLL)ij
∣

∣

∣

L→E
, (4.97)

for i < j, and (δfLL)ij ≈ (δfLL)ji and (δfRR)ij ≈ (δfRR)ji, while the flavor and CP violating
left-right mass insertion parameters are

(δfLR)ij = (δfRL)∗ji ≈ 0. (4.98)

The constraints from low energy flavor and CP violation are obviously not stronger than
in the classes of theories discussed in the previous two subsections for the same values of γ
and ∆Φ

i . Note that while the flavor and CP violating left-right mass insertion parameters
are vanishing (up to the higher order effects from the Yukawa couplings), we still have
flavor and CP violating effects generated by multiple mass insertion diagrams through the
flavor universal part of (δfLR)ij and through flavor and CP violating (δfLL,RR)ij . Nontrivial
flavor and CP violation, therefore, can still be discovered in future experiments such as ones
in [101, 102, 103, 104, 105, 106, 107, 108, 109].

The intergenerational mass splittings between sfermions are given by the formula in
Eq. (4.90). The size of the splittings is controlled by the parameters γ and ∆Φ

i , which are
model dependent. In many models, γ <∼ O(1) and ∆Φ

i
<∼ O(10−2). We can, however, still

expect that a variety of patterns for the intergenerational mass splittings can be obtained in
this framework.

4.5 Probing the Origin of Flavor at the LHC

We have seen that supersymmetry with a flavorful spectrum is consistent with bounds
from low energy flavor and CP violating processes in a wide variety of models where the
superpotential flavor problem is solved. Furthermore, the spectrum in these models can
easily be light enough that it will have a substantial production cross section at the LHC.
While it appears that the deviation from flavor universality is small, especially in the first
two generations, the splittings are large enough that they can be significant at the LHC.
Consider the right-handed sleptons, which from the structure of the SSM renormalization
group equations are expected to be the lightest sfermions. If flavor nonuniversality comes
only from renormalization group evolution, then the fractional mass splitting between ẽR
and µ̃R is controlled by the muon Yukawa coupling, and is expected to be of O(10−4) for
tan β ≈ O(10). On the other hand, the analysis in section 4.4 shows that the fractional mass
splitting from the contribution at MF can be easily of O(10−2). The splittings between τ̃R
and ẽR, µ̃R will also be larger than the renormalization group prediction in the moderate tanβ
regime. Furthermore, the contribution from renormalization group flow has a definite sign,
with the mass ordering of the superparticles being anticorrelated with that of the standard
model particles, i.e. mτ̃R < mµ̃R

< mẽR
. On the other hand, the contributions considered

in section 4.4 could be positive or negative, and could thus produce a spectrum which is
unambiguously different from flavor universality.
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An interesting possibility considered in Refs. [15, 32] is the case where the lightest super-
symmetric particle (LSP) is the gravitino, and the next-to-lightest supersymmetric particle
(NLSP) is one of the right-handed sleptons. In the case where the supersymmetry breaking
scale is large, i.e. M is large, the lifetime of the NLSP is long enough that it escapes the
detector. A slepton NLSP will then appear as a heavy charged stable particle, something
quite spectacular at the LHC. (Here we consider the case where R parity is conserved so that
decay of the NLSP into only standard model particles is forbidden.) Furthermore, the LHC
will usually produce squarks or gluinos, so NLSPs will generally be produced after a chain
of decays. This cascade decay must produce a slepton in conjunction with a lepton, and
because the NLSP is right-handed, the coupling to neutrinos is strongly suppressed. There-
fore, NLSPs will be produced mostly with charged leptons that can be used to measure the
flavor content of the NLSP.

If we could observe the decay of the NLSP, we could measure the flavor content of the
NLSP more easily. In particular, we could precisely determine, by observation of flavor
violating decays, if the flavor eigenbasis differs from the mass eigenbasis for the sleptons.
Flavorful models including those discussed in section 4.3 generically have this property, so
this is an interesting test of intrinsic flavor nonuniversality. One way to measure decays
of long-lived NLSP sleptons is to build a stopper detector outside one of the main LHC
detectors, which would stop some of the NLSPs and measure their decays [26]. If the NLSP
has a sufficiently long lifetime and a large number of decays are observed in a stopper
detector, then the flavor composition of the NLSP can be measured very accurately.

While the scenario with a weak scale gravitino LSP has an NLSP with lifetime much
longer than the flight time in the detector, the scenario can be extended to a much lighter
gravitino LSP or another extremely weakly interacting particle, such as the axino. In fact,
if the NLSP has a lifetime of order cτ ≈ O(100 µm–10 m), then there is a clean signal of
a non-minimum ionizing track with a kink that turns into a minimum ionizing track [119].
Furthermore, an ATLAS study with the NLSP decaying to photons showed that a substantial
number of decays can be measured if cτ <∼ 100 km [22], so it is conceivable that the decay
of an NLSP can be observed in the detector for a large range of NLSP lifetimes. This kind
of measurement would allow us to study the decays of the NLSP and gain knowledge on its
flavor content.

We now focus on the case where the lightest neutralino is lighter than all of the right-
handed sleptons, although the analysis also applies if all the superparticles promptly decay
to a different particle which escapes the detector. In this case, the events are similar to
well studied supersymmetric missing energy events, but many interesting studies of flavor
violation can still be done. For example, if mτ̃R > mχ0

2
> mẽR,µ̃R

, a natural spectrum in
the models of section 4.3 given the O(1) mass splitting of the τ̃R from the other sleptons,
then the detectors can measure a fractional mass splitting between ẽR and µ̃R as small as
O(10−4) [120]. This may help discriminate different classes of theories discussed in section 4.3.
These and other studies could be performed not only in the right-handed slepton sector, but
also with squarks and left-handed sleptons, which may determine whether the different SSM
fields transform under different classes of flavor symmetries, as discussed in section 4.4.3.
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With a little luck, the LHC could discover a smoking gun for intrinsic flavor nonuniversal
effects in the supersymmetry breaking sector, which may hint at the high energy theory that
gives rise to the standard model flavor structure.

4.6 Discussion and Conclusions

The problem of excessive flavor and CP violation arising from generic weak scale super-
symmetry breaking parameters has been a guiding principle in searching for viable super-
symmetric theories. In particular, this has been a strong motivation behind the search for
flavor universal mediation mechanisms of supersymmetry breaking. On the other hand, the
puzzle of flavor already exists in the standard model, and it is possible that the mechanism
producing the observed Yukawa structure is also responsible for the suppression of possibly
large flavor and CP violation in supersymmetric theories. How natural is this possibility? Is
there any generic tension between the constraints from low energy flavor and CP violation
and the observability of superparticles at the LHC, even if we take into account the possi-
bility of a correlation between the structures of the Yukawa couplings and supersymmetry
breaking parameters?

In this chapter we have studied, in a model independent way, the question of compatibility
between the low energy flavor and CP constraints and the observability of a nontrivial
flavor structure in superparticle spectra at the LHC. We have seen that there is a model
independent tension arising from the superpotential operators Oζf leading to scalar trilinear
interactions. In particular, the constraint from the µ→ eγ process pushes the mass scale for
non-colored superparticles mN relatively high. Under the assumption of a factorized flavor
structure, mN should be of order a TeV or larger for a natural size of Oζf . Assuming the
usual hierarchy between colored and non-colored superparticle masses, this pushes up the
masses of colored superparticles beyond several TeV, making supersymmetry unobservable
at the LHC. Similar, though somewhat weaker constraints also arise from the bounds on
the electron, neutron and mercury EDMs. In fact, these observables also constrain flavor
violation arising from other operators through multiple mass insertion diagrams.

We have discussed several ways in which these stringent constraints are naturally avoided.
They include relaxing the mass hierarchy between colored and non-colored superparticles,
making the fundamental strength of the Yukawa couplings strong, and making the gaugino
masses larger than the scalar masses. We have also presented simple frameworks in which
the dangerous operators Oζf are naturally absent. Since these operators are special, they can
be absent in the low energy effective theory. We have considered separating the Higgs and
supersymmetry breaking fields (Higgsphobic), separating supersymmetry and flavor sym-
metry breaking (remote flavor-supersymmetry breaking), and assigning a nontrivial charge
to the supersymmetry breaking field (charged supersymmetry breaking). These frameworks
can be combined with a variety of flavor theories, including ones with (flat or warped) extra
dimensions, strong dynamics, or flavor symmetries. In fact, we can consider many variations
of flavor models using the basic setups discussed in this chapter. The mediation scale of
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supersymmetry breaking, M , and the scale for flavor physics, MF , can vary by many orders
of magnitude in these theories.

We have performed detailed analyses on the constraints from low energy flavor and CP
violation in the frameworks described above. We have shown that the constraints, including
ones arising from multiple mass insertion diagrams and left-left and right-right sfermion
propagation, can be avoided in natural parameter regions while keeping the superparticles
light. Expected sizes of flavor and CP violation, however, are not too much smaller than the
current bounds, so signatures in future search on flavor and CP violation are not eliminated.
The intergenerational mass splittings among sfermions in these theories can show a variety
of patterns depending on the underlying mechanism responsible for the structure of the
Yukawa couplings. For example, if SSM multiplets belonging to different representations
of the standard model gauge group have different flavor symmetry structures, then it will
show up in the spectrum of superparticles. In general, it is significant that the spectrum of
superparticles contains information on left-handed and right-handed fields separately, while
the Yukawa couplings contain only “products” of them.

While the size of the fractional mass splittings directly generated by the physics of flavor
at MF is not necessarily very large, e.g. of O(10−2) or smaller for the first two generations,
they are large enough to significantly affect the phenomenology at the LHC. This is because
the intergenerational mass splittings generated by the standard SSM renormalization group
evolution are typically very small, so that additional mass splittings can give large effects
on the structure of the intergenerational superparticle spectrum. Moreover, because the
signs of the intergenerational mass splittings caused by effects at MF are arbitrary (at least
from the low energy effective field theory point of view), these additional splittings can
change the mass ordering among different generation sfermions. In particular, this can make
a third generation sfermion heavier than the corresponding first two generation sfermions,
which can drastically affect the signatures at the LHC. We find it very possible that the
intergenerational mass splittings of the size implied by the classes of theories discussed in
this chapter will be measured at the LHC.

The LHC will start running this year, and it is expected to give us meaningful data on
TeV scale physics as early as next year. If supersymmetry is found, it will not only provide
an explanation for the stability of the gauge hierarchy and a potential dark matter candidate,
but it will also allow for a substantial number of new flavor measurements. While there are
many viable supersymmetric models which are flavor universal, we have shown that there
are also many nonuniversal models which avoid the stringent low energy constraints. If
supersymmetry is in fact flavorful, then its discovery at the LHC could shed new light on
the longstanding mystery of the flavor pattern in the standard model.



81

Chapter 5

Dark Matter Signals From Cascade
Annihilations1

5.1 Introduction

Recent observations by PAMELA [13] and ATIC [14] strongly suggest a new primary
source of galactic electrons and positrons. Three leading interpretations of the PAMELA/
ATIC excesses are astrophysical sources [122], decay of dark matter [123], and annihilation
of dark matter [124, 125, 126, 127, 128]. While the current PAMELA/ATIC data cannot
distinguish between these possibilities, one expects that the correct scenario will ultimately
be determined with the help of complementary data from synchrotron, gamma ray, and
neutrino telescopes, as well as collider and direct detection experiments.

One piece of data that points toward an annihilation interpretation is the WMAP Haze
[129], an apparent excess of synchrotron radiation coming from the galactic center. Dark
matter annihilation into charged particles is uniquely positioned to explain the Haze [130,
131]. If n is the dark matter number density near the galactic center, then the synchrotron
signal for dark matter annihilation scales like n2, while the signal for dark matter decay
scales only as n. (Astrophysical signals also roughly scale like n.) Given the normalization
of the PAMELA/ATIC excess, the n2 scaling is favored to explain the size of the Haze
anomaly [132].

On the other hand, the same n2 versus n logic implies that the dark matter annihilation
interpretation is more strongly constrained by the absence of gamma ray or neutrino excesses
from the galactic center. While these constraints are dependent on the Milky Way dark
matter halo profile, there are already strong bounds on the annihilation interpretation for
strongly peaked halos [133, 134, 135, 136, 137]. Therefore, it is worth exploring dark matter
annihilation scenarios in detail to understand how robust the tension is between explaining
PAMELA/ATIC/Haze and satisfying other bounds.

1This chapter, as well as Appendix B, were co-written with Jeremy Mardon, Yasunori Nomura, and Jesse
Thaler and published in [121].
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Given the absence of anti-proton [138] or gamma ray [139, 140, 141] excesses, the dark
matter annihilation scenarios favored to explain PAMELA/ATIC involve annihilation into
electrons and muons. However, dark matter need not annihilate into leptons directly. There
are a variety of “cascade annihilation” models where dark matter annihilates into light
resonances which in turn decay into electrons or muons. These light resonances can lead
to nonperturbative enhancements [142, 143] of the dark matter annihilation rate in the
galactic halo, providing the large boost factors necessary to explain PAMELA/ATIC [124,
125, 126]. Also, annihilation into light fields gives a kinematic explanation for why dark
matter annihilation preferentially yields light leptons [131, 125, 126]. Previous studies of
cascade annihilation models appear in Refs. [127, 135].

In the present context, these cascade annihilation scenarios are interesting because they
have the potential to explain PAMELA/ATIC while weakening constraints from gamma
rays, as measured by atmospheric Cerenkov telescopes like H.E.S.S. [139, 140, 141]. The
reason is that gamma ray experiments are directly sensitive to the primary injection spectra,
and cascade annihilations yield softer and smaller injection spectra of gamma rays from final
state radiation (FSR). PAMELA/ATIC sees electrons and positrons through the filter of
charged cosmic ray transport, a process which introduces large uncertainties. Considering
also the uncertainties in the highest energy ATIC data, we find that softer spectra of primary
leptons can still explain the PAMELA/ATIC excesses.

For cascade annihilations that terminate in muons, there is also an irreducible source of
galactic neutrinos, which can be observed as an upward-going muon flux on earth, for exam-
ple, by water Cerenkov detectors like Super-Kamiokande (Super-K) [144]. While cascades
soften the neutrino spectrum, we will see that the final constraints from neutrinos are rather
insensitive to the number of cascade steps, and may provide the most robust bound on muon
cascade scenarios.

The organization of this chapter is as follows. In the next section, we define our frame-
work for analyzing signals of dark matter through cascade annihilations, with details of
the cascade energy spectra given in Appendix B.1. In Section 5.3, we find the best fit
dark matter masses and annihilation cross sections for various cascade scenarios given the
PAMELA/ATIC data. We consider H.E.S.S. gamma ray bounds from FSR in Section 5.4
and Super-K neutrino bounds in Section 5.5. In Section 5.6, we study a particular cascade
annihilation scenario called the axion portal [126], and present a less constrained “leptonic”
version in Appendix B.2. Conclusions are given in Section 5.7.

5.2 Cascade Annihilations

If dark matter is a thermal relic, then it will have at least one annihilation mode into
standard model fields, since in the early universe, the dark matter annihilation channels keep
dark matter in thermal equilibrium with the standard model until freezeout. However, dark
matter need not annihilate into standard model particles directly; it can annihilate into new
(unstable) resonances which in turn decay into standard model fields. As long as the new
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Figure 5.1: For an n-step cascade annihilation, dark matter χ annihilates into φnφn. The
cascade annihilation then occurs through φi+1 → φiφi (i = 1, · · · , n−1), and in the last stage,
φ1 decays into standard model particles. The figure represents the cases where φ1 → ℓ+ℓ−.

resonances are sufficiently broad, then dark matter will be in close enough thermal contact
with the standard model for a freezeout calculation to be valid.

These “cascade annihilations” can occur in one or more steps, as shown in Figure 5.1,
and there are a variety of motivations for such cascade scenarios. Since the direct coupling
between dark matter and the standard model can be small while still achieving the desired
thermal relic abundance, such models can have reduced direct detection cross sections com-
pared to generic weakly interacting massive particles (WIMPs) [145]. Cascade annihilations
can arise whenever new light resonances have large couplings to dark matter, such as in ex-
citing dark matter [146]. In the context of PAMELA/ATIC, there has been interest in using
light resonances to provide large enhancement to the galactic annihilation rate through the
Sommerfeld effect or bound state (WIMPonium) formation [124, 125, 126]. These light res-
onances can also explain the lepton-richness of dark matter annihilation through kinematic
thresholds [125, 126].

Cascade annihilations give softer primary spectra for the annihilation products than
direct annihilation. As reviewed in Appendix B.1, for (scalar) cascade annihilations involving
well-separated kinematic scales, the approximate primary spectra can be calculated using a
simple convolution formula. The energy spectra are conveniently parametrized in terms of
the energy fraction xn ≡ En/mDM, where En is the final state energy after the n-th step
of the cascade, and mDM is the dark matter mass. If dÑ/dx0 is the normalized primary
spectrum from direct annihilation, then the normalized primary spectrum from a 1-step
annihilation dÑ/dx1 is

dÑ

dx1
≈
∫ 1

x1

dx0

x0

dÑ

dx0
. (5.1)

This convolution formula can be iterated to obtain the normalized primary spectrum for an
n-step cascade scenario. Eq. (5.1) is also reasonably representative of non-scalar cascades,
since indirect detection measurements are unpolarized.



84

While cascade annihilations give softer spectra, they typically yield a higher multiplicity
of annihilation products. The final primary spectrum dN/dxn must take into account the
multiplicity of annihilation products per dark matter annihilation, and in a typical n-step
cascade, the final state multiplicity scales like 2n.

An important exception, however, is in cases involving singularities, where cascade an-
nihilations yield both a softer spectrum and a lower multiplicity. For example, FSR from
charged leptons has a collinear singularity that is regulated by the lepton mass. Integrating
over the singularity gives a photon spectrum dNγ/dx that is proportional to lnQ/mℓ, where
Q is the total energy available for radiation. For direct annihilation Q ≃ 2mDM, while for
cascade annihilations Q ≃ m1, where m1 is the mass of the resonance in the last stage of
the annihilation φ1 → ℓ+ℓ−. Light enough φ1 fields can give a dramatic reduction in the
lnQ/mℓ factor and thus the FSR photon yield.

In this chapter, we only consider cascade annihilations that terminate in electrons or
muons. The same analysis, however, could be repeated for charged pions or taus by changing
the direct annihilation spectra. We expect the results for an n-step charged pion cascade
to be similar to an (n + 1)-step muon cascade. Cascades involving taus will face stronger
gamma ray bounds because of the O(1) fraction of π0s in tau decays. For simplicity, we only
show plots for direct, 1-step, and 2-step cascades.

5.3 PAMELA/ATIC Spectra

The PAMELA satellite experiment [11] observed an anomalous source of galactic positrons
in the energy range 10–100 GeV through a measurement of the positron fraction Φe+/(Φe+ +
Φe−) [13]. The ATIC balloon experiment [12] is not capable of charge separation, but ob-
served a peak in the total electron plus positron flux between 100–1000 GeV in a (Φe+ +Φe−)
measurement [14]. Intriguingly, both excesses can be described by a single new source of
galactic electrons and positrons, and here we study the goodness of fit for dark matter
cascade annihilations. The primary electron/positron spectra for n-step electron and muon
cascade annihilations are given in Appendices B.1.1 and B.1.2. Once the primary spectrum is
known and a dark matter halo profile assumed, we can propagate the electrons and positrons
through the Milky Way and compare with the PAMELA/ATIC data.

We follow the analysis of Ref. [147], which assumes that galactic electrons and positrons
can be described by a diffusion-loss process. In the turbulent galactic magnetic fields, elec-
trons/positrons diffuse within a fiducial region around the galactic disk and escape the galaxy
outside that region. An energy loss term incorporates the physics of inverse Compton scat-
tering (ICS) and synchrotron radiation. Dark matter annihilation is represented by a source
term proportional to the square of the dark matter halo density. Since the energy loss time
is much shorter than the age of the galaxy, the electron/positron system is assumed to be in
steady state.

Taking ψe−(~x, E) to be the galactic electron number density per unit energy, the diffusion-



85

R (kpc) L (kpc) K0 (kpc2/Myr) δ τE (sec)
MED 20 4 0.0112 0.70 1016

M1 20 15 0.0765 0.46 1016

M2 20 1 0.00595 0.55 1016

Table 5.1: Diffusion-loss parameters for the three benchmark models (MED, M1, and M2)
for electron/positron propagation.

loss equation is

K0 ε
δ∇2ψe−(~x, E) +

∂

∂ε

(

ε2

τE
ψe−(~x, E)

)

+ q(~x, E) = 0, (5.2)

where ε = E/GeV, K0 and δ parametrize the (energy dependent) diffusion, τE is a character-
istic energy loss time, and q(~x, E) is the electron source term for dark matter annihilations.
The same equation also holds for the positron number density per unit energy ψe+(~x, E). The
electron/positron densities ψe−/e+(~x, E) are assumed to have vanishing boundary conditions
on the surface of a cylinder of height 2L and radius R. We consider the three benchmark
models from Ref. [147], which are summarized in Table 5.1.

The electron/positron source term is given by

q(~x, E) =
1

2η
〈σv〉

(

ρ(~x)

mDM

)2
dNe

dE
, (5.3)

where ρ(~x) is an assumed dark matter halo profile, mDM is the dark matter mass, 〈σv〉
is the average dark matter annihilation cross section in the galactic halo, and dNe/dE is
the electron energy spectrum per dark matter annihilation. η = 1 if dark matter is self-
conjugate (e.g. a Majorana fermion), while η = 2 if not (e.g. a Dirac fermion). We consider
three spherically symmetric benchmark halo profiles (cored isothermal [148], NFW [149],
and Einasto [150]) with r⊙ = 8.5 kpc and ρ⊙ = 0.3 GeV cm−3:

ρ(r)Isothermal = ρ⊙
1 + (r⊙/rc)

2

1 + (r/rc)2
, rc = 5 kpc, (5.4)

ρ(r)NFW = ρ⊙
r⊙
r

(

1 + r⊙/rc
1 + r/rc

)2

, rc = 20 kpc, (5.5)

ρ(r)Einasto = ρ⊙ exp
{

− 2

α

[(

r

rc

)α

−
(

r⊙
rc

)α]}

, α = 0.17, rc = 20 kpc. (5.6)

N -body simulations suggest that Einasto and NFW are more realistic profiles for r >∼ 1 kpc.
Within the inner region, however, there is considerable uncertainty, and we include the cored
isothermal profile to explore the possibility of a less peaked distribution.
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Once the source term is specified, Eq. (5.2) can be solved using the methods of [147, 151],
and the electron/positron intensities (fluxes per energy per solid angle) at the earth due to
dark matter annihilations are given by

dΦ
(DM)
e−/e+

dE dΩ
(E) =

Be,astro

4π
ψe−/e+(~x⊙, E), (5.7)

where ~x⊙ is the location of the solar system and Be,astro is an astrophysical boost factor. Since
the annihilation rate is proportional to the squared density of dark matter ρ2

DM, clumping
of dark matter tends to increase the local electron/positron flux, and the Be,astro factor
accounts for differences from the assumed smooth halo profile, as well as uncertainties in
ρ⊙. Of course, in the presence of clumpiness, the true electron/positron spectrum is also
modified [152].

Galactic cosmic rays are a known source of background primary electrons. Background
secondary electrons and positrons arise, e.g., from collisions of cosmic ray protons with
interstellar gas. In principle, the spectra of background electrons/positrons are correlated
with the diffusion-loss parameters for electrons/positrons, but for simplicity we will use the
parameterization of background primaries and secondaries from Ref. [153]:

dΦ
(prim)
e−

dE dΩ
=

0.16 ε−1.1

1 + 11 ε0.9 + 3.2 ε2.15
GeV−1 cm−2 s−1 sr−1, (5.8)

dΦ
(sec)
e−

dE dΩ
=

0.70 ε0.7

1 + 110 ε1.5 + 600 ε2.9 + 580 ε4.2
GeV−1 cm−2 s−1 sr−1, (5.9)

Φ
(sec)
e+

dE dΩ
=

4.5 ε0.7

1 + 650 ε2.3 + 1500 ε4.2
GeV−1 cm−2 s−1 sr−1, (5.10)

where again ε = E/GeV. To treat background uncertainties, we will marginalize over the
normalization and overall slope of the background in our analysis:

Φ
(back. fit)
e− = A−ε

P−

(

Φ
(prim)
e− + Φ

(sec)
e−

)

, Φ
(back. fit)
e+ = A+ε

P+

(

Φ
(sec)
e+

)

, (5.11)

where we allow 0 < A± <∞, −0.05 < P± < 0.05, as in [124].
In the limit that Eq. (5.1) holds, any given dark matter cascade topology has just two free

parameters: the dark matter mass mDM and the annihilation cross section 〈σv〉. Following
the literature, we normalize the cross section to the value that leads to the right relic thermal
abundance 〈σv〉0 ≃ 3× 10−26 η cm3 s−1 and express our results in terms of an effective boost
factor

B = Be,astro
〈σv〉
〈σv〉0

, (5.12)

which includes both the deviation from the naive thermal freezeout cross section and dark
matter clumping. Using only the statistical error bars, we perform a chi-squared fit of the
derived electron/positron intensities to the PAMELA e+/(e+ + e−) and ATIC e+ + e− data,
treating mDM and B as free parameters. We use only E >∼ 10 GeV bins for the PAMELA
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Figure 5.2: The best fit regions for the dark matter mass mDM and boost factor B in the
cases of direct, 1-step, and 2-step annihilations into e+e− for different halo profiles and
propagation models. The best fit values are indicated by the crosses, and the contours are
for 1σ and 2σ.



88

++++++

102 103 104

102

103

104

mDM

B

Direct to Μ
+
Μ
- HIsothermalL

m
DM

B Χ
2

MED 1410 1580 29.8

M1 1410 1460 30.1

M2 1140 1360 42.2

++++++

102 103 104

102

103

104

mDM

B

Direct to Μ
+
Μ
- HNFWL

m
DM

B Χ
2

MED 1410 1500 29.8

M1 1590 1450 35.6

M2 1140 1430 41.3

++
++

++

102 103 104

102

103

104

mDM

B

Direct to Μ
+
Μ
- HEinastoL

m
DM

B Χ
2

MED 1400 1460 29.8

M1 1840 1630 46.5

M2 1140 1390 41.6

++++++

102 103 104
102

103

104

mDM

B

1 step to Μ+Μ- HIsothermalL

m
DM

B Χ
2

MED 2410 2710 31.6

M1 2540 2730 32.6

M2 1870 2460 34.3

++++
++

102 103 104
102

103

104

mDM

B

1 step to Μ+Μ- HNFWL

m
DM

B Χ
2

MED 2550 2850 32.0

M1 2940 2850 41.7

M2 1850 2530 34.0

++
++

++

102 103 104
102

103

104

mDM

B

1 step to Μ+Μ- HEinastoL

m
DM

B Χ
2

MED 2510 2750 32.4

M1 3410 3160 53.4

M2 1870 2510 34.0

++++
++

102 103 104
102

103

104

mDM

B

2 step to Μ+Μ- HIsothermalL

m
DM

B Χ
2

MED 4370 5110 34.9

M1 4440 4890 36.9
M2 3140 4370 32.0 ++

++++

102 103 104
102

103

104

mDM

B

2 step to Μ+Μ- HNFWL

m
DM

B Χ
2

MED 4370 4890 35.8

M1 5480 5560 47.9

M2 3480 5380 31.9 ++
++

++

102 103 104
102

103

104

mDM

B

2 step to Μ+Μ- HEinastoL

m
DM

B Χ
2

MED 4370 4890 36.6

M1 6150 5830 59.8

M2 3480 5230 31.8

Figure 5.3: The same as Figure 5.2 but for annihilations into µ+µ−.
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Direct e 1 step e 2 step e Direct µ 1 step µ 2 step µ
Isothermal 16% 17% 9.8% 12% 8.5% 7.7%

NFW 13% 17% 9.4% 12% 7.7% 7.9%
Einasto 9.0% 18% 8.8% 12% 7.1% 8.1%

Table 5.2: The p-value for the best propagation model for each plot in Figures 5.2 and 5.3.

data, as the lower energy bins are strongly affected by solar modulation effects (see the
discussion in [13]).

The results of the fit for direct, 1-step, and 2-step annihilations are shown in the case of
electron final states in Figure 5.2 and muon final states in Figure 5.3. (The results do not
depend on whether the dark matter particle is self-conjugate or not.) Each plot corresponds
to a definite cascade annihilation pattern with a definite halo profile, and shows 1σ and 2σ
contours for three propagation models in the mDM-B plane. The best fit values for mDM

and B, as well as the χ2 values, are also given, where χ2 follows the chi-squared distribution
with 22 degrees of freedom (7 PAMELA+21 ATIC−6 fitting parameters: mDM, B, A±, P±).
To evaluate goodness of fit, we also give p-values in Table 5.2, where we have chosen the
propagation model giving smallest χ2 for each plot of Figures 5.2 and 5.3. As we can see,
the fits are reasonable for all the cases presented.

In Figures 5.4 and 5.5, we show the comparisons of the e± intensities with the PAMELA
and ATIC data in the cases of electron and muon final states. Solid, dashed, and dotted
lines represent direct, 1-step, and 2-step annihilations, and we have chosen the NFW halo
profile and the MED propagation model for illustrative purposes. We clearly see the trend
that more steps in cascades lead to flatter e± spectra, but that the fits are good for all
cases shown. Note that we have not optimized the propagation model here. Adjusting the
propagation model can lead to a better fit in certain cases, especially the 2-step annihilation
into µ+µ−.

Summarizing the analysis of the e± data, we find:

• The PAMELA and ATIC data require the dark matter mass and boost factor in the
region mDM = O(TeV) and B = O(1000), which is consistent with earlier analyses on
the direct [124] and 1-step [127] cases. More steps in the cascade lead to larger values
of mDM and B, and roughly speaking, both B and mDM scale as 2n. The reason is that
the peak location in the ATIC data sets the scale for the final state e± energy, and
since the average e± energy over mDM in an n-step cascade scales like 1/2n, mDM must
increase by 2n to keep the peak location fixed. Similarly, the annihilation signal scales
like BNe/m

2
DM (assuming fixed ρDM), where Ne = 2n+1 is the final state e± multiplicity.

Thus, to keep the PAMELA/ATIC rate fixed, B must scale like 2n.

• The fits do not become much worse by going to multiple steps, due to uncertainties
in the highest energy ATIC data and uncertainties in the e± propagation model. In



90

0.01

0.1

1 10 100 1000 10000

po
si

tr
on

 fr
ac

tio
n

E  [GeV]

e+e− cascades and PAMELA data

Direct
1 step
2 step

0.01

0.1

1 10 100 1000 10000

po
si

tr
on

 fr
ac

tio
n

E  [GeV]

e+e− cascades and PAMELA data

0.01

0.1

1 10 100 1000 10000

E
3 (e

− +
e+

)  
[G

eV
2 cm

−2
s−

1 s
r−

1 ]

E  [GeV]

e+e− cascades and ATIC data

Direct
1 step
2 step

0.01

0.1

1 10 100 1000 10000

E
3 (e

− +
e+

)  
[G

eV
2 cm

−2
s−

1 s
r−

1 ]

E  [GeV]

e+e− cascades and ATIC data

Figure 5.4: The predicted e± intensities compared to the PAMELA (left) and ATIC (right)
data for direct (solid), 1-step (dashed), and 2-step (dotted) annihilations into electron final
states. The NFW halo profile and the MED propagation model are chosen, and the e±

backgrounds are marginalized as described in Eq. (5.11). Note that we fit the PAMELA
data only for E >∼ 10 GeV because solar modulation effects are important at lower energies.
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Figure 5.5: The same as Figure 5.4 but for annihilations into muon final states.
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particular, 2-step annihilations still fit the data reasonably well for both electron and
muon final states. The required boost factors are rather large in the case of muon
final states: B of a few thousand. Such large boost factors may come from both
astrophysics, e.g. uncertainties in ρ⊙ and nearby clumps of dark matter, and particle
physics.

• Uncertainties in halo profiles and propagation models do not significantly affect the
dark matter mass and the boost factor. Errors from these uncertainties are mostly of
O(10%) and at most a factor of 2. The 2σ ranges of the fits then determine mDM and
B up to a factor of a few.

Recent measurements at H.E.S.S. [154] of the electron plus positron flux above 600 GeV
[155] are qualitatively consistent with the ATIC spectrum. Given the large systematic energy
uncertainties and hadronic background, we do not use the H.E.S.S. data in our fits, although
we remark that the observed steepening of the spectrum places some bounds on very long
cascade decays and may disfavor spectra with a hard cutoff such as direct e± annihilation.

5.4 Gamma Ray Constraints

When dark matter annihilates into charged leptons, there is a primary source of gamma
rays coming from FSR. Various gamma ray telescopes have looked for excess gamma rays
coming from the galactic center, and the null result of such searches puts bounds on dark
matter annihilation into charged leptons. An additional effect that is beyond the scope of
this chapter is ICS, where electrons/positrons from dark matter annihilation lose energy by
upscattering starlight photons into gamma rays. The rate of ICS photon production depends
on the modeling of galactic starlight, and we here focus only on the bounds from FSR. For
an early analysis of FSR in dark matter annihilation, see [156].

There is negligible energy loss as gamma rays propagate from the galactic center to the
earth. The total power (flux per energy) on earth depends on the dark matter halo profile
through

dΦγ

dE
=

Bγ,astro

8πηm2
DM

〈σv〉J̄∆Ω
dNγ

dE
, (5.13)

where Bγ,astro is an astrophysical boost factor for photons that may differ from Be,astro, and
dNγ/dE is the photon energy spectrum per dark matter annihilation. The energy spectrum
from FSR is reviewed in Appendix B.1.3, and we also include the effect of radiative muon
decays as described in Appendix B.1.4. ∆Ω is the solid angle integration region, and J̄ is
the average line-of-sight-integrated squared dark matter density for a given halo model

J̄ =
1

∆Ω

∫

∆Ω
dΩ

∫

line−of−sight
ds ρ(~x)2. (5.14)

The strongest bounds on FSR gamma rays come from atmospheric Cerenkov telescopes,
but the way these experiments extract gamma ray signals affects the final dark matter
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GC (on) GC (off) GC (eff) GR (on) GR (off) GR (eff)
Isothermal 10 10 0.028 10 10 0.019

NFW 1.1 · 104 3.6 · 102 1.1 · 104 1.8 · 103 4.3 · 102 1.4 · 103

Einasto 5.8 · 103 7.3 · 102 5.1 · 103 2.3 · 103 8.7 · 102 1.5 · 103

Table 5.3: J̄ values for GC and GR gamma ray observations (on-source, off-source, and
effective) in units of GeV2 cm−6 kpc.

annihilation bounds. To enable background subtraction, these telescopes operate either in
on-off mode or wobble mode, meaning the effective J̄ exposure is [157]

J̄eff = J̄on−source − J̄off−source. (5.15)

By definition, J̄eff is smaller than J̄on−source, and neglecting the J̄off−source contribution gives
bounds that are too aggressive. This means that one must know both the on- and off-source
integration regions to derive a bound on the cross section. For shallow dark matter halo
profiles, there can be large cancellations in the value of J̄eff , and in principle a stronger
bound could be obtained using the raw unsubtracted data.

We set bounds on FSR using three H.E.S.S. gamma ray data sets. The first two are
observations of the Galactic Center (GC) [139] and the Galactic Ridge (GR) [140]. Neither
is ideal for dark matter observations because of the large contamination from gamma ray
point sources and molecular gas, and in principle one should put bounds on a dark matter
signal after subtracting both these foregrounds. Since such subtractions are not available, we
derive conservative bounds by insisting that the dark matter signal does not exceed any of
the H.E.S.S. data points by more than 2σ. For the GC and GR samples, values of J̄ for the
three dark matter halos in Eqs. (5.4, 5.5, 5.6) are shown in Table 5.3 for both the on-source
and off-source regions.

The GC data set comes from the inner 0.1◦ of the galaxy with a solid angle integration
of ∆Ω = 1 × 10−5, corresponding to the gamma ray source HESS J1745-290. This sample
was taken in wobble mode, and the off-source region corresponds to a ring at a distance of
1.4◦ from the GC. Apart from the off-source subtraction, no other corrections were made to
the data, so the data points include both the HESS J1745-290 point source as well as any
putative dark matter signal.

The GR data set comes from the region |ℓ| < 0.8◦, |b| < 0.3◦ in galactic coordinates, with
foreground point sources HESS J1745-290 and G0.9 + 0.1 subtracted. The GR sample was
taken in on-off mode, and the region |ℓ| < 0.8◦, 0.8◦ < |b| < 1.5◦ was used for background
subtraction. In the GR data, H.E.S.S. finds that the gamma ray emissions are spatially
correlated with molecular gas traced by CS emission lines, but a molecular gas foreground
component is not subtracted from the data. The GR bounds are expected to strengthen if
one were to subtract a molecular gas component.

H.E.S.S. looked more directly for dark matter annihilation in the Sagittarius dwarf
spheroidal galaxy (Sgr dSph) [141]. Sgr dSph has negligible foregrounds and is thought
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to be dark matter dominated. A 95% C.L. model-independent bound on the gamma ray flux
was obtained for Eγ > 250 GeV:

Φγ(Eγ > 250 GeV) < 3.6 × 10−12 cm−2 s−1, (5.16)

with a solid angle integration of ∆Ω = 2 × 10−5. Since the Sgr dSph data was taken in
wobble mode and the contribution from the Sgr dSph halo is negligible in a 1.4◦ ring, we
use J̄eff = J̄on−source. The value of J̄eff strongly depends on the halo profile of Sgr dSph. For
example, an NFW profile, a large core profile, and a small core profile quoted in [134] lead
to

J̄Sgr dSph
NFW = 7.8 × 102, J̄Sgr dSph

Large Core = 1.1 × 102, J̄Sgr dSph
Small Core = 2.4 × 104, (5.17)

in units of GeV2 cm−6 kpc. To derive bounds, we consider NFW and large core profiles.
In Figures 5.6 and 5.7, we show the resulting constraints from the GC, GR, and Sgr dSph

gamma ray observations in the mDM-B plane. We also superimpose the 1σ and 2σ contours
reproducing the PAMELA/ATIC data for the MED propagation model; see Figures 5.2 and
5.3. In order to plot the Sgr dSph and Milky Way bounds on the same plane, we associate the
Sgr dSph small core profile with the Milky Way cored isothermal profile, and the Sgr dSph
NFW profile with the Milky Way NFW and Einasto profiles. The ragged lines in the GC
and GR constraints come from the binning of the H.E.S.S. data.

We note that here we have drawn the gamma ray constraints and e± contours assuming
a common Bγ,astro and Be,astro. This is most likely not the case. For example, if dark
matter clumping decreases toward the galactic center, then the gamma ray flux will decrease
compared to the local positron flux. If the astrophysical boost factor for e± is larger than
that for γ, then the gamma ray constraints become weaker by a factor of Be,astro/Bγ,astro

compared to those shown in Figures 5.6 and 5.7.
The bounds from Sgr dSph can be modified if there are nonperturbative enhancements

to the dark matter annihilation cross section. Since the velocity dispersion of dark matter
in Sgr dSph is vSgr ∼ 10 km/s [158], as opposed to vMW ∼ 200 km/s in the Milky Way, the
boost factor relevant for Sgr dSph may be larger than that for electrons/positrons if part of
the boost factor arises from the Sommerfeld or bound state enhancement. This would make
the Sgr dSph constraint stronger than what is naively read from Figures 5.6 and 5.7.

Summarizing the analysis of the gamma ray constraints, we find:

• For FSR gamma rays from the galactic center region, the GR data gives somewhat
stronger constraints than the GC data. For direct annihilation, this disfavors the
NFW and Einasto profiles, as also seen in Refs. [133, 134]. The Sgr dSph data is not
constraining unless we were to take a highly peaked halo such as the small core profile.

• The constraints from FSR photons are weaker in the cascade annihilation case than in
the direct annihilation case. This is because cascade annihilations give smaller photon
yield at high energies, as discussed in Appendix B.1.3. The smaller the φ1 mass is, the
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Figure 5.6: Constraints from gamma ray observations, GC (solid), GR (dashed), and
Sgr dSph (dotted), in the mDM-B plane for direct, 1-step, and 2-step annihilations into
electron final states. All the constraints, as well as the best fit region for PAMELA/ATIC
(MED propagation), are plotted assuming Be,astro = Bγ,astro. For cascade annihilations, each
of the GC, GR, and Sgr dSph constraints consist of two curves, with the upper (blue) and
lower (red) curves corresponding to m1 = 100 MeV and 1 GeV, respectively. Note that the
constraint lines in the cored isothermal case are above the plot region, and that the halo
profiles for Sgr dSph are given in the legends.
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Figure 5.7: The same as Figure 5.6 but for muon final states. Also included are constraints
from neutrino observations (dot-dashed) assuming Bν,astro = Be,astro. For cascade annihila-
tions, the upper (blue) and lower (red) curves now correspond to m1 = 600 MeV and 1 GeV,
respectively.
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weaker the constraints become. The constraints, however, do not become weaker by
increasing the number of steps, as can be seen by comparing the best fit region for the
e± data with the gamma ray constraints. This is because the reduction in the photon
yield depends only on the φ1 mass and not on the number of cascade steps, and the
softening of the gamma ray spectra is compensated by the increase in the best fit dark
matter mass and boost factor.

• The constraints are very weak for shallow halo profiles such as the cored isothermal
profile for the Milky Way in Eq. (5.4). This is particularly true for the GC and GR
data because the background subtraction due to on-off or wobble mode operation also
subtracts (most of) the signals from dark matter annihilations. The constraints from
these data, therefore, are rather weak as long as the halo profile is relatively flat within
about 100 pc of the galactic center. A better bound may be obtained if we could use
the unsubtracted data.

While we have focused only on FSR photons in our analysis, we wish to make a few
comments about ICS, the WMAP Haze, and radio bounds. In the context of dark matter,
the WMAP Haze arises because electrons from dark matter annihilation emit synchrotron
radiation in the galactic magnetic fields. The total synchrotron power—and hence the size
of the predicted WMAP Haze signal—depends on whether these electrons can lose energy
via non-synchrotron channels. Ref. [127] found that in order to be consistent with the large
boost factors necessary to explain PAMELA/ATIC, one had to assume a larger rate for ICS
compared to earlier Haze analyses [130]. Given the uncertainty in galactic starlight and the
dark matter halo profile, it is consistent to conservatively ignore potential bounds from ICS,
but since the WMAP Haze is one of the motivations for considering dark matter annihilation,
strictly speaking one should verify that the assumed electron energy loss mechanisms can
yield the WMAP Haze while satisfying ICS photon bounds.

That said, we do not expect much variation in the ICS bounds between direct and
cascade annihilation scenarios. ICS is calculated from a steady state configuration of charged
particles, so to the extent that the PAMELA/ATIC data already normalizes the steady state
electron/positron densities, the ICS yield should be similar regardless of the annihilation
scenario. Therefore, the recent analysis of Ref. [127] should be representative of generic
multi-step cascade annihilation scenarios. This is similar in spirit to the WMAP Haze, in
that the Haze requires a source of charged particles to generate the synchrotron signal, but
the precise particle energy distribution has only a secondary effect.

Finally, there has also been recent suggestions [134, 135] of a possible tension between a
dark matter annihilation interpretation of the WMAP Haze and bounds from 408 MHz radio
observations in the inner 4′′ of the Milky Way [159]. Such bounds assume that the steep halo
profiles necessary to generate the Haze at a latitudinal distance between 5◦ and 30◦ can be
extrapolated to sub-parsec distances away from the galactic center. There are a number of
reasons to distrust such an extreme extrapolation of the dark matter halo, including possible
effects of baryons [160] and hierarchical mergers [161] to soften cuspy behavior. At minimum,
N -body simulations [162] do not have resolution to such small scales. Therefore, we find no
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reason to disfavor a dark matter annihilation scenario on the basis of the 408 MHz radio
bound. Note that the analysis of Ref. [163] using an all-sky radio model [164] finds only
relatively mild synchrotron constraints on TeV-scale dark matter after masking the inner
15◦ × 15◦ of the galaxy.

5.5 Neutrino Constraints

When dark matter annihilates into muons, there is an irreducible source of neutrinos.
Neutrinos produced in the galactic center oscillate as they travel towards earth, and if they
are muon-type neutrinos when they collide with rock in the earth’s crust, they can create an
upward-going flux of muons. These muons could be observed by water Cerenkov detectors,
and the absence of such observations puts bounds on the dark matter annihilation rate into
muons. For muon cascades, there is no high energy neutrino source from dark matter that
accretes in the sun and earth, because the muons from dark matter annihilation are stopped
before they decay [165].

Since neutrinos have negligible energy losses as they traverse the galaxy, the muon-
neutrino flux incident on earth is

dΦνµ

dEν
=
∑

i

Pνiνµ

Bν,astro

8πηm2
DM

〈σv〉J̄∆Ω
dNνi

dE
, (5.18)

where i runs over the neutrino flavors, Bν,astro is the astrophysical boost factor for the neutrino
signal which could differ from Be,astro, and Pνiνµ is the probability that νi has oscillated into
νµ [115]:

Pνµνµ = 0.39, Pνeνµ = 0.21. (5.19)

There is an analogous formula for ν̄µ, but in dark matter annihilations the νµ and ν̄µ fluxes
are equal. The primary neutrino spectra are given in Appendix B.1.2.

We now calculate the resulting upward-going muon flux following the analysis of Ref. [166].
An incident neutrino of energy Eν creates muons of energy Eµ according to the neutrino-
nucleon scattering cross sections σνN→µX . For the propagation of created muons, we use an
approximate energy loss parameterization

dE

dL
= ρmat(−α− βE), (5.20)

with “standard rock” values α = 2 × 10−6 TeV cm2/g and β = 4 × 10−6 cm2/g; ρmat will
cancel in the final muon flux expression. In this approximation, a muon of starting energy
Eµ can travel a distance

L(Eµ, Ethres.) =
1

ρmatβ
ln

(

α + βEµ
α + βEthres.

)

(5.21)

before its energy drops below the muon detection threshold Ethres..
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3◦ 5◦ 10◦ 15◦ 20◦ 25◦ 30◦

Isothermal 10 10 9.7 9.0 8.2 7.4 6.6
NFW 340 190 84 51 35 26 20

Einasto 640 370 160 91 60 43 32
Super-K (95% C.L.) 2.70 4.82 6.43 10.6 11.2 17.6 19.5

Table 5.4: J̄ values for neutrino observations in units of GeV2 cm−6 kpc, and Super-K
95% C.L. flux limits in units of 10−15 cm−2 s−1.

For a given dΦνµ/dEν, the observed muon flux is

Φµ =
∫ mDM

Ethres.

dEµ

∫ mDM

Eµ

dEν nN

(

dΦνµ

dEν

dσνµN→µ−X

dEµ
+
dΦν̄µ

dEν

dσν̄µN→µ+X

dEµ

)

L(Eµ, Ethres.),

(5.22)
where nN = ρmat/mN is the nucleon number density in the earth’s crust, and N refers to
an average nucleon. We calculate the neutrino-nucleon scattering cross sections assuming
an equal fraction of protons and neutrons in rock, using CTEQ5M parton distribution func-
tions [167] to include the effect of sea quarks, and retaining the full W boson propagator in
the cross section.

Super-K [168] placed 90% confidence bounds on the upward-going muon flux [144] in
various cone sizes ranging from 3◦ to 30◦ around the galactic center, with Ethres. = 1.6 GeV.
To be more conservative, we consider 95% confidence bounds [169], as shown in Table 5.4.
The relevant values of J̄ for the three dark matter halos in Eqs. (5.4, 5.5, 5.6) are also shown
in Table 5.4. To derive a bound on the annihilation rate, we insist that the predicted flux
does not exceed the 95% confidence bound for any of the Super-K cone sizes. The neutrino
constraints for muon cascade scenarios appear in Figure 5.7, assuming a common boost
factor for the electron, gamma ray, and neutrino signals.

As observed in Ref. [165], for sufficiently small dark matter masses, the observed muon
flux is nearly independent of the dark matter mass. The reason is that both the neutrino-
nucleon scattering cross section and the muon range scale like energy, but the dark matter
number density squared (and hence the annihilation signal) scales like 1/m2

DM, so the final
observed flux is simply related to the normalized second-moment of the neutrino energy
spectrum. Hence the exclusion limit for the neutrino boost factor is approximately flat in
mDM for small enough dark matter masses. As the dark matter mass increases, the average
neutrino gets harder, and the neutrino-nucleon cross section grows less steeply because of
the W boson propagator. In addition, the energy-dependent term in dE/dL begins to take
effect, relaxing the neutrino bounds for high dark matter masses.

Summarizing the analysis of the neutrino constraints, we find:

• Since the neutrinos are softer in cascade annihilations, the bounds on the boost factor
are weaker than for direct annihilation. However, the electrons are also softer in cascade
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Figure 5.8: In the axion portal, fermionic dark matter annihilates dominantly into a scalar
s and a pseudoscalar “axion” a. The scalar then decays as s → aa, and the axion decays
as a → ℓ+ℓ−. In the minimal axion portal, the axion dominantly decays into muons, but in
the leptonic axion portal it can dominantly decay into electrons. These models are partway
between a 1-step and a 2-step cascade annihilation scenario.

annihilations, so the PAMELA/ATIC best fit mass and boost factor rise. Put together,
the neutrino tension increases marginally as the number of cascade steps increase. For
direct annihilation, our results agree qualitatively with [136, 137].

• Super-K considered solid angles as large as 30◦, so a large fraction (≃ 30% to ≃ 70%)
of the total dark matter annihilation signal is contained within the observed region.
While the Einasto profile is less peaked than NFW toward the galactic center, the
Einasto bound happens to be stronger because of the large integration region. For the
NFW and Einasto profiles, the dominant bounds come from the 10◦ cone, while for
the cored isothermal profile they come from the 30◦ cone.

• Since the gross structure of the dark matter halo is better understood than the halo
density at the galactic center, the Super-K neutrino constraints are in some sense
more robust than the H.E.S.S. gamma ray constraints. As in the case of gamma
rays, the bounds are rather weak for the cored isothermal profile. They are, however,
significantly stronger in the more realistic NFW and Einasto profiles. For cascade
decays, the neutrino constraints are comparable to or stronger than the FSR gamma ray
constraints, and highlight the tension in muon cascade scenarios. As with the gamma
ray bounds, however, differences between the astrophysical boost factors Be,astro and
Bν,astro could alleviate the tension.

5.6 The Axion Portal

One well-motivated example of a cascade annihilation scenario is the axion portal [126].
In this scenario, dark matter is a TeV-scale particle that obtains a mass from spontaneous
symmetry breaking. The spontaneous breaking of U(1)X yields a pseudoscalar “axion” a
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Minimal Axion Portal Leptonic Axion Portal
Isothermal 7.9% 9.2%

NFW 7.9% 9.2%
Einasto 8.3% 8.8%

Table 5.5: The p-values for the best propagation model for each plot in Figure 5.9.

and a scalar “Higgs” s, and for fermionic dark matter the dominant annihilation channel is

χχ̄→ sa (5.23)

(χχ → sa if χ is a Majorana fermion). The scalar s dominantly decays as s → aa, and if
standard model leptons carry axial U(1)X charges, then a→ ℓ+ℓ−. Since a is a pseudoscalar,
helicity suppression implies a will decay into the heaviest kinematically allowed lepton, which
we assume is either an electron or muon. An exchange of s can also provide the necessary
enhancement of the annihilation cross section through the Sommerfeld and/or bound state
effect. As shown in Figure 5.8, the axion portal effectively gives a one-and-a-half step cascade
annihilation in the language used here.

The simplest model for the axion portal—the minimal axion portal—is obtained if we
identify U(1)X with a Peccei-Quinn symmetry rotating two Higgs doublets. In this case, a
has large hadronic couplings, and there are strong constraints on the axion mass from beam
dump experiments and rare meson decays. Ref. [126] found that the preferred axion mass
range was 360 MeV <∼ ma

<∼ 800 MeV, in which case a preferentially decays into muons. In
the analysis here, we also consider a variant of the axion portal—the leptonic axion portal—
where only leptons are charged under U(1)X . This possibility was mentioned in [126], and is
described in more detail in Appendix B.2. Dark matter in this model annihilates through the
axion aℓ associated with the leptonic symmetry, which does not have a coupling to hadrons.
The absence of hadronic couplings allows the parameter range 2me < maℓ

< 2mµ, so aℓ can
preferentially decay into electrons. Note that the nonperturbative enhancement of the halo
cross section is caused by the exchange of another scalar sℓ and not by the axion aℓ, so the
bound of Ref. [170] does not exclude aℓ masses smaller than ≈ 100 MeV.

In Figure 5.9, we show the best fit values for mDM and B for the PAMELA/ATIC data
for the three different diffusion models and three different halo profiles. In Figure 5.10, we
compare the best fit regions to FSR and neutrino constraints. Here we assume that B is
common for electron, gamma ray, and neutrino signals, so that the same qualifications as
Figures 5.6 and 5.7 apply. To account for the fact that smaller masses for aℓ are allowed,
we are considering smaller values of maℓ

in Figure 5.10 than those of m1 in Figure 5.6.
For completeness, we also show the best fit spectra to the PAMELA and ATIC data in
Figure 5.11, and the p-values of the fit in Table 5.5. As expected, the best fit values and
qualitative features of the plots are partway between a 1-step and a 2-step cascade scenario.
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Figure 5.9: The best fit regions for the dark matter mass mDM and boost factor B in
the minimal axion portal (top row, a → µ+µ−) and leptonic axion portal (bottom row,
aℓ → e+e−) for different halo profiles and propagation models. The best fit values are
indicated by the crosses, and the contours are for 1σ and 2σ.
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Figure 5.10: Constraints from gamma ray, GC (solid), GR (dashed), and Sgr dSph (dotted),
and neutrino (dot-dashed) observations in the mDM-B plane in the minimal axion portal (top
row, a → µ+µ−) and leptonic axion portal (bottom row, aℓ → e+e−). All the constraints,
as well as the best fit region for PAMELA/ATIC (MED propagation), are plotted assuming
that B is common. Each of the GC, GR, and Sgr dSph constraints consist of two curves.
For the minimal axion portal, the upper (blue) curve is ma = 600 MeV and the lower (red)
curve is ma = 1 GeV. For the leptonic axion portal, the upper (blue) curve is maℓ

= 10 MeV
and the lower (red) curve is maℓ

= 100 MeV, which differs from the choice in Figure 5.6.
Note that the constraint lines in the cored isothermal case are above the plot region, and
that the halo profiles for Sgr dSph are given in the legends.
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Figure 5.11: The predicted e± intensities compared to the PAMELA (left) and ATIC (right)
data for the minimal axion portal (solid, a → µ+µ−) and leptonic axion portal (dashed,
aℓ → e+e−). The NFW halo profile and the MED propagation model are chosen, and the
e± backgrounds are marginalized as described in Eq. (5.11). Note that we fit the PAMELA
data only for E >∼ 10 GeV because solar modulation effects are important at lower energies.
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Br(a→ γγ) GC GR Sgr dSph
NFW Best 2.2 · 10−3 1.1 · 10−3 2.5 · 10−2

Einasto Best 4.8 · 10−3 1.2 · 10−3 —

Br(a→ π+π−π0) GC GR Sgr dSph
NFW Best 1.3 · 10−2 7.5 · 10−3 5.2 · 10−2

Einasto Best 3.0 · 10−2 7.9 · 10−3 —

Table 5.6: Bounds from gamma rays on the branching fractions of a→ γγ and a→ π+π−π0

in the minimal axion portal (a → µ+µ−). These are obtained neglecting all other sources
of gamma rays and correspond to the best fit values for mDM and B and the propagation
model giving smallest χ2. The bounds assume an equal boost factor for e± and gamma rays,
and should be multiplied by Be,astro/Bγ,astro if the boost factors differ.

Br(aℓ → γγ) GC GR Sgr dSph
NFW Best 8.2 · 10−3 4.6 · 10−3 6.5 · 10−2

Einasto Best 1.8 · 10−2 4.9 · 10−3 —

Table 5.7: The same as Table 5.6, but for the leptonic axion portal (aℓ → e+e−). The
a→ π+π−π0 mode is irrelevant in this case.

Depending on the axion mass, there are also potential gamma ray constraints from rare
a→ γγ and a→ π+π−π0 decay modes, and we can place bounds on the branching fractions
to these modes. The a→ γγ mode is potentially dangerous for the entire axion mass range,
but the a → π+π−π0 mode only when ma > 3mπ. The gamma ray spectra for these rare
decays are given in Appendix B.1.5. For each halo profile and for the three H.E.S.S. data
sets, we turn off FSR and find the values of the branching ratios where the H.E.S.S. bound
is saturated for the best fit values of mDM and B and the best propagation model (assuming
B is common for e± and gamma rays).

The branching ratio bounds are shown in Tables 5.6 and 5.7. The constraints from
Sgr dSph match the estimates in [126], but the GC and GR data imply a factor of 5–10
stronger bound. In the minimal axion portal, Br(a → γγ) ∼ 10−5–10−4, which is safe from
the bounds. There is somewhat more tension for a→ π+π−π0 where the estimated branching
fraction was ∼ 10−2. Note, however, that the constraints from the GC and GR data are weak
for any halo profile relatively flat within about 100 pc of the galactic center. In particular,
there is no meaningful branching ratio constraint for the cored isothermal profile in Eq. (5.4).

Gamma ray and radio bounds on the axion portal were also considered in Ref. [135],
where potential s→ bb̄ and s→ τ+τ− decay modes were included. Since these additional s
decay modes depend on details of the model, we do not consider them here. For FSR gamma
rays, our results and conclusions agree qualitatively with [135]. As mentioned already, we
do not consider 408 MHz radio observations to place any meaningful constraint on the axion
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portal.

5.7 Conclusions

The possibility of indirect detection of dark matter has been considered for over 25
years [171], but the annihilation rates expected from WIMP thermal relics are typically too
small to give appreciable gamma ray or neutrino fluxes from the galactic center unless a
very peaked dark matter halo profile is assumed. If the PAMELA/ATIC data is indicative
of dark matter annihilation, however, then the galactic annihilation rate must be boosted
by O(1000). This large boost factor considerably enhances the potential for galactic gamma
ray and neutrino signals from the dark sector. In this context, hints from the WMAP Haze
may also point towards an annihilation explanation of PAMELA/ATIC.

In this chapter, we have explored the robustness of dark matter annihilation predictions
by considering cascade scenarios where dark matter annihilates into new resonances that in
turn decay in one or more steps into standard model leptons. These cascade annihilation
scenarios are directly motivated by the PAMELA/ATIC data, since light resonances can
enhance the galactic annihilation rate through nonperturbative effects and explain the lepton-
richness of the annihilation through kinematic thresholds.

We have shown that electron and muon cascades give reasonable fits to the PAMELA/
ATIC data. As a rule of thumb, the best fit dark matter mass and boost factor both scale
as 2n for n-step cascade decays. We then compared these best fit values to constraints from
gamma rays and neutrinos. The gamma ray bounds from FSR can be weakened by an order
of magnitude through cascade decays, although increasing the length of cascades does not
further weaken the bounds. Neutrino bounds for dark matter annihilating into muons are
robust to changing the length of the cascade, which is particularly relevant for models with
large branching fractions to muons such as the minimal axion portal.

Assuming standard NFW or Einasto halo profiles, there is tension between a dark matter
annihilation interpretation of PAMELA/ATIC and the non-observation of galactic gamma
rays or neutrinos. Such tension does not invalidate a dark matter annihilation hypothesis
since there is considerable uncertainty in the dark matter halo distribution and velocity
profile, and the constraints are uniformly weaker for shallower halo profiles. For gamma rays
in particular, the galactic center and galactic ridge constraints assume an understanding of
the dark matter halo profile in the inner 100 pc of the galaxy, where there is considerable
uncertainty. The dark matter halo profile in the inner 4′′ of the galaxy is even more uncertain,
so we do not consider radio measurements of synchrotron to be constraining. Also, for both
gamma rays and neutrinos, the bounds can be weakened if the astrophysical boost factor for
electrons/positrons is larger than those for gamma rays and neutrinos.

If a dark matter annihilation scenario is realized in nature with the boost factor sug-
gested by PAMELA/ATIC, then one would expect future experiments to see a gamma ray
or neutrino flux given standard halo assumptions. ANTARES [172], IceCube [173], and
KM3NeT [174] will greatly increase current sensitivity to upward-going muons resulting
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from galactic neutrinos. Future atmospheric Cerenkov telescopes as envisioned in Ref. [175]
will also improve the prospects of finding gamma rays from dark matter annihilation. While
we did not include the effect of ICS in our gamma ray analysis, ICS is expected to be a dom-
inant dark matter annihilation signal in the energy range available to the Fermi Gamma-ray
Space Telescope [176]. Ultimately, one hopes that future experiments could probe the de-
tailed energy spectra of dark matter annihilation products to distinguish between direct
annihilation and the cascade scenarios considered here.

Note added: When this chapter was first written, we became aware of Ref. [177] which
considers similar issues.
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Appendix A

Subtleties of Flavorful
Supersymmetry

A.1 µ and b in Higgsphobic SUSY Breaking

In minimal Higgsphobic supersymmetry breaking, the operators OκH ,ηH ,µ,b in Eqs. (4.7,
4.8) are forbidden. The µ and b parameters are then generated only by the operator OSUGRA

through supergravity effects [45], giving

µ =
λHm

∗
3/2

(ZHuZHd
)1/2

, b =
λH |m3/2|2

(ZHuZHd
)1/2

, (A.1)

where m3/2 is the gravitino mass. The non-holomorphic supersymmetry breaking masses
are vanishing, m2

Hu
= m2

Hd
= 0, at the scale M . The expressions of Eq. (A.1) imply

that the gravitino mass should be of order the weak scale to use this contribution. The µ
and b parameters of Eq. (A.1) also lead to dangerous CP violation at low energies unless
arg(m3/2) ≃ arg(MA), providing an additional constraint on the setup. In the context of
the higher dimensional models of section 4.3.2, a weak scale gravitino mass is obtained if
M∗ ≈ MPl or if there is an additional supersymmetry breaking field X ′ that does not couple
to the SSM field and has FX′ ≈ FX(MPl/M∗).

It is possible to extend the minimal Higgsphobic setup by introducing fields B which
directly couple with both H and X. In higher dimensional models, these B fields propagate
in the bulk, and integrating them out can generate the operators OκH ,ηH ,µ,b in the low energy
effective field theory below 1/R. The operators Oζf can still be absent by arranging the
interactions of B appropriately, for example by suppressing the couplings of B with matter
fields. With these extensions, the generated Higgs sector parameters need not take the form
in the minimal setup. In particular, the gravitino mass need not be of order the weak scale,
and its phase need not be aligned with that of MA. The requirement from suppressing
CP violation, instead, constrains the representations and interactions of the B fields. For
example, if the exchange of B generates µ but not b, and the contribution from Eq. (A.1) is
negligible, then the problem of CP violation disappears.
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A.2 (af)ij in Remote Flavor-SUSY Breaking

In remote flavor-supersymmetry breaking, the Yukawa couplings are generated through
breaking of Gflavor. Suppose that the breaking is caused by the VEVs of several chiral
superfields φm (m = 1, 2, · · ·). The Yukawa couplings are then generated from operators of
the form

L =
∫

d2θ
∑

i,j

∑

{(nf )m
ij
}
c{(nf )m

ij }

∏

m φ
(nf )m

ij
m

(M∗C)(nf )ij
ΦLiΦRjH + h.c., (A.2)

as

(yf)ij =
∑

{(nf )m
ij
}
c{(nf )m

ij }

∏

m φ
(nf )m

ij

m,0

M
(nf )ij
∗

, (A.3)

where ΦLi, ΦRj , H and φm are canonically normalized, M∗ is the (effective) cutoff scale,
(nf )

m
ij are integers with (nf)ij ≡

∑

m(nf )
m
ij , and φm,0 is the lowest component VEV of φm.

The sum
∑

{(nf )m
ij
} runs over all possible choices of integers (nf )

m
ij consistent with Gflavor

invariance, and c{(nf )m
ij } are O(1) coefficients in front of each term. Here, we have included

the chiral compensator field C = 1 + θ2m3/2 which encodes supergravity effects [205].
The operators of Eq. (A.2) may generate dangerous scalar trilinear interactions. These

are given by

(af )ij =
∑

{(nf )m
ij
}
c{(nf )m

ij }

∏

m φ
(nf )m

ij

m,0

M
(nf )ij
∗

{

(nf )ijm3/2 −
∑

m′

(nf )
m′

ij

Fφm′

φm′,0

}

, (A.4)

where Fφm is the F -term VEV of φm. This shows that even with Fφm = 0, the scalar trilinear
interactions are generated, which for m3/2 ≈ O(mC, mN) lead to (af)ij ≈ (yf)ijmC,N, and are
thus dangerous [207].1 More generally, if some of the φm are stabilized using supersymmetry
breaking effects (e.g. if these fields are flat directions lifted by higher dimension operators),
we obtain Fφm/φm,0 ≈ O(max{m3/2, mφ}) with mφ being the scale for the supersymmetry
breaking masses of φm, and we obtain a contribution of order (af )ij ≈ (yf)ijmax{m3/2, mφ}.

The contribution to (af)ij described above, however, is suppressed if one of the following
conditions is satisfied:2

(a) The gravitino mass and the F -term VEVs for φm are all small, ma ≡
max{m3/2, Fφm/φm,0} ≪ mC,N. In this case, the effect of Eq. (A.4) is suppressed by a

factor of ma/mC,N, giving (δu,dLR)ij ≈ (Mu,d)ijma/m
2
C and (δeLR)ij ≈ (Me)ijma/m

2
N.

1Our language here is different from that used in Ref. [207], in which the F -term VEV of a field is defined
including a supergravity contribution so that the effect described here is viewed as arising from the F -term
VEVs of the fields φm.

2While completing this chapter, Ref. [211] appeared, which discusses the issue considered in this Appendix.
Their main solution corresponds to our (c) below. They also discuss the case (b).
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(b) The dimensions of the operators in Eq. (A.2) are the same for all i, j = 1, 2, 3, i.e.
(nf)ij = nf , for f = u, d, e, and Fφm/φm,0 ≪ mC,N with arg(m3/2) = arg(MA) (or
(nf)ij = nf and Fφm/φm,0 are nearly equal with their phases aligned with those of
m3/2,MA). In this case, (af )ij is almost proportional to (yf)ij as a matrix, giving a

negligible contribution to (δfLR)ij.

(c) The VEVs of φm are stabilized in the supersymmetric limit. In this case, we obtain
〈φm〉 = φm,0C, since any supersymmetric mass must be accompanied with C, leading
to Fφm/φm,0 = m3/2. Equation (A.4) then gives (af)ij = 0, and the effect disappears.3

We find it simplest to stabilize φm supersymmetrically, (c), although we also leave the possi-
bility open to (a) or (b). (In fact, the experimental bounds may be avoided with one of the
above conditions satisfied only for i, j = 1, 2.) Note that the consideration here applies to any
field that appears in front of ΦLiΦRjH in the superpotential, and whose lowest component
VEV gives a significant contribution to the Yukawa couplings.

The issue of scalar trilinear interactions generated by the F -term VEVs of C and the
fields appearing in front of ΦLiΦRjH , in fact, exists in wider classes of theories. For example,
in theories where the hierarchical Yukawa couplings are generated by wavefunction profiles
of the matter and Higgs fields in extra dimensions, including ones discussed in section 4.3.2,
there are generally moduli fields appearing in front of ΦLiΦRjH . These moduli fields must
satisfy condition (a) or (c) (option (b) is typically not available). We assume that one of
these conditions is satisfied when discussing the classes of theories in section 4.3.

3There is still an effect from the chiral compensator field at a loop level (anomaly mediation) [209]. This
effect, however, does not lead to flavor or CP violation at a dangerous level. There could also be higher
order corrections suppressed by powers of mφ/φm,0, where mφ represents generic supersymmetry breaking
masses in the Gflavor breaking sector. These corrections are also negligible unless the scale of flavor physics
is close to the TeV scale.
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Appendix B

Formulas for Cascade Annihilation

B.1 Cascade Energy Spectra

In this appendix, we present formulae for the energy spectra used in the text. In general,
the energy spectra of final state particles in cascade annihilations are functions of all the
intermediate masses and helicities. In the limit of large mass hierarchies and scalar decays,
however, the energy spectra greatly simplify, and we use these simplified formulae in our
analysis.

Consider cascading fields φi of mass mi (mi+1 > 2mi) and a final state ψ with mass mψ.
Cascade annihilation occurs through φi+1 → φiφi (i = 1, 2, · · ·), and in the last stage, φ1

decays into ψ +X. Let the energy of ψ in the φ1 rest frame be E0. Defining

x0 =
2E0

m1

, ǫ0 =
2mψ

m1

, (B.1)

the ψ energy spectrum is a function of x0 and ǫ0

dÑψ

dx0
=
dÑψ

dx0
(x0, ǫ0), (B.2)

where ǫ0 ≤ x0 ≤ 1. In the case where dark matter χ annihilates directly into ψ+X, we can
regard φ1 as the initial state of dark matter annihilation, χχ. In this case dÑψ/dx0 is the
primary injection spectrum with m1 = 2mDM.

Now consider the previous step in the cascade annihilation, φ2 → φ1φ1, with one of the

φ1 decaying into ψ +X. Let the energy of ψ in the φ2 rest frame be E1 and define

x1 =
2E1

m2
, ǫ1 =

2m1

m2
. (B.3)

Assuming isotropic scalar decays, the ψ energy spectrum in the φ2 rest frame is

dÑψ

dx1

=
∫ 1

−1
d cos θ

∫ 1

ǫ0
dx0

dÑψ

dx0

δ
(

2x1 − x0 − cos θ
√

x2
0 − ǫ20

√

1 − ǫ21

)

, (B.4)



130

where θ is the angle between the ψ momentum and the φ1 boost axis as measured in the φ1

rest frame.
Equation (B.4) is complicated to solve in general, but in the limit ǫi → 0 (i = 0, 1, · · ·),

it reduces to a simple convolution:

dÑψ

dx1
=
∫ 1

x1

dx0

x0

dÑψ

dx0
+O(ǫ2i ), (B.5)

where 0 ≤ x1 ≤ 1 up to O(ǫ2i ) effects. This convolution can be iterated as many times as
necessary to build up the desired energy spectrum for an n-step cascade decay:

dÑψ

dxn
=
∫ 1

xn

dxn−1

xn−1

dÑψ

dxn−1
+O(ǫ2i ), (B.6)

where xn−1 = 2En−1/mn with En−1 being the energy of ψ in the φn rest frame, and 0 ≤ xn ≤ 1
up to O(ǫ2i ) effects. Note that we here adopt the normalization convention of

∫ 1

0
dxn

dÑψ

dxn
= 1, (B.7)

regardless of the value of n, so that the injection spectra per dark matter annihilation must
be multiplied by the multiplicity of ψ in the final state.

B.1.1 Direct electron spectra

Here we derive the spectra of electrons/positrons arising directly from φ1 decay, φ1 →
e+e− (or dark matter annihilation, χχ → e+e−). Ignoring the effect of final state radiation
to smooth the spectrum, the electron energy spectrum is given by

dÑe

dx0

= δ(1 − x0), (B.8)

where we have adopted the convention
∫ 1
0 dx0 δ(1 − x0) = 1. The positron energy spectrum

is identical.
Applying the simplified convolution formula in Eq. (B.6) for an n-step cascade annihila-

tion, we then find

dÑe

dx1

= 1, (B.9)

dÑe

dx2

= ln
1

x2

, (B.10)

dÑe

dxn
= Qn(xn), (B.11)
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where we have defined

Qn(x) ≡
1

(n− 1)!

(

ln
1

x

)n−1

. (B.12)

Note that these are energy spectra for one of the electrons (or positrons), so that the electron
(or positron) injection spectra per dark matter annihilation χχ → 2φn → · · · → 2n(e+e−)
are

dNe

dxn
= 2n

dÑe

dxn
, (B.13)

where xn = Ee/mDM with Ee being the electron (positron) energy in the center-of-mass
frame for dark matter annihilation. The direct annihilation case, χχ → e+e−, corresponds
to n = 0.

B.1.2 Electron and neutrino spectra from muon decay

Here we discuss the spectra of electrons, positrons and neutrinos arising from muon decay.
Consider φ1 → µ+µ− (or χχ → µ+µ−) followed by µ → eνeνµ. (One of the neutrinos here
should be an anti-neutrino. We omit the particle-antiparticle identification here and below.)
Assuming a massless electron, the (unpolarized) spectra of electrons and neutrinos in the
rest frame of the muon are

dÑµ→e

dx−1
=

dÑµ→νµ

dx−1
= 6(x−1)

2 − 4(x−1)
3, (B.14)

dÑµ→νe

dx−1
= 12(x−1)

2 − 12(x−1)
3, (B.15)

where we are using the notation x−1 = 2E−1/mµ, with E−1 being the energy in the muon
rest frame.

Applying the cascade convolution for electrons and muon neutrinos

dÑµ→e

dx0
=

dÑµ→νµ

dx0
=

5

3
− 3x2

0 +
4

3
x3

0, (B.16)

dÑµ→e

dx1
=

dÑµ→νµ

dx1
= −19

18
+

3

2
x2

1 −
4

9
x3

1 +
5

3
Q2(x1), (B.17)

dÑµ→e

dx2
=

dÑµ→νµ

dx2
=

65

108
− 3

4
x2

2 +
4

27
x3

2 −
19

18
Q2(x2) +

5

3
Q3(x2), (B.18)

and for electron neutrinos

dÑµ→νe

dx0
= 2 − 6x2

0 + 4x3
0, (B.19)

dÑµ→νe

dx1

= −5

3
+ 3x2

1 −
4

3
x3

1 + 2Q2(x1), (B.20)

dÑµ→νe

dx2

=
19

18
− 3

2
x2

2 +
4

9
x3

2 −
5

3
Q2(x2) + 2Q3(x2). (B.21)
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Again, these are energy spectra for one of the electrons, positrons or (anti-)neutrinos. To
obtain the injection spectra per dark matter annihilation, we must multiply the multiplicity
factor, 2n for n-step, and set xn = E/mDM. Here, E is the energy of a particle in the
center-of-mass frame for dark matter annihilation.

For comparison, the corresponding formulae in the approximation of isotropic three-body
decays are

dÑµ→e

dx−1
≃ 2x−1, (B.22)

dÑµ→e

dxn
≃ (−1)n+1

(

2xn + 2
n+1
∑

i=1

(−1)iQi(xn)

)

≡ Qn+1(xn). (B.23)

As a rough rule of thumb, the electron spectrum for an n-step muon cascade has a shape
between (n+ 1)- and (n + 2)-step electron cascades.

B.1.3 Gamma ray spectra from final state radiation

Primary gamma rays come from final state radiation in the decay φ1 → ℓ+ℓ−γ. In
principle, one could do an exact calculation to O(αEM) of the gamma ray spectrum, which
would have the full ǫ0 ≡ 2mℓ/m1 dependence. Since we are using the simplified convolution
formula in Eq. (B.6), it is not consistent to keep O(ǫ20) corrections in the exact gamma ray
calculation, and it suffices to use twice the Altarelli-Parisi splitting formula

dÑγ

dx0
=
αEM

π

1 + (1 − x0)
2

x0

{

−1 + ln

(

4(1 − x0)

ǫ20

)}

, (B.24)

where the normalization of Ñγ is such that
∫

dxn dÑγ/dxn gives the (average) number of
photons per φ1 decay. Note that the expression of Eq. (B.24) becomes negative at x0 >
1 − e ǫ20/4, which does not correspond to the kinematic threshold. The error from this,
however, is formally an O(ǫ20) effect.

Applying the simplified convolution formula, we obtain

dÑγ

dx1
=

αEM

π

1

x1

{(

−1 + ln
4

ǫ20

)

R1(x1) + S1(x1)

}

, (B.25)

dÑγ

dx2
=

αEM

π

1

x2

{(

−1 + ln
4

ǫ20

)

R2(x2) + S2(x2)

}

, (B.26)

where

R1(x) = 2 − x− x2 + 2x lnx, (B.27)

R2(x) = 2 − 3x+ x2 + x ln x− x(ln x)2, (B.28)

S1(x) =
(

π2

3
− 1

)

x+ x2 + 2x ln x+ (2 − x− x2) ln(1 − x) − 2xLi2(x), (B.29)
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S2(x) =
(

π2

6
+ 2 − 2ζ(3)

)

x− 2x2 −
(

π2

3
− 3

)

x ln x+ (2 − 3x+ x2) ln(1 − x)

−x(ln x)2 − xLi2(x) + 2xLi3(x). (B.30)

The photon injection spectra per dark matter annihilation are then given by

dNγ

dxn
= 2n

dÑγ

dxn
, (B.31)

where xn = Eγ/mDM, with Eγ being the photon energy in the center-of-mass frame for dark
matter annihilation. Here, ǫ0 = mℓ/mDM for direct annihilation and ǫ0 = 2mℓ/m1 otherwise.

For the hardest gamma rays near xn → 1, the behavior of dÑγ/dxn is

dÑγ

dx0
≃ αEM

π

1

x0
ln

(

4(1 − x0)

ǫ20

)

, (B.32)

dÑγ

dx1
≃ αEM

π

1 − x1

x1
ln

(

4(1 − x1)

ǫ20

)

, (B.33)

dÑγ

dx2
≃ αEM

π

(1 − x2)
2

2x2
ln

(

4(1 − x2)

ǫ20

)

. (B.34)

Compared to direct annihilation into leptons, a 1-step cascade annihilation gives a gamma ray
spectrum that is suppressed not only by ln(2mℓ/m1)/ ln(mℓ/mDM) but also by an additional
suppression factor of (1 − x) for the highest energy gamma rays.

B.1.4 Gamma ray subtlety for muons

There are actually two contributions to the gamma ray spectrum for φ1 → µ+µ−γ.
In addition to final state radiation from muons, there is the radiative decay of the muon
µ → eνeνµγ. Formally, this contribution is suppressed by a factor of 1/ ln(mµ/m1) or
(1 − xn)

2, but for m1 ≈ mµ, it is an important effect.
The gamma ray spectrum in the muon rest frame is known in the limit that r = m2

e/m
2
µ

is small [243]. Assuming unpolarized muons, we can derive the 0-step cascade annihilation
spectrum from the muon rest frame spectrum

dÑµ→γ

dx−1
=

αEM

3π

1

x−1

(

T−1(x−1) ln
1

r
+ U−1(x−1)

)

, (B.35)

dÑµ→γ

dx0
=

αEM

3π

1

x0

(

T0(x0) ln
1

r
+ U0(x0)

)

, (B.36)

where

T−1(x) = (1 − x)(3 − 2x+ 4x2 − 2x3), (B.37)
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T0(x) = 3 +
2

3
x− 6x2 + 3x3 − 2

3
x4 + 5x ln x, (B.38)

U−1(x) = (1 − x)
(

−17

2
+

23

6
x− 101

12
x2 +

55

12
x3

+(3 − 2x+ 4x2 − 2x3) ln(1 − x)
)

, (B.39)

U0(x) = −17

2
− 3

2
x+

191

12
x2 − 23

3
x3 +

7

4
x4 +

(

3 +
2

3
x− 6x2 + 3x3 − 2

3
x4
)

ln(1 − x)

−28

3
x ln x+ 5x ln(1 − x) ln x+ 5xLi2(1 − x). (B.40)

The convolutions for 1- and 2-step decays are straightforward to derive.
Note again that

∫

dxn dÑµ→γ/dxn give the (average) number of photons per muon decay.
The photon spectra from radiative muon decay per dark matter annihilation are then given
by 2ndÑµ→γ/dxn. The total photon injection spectra per dark matter annihilation are given
by

dNγ

dxn
= 2n

(

dÑγ

dxn
+ 2

dÑµ→γ

dxn

)

, (B.41)

where xn = Eγ/mDM, with Eγ being the photon energy in the center-of-mass frame for dark
matter annihilation.

B.1.5 Rare modes in the axion portal

In Section 5.6, we consider bounds on rare a → γγ and a → π+π−π0 decay modes in
axion portal models. The axion portal has both a 1-step and a 2-step component, and the
gamma ray spectrum for each can be calculated straightforwardly. The a → γγ spectra are
identical (up to normalization) to the φ1 → e+e− spectra already calculated:

dÑa→γ

dx1
= 2, (B.42)

dÑa→γ

dx2

= 2 ln
1

x2

, (B.43)

where the normalization of Ña→γ is such that
∫

dxn dÑa→γ/dxn gives the number of photons
per a decay.

For a→ π+π−π0 followed by π0 → γγ, we can use the Qn function from Eq. (B.23) if we
assume that ma ≫ mπ and that the a→ 3π decay is isotropic:

dÑa→π0→γ

dx1
≃ 2Q2(x1), (B.44)

dÑa→π0→γ

dx2
≃ 2Q3(x2), (B.45)
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where again the normalization of Ña→π0→γ is such that
∫

dxn dÑa→π0→γ/dxn gives the number
of photons per a decay. One should keep in mind thatma ≃ 3mπ in the region of interest, but
the hierarchical cascade approximation is still reasonably representative of the true energy
spectrum.

B.2 Leptonic Axion Portal

In the minimal axion portal construction, the axion has large hadronic couplings, and
is therefore strongly constrained by beam dump and rare meson decay experiments. In
particular, the axion is forced to decay primarily into muons, and, as we saw in Section 5.5,
there is some degree of tension between a muon annihilation scenario and the absence of
galactic neutrinos. Also, we saw in Section 5.6 that there are strong gamma ray bounds
on the a → π+π−π0 decay mode, which in the minimal axion portal arises from axion-pion
mixing.

Since the decay properties of the axion are irrelevant for dark matter freezeout, we can
easily modify the couplings of the axion to standard model fields without losing the good
features of this scenario. In particular, we can construct a leptonic axion portal model where
the axion has no hadronic couplings. While such a leptonic axion could decay into muons
as in the minimal axion portal, in the text we consider the less constrained case where the
leptonic axion decays primarily into electrons.

The simplest example for the leptonic axion portal can be constructed as follows. Vector-
like fermion dark matter ψ/ψc obtains a mass from spontaneous symmetry breaking through
the vacuum expectation value of a complex scalar Sℓ:

L = −ξSℓψψc + h.c., Sℓ =

(

fa +
sℓ√
2

)

eiaℓ/
√

2fa , (B.46)

where aℓ is the pseudoscalar axion, sℓ is a light scalar, and fa is the axion decay constant,
which is assumed to be of order TeV. As in the minimal axion portal, the masses of sℓ and
aℓ can be considered as free parameters. In order for aℓ to decay into leptons, Sℓ must
be charged under a leptonic symmetry (which is softly broken to give a mass to aℓ). This
requires introducing separate electron-type and neutrino-type Higgses:

L = −λeℓheec − λνℓhνν
c −AℓSℓhehν + h.c. (B.47)

These interactions force the standard model leptons to carry axial leptonic charges. (Small
neutrino masses can be obtained through the standard see-saw mechanism, and it is straight-
forward to extend the model to incorporate supersymmetry.)

In order to eliminate the hadronic couplings of aℓ, the standard model quarks are assumed
not to carry charges under the leptonic symmetry. This requires introducing one or more
new Higgses for the quark sector, which must also be singlets under the leptonic symmetry.
As long as the potential for these Higgses preserves the leptonic symmetry, then aℓ will have
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no hadronic couplings and cannot mix with the neutral mesons after the leptonic symmetry
is spontaneously broken.

The absence of hadronic couplings allows maℓ
to be lighter than 2mµ, and thus aℓ to

decay dominantly into electrons while satisfying beam dump and rare meson decay con-
straints. Also, the leptonic axion aℓ has no aℓ → π+π−π0 decay mode, reducing the gamma
ray constraints in the case that maℓ

> 3mπ (where aℓ dominantly decays into muons). Since
the strongest astrophysical bounds on light degrees of freedom come from hadronic cou-
plings [244], maℓ

might even be as light as 2me, although a detailed study of the constraints
on the leptonic axion is beyond the scope of this chapter.

As an example of the quark sector interactions, there could be separate up-type and
down-type Higgses. In this case, it is natural to assume a hadronic symmetry under which
the quarks carry axial charges:

L = −λuqhuuc − λdqhdd
c −AqSqhuhd + h.c. (B.48)

The axion contained in the field Sq could then be the QCD axion and solve the strong CP
problem. To avoid astrophysical constraints, however, the vacuum expectation value of Sq
must be >∼ 1010 GeV, much larger than 〈Sℓ〉 = O(TeV). Explicit breaking of the hadronic
symmetry must also be much smaller than that of the leptonic symmetry.


