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Zusammenfassung

Gegenstand dieser Doktorarbeit ist eine umfangreiche und systematische Untersuchung von
Flavor und CP verletzenden Niederenergieprozessen im Rahmen des MSSM, der minimalen
supersymmetrischen Erweiterung des Standard Modells. Supersymmetrische (SUSY) Mod-
elle gehören zu den am besten motivierten und am gründlichsten untersuchten Modellen für
Neue Physik (NP). Es wird erwartet, dass die neuen Freiheitsgrade, die die Supersymmetrie
vorhersagt, Massen von der Größenordnung der TeV Skala besitzen und die direkte Suche
nach diesen Teilchen ist eines der Hauptziele am LHC. Ein komplementärer Ansatz das
MSSM zu testen, besteht in der Untersuchung von Präzisionsobservablen bei niedrigen En-
ergien, die durch die virtuellen Effekte der neuen Freiheitsgrade beeinflusst werden können.
Von besonderer Bedeutung in diesem Zusammenhang sind sogenannte Flavor Changing Neu-
tral Current (FCNC) Prozesse, die im Standard Modell nicht auf Tree Niveau vorkommen
und deshalb höchst sensitiv auf die Flavorstruktur von NP Modellen sind.

Zuerst untersuchen wir modellunabhängig Niederenergieprozesse, die eine hohe Sensi-
tivität auf die Flavor und CP verletzenden Strukturen besitzen, die im MSSM enthalten
sind. Als nächstes diskutieren wir im Detail die reichhaltige Flavorstruktur des MSSM
und die resultierenden SUSY Beiträge zu FCNC und CP verletzenden Observablen und
zwar sowohl für große und kleine Werte für tan β. In der Tat schränken genau gemessene
Niederenergieobservable den MSSM Parameterraum außergewöhnlich stark ein, was oft als
SUSY Flavor Problem bezeichnet wird. Wir skizzieren Möglichkeiten die gefährlich großen
SUSY Effekte in diesen Observablen zu kontrollieren und untersuchen die daraus resultieren-
den Vorhersagen für jene Niederenergieprozesse, die noch nicht mit hoher Präzision gemessen
sind. Wir berücksichtigen sowohl das MSSM mit minimaler Flavor Verletzung als auch SUSY
Modelle die auf abelschen und nicht-abelschen Flavor Symmetrien basieren und deren “we-
iche” SUSY Brechungsterme repräsentative Flavorstrukturen aufweisen. Wir identifizieren
die markanten Muster von Flavoreffekten in den Niederenergieprozessen, wobei wir uns ins-
besonders auf CP verletzende Observable im b → sγ Übergang, die Bs Mischungsphase,
das Verzweigungsverhältnis des seltenen Bs → µ+µ− Zerfalls, CP Verletzung in D0 − D̄0

Mischung Und elektrische Dipolmomente konzentrieren. Wir betonen, dass es die chark-
teristischen Korrelationen zwischen den SUSY Effekten in diesen Observablen erlauben, die
verschiedenen Modelle von einander zu unterscheiden.



Abstract

The main subject of this PhD thesis is a comprehensive and systematic analysis of flavor and
CP violating low energy processes in the framework of the MSSM, the minimal supersym-
metric extension of the Standard Model. Supersymmetric (SUSY) models are among the
best motivated and most thoroughly analyzed New Physics (NP) models. The new degrees
of freedom predicted by Supersymmetry are expected to have masses of the order of the TeV
scale and the direct search for these particles is one of the major goals at the LHC. A com-
plementary strategy to probe the MSSM is given by the analysis of low energy high-precision
observables, that can be modified through virtual effects of the new degrees of freedom. Of
particular importance in this respect are so-called Flavor Changing Neutral Current (FCNC)
processes that, forbidden in the Standard Model at the tree level, are highly sensitive probes
of the flavor structure of NP models.

We first analyze model independently low energy processes that show high sensitivity to
the new sources of flavor and CP violation contained in the MSSM. Next, we discuss in detail
the rich flavor structure of the MSSM and the implied SUSY contributions to FCNC and
CP violating observables both in the low and high tan β regime. In fact, well measured low
energy observables lead to remarkably strong constraints on the MSSM parameter space,
which is often referred to as the SUSY flavor problem. We outline possibilities to control
dangerously large SUSY effects in such observables and analyze the implied predictions for
those low energy processes that are not measured with high precision, yet. We consider both
the Minimal Flavor Violating MSSM and SUSY models based on abelian and non-abelian
flavor symmetries that show representative flavor structures in the soft SUSY breaking terms.
We identify the distinctive patterns of SUSY effects in the low energy observables, focussing
in particular on CP violation in the b→ sγ transition, the Bs mixing phase, the branching
ratio of the rare Bs → µ+µ− decay, CP violation in D0 − D̄0 mixing and electric dipole
moments. We emphasize that the characteristic correlations among the SUSY effects in
these processes allow to distinguish between the different models.
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1 Introduction

The era of the Large Hadron Collider has started. On March 30, 2010, the first long physics
run of the LHC at a center of mass energy of 7 TeV was initiated and with confidence the
clarification of the mechanism of electroweak symmetry breaking is expected in the coming
years. In fact, the Standard Model (SM) of elementary particle physics with its presently
discovered particle content becomes inconsistent at a scale of around 1 TeV, and without
doubts, the experimental discovery of the last missing piece in the Standard Model, the
Higgs boson (or whatever dynamics takes its role), is the main goal of the LHC experiment.
Moreover, arguments based on the gauge hierarchy problem suggest that the Standard Model
also has to be extended with New Physics (NP) around the TeV scale [1] and the direct
exploration of this energy scale will have profound impact on our understanding of particle
physics.

As the Standard Model does not include a description of gravity, it is necessarily incom-
plete and has to be considered as a low energy effective theory of a still to be determined
fundamental theory. As the Higgs boson is a scalar particle and its mass mh is not protected
by any symmetry in the SM, mh, that is roughly set by the electroweak scale v ' 246 GeV,
is quadratically sensitive to the highest scale contained in the fundamental theory, i.e. the
scale of gravity, the Planck mass MPl ' 1019 GeV. In other words, quantum corrections
to the Higgs mass are generically of the order of the Planck mass, and the huge hierarchy
between the electroweak scale and the scale of gravity is unstable at the quantum level.
Unless a tremendous amount of fine tuning is assumed, the natural value of the electroweak
scale would be given by the Planck mass. This is usually referred to as the gauge hierarchy
problem.

Numerous mechanisms to stabilize the electroweak scale against large quantum correc-
tions have been investigated. Supersymmetry (SUSY) [2, 3] for example is an extension
of Poincaré symmetry and relates bosonic and fermionic degrees of freedom thus leading to
scalar masses that are protected from quadratically divergent quantum corrections as fermion
masses are. Also in the so-called Technicolor theories [4, 5] where electroweak symmetry is
broken dynamically by the condensate of a strongly coupled sector, a large hierarchy be-
tween the electroweak scale and some high NP scale is natural. In theories with large extra
dimensions [6, 7, 8] the hierarchy problem can be solved by lowering the scale of gravity
down to the electroweak scale and attributing the observed weakness of gravity to several
large spatial extra dimensions. Models with warped extra dimensions [9] generate the elec-
troweak scale from the Planck scale through an exponential hierarchy that arises from an
AdS5 background metric. Finally, so-called little and littlest Higgs models [10, 11, 12] ad-
dress the hierarchy problem, assuming the Higgs particle of the Standard Model to be a
pseudo Nambu-Goldstone boson of a collectively broken global symmetry.

In order to address the gauge hierarchy problem, all these New Physics theories predict
new phenomena at the TeV scale, the energy scale that will be directly explored for the
first time at the LHC. On the other hand, also high-precision low energy experiments allow
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to indirectly probe NP theories predicting new degrees of freedom at the TeV scale. In
particular, Flavor Changing Neutral Current (FCNC) processes, forbidden in the SM at
the tree level [13], are highly sensitive probes of the flavor structure of such new degrees of
freedom.

Among the many possible extensions of the SM, the most popular is still the Minimal
Supersymmetric Standard Model (MSSM). Theories with TeV scale Supersymmetry are in
fact able to address the gauge hierarchy problem and provide for example also a dark matter
candidate. They remain perturbative up to high scales and achieve gauge coupling unifi-
cation at a Grand Unification scale of around 1016 GeV. However, the rich flavor structure
of the MSSM generically leads to large contributions to FCNC processes in conflict with
available experimental data: the so-called SUSY flavor problem. A thorough understand-
ing of the SUSY contributions to FCNCs – their origin, their structure and their implied
phenomenology – is therefore crucial in order to test SUSY theories.

In this thesis we will discuss in detail the anatomy and phenomenology of flavor and CP
violation in the quark sector of the MSSM. The presented results will mostly be based on
our analyses published in [14, 15, 16, 17, 18, 19, 20, 21, 22, 23].

In chapter 2 we briefly review the status of flavor violation in the SM and sketch the
SM flavor puzzle and the New Physics flavor problem. In chapter 3 we discuss selected low
energy observables concentrating on but not restricting ourselves to FCNC processes. In
particular, our presentation contains ∆F = 2 processes as D0 − D̄0, K0 − K̄0, Bd − B̄d and
Bs − B̄s mixing, ∆F = 1 rare Kaon and B meson decays as e.g. the radiative B → Xsγ
decay, the semileptonic B → K∗`+`− decay, the hadronic B → φKS and B → η′KS decays,
the purely leptonic Bs,d → µ+µ− decays, the several rare decays based on the b → sνν̄
and s → dνν̄ transition and the tree level B → τν decay, as well as ∆F = 0 processes
as the anomalous magnetic moment of the muon, (g − 2)µ, and electric dipole moments
(EDMs). We collect the most updated SM predictions of these observables and present
their current experimental situation and the expected future prospects. We also discuss in a
model independent way how these observables can be affected by generic NP contributions.
In chapter 4 we introduce the concept of Supersymmetry, concentrating directly on the
MSSM. We briefly review its field content and consider in detail the flavor structure of the
MSSM in the quark sector. Chapter 5 is devoted to the MSSM in the large tan β regime. A
detailed analysis of SUSY contributions to low energy observables then follows in chapter 6.
We give a very comprehensive presentation of the relevant SUSY induced effects in the
low energy observables introduced in chapter 3, pointing out the main dependencies on the
MSSM parameters. In chapter 7 we then discuss the SUSY flavor problem. In an example
MSSM scenario we impose the bounds coming from FCNC processes and derive the allowed
ranges for the SUSY flavor structures. Possibilities to address the SUSY flavor problem are
also reviewed. Finally in chapter 8, we present an extensive numerical analysis of low energy
processes in concrete SUSY models. In particular we consider the MSSM with Minimal
Flavor Violation as well as SUSY flavor models based on abelian and non-abelian flavor
symmetries that show representative flavor structures in the soft SUSY breaking terms and
demonstrate how their distinct predictions for low energy observables allow to distinguish
between these different models. We conclude in chapter 9 with a summary and outlook.



2 The Standard Model and New Physics
Flavor Problems

2.1 The Success of the SM CKM Mechanism of Flavor
and CP Violation

The Standard Model provides an extremely successful description of basically all experimen-
tal data in particle physics. It is based on the SU(3)c × SU(2)L × U(1)Y gauge group that
is spontaneously broken to SU(3)c × U(1)em by the vacuum expectation value of a single
Higgs scalar with quantum numbers (1, 2)1/2. The matter content of the SM consists of five
different representations of the gauge group: left handed quarks qIL (3, 2)1/6, right handed up
quarks uIR (3, 1)2/3, right handed down quarks dIR (3, 1)−1/3, left handed leptons `IL (1, 2)−1/2

and right handed charged leptons eIR (1, 1)−1. These matter fields come in three generations
or flavors, I = 1,2,3. Concerning their gauge interactions, the three flavors are identical
copies and behave in exactly the same way. They can be only distinguished by their Yukawa
couplings to the Higgs field that are in general 3× 3 matrices in flavor space. Diagonalizing
the Yukawa matrices to get diagonal quark masses after electroweak symmetry breaking,
one is left with the the Cabibbo-Kobayashi-Maskawa (CKM) matrix, VCKM [24, 25], that
appears in the flavor changing coupling of the W boson with the quarks.

Within the SM all flavor changing effects in the quark sector are induced by the CKM
matrix, that parameterizes the misalignment between the up and down quark mass eigen-
states in flavor space. It is a unitary matrix that depends on three real angles and one single
complex phase. A very convenient parameterization of the CKM matrix is given by the
Wolfenstein parameterization [26] in terms of λ, A, %̄ and η̄

VCKM '
 1− 1

2
λ2 λ Aλ3(%− iη)

−λ 1− 1
2
λ2 Aλ2

Aλ3(1− %̄− iη̄) −Aλ2 1

+O(λ4) , (2.1)

where the Cabibbo angle λ ' 0.23 plays the role of an expansion parameter and the CP
violating phase is represented by the parameter η̄. Unitarity of the CKM matrix implies
various relations between its entries, in particular so-called Unitarity Triangles. The most
important Unitarity Triangle (UT) is

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 (2.2)

and it can directly be visualized as a triangle in the %̄− η̄ plane.
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Rb =
|VudV ∗

ub|
|VcdV ∗

cb
| Rt =

|VtdV ∗
tb|

|VcdV ∗
cb

|

γ β

α

(¯̺, η̄)

(0, 0) (1, 0)

Its sides Rt and Rb as well its angles α, β and γ are accessible in many flavor changing
observables and using the available experimental information on these observables allows to
overconstrain the %̄− η̄ plane.

Within the last years the SM CKM mechanism of flavor and CP violation has been fully
experimentally established. Global fits to the data on flavor changing processes (see [27]
and [28]) all lead consistently to a single solution in the %̄ − η̄ plane and there is basically
no doubt anymore that the SM CKM matrix is the main source of flavor and CP violation
in the processes entering the UT analysis [29]. Correspondingly, New Physics effects to such
processes can only be small corrections and are strongly bounded by existing data.

A very close look to the analyses of the Unitarity Triangle however reveals some ten-
sions [30, 31, 32, 33, 34]. In particular, the measured amount of CP violation in Bd − B̄d

mixing (SψKS
) seems insufficient to fully explain CP violation in K0 − K̄0 mixing (εK).

While this tension can be fully analyzed by means of the standard UT analysis in the
%̄ − η̄ plane (see e.g. [30, 34]), it can be displayed particularly transparent in the Rb − γ
plane [35, 14, 31, 21]. In the upper left plot of figure 2.1 we show the Rb − γ plane in the
SM, imposing the constraints from SψKS

(blue), ∆Md/∆Ms (yellow) and εK (red) at the
1σ level. The solid black line corresponds to α = 90◦ close to the result from the SM UT
fits [27, 28] and the direct determination from the isospin analysis of B → ππ, ρρ, ρπ [36].

The numerical input parameter that we use to obtain this plot are collected in ap-
pendix A.3. It is evident that there is a tension between the three constraints, as dependently
on which two constraints are used to fix Rb and γ, three distinct regions in the plane are
chosen. Possible solutions to this tension can be achieved by assuming NP contributions in
one of the three observables εK , SψKS

or ∆Md/∆Ms:

1) If SψKS
and ∆Md/∆Ms are used to determine Rb and γ (see upper right plot in

figure 2.1), the resulting prediction for εK reads εK = (1.82 ± 0.26) × 10−3, much
below the experimental value εexp

K = (2.228 ± 0.011) × 10−3. A positive NP effect in
εK at the level of +22% compared to its SM value is then required to fit exactly the
measurement.

2) If εK and ∆Md/∆Ms are assumed to be NP free and used to fix the UT parameters
as shown in the lower left plot of figure 2.1, then sin 2β is predicted to be sin 2β =
0.81±0.09, which is considerably larger than the measured Sexp

ψKS
= 0.672±0.023. This

tension can be solved by a NP phase in Bd mixing of −6.1◦.

3) If instead εK and SψKS
are used for a determination of Rb and γ, then Rt comes out as

Rt = 1.02+0.06
−0.07 which in the SM corresponds to ∆Md/∆Ms = 0.036±0.005. In order to

agree exactly with the experimental central value of ∆M exp
d /∆M exp

s = 0.0285±0.0005,
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Figure 2.1: The Rb − γ plane assuming: i) sin 2β, Rt and εK not affected by NP effects (upper
left), ii) sin 2β and Rt NP free while εK affected by a positive NP effect at the level of +22%
compared to the SM contribution (upper right), iii) εK and Rt NP free while sin 2β affected by a
NP phase in Bd mixing of −6.1◦ (lower left), iv) εK and sin 2β NP free while ∆Md/∆Ms affected
by a negative NP effect at the level of −21% compared to the SM contribution (lower right). The
black star indicates the values for Rb and γ obtained in the NP UT fit of [28].

one then needs a NP contribution to ∆Md/∆Ms at the level of −21%. Such a situation
is shown in the lower right plot of figure 2.1.

In table 2.1 we list the values of the relevant CKM parameters corresponding to each case.
We observe

• Solution 1) corresponds to γ ' 66◦, Rb ' 0.36 and α ' 93◦ in accordance with the
usual SM UT analysis.

• Solution 2) is characterized by a large value of Rb ' 0.47, that is significantly larger
than its exclusive determinations but still compatible with the inclusive determinations.
The angles γ ' 66◦ and α ' 87◦ agree with the usual SM UT analysis.

• Solution 3) finally is characterized by a large value of γ ' 84◦ and α much be-
low 90◦. The latter fact could be problematic for this solution given the improving
determinations of α.

As one can see from table 2.1, the three NP scenarios characterized by black points in
figure 2.1 can be distinguished from each other through precise tree level measurements of γ
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ρ̄ η̄ α[◦] γ[◦] Rb |Vub| × 103

1) 0.149+0.029
−0.029 0.329+0.018

−0.017 93.2+5.0
−5.0 65.7+4.9

−4.9 0.361+0.014
−0.014 3.44+0.17

−0.16

2) 0.188+0.057
−0.048 0.417+0.062

−0.054 87.1+4.2
−3.8 65.7+4.3

−3.9 0.457+0.077
−0.064 4.37+0.74

−0.62

3) 0.044+0.063
−0.062 0.369+0.023

−0.024 75.7+10.0
−9.1 83.2+9.4

−10.2 0.372+0.020
−0.017 3.55+0.22

−0.19

UTfit 0.177± 0.044 0.360± 0.031 92± 7 63± 7 0.404± 0.025 3.87± 0.23

Table 2.1: Predictions of several CKM parameters in the three scenarios as discussed in the text.
For comparison, in the last line results are also shown from a global NP fit of the UT [28].

and Rb that are expected to be basically unaffected by NP effects and that will eventually
be performed at a superB factory [37, 38, 39].

Instead of choosing now one of these three scenarios, for definiteness we will in the rest of
this work use the CKM parameters from a global NP fit of the UT [28] that are also listed
in appendix A.3.

2.2 The Standard Model Flavor Puzzle

While the identification of tensions and possible inconsistencies in the Unitarity Triangle
provides valuable insight, the main goal of the SM UT analysis is to give a determination
of the CKM parameters as precise as possible. The global fits seem to be consistent to a
large extent and as mentioned above, the CKM picture of flavor and CP violation in the SM
appears to be a very good description of the data.

As already evident from the parameterization (2.1), the measured entries in the CKM
matrix show a strongly hierarchical pattern and range over three orders of magnitude

|Vud| ' 0.97 , |Vus| ' 0.23 , |Vub| ' 3.8× 10−3 ,
|Vcd| ' 0.23 , |Vcs| ' 0.97 , |Vcb| ' 4.1× 10−2 ,
|Vtd| ' 8.4× 10−3 , |Vts| ' 4.1× 10−2 , |Vtb| ' 1 .

(2.3)

Similarly, also the remaining flavor parameters in the SM, i.e. the fermion masses are strongly
hierarchical. Even leaving aside neutrinos, the SM fermion masses range over almost six order
of magnitude between the electron mass and the top quark mass

mt ' 164 GeV , mc ' 1.2 GeV , mu ' 3 MeV ,
mb ' 4.2 GeV , ms ' 0.1 GeV , md ' 5 MeV ,
mτ ' 1.8 GeV , mµ ' 0.1 GeV , me ' 0.5 MeV .

(2.4)

Only the top quark mass has a “natural” value of the order of the electroweak scale, while
all the other fermion masses are very small and look unnatural.

The lack of a theoretical understanding of the huge hierarchies among the masses and
mixing angles is often referred to as the SM flavor puzzle.
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2.3 The New Physics Flavor Problem

New Physics models typically introduce additional sources of flavor and CP violation to
the ones contained already in the SM CKM matrix. Employing a generic effective theory
approach, the NP effects in flavor observables can be analyzed in a model independent way
(see e.g. [40] for a recent review). Under the assumption that the NP degrees of freedom are
heavier than the SM fields, they can be integrated out and their effects can be described by
higher dimensional operators. The effective Lagrangian contains then the SM Lagrangian
and an infinite tower of operators with dimension d > 4, constructed out of SM fields and
suppressed by inverse powers of an effective NP scale ΛNP

Leff = LSM +
∑
i, d>4

Cd
i

Λd−4
NP

Odi , (2.5)

where Cd
i are unknown couplings.

The term with the higher dimensional operators in (2.5) contains dimension six ∆F = 2
four quark operators (see (3.3) below) that lead to contributions to neutral meson mixing.
The good agreement between the SM predictions for meson mixing and the experimental
data can then be translated into bounds on the combination Ci/Λ

2
NP [41, 42, 40].

The general picture that emerges is the following:

• If the coefficients Ci are assumed to be generic, i.e. all of O(1), then the most stringent
bounds on the NP scale ΛNP, that come from CP violation in K0 − K̄0 mixing, are at
the level of 104 − 105 TeV. This scale is far above the scale of NP that one expects
from naturalness arguments.

• If on the other hand the NP scale is fixed to 1 TeV as suggested by a natural solution
to the hierarchy problem, the couplings Ci that are responsible for CP violation in
K0 − K̄0 mixing are constrained at the level of 10−9 − 10−11. Slightly less stringent
bounds arise from D0 − D̄0, Bd − B̄d and Bs − B̄s mixing where the most stringent
constraints on the corresponding couplings are at the level of 10−8, 10−7 and 10−5

respectively.

This is the so-called NP flavor problem: NP with generic flavor structure is forced to be far
above the natural TeV scale, while NP at the TeV scale necessarily has to possess a highly
non-generic and unnatural flavor structure.

An elegant way to avoid this problem is provided by the Minimal Flavor Violation (MFV)
hypothesis [43, 44, 45], where the only source of flavor violation, even beyond the SM, are
the SM Yukawa couplings. As a result, flavor violating processes are determined by the same
CKM elements as in the SM, i.e. the couplings Ci are suppressed, and a low NP scale at
the level of few TeV is still compatible with the flavor data within this minimalistic scenario
[41, 46].

Minimal flavor violation is however not a theory of flavor. While it naturally suppresses
NP contributions to flavor violating process, it does not provide an explanation for the
hierarchical flavor structure that is already present in the SM. Much more ambitious in this
respect are models that try to explain the pattern of fermion masses and mixings based on
the spontaneous breaking of flavor symmetries through the Froggatt-Nielsen mechanism [47].
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Supersymmetric versions of flavor models have been widely discussed in the literature and
we will only briefly present the main concepts of these SUSY flavor models in section 7.2. The
flavor phenomenology of the MSSM with MFV and of representative SUSY flavor models
will then be analyzed in chapter 8.



3 Low Energy Probes of Flavor and CP
Violation

In the coming years, the LHC will probe the TeV scale. If new degrees of freedom exist
at that scale, they will be produced directly and their production and decay mechanisms
can be studied in an immediate way. A strategy complementary to the direct search is
provided by low energy high-precision experiments where NP could be detected through
the virtual effects of the NP degrees of freedom. In particular, Flavor Changing Neutral
Current (FCNC) processes, that are forbidden in the SM at tree level, are highly sensitive
to possible NP degrees of freedom and constitute of one of the best tools to investigate the
flavor structure of NP theories.

In this chapter we discuss selected low energy observables concentrating on but not re-
stricting ourselves to FCNC processes. We review their SM predictions as well as their
present experimental situation and the expected future prospects. We also discuss in a
model independent way how these observables can be affected by generic NP contributions.

We start with the ∆F = 2 sector and discuss observables in the four neutral meson
systems, i.e. in D0 − D̄0, K0 − K̄0, Bd − B̄d and Bs − B̄s mixing. We cover both well
measured observables that lead to strong constraints on the NP flavor structure as well
as observables where experimental data is still poor and large NP effects are still possible.
In particular the observable Sψφ that measures the phase of the Bs mixing amplitude has
recently attracted a lot of attention as recent data from Tevatron seems to hint at large
non-standard contributions to Bs mixing.

In the ∆F = 1 sector we first concentrate on processes sensitive to NP effects in flavor
changing dipole operators, including the radiative b→ sγ decay as well as the semileptonic
b → s`+`− and the non-leptonic B → φKs and B → η′KS decay modes. Apart from
the extremely important B → Xsγ branching ratio, we focus in particular on observables
that are theoretically clean as e.g. CP asymmetries. We then turn to the purely leptonic
Bs → µ+µ− and Bd → µ+µ− decays that are especially sensitive probes of flavor changing
scalar currents that can arise in NP models. Subsequently we consider rare B and K decays
with two neutrinos in the final state, i.e. B → Xsνν̄, B → K(∗)νν̄, K+ → π+νν̄ and
KL → π0νν̄, that are among the theoretically cleanest FCNC processes. Finally we also
discuss the tree level B+ → τ+ν decay that constitutes an essential probe of extended Higgs
sectors of NP models.

In the end we also consider ∆F = 0 observables, i.e. observables that do not require any
source of flavor violation. We discuss the anomalous magnetic moment of the muon, (g−2)µ,
and electric dipole moments (EDMs). The EDMs are particular interesting observables as
the corresponding SM predictions are extremely small and any experimental evidence for
them would be a clear signal of New Physics.

The most important observables are then conveniently collected in table 3.2 at the end of
this chapter.
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3.1 ∆F = 2 Processes

3.1.1 Basics of Meson Mixing and the ∆F = 2 Effective Hamiltonian

Before discussing in detail observables accessible in D0− D̄0, K0− K̄0, Bd− B̄d and Bs− B̄s

mixing, we briefly make some general comments about the basics of meson mixing and the
∆F = 2 effective Hamiltonian.

The amplitude for the transition of a neutral meson M̄0 into its antiparticle M0 can be
written as follows

〈M0|Heff |M̄0〉 = M12 − i

2
Γ12 , 〈M̄0|Heff |M0〉 = M∗

12 −
i

2
Γ∗12 , (3.1)

where M12 is the dispersive part and Γ12 the absorptive part of the amplitude. The phases of
M12 and Γ12 are phase convention dependent but their relative phase is a physical observable.
The three fundamental theory parameters describing meson - antimeson mixing are then

|M12| , |Γ12| , φ12 = Arg(M12/Γ12) . (3.2)

While in most models beyond the SM the absorptive part Γ12 is hardly affected by NP, the
dispersive part M12 is sensitive to new short distance dynamics that can be encoded in the
Wilson coefficients of the ∆F = 2 effective Hamiltonian

Heff = −
5∑
i=1

CiOi −
3∑
i=1

C̃iÕi + h.c. , (3.3)

with the operators defined as

O1 = (ūαγµPLcα) (ūβγ
µPLcβ) , Õ1 = (ūαγµPRcα) (ūβγ

µPRcβ) ,

O2 = (ūαPLcα) (ūβPLcβ) , Õ2 = (ūαPRcα) (ūβPRcβ) ,

O3 = (ūαPLcβ) (ūβPLcα) , Õ3 = (ūαPRcβ) (ūβPRcα) ,

O4 = (ūαPLcα) (ūβPRcβ) ,

O5 = (ūαPLcβ) (ūβPRcα) , (3.4)

Here, α and β are color indices and PR,L = 1
2
(1 ± γ5). For definiteness we quoted here the

Hamiltonian for the cū → ūc transition. Completely analogous expressions hold of course
also in the case of the sd̄→ s̄d, bd̄→ b̄d and bs̄→ b̄s transitions.

Integrating out the heavy degrees of freedom of models beyond the SM, the NP contri-
butions to the Wilson coefficients Ci and C̃i in (3.3) can be determined at a high matching
scale µNP. Renormalization group running from this high scale down to the low hadronic
scales, µl ' mb for Bd − B̄d and Bs − B̄s mixing and µl ' 2 GeV for K0 − K̄0 and
D0 − D̄0 mixing, where the mixing amplitudes are evaluated can be performed using the
results from [48, 49, 50]. The NP contributions to the mixing amplitude are then given by

MNP
12 = 〈M0|HNP

eff |M̄0〉 = −
5∑
i

CNP
i (µl)〈Oi(µl)〉 −

3∑
i

C̃NP
i (µl)〈Õi(µl)〉 . (3.5)
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The operator matrixelements 〈Oi〉 and 〈Õi〉 can be evaluated at the low scale with lattice
QCD methods. They are commonly written in the following way

〈O1〉 = 〈Õ1〉 =
1

3
MDF

2
DB

D
1 , 〈O4〉 =

1

4
R2
DMDF

2
DB

D
4 ,

〈O2〉 = 〈Õ2〉 = − 5

24
R2
DMDF

2
DB

D
2 , 〈O5〉 =

1

12
R2
DMDF

2
DB

D
5 ,

〈O3〉 = 〈Õ3〉 =
1

24
R2
DMDF

2
DB

D
3 , (3.6)

where RD is a chiral factor given by RD = mD/(mc+mu) and the so-called Bag parameter BD
i

parameterize the deviation of the matrix elements from the vacuum insertion approximation.
In (3.6) we restricted ourselves again to the case of D0 − D̄0 mixing. The hadronic matrix
elements for K0 − K̄0, Bd − B̄d and Bs − B̄s mixing can be obtained in exact analogy. We
remark that the factor R is particularly large in the case of K0 − K̄0 mixing, R2

K ' 20 and
leads to a strong chiral enhancement of NP contributions to the corresponding operators.
All the relevant quark and meson masses, the decay constants and the Bag parameter needed
for numerical studies are collected in appendix A.3.

In the remainder of this section we now discuss observables accessible in neutral meson
mixing in terms on the mixing amplitude. The NP contributions to the Wilson coefficients
in the effective Hamiltonian (3.3) in the MSSM will be discussed in detail in section 6.4.

3.1.2 D0 − D̄0 Mixing

The neutral D meson mass eigenstates D1 and D2 are linear combinations of the strong
interaction eigenstates, D0 and D̄0

|D1,2〉 = p|D0〉 ± q|D̄0〉 , q

p
=

√
MD∗

12 − i
2
ΓD∗12

MD
12 − i

2
ΓD12

. (3.7)

Their normalized mass and width differences, xD and yD, are given by

xD =
∆MD

ΓD
= 2τDRe

[
q

p

(
MD

12 −
i

2
ΓD12

)]
, (3.8)

yD =
∆ΓD
2ΓD

= −2τDIm

[
q

p

(
MD

12 −
i

2
ΓD12

)]
. (3.9)

Experimentally, D0 − D̄0 mixing is now firmly established with the non-mixing hypothesis
xD = yD = 0 excluded at 10.2σ [36, 51]. Still, at the current level of sensitivity, there is
no evidence for CP violation in D0 − D̄0 mixing. The experimental data on both |q/p| and
φD = Arg(q/p) is compatible with CP conservation, i.e. |q/p| = 1 and φD = 0. The most
recent world averages as obtained by HFAG read [36, 51]

xexp
D = (0.98+0.24

−0.26)% , yexp
D = (0.83± 0.16)% , (3.10)

|q/p|exp = 0.87+0.17
−0.15 , φexp

D = (−8.5+7.4
−7.0)◦ . (3.11)

In the usual CKM conventions, the SM contributions to the dispersive and absorptive part
of the mixing amplitude are predicted to be real to an excellent approximation, but their
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magnitude cannot be calculated in a reliable way, for they are dominated by long distance
effects [52, 53]. Still, the experimental values for xD and yD are within estimated ranges
of the SM predictions. Therefore the mass and width difference in D0 − D̄0 mixing can
only be used to bound possible New Physics contributions [54, 55, 56, 57]. However, any
experimental signal for CP violation in D0 − D̄0 mixing above the per mill level would
unambiguously point towards a NP effect as in the SM it is predicted to be at the level of
O((VcbVub)/(VcsVus)) ' 10−3.1 Thus, D0− D̄0 mixing offers excellent opportunities to probe
CP violation in NP models [59, 60, 61, 62].

In the remainder of this section we will therefore focus on two CP violating observables:
the time dependent CP asymmetry in decays of D0 and D̄0 to CP eigenstates, SDf , and the
semileptonic asymmetry, aDSL.

Time Dependent CP Asymmetry

The decay rates of neutral D mesons decaying to CP eigenstates f are to a good approxi-
mation given by [54, 61, 63]

Γ(D0(t)→ f) ∝ exp
[
−Γ̂D0→f t

]
, Γ(D̄0(t)→ f) ∝ exp

[
−Γ̂D̄0→f t

]
, (3.12)

with effective decay widths

Γ̂D0→f = ΓD

[
1 + ηCP

f

∣∣∣∣qp
∣∣∣∣ (y cosφ− x sinφ)

]
, (3.13)

Γ̂D̄0→f = ΓD

[
1 + ηCP

f

∣∣∣∣pq
∣∣∣∣ (y cosφ+ x sinφ)

]
. (3.14)

Here ηCP
f is the CP parity of the final state f . One then defines the following CP violating

combination [54, 64, 63]

SDf = 2∆Yf =
1

ΓD

(
Γ̂D̄0→f − Γ̂D0→f

)
, (3.15)

that is given by

ηCP
f SDf = x

(∣∣∣∣qp
∣∣∣∣+

∣∣∣∣pq
∣∣∣∣) sinφ− y

(∣∣∣∣qp
∣∣∣∣− ∣∣∣∣pq

∣∣∣∣) cosφ . (3.16)

This expression gets in principle modified in the presence of new weak phases in the decay [64,
63], that one could expect e.g. in singly Cabibbo suppressed decay modes [62]. However, as
shown in [63], such effects are severely constrained by the existing data on time integrated
CP asymmetries. To an excellent approximation (3.16) holds therefore also in the presence
of new weak phases in the decay, i.e. ηCP

f SDf and ηCP
f ∆Yf are universal for all final states

and practically independent of direct CP violation in the decays.
In fact, time dependent CP asymmetries are currently determined from the singly Cabibbo

suppressed decay modes D0 → K+K− and D0 → π+π− and one has [36]

ηCP
f SDf = (−0.248± 0.496)% . (3.17)
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Figure 3.1: Model independent correlations between SDf and φD (left) and aDSL and SDf (right).
Light gray points satisfy the constraints from xD and yD while darker gray points further satisfy
the constraint from |q/p|. Red points are compatible with all constraints listed in (3.10) and (3.11)
and the dashed lines stand for the allowed range (3.17) for SDf . From [22].

Concerning Cabibbo favored decay modes, the most promising channel seems to be D0 →
KSφ as advertised in [64].

The left plot of figure 3.1 shows the dependence of the asymmetry SDf on φD. The light
gray points only fulfill the constraints from xD and yD, darker gray points in addition also the
constraint from |q/p|. Red points finally are compatible with all constraints listed in (3.10)
and (3.11). The range (3.17) for SDf is also shown as dashed lines. In fact the measured
value for SDf determines to a large extent the allowed range for φD in (3.11).

To take into account the uncertainties coming from the unknown long distance contribu-
tions to the mixing amplitude in the SM, we follow [65] and scan MSM

12 flatly in the range
[−0.02, 0.02]ps−1, so that the SM contribution alone can saturate the experimental bound
on the mass difference. Moreover, we scan ΓSM

12 flatly in the range [−0.04, 0.04]ps−1.

The Semileptonic Asymmetry

The semileptonic asymmetry in the decay to “wrong sign” leptons is defined as

aDSL =
Γ(D0 → K+`−ν)− Γ(D̄0 → K−`+ν)

Γ(D0 → K+`−ν) + Γ(D̄0 → K−`+ν)
=
|q|4 − |p|4
|q|4 + |p|4 (3.18)

and is a direct measure of CP violation in the mixing.
The model independent relation between x, y, |q/p| and φ identified in [66] implies the fol-

lowing correlation between the universal time dependent CP asymmetry SDf and the semilep-
tonic asymmetry aDSL [64, 63]

SDf = 2∆Yf = −ηCP
f

x2
D + y2

D

|yD| aDSL , (3.19)

In the right plot of figure 3.1 we show exactly this correlation as a result of the numerical scan
described above. We observe that the constraints coming from q/p and φD limit the allowed
range for aDSL in a model independent way. The remaining range reads −0.5 . aDSL . +0.35.
We will study this correlation in the context of abelian flavor models in section 8.6.

1See however [58] for a more conservative point of view.
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3.1.3 K0 − K̄0 Mixing

The two main observables in K0−K̄0 mixing are the mass difference ∆MK and the parameter
εK that is a measure of CP violation in K0 − K̄0 mixing. In terms of the mixing amplitude
MK

12 they can be written as

∆MK = 2Re(MK
12) , |εK | = κε√

2

Im(MK
12)

∆MK

, (3.20)

While the SM prediction for ∆MK has a large uncertainty due to unknown long distance
contributions, the εK parameter is dominated by short distance physics and can be predicted
with good accuracy. Long distance contributions to εK are only at the percent level and
included in the factor κε ' 0.94 [31, 67].

Using the expression for MK
12 in the SM one finds

|εK |SM = κεCεB̂Kλ
2|Vcb|2

(1

2
|Vcb|2R2

t sin 2βηttS0(xt) +Rt sin β (ηctS0(xc, xt)− ηccxc)
)
,

(3.21)
where the SM loop function S0 can be found e.g. in [68] and depends on xi = m2

i /M
2
W , with

mi the running MS mass at the scale mi. The factors ηtt, ηct and ηcc are QCD correction
factors known at NLO [69, 70, 71, 72] and the factor Cε is given by

Cε =
G2
FM

2
WF

2
KMK

6
√

2π2∆MK

' 3.655× 104 . (3.22)

Expression (3.21) transparently shows the correlation between |εK | and sin 2β in the SM.
Indeed, as detailed in section 2.1, using the experimental value of SψKS

to determine directly
sin 2β leads to a SM expectation for εK almost 2σ below the experimental value [73]

|εK |exp = (2.229± 0.010)× 10−3 . (3.23)

Using instead the values for the CKM parameter from the NP UTfit [28] that are also
collected in appendix A.3, we find

|εK |SM = (1.94± 0.30)× 10−3 , (3.24)

which is in agreement with the experimental number at the 1σ level and leads to strong
constraints on the flavor structure of NP models.

3.1.4 Bd − B̄d Mixing

The two most important observables in the Bd system are the mass difference ∆Md and the
time-dependent CP asymmetry in the tree level decay Bd → ψKS

Γ(B̄d(t)→ ψKS)− Γ(Bd(t)→ ψKS)

Γ(B̄d(t)→ ψKS) + Γ(Bd(t)→ ψKS)
= SψKS

sin(∆Mdt) , (3.25)

where we neglected CP violation in the Bd → ψKS decay amplitude.
Parameterizing the Bd − B̄d mixing amplitude Md

12 in the following way

Md
12 = (Md

12)SM + (Md
12)NP = |(Md

12)SM|e2iβd + |(Md
12)NP|eiθd = Cde

2iφd(Md
12)SM , (3.26)
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the mass difference ∆Md and the coefficient SψKS
can be written as

∆Md = 2|Md
12| = Cd(∆Md)

SM , SψKS
= − sin

(
Arg(Md

12)
)

= sin (2β + 2φd) . (3.27)

While ∆Md measures the absolute value of the mixing amplitude, SψKS
measures its phase

that, in the SM, is determined by the CKM angle β, i.e. the phase of the CKM element Vtd.
In fact in the SM one has

(Md
12)SM =

G2
FM

2
W

12π2
ηBMBd

F 2
Bd
B̂Bd

S0(xt) (VtbV
∗
td)

2 , (3.28)

and, using the input parameter from appendix A.3, we obtain

∆MSM
d = (0.53± 0.13) ps−1 , SSM

ψKS
= sin 2β = 0.734± 0.038 . (3.29)

The SM prediction for the mass difference is in perfect agreement with the measured value [36]

∆M exp
d = (0.507± 0.005) ps−1 , (3.30)

while the measurement of SψKS
[36]

Sexp
ψKS

= 0.672± 0.023 , (3.31)

is quite on the lower side of the SM prediction as already mentioned in section 2.1.

3.1.5 Bs − B̄s Mixing

In the Bs system we will consider three observables: i) the mass difference ∆Ms, ii) the time
dependent CP asymmetry in the tree level decay Bs → ψφ,

Γ(B̄s(t)→ ψφ)− Γ(Bs(t)→ ψφ)

Γ(B̄s(t)→ ψφ) + Γ(Bs(t)→ ψφ)
= Sψφ sin(∆Mst) , (3.32)

where we set to zero CP violation in the decay amplitude and iii) the semileptonic asymmetry

AsSL =
Γ(B̄s → `+X)− Γ(Bs → `−X)

Γ(B̄s → `+X) + Γ(Bs → `−X)
. (3.33)

Both asymmetries are induced in the SM by βs ' −1◦, the tiny phase of the CKM element
Vts, and therefore very small. Consequently, both Sψφ and AsSL represent very promising
observables where to look for NP effects.

To discuss the observables in Bs − B̄s mixing, we use a parameterization of the mixing
amplitude M s

12 analogous to the one in (3.26) in the Bd case

M s
12 = (M s

12)SM + (M s
12)NP = |(M s

12)SM|e2iβs + |(M s
12)NP|eiθs = Cse

2iφs(M s
12)SM . (3.34)

As it is the case in Bd − B̄d mixing, the mass difference measures the absolute value of the
mixing amplitude, while the coefficient Sψφ measures its phase

∆Ms = 2|M s
12| = Cs(∆Ms)

SM , Sψφ = − sin
(
Arg(M s

12)
)

= sin (2|βs| − 2φs) . (3.35)
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In presence of NP the semileptonic asymmetry AsSL is strongly correlated with Sψφ [74]

AsSL = −
∣∣∣∣∣Re

(
Γs12

M s
12

)SM
∣∣∣∣∣ 1

Cs
Sψφ , (3.36)

where we have neglected a small contribution proportional to Im(Γs12/M
s
12)SM.

The mixing amplitude in the SM is given by

(M s
12)SM =

G2
FM

2
W

12π2
ηBMBsF

2
Bs
B̂BsS0(xt) (VtbV

∗
ts)

2 . (3.37)

Using the input parameter from appendix A.3 we find the following SM predictions

∆MSM
s = (18.3± 5.1) ps−1 , SSM

ψφ = 0.038± 0.003 , (3.38)

while the semileptonic asymmetry AsSL is at the level of 10−5 [75].
Concerning the experimental situation, the SM prediction for the mass difference ∆Ms

agrees very well with the value measured at CDF [76]

∆M exp
s = (17.77± 0.12) ps−1 . (3.39)

However, data on Sψφ from CDF [77] and D0 [78] has attracted a lot of attention recently, as
several analyses found tensions with the tiny SM prediction at the level of 2-3σ [75, 79, 80, 36].
In the following we will use the HFAG result [36, 21]

Sexp
ψφ = 0.81+0.12

−0.32 and 0.20 ≤ Sexp
ψφ ≤ 0.98 @ 95% C.L. . (3.40)

We mention that a very recent result from D0 on the like-sign dimuon charge asymmetry in
semileptonic b-hadron decays leads to AsSL = (−14.6 ± 7.5) × 10−3 [81] which supports the
idea of a large Bs− B̄s mixing phase. An even more recent analysis from CDF however finds
again a smaller Sψφ, compatible with the SM expectation at the 1σ level [82]. At LHCb, the
expected sensitivity to Sψφ is at the level of 0.01 for an integrated luminosity of 10 fb−1 [83]
and one can expect that the value of Sψφ will be clarified in the near future.

In chapters 7 and 8 we will discuss how a large value for Sψφ can be accommodated for in
various MSSM frameworks.

3.2 ∆F = 1 Processes

3.2.1 The radiative b→ sγ Decay

The good agreement between the experimental data on the branching ratio of the inclusive
radiative B → Xsγ decay [36]

BR(B → Xsγ)exp = (3.52± 0.25)× 10−4 , (3.41)

and the corresponding NNLO SM prediction [84]

BR(B → Xsγ)SM = (3.15± 0.23)× 10−4 , (3.42)
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leads to severe constraints on the flavor sectors of many NP models (see e.g. [85] for a review).
Combining (3.41) and (3.42) one gets immediately

Rbsg =
BR(B → Xsγ)exp

BR(B → Xsγ)SM

= 1.13± 0.12 , (3.43)

which leaves only small room for possible NP contributions to the b → sγ transition. The
suitable framework for the theoretical description of the b → sγ decay (see e.g. [86, 87]) is
given by an effective Hamiltonian

Heff = −4GF√
2
VtbV

∗
ts

∑
i

(
CiQi + C ′iQ

′
i

)
. (3.44)

The operators in (3.44) that are most sensitive to NP effects are the magnetic and chromo-
magnetic dipole operators Q7 and Q8 as well as their primed counterparts Q′7 and Q′8

Q7 =
e

16π2
mb (s̄σµνFµνPRb) , Q′7 =

e

16π2
mb (s̄σµνFµνPLb) , (3.45)

Q8 =
gs

16π2
mb

(
s̄σµνGA

µνT
APRb

)
, Q′8 =

gs
16π2

mb

(
s̄σµνGa

µνT
aPLb

)
. (3.46)

These operators are helicity flipping. In the SM the amplitudes corresponding to the un-
primed operators are therefore necessarily proportional to the bottom quark mass, which is
made explicit in the definitions of the operators above. In the SM and models with MFV the
primed operators are even suppressed by the strange quark mass and completely negligible.
In generic NP models this suppression can be lifted and in general large NP contributions
to the corresponding Wilson coefficients C

(′)
7 and C

(′)
8 are expected.

The prediction for the B → Xsγ branching ratio in the presence of arbitrary NP contri-
butions to the Wilson coefficients C

(′)
7 and C

(′)
8 can be well approximated by the following

expression [88]

Rbsγ ' BR(B → Xsγ)

BR(B → Xsγ)SM

= 1 + â77

(∣∣CNP
7

∣∣2 +
∣∣C ′NP

7

∣∣2)+ â88

(∣∣CNP
8

∣∣2 +
∣∣C ′NP

8

∣∣2)
+ Re

(
â7C

NP
7

)
+ Re

(
â8C

NP
8

)
+ Re

(
â78

[
CNP

7 C∗NP
8 + C ′NP

7 C ′∗NP
8

])
, (3.47)

where the coefficients âi are given by â7 = −2.41 + 0.21i, â8 = −0.75 − 0.19i, â77 = 1.59,
â88 = 0.26 and â78 = 0.82 − 0.30i [88]. The Wilson coefficients entering (3.47) have to
be evaluated at a scale µh = 160 GeV and explicit expressions for their five and six flavor
running can be found in e.g. in [68] and [89], respectively.

The primed Wilson coefficients C ′7 and C ′8 cannot interfere with the SM contributions to
C7 and C8 in the branching ratio of the inclusive B → Xsγ decay. Therefore they appear
only quadratically in (3.47), while the NP contributions to the unprimed coefficients also
appear linearly. New Physics contributions to C7 and C8 are thus expected to be stronger
constrained as contributions to C ′7 and C ′8. If CNP

7 and CNP
8 are however complex, the

constraint from BR(B → Xsγ) can be relaxed to a large extent [90].

The Direct CP Asymmetry in B → Xsγ

An observable very sensitive to CP violating effects in the b → sγ transition is the direct
CP asymmetry of the B → Xsγ decay [91, 92]

ACP(b→ sγ) =
Γ(B → Xs̄γ)− Γ(B̄ → Xsγ)

Γ(B → Xs̄γ) + Γ(B̄ → Xsγ)
. (3.48)
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The direct CP asymmetry arises first at the next-to-leading order and the SM prediction,
that is strongly CKM and GIM suppressed, reads [93]

ASM
CP(b→ sγ) =

(−0.44+0.14
−0.24

)
% . (3.49)

While sensitivity to the SM prediction has not been reached yet experimentally, data from
Belle [94] and BaBar [95, 96] lead to the following world average [36]

Aexp
CP (b→ sγ) = (1.2± 2.8)% , (3.50)

which is compatible with a vanishing CP asymmetry and fully consistent with the SM pre-
diction. At a future superB factory it is expected to reach a sensitivity of ∼ 0.5% [37, 38, 39].

Complex NP contributions to the Wilson coefficients C
(′)
7 and C

(′)
8 can lead to large mod-

ifications of the SM prediction for ACP(b → sγ). If NP effects dominate over the tiny SM
contribution the following expression holds [92]

ACP(b→ sγ) ' − 1

|0.31− CNP
7 |2 + |C ′NP

7 |2
(

2.84 Im(CNP
8 )− 2.79 Im(CNP

7 )

−9.52 Im
(
CNP

8 C∗NP
7 + C ′NP

8 C ′∗NP
7

))
(in %) , (3.51)

where the Wilson coefficients are evaluated at the scale µ ' mb. If there is a single dominant
source of CP violation leading to complex phases in C ′7 and C ′8, as it is in particular the case
in the SUSY frameworks that we will study in this work, then the phases of C ′7 and C ′8 are
quasi aligned, such that ACP(b→ sγ) is sensitive to phases in C7 and C8 only.

The Time Dependent CP Asymmetry in B → K∗γ

An observable that is complementary in this respect is the time-dependent CP asymmetry
in the exclusive decay B → K∗γ [97, 98]

Γ(B̄0(t)→ K̄∗0γ)− Γ(B0(t)→ K∗0γ)

Γ(B̄0(t)→ K̄∗0γ) + Γ(B0(t)→ K∗0γ)
= SK∗γ sin(∆Mdt)− CK∗γ cos(∆Mdt) , (3.52)

where K∗0 and K̄∗0 are observed through their decay into the CP eigenstate KSπ
0. The

coefficient SK∗γ in (3.52) is highly sensitive to right handed currents as it vanishes for C ′7 → 0.
As a consequence its SM prediction is very small [98]

SSM
K∗γ = −0.022± 0.015+0

−0.01 , (3.53)

and experimental evidence for a large SK∗γ would be a clear indication of NP effects through
right handed currents. On the experimental side one has presently [99, 100, 73]

Sexp
K∗γ = −0.15± 0.22 , (3.54)

which, due to the still large errors, is fully consistent with zero. The experimental situation
is expected to improve significantly with a superB factory where the sensitivity to SK∗γ is
estimated to be at the level of ∼ 0.03 [37, 38, 39].
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In presence of generic NP contributions to C7 and C ′7 one finds

SK∗γ ' 2

|C7|2 + |C ′7|2
Im
(
e−2i(β+φBd

)C7C
′
7

)
, (3.55)

where φBd
is a possible NP physics phase in Bd mixing (see (3.26)). The Wilson coefficients

in (3.55) refer to the sum of SM and NP contributions C7 ' −0.31 + CNP
7 , C ′7 ' C ′NP

7 and
have to be evaluated at a scale µ = mb. As it is clearly shown by (3.55), the observable SK∗γ
is highly sensitive to CP violation in the C ′7 Wilson coefficient.

3.2.2 The semileptonic b→ s`+`− Decays

Also semileptonic decays based on the b → s`+`− transition are sensitive probes of NP
contributions to the magnetic dipole operators Q

(′)
7 given in (3.45). In addition, such decays

are also very sensitive to semileptonic four fermion operators in the effective Hamiltonian

Q9 =
e2

16π2
(s̄γµPLb)

(
¯̀γµ`

)
, Q′9 =

e2

16π2
(s̄γµPRb)

(
¯̀γµ`

)
, (3.56)

Q10 =
e2

16π2
(s̄γµPLb)

(
¯̀γµγ5`

)
, Q′10 =

e2

16π2
(s̄γµPRb)

(
¯̀γµγ5`

)
. (3.57)

However, in the MSSM, the Wilson coefficients of the semileptonic operators, C
(′)
9 and C

(′)
10 ,

are typically SM-like. Non-negligible effects arise only in C10 in certain corners of the pa-
rameter space. Therefore we will concentrate on the effects on the b→ s`+`− decays coming
from NP contributions to the dipole operators.

There are several meson decays that are based on the b→ s`+`− transition at the parton
level. They include the inclusive B → Xs`

+`− decay as well as the exclusive B → K`+`−,
B → K∗`+`− and Bs → φ`+`− decays. The NP sensitivity of these decay modes has been
extensively studied in the literature (see e.g. [101, 102, 103, 104, 105, 106, 107, 88, 108, 109,
110, 19]) and in the following we will restrict our discussion to the B → K∗`+`− mode,
following mainly our analysis in [19].

The exclusive B → K∗(→ Kπ)`+`− decay is regarded as a very important channel for B
physics since its angular distribution gives access to a multitude of observables that offer new
important tests of the Standard Model and its extensions. With an on-shell K∗, the decay
is completely described by four independent kinematical variables: the dilepton invariant
mass squared q2 and three angles θK , θ` and φ as defined e.g. in [19]. The corresponding
full angular decay distribution of B̄0 → K̄∗0(→ K−π+)µ+µ− can be written as

d4Γ

dq2 d cos θ` d cos θK∗ dφ
=

9

32π
I(q2, θ`, θK∗ , φ) , (3.58)

where

I(q2, θ`, θK , φ) = Is1 sin2 θK + Ic1 cos2 θK + (Is2 sin2 θK + Ic2 cos2 θK) cos 2θ`

+ I3 sin2 θK sin2 θ` cos 2φ+ I4 sin 2θK sin 2θ` cosφ+ I5 sin 2θK sin θ` cosφ

+ (Is6 sin2 θK + Ic6 cos2 θK) cos θ` + I7 sin 2θK sin θ` sinφ

+ I8 sin 2θK sin 2θ` sinφ+ I9 sin2 θK sin2 θ` sin 2φ . (3.59)
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The corresponding expression for the CP conjugated mode B0 → K∗0(→ K+π−)µ+µ− is

d4Γ̄

dq2 d cos θ` d cos θK∗ dφ
=

9

32π
Ī(q2, θ`, θK∗ , φ) (3.60)

and the function Ī(q2, θ`, θK∗ , φ) is obtained from (3.59) by the replacements

I
(a)
1,2,3,4,7 → Ī

(a)
1,2,3,4,7 , I

(a)
5,6,8,9 → −Ī(a)

5,6,8,9 , (3.61)

where Ī
(a)
i equals I

(a)
i with all weak phases conjugated.

Taking into account effects from a non-vanishing lepton mass and including possible con-
tributions to the b → s`+`− transitions from scalar operators, all the 24 angular coefficient
functions I

(a)
i and Ī

(a)
i are independent and physical observables.

From the theoretical side, the angular coefficients can be expressed in terms of transversity
amplitudes, that in turn can be computed in terms of the Wilson coefficients of the effective
Hamiltonian and the seven B → K∗ form factors that can be evaluated in the low q2 region,
q2 < 6 GeV2, with the method of QCD light-cone sum rules [111, 112, 19]. As argued in [19],
the dominant power-suppressed corrections to the B → K∗`+`− decay are taken into account
by using the full set of form factors in the naively factorized amplitude. Non-factorizable
corrections can then be accounted for using QCD factorization methods [113, 114] with the
reduced set of form factors in the heavy quark limit.

To separate CP conserving and CP violating NP effects, it is convenient to consider the
twelve CP averaged angular coefficients S

(a)
i as well as the twelve CP asymmetries A

(a)
i

S
(a)
i =

(
I

(a)
i + Ī

(a)
i

)/d(Γ + Γ̄)

dq2
, A

(a)
i =

(
I

(a)
i − Ī(a)

i

)/d(Γ + Γ̄)

dq2
, (3.62)

where the normalization to the CP averaged dilepton mass distribution reduces both exper-
imental and theoretical uncertainties in these observables. They offer a clean and compre-
hensive way to analyze the full richness of angular distributions in B → K∗(→ Kπ)µ+µ−

decays. In our opinion, they are also the natural starting point for an experimental analysis.
In [110] it was shown that with the large statistics that will become available at LHCb, a

full angular fit is the preferred way to extract observables. Alternatively, S
(a)
i and A

(a)
i can

be found by taking asymmetries and/or integrating d4(Γ ± Γ̄) over the angles θ`, θK and
φ [109]. This strategy will be particular important in the fist years of LHC where statistics
will still be limited [115].

All established observables in B → K∗µ+µ− can be expressed in terms of S
(a)
i and A

(a)
i .

Neglecting the effect of a non-zero lepton mass and possible contributions from scalar oper-
ators that are strongly constrained by the Bs → µ+µ− decay, one finds for example

AFB =
3

4
Ss6 , ACP

FB =
3

4
As6 , ACP =

4

3
As1 + Ac1 , FL = −Sc2 , FT = 4Ss2 . (3.63)

Here, AFB, ACP
FB and ACP are the well known forward-backward asymmetry [116], the forward-

backward CP asymmetry [117] and the CP asymmetry in the dilepton mass distribution,
respectively, while FL and FT refer to the K∗ longitudinal and transverse polarization frac-
tions. Also the transverse asymmetries A2,3,4

T introduced in [107, 110] can be expressed in

terms of S
(a)
i and A

(a)
i [19].
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Figure 3.2: The CP averaged angular coefficients S3, S4, S5 and Ss6 as functions of the dilepton
invariant mass squared q2. The blue bands correspond to the SM and the remaining colored bands
to representative NP scenarios as described in the text.

Concerning the CP asymmetries A
(a)
i , they are tiny in the SM, as the effect of possible CP

violating phases is doubly Cabibbo suppressed. Such a suppression is in general not present
in generic NP models and large non-standard effects are in principle expected in the CP
asymmetries. The A

(a)
i , i = 1 . . . 6 are T-even and are only induced through an interference

between strong and weak phases. Therefore they arise only at the NLO level and also in
generic NP models they are not expected to be larger than αs ' 0.1. In contrast, A7, A8

and A9 being T-odd, do not require any strong phases and can in principle be of O(1) [109].

Instead of discussing now in detail all 24 S
(a)
i and A

(a)
i , we focus on the seven example

observables S3, S4, S5, Ss6, A7, A8 and A9 that show a particular characteristic and trans-
parent pattern of deviations from their SM predictions in the presence of NP contributions
to the Wilson coefficients of the magnetic dipole operators Q

(′)
7 .

• The CP averaged coefficient Ss6 directly corresponds to the well known forward back-
ward asymmetry and has a zero crossing in q2 [118]. The same is true for the observ-
ables S4 and S5 and we find the following SM predictions for the positions of the zero
crossings [19]

q2
0(S4)SM = 1.94+0.12

−0.10 GeV2 , q2
0(S5)SM = 2.24+0.06

−0.08 GeV2 ,

q2
0(Ss6)SM = 3.90+0.11

−0.12 GeV2 . (3.64)
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Figure 3.3: The CP asymmetries A7, A8 and A9 as functions of the dilepton invariant mass squared
q2. The blue bands correspond to the SM and the remaining colored bands to NP scenarios as
described in the text.

As we will see below, contributions from NP to the real parts of the C
(′)
7 Wilson

coefficients will lead to characteristic shifts of these zero crossings.

• Another interesting observable is S3, as it is approximately proportional to the real
part of the Wilson coefficient C ′7 and consequently very small in the SM. It corresponds
directly to the transverse asymmetry A2

T discussed in [107, 88] and is a very sensitive
probe of right handed currents in NP models.

• If the NP contributions to the Wilson coefficients also have CP violating phases, then
the three T-odd asymmetries A7, A8 and A9, that are approximately zero in the SM,
can be strongly modified. While A7 and A8 are sensitive to the imaginary parts of
both C7 and C ′7, A9 can only be generated through an imaginary part of C ′7 and is
therefore a very interesting observable to probe CP violating right handed currents.

In figures 3.2 and 3.3 we show the q2 distributions of these observables in the range 1 GeV2 <
q2 < 6 GeV2 in the SM (blue) and 5 example scenarios with representative values of the
NP contributions to the C7 and C ′7 Wilson coefficients at the electroweak scale, that are in
agreement with the data on the BR(B → Xsγ) and BR(B → Xs`

+`−)

scenario 1 (orange): CNP
7 = −0.13 , C ′NP

7 = 0 ,

scenario 2 (green): CNP
7 = 0.4 + 0.7i , C ′NP

7 = 0 ,

scenario 3 (red): CNP
7 = 0.4− 0.7i , C ′NP

7 = 0 ,

scenario 4 (yellow): CNP
7 = 0 , C ′NP

7 = 0.33 + 0.33i ,

scenario 5 (purple): CNP
7 = 0 , C ′NP

7 = −0.33− 0.33i ,

The characteristic effects in the B → K∗`+`− observables that are induced by these NP con-
tributions are conveniently summarized in table 3.1. The quantities 〈A7〉 and 〈A8〉 appearing
in this table are the q2 integrated versions of A7 and A8 and defined as

〈Ai〉 =

∫ 6 GeV2

1 GeV2

dq2
(
Ii − Īi

)/∫ 6 GeV2

1 GeV2

dq2d(Γ + Γ̄)

dq2
. (3.65)
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q2
0(S4) q2

0(S5) q2
0(Ss6) 〈A7〉 〈A8〉 S3 A9

Re(CNP
7 ) > 0 ⇓ ⇓ ⇓ – – – –

Re(CNP
7 ) < 0 ⇑ ⇑ ⇑ – – – –

Im(CNP
7 ) > 0 – – – ⇓ ⇑ – –

Im(CNP
7 ) < 0 – – – ⇑ ⇓ – –

Re(C ′NP
7 ) > 0 ⇑ ⇓ – – – m –

Re(C ′NP
7 ) < 0 ⇓ ⇑ – – – m –

Im(C ′NP
7 ) > 0 – – – ⇑ ⇑ – m

Im(C ′NP
7 ) < 0 – – – ⇓ ⇓ – m

Table 3.1: Anatomy of effects in an example set of B → K∗`+`− observables as induced by
NP contributions to the Wilson coefficients C7 and C ′7. The zero crossings of the CP averaged
angular coefficients S4, S5 and Ss6 are shifted by the real parts of the Wilson coefficients, while
the imaginary parts modify the asymmetries A7, A8 and A9. Effects in the observables S3 and
A9 only arise in the presence of the right handed Wilson coefficient C ′7 and are also show in the
corresponding figures 3.2 and 3.3.

We note a remarkably strict correlation between these two integrated CP asymmetries. In
the left plot of figure 3.4 we show the possible effects in 〈A7〉 and 〈A8〉 that are generated by
complex NP contributions to C7 that is taken as a free parameter at the electroweak scale
taking into account the constraints from BR(B → Xsγ) and BR(B → Xs`

+`−). In such a
case, large positive values of 〈A7〉 necessarily imply large negative values for 〈A8〉 and vice
versa. In the plot on the right hand side, the same situation is shown but now with the NP
contributions in the right handed Wilson coefficient C ′7, which leads to an exactly orthogonal
correlation. The correlation between 〈A7〉 and 〈A8〉 thus allows for a clear distinction of these
two cases.

We also make the following remark: While large negative values of Re(CNP
7 ) < −0.13 are

excluded by the constraint from the BR(B → Xsγ), large positive values of Re(CNP
7 ) that

interfere destructively with the SM contribution CSM
7 , are in principle possible if simultane-

ously also the Im(C7) is large. Large non-standard effects in the CP asymmetries A7 and
A8 are therefore correlated with shifts of the zero crossings of S4, S5 and Ss6 towards smaller
values, if NP affects only C7.

The above discussion emphasizes the important role of the B → K∗`+`− decay in testing
physics beyond the SM. In particular, NP effects in the Wilson coefficients of the magnetic
dipole operators that typically give the dominant contribution in the MSSM, lead to very
characteristic modifications in the many observables that are accessible from its angular
decay distribution. Measuring these observables at LHCb, will add valuable information to
disentangle possible NP scenarios.
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Figure 3.4: Correlation between the q2 integrated CP asymmetries 〈A7〉 and 〈A8〉. In the plot on
the left, NP contributions to the B → K∗`+`− decay are only induced by C7, while in the plot on
the left, only NP contributions to the right handed Wilson coefficient C ′7 are considered.

3.2.3 The B → φKS and B → η′KS Decays

Also non-leptonic decays of B mesons offer possibilities to probe the flavor and CP violating
structure of NP models. While the theoretical predictions of the branching ratios of non-
leptonic decays suffer from large hadronic uncertainties, the time dependent CP asymmetries
in the decay into CP eigenstates for example can often be predicted with much higher
accuracy. Here we concentrate on the time dependent CP asymmetries in the loop induced
B → φKS and B → η′KS decays that are among the theoretical cleanest modes [119, 120,
121]. They can be written as follows

Γ(Bd(t)→ f)− Γ(Bd(t)→ f)

Γ(Bd(t)→ f) + Γ(Bd(t)→ f)
= Sf sin(∆Mdt)− Cf cos(∆Mdt) , (3.66)

where f = φKS, or f = η′KS. The coefficients Sf and Cf , are given by

Sf =
2Im(λf )

1 + |λf |2 , Cf =
1− |λf |2
1 + |λf |2 , λf = e−2i(β+φBd

)(Āf/Af ) . (3.67)

In the definition of the complex quantity λf , the phase φBd
is a possible NP phase in the Bd

mixing amplitude (see (3.26)) and Af (Āf ) is the decay amplitude for Bd(B̄d) → f . Thus
NP effects can enter either through the Bd mixing amplitude or directly in the b → sqq̄
decay amplitudes [122, 123].

In the SM it turns out that the ratio of the decay amplitudes Āf/Af ' 1 and Sf and Cf
are to a good approximation universal for all b→ sqq̄ transitions. In particular, in the SM it
is predicted that both in the tree level Bd → ψKS as well as in the loop induced Bd → φKS

and Bd → η′KS decay modes the coefficient Sf measures the angle β in the unitarity triangle
SφKS

' Sη′KS
' SψKS

' sin 2β ' 0.7. Experimentally one finds [36]

Sexp
φKS

= 0.44+0.17
−0.18 , Sexp

η′KS
= 0.59± 0.07 , Sexp

ψKS
= 0.672± 0.023 , (3.68)

which is roughly 1.5 − 2σ below the SM prediction. Both SφKS
and Sη′KS

are expected to
be measured with an accuracy of few % at a superB factory [37, 38, 39].

While a NP contribution to the Bd mixing phase leads to a common shift of all the
coefficients Sf compared to the SM prediction, NP effects in the decay amplitudes can
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modify them separately. In principle, the b → sqq̄ decay amplitudes are very sensitive to
NP contributions of the so-called QCD penguin operators

Q3 = (s̄γµPLb)
∑
q

(q̄γµPLq) , Q′3 = (s̄γµPRb)
∑
q

(q̄γµPRq) ,

Q4 = (s̄αγµPLbβ)
∑
q

(q̄βγµPLqα) , Q′4 = (s̄αγµPRbβ)
∑
q

(q̄βγµPRqα) ,

Q5 = (s̄γµPLb)
∑
q

(q̄γµPRq) , Q′5 = (s̄γµPRb)
∑
q

(q̄γµPLq) ,

Q6 = (s̄αγµPLbβ)
∑
q

(q̄βγµPRqα) , Q′6 = (s̄αγµPRbβ)
∑
q

(q̄βγµPLqα) . (3.69)

In the concrete MSSM scenarios that we will consider in this work however, the main NP
contributions to the decay amplitudes come from the chromomagnetic dipole operators Q

(′)
8

given already in (3.45). In terms of the Wilson coefficients of these operators, the decay
amplitude Af takes the generic form [120, 124]

Af = Acf

[
1 + aufe

iγ +
∑
i

(
bcfi + bufie

iγ
) (
CNP∗
i (MW ) + ζC ′NP∗

i (MW )
)]

, (3.70)

where CNP
i (MW ) and C ′NP

i (MW ) are the NP contributions to the Wilson coefficients evalu-
ated at the scale MW . The parameters bufi and bcfi have been calculated in [120] and ζ = ±1
depending on the parity of the final state; for instance ζ = 1 for f = φKS and ζ = −1 for
f = η′KS [125].

As just mentioned, in the MSSM scenarios to be considered below, the main role is played
by the NP contributions to the chromomagnetic Wilson coefficients C

(′)
8 , that will lead to

characteristic modifications of the coefficients SφKS
and Sη′KS

in the time dependent CP
asymmetries in the B → φKS and B → η′KS decays.

3.2.4 The Bs → µ+µ− and Bd → µ+µ− Decays

The purely leptonic Bs → µ+µ− and Bd → µ+µ− decays are strongly helicity suppressed in
the SM by the small muon mass, leading to tiny SM predictions for their branching ratios.
Normalizing the branching ratios to the corresponding mass differences ∆Ms and ∆Md as
suggested in [126] to remove the dependence on the B meson decay constants and using the
input parameter from appendix A.3, we obtain

BR(Bs → µ+µ−)SM = (3.47± 0.37)× 10−9 , (3.71)

BR(Bd → µ+µ−)SM = (1.06± 0.11)× 10−10 . (3.72)

Experimentally, only upper bounds for the branching ratios of these decay modes have been
obtained at CDF [127] and D0 [128]. The most stringent published bounds read

BR(Bs → µ+µ−)exp . 5.8× 10−8 @ 95% C.L. , (3.73)

BR(Bd → µ+µ−)exp . 1.8× 10−8 @ 95% C.L. , (3.74)
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and they are expected to be still improved down to a level of 3.3 × 10−8 and 9.1 × 10−9,
respectively [129] using data from Tevatron. The Bs → µ+µ− will then be one of the main
channels at the LHCb experiment where one expects to reach a 5σ sensitivity to the SM
prediction [130].

The strong suppression of these decays make them ideal probes to investigate the quark
flavor structure of physics beyond the SM. In fact their helicity suppression can be lifted in
the presence of scalar currents and even order of magnitude enhancements of the branching
ratios are possible for example in the MSSM with large tan β.

The operator that is responsible for the Bs → µ+µ− decay in the SM is the semileptonic
operator Q10 already defined in (3.56). Possible scalar currents in NP models give rise to
scalar and pseudo scalar operators

QS =
e2

16π2
mb (s̄PRb)

(
¯̀̀
)
, Q′S =

e2

16π2
mb (s̄PLb)

(
¯̀̀
)
, (3.75)

QP =
e2

16π2
mb (s̄PRb)

(
¯̀γ5`

)
, Q′P =

e2

16π2
mb (s̄PLb)

(
¯̀γ5`

)
. (3.76)

In terms of the Wilson coefficients of these operators, the branching ratio for the Bs → µ+µ−

decay can be expressed in the following way2

BR(Bs → µ+µ−) = τBs

G2
Fα

2
em

64π3
F 2
Bs
M3

Bs
|VtbV ∗ts|2

√
1− 4m2

µ

M2
Bs

(
|B|2

(
1− 4m2

µ

M2
Bs

)
+ |A|2

)
,

(3.77)
with A and B given by

A = 2
mµ

MBs

CSM
10 +MBs (CP − C ′P ) , B = MBs (CS − C ′S) , (3.78)

and CSM
10 ' −4.1 [19]. In writing the above expressions, we neglected possible NP contribu-

tions to C
(′)
10 as they are negligible in all the MSSM frameworks that we will discuss below.

The factor mµ in front of CSM
10 clearly shows the above mentioned helicity suppression, that

is lifted in the presence of the scalar and pseudoscalar operators. We also mention that
through the explicit factor of mb in the definition of the operators in (3.75), the anomalous
dimension of these operators vanishes and in the expressions for the branching ratio (3.77)
and (3.78) directly the Wilson coefficients at the high matching scale can be used.

The NP contributions to the Wilson coefficients C
(′)
S and C

(′)
P in the MSSM and the implied

effects on the Bs → µ+µ− and Bd → µ+µ− decays will be discussed in section 6.3.

3.2.5 The b→ sνν̄ Decays

In this section we discuss the inclusive B → Xsνν̄ as well as the two exclusive B → K∗νν̄
and B → Kνν̄ decays that are all based on the b → sνν̄ transition at the parton level.
These rare b → sνν̄ decays allow a transparent study of Z penguin effects in NP scenarios
in the absence of dipole and scalar operator contributions that often dominate decay modes
like B → Xsγ, B → K∗`+`− or Bs → µ+µ− as discussed above. We will mostly follow our
analysis [20], older discussions can be found e.g. in [131, 132, 133, 134].

2A fully analogous expressions holds of course also in the case of the Bd → µ+µ− decay.
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The effective Hamiltonian for the b→ sνν̄ transition is generally given by

Heff = −4GF√
2
VtbV

∗
ts (Cν

LOνL + Cν
ROνR) + h.c. , (3.79)

with the operators

OνL =
e2

16π2
(s̄γµPLb)(ν̄γ

µ(1− γ5)ν) , OνR =
e2

16π2
(s̄γµPRb)(ν̄γ

µ(1− γ5)ν) . (3.80)

In the SM, Cν
R is negligible small while (Cν

L)SM = −6.38± 0.06 [135, 136, 20].
While the only observables in B → Xsνν̄ and B → Kνν̄ are the respective branching

ratios, the angular distribution of the K∗ decay products in the B → K∗(→ Kπ)νν̄ decay
allows to extract additional information about the polarization of the K∗, just like in B →
K∗µ+µ− decays. The B → K∗(→ Kπ)νν̄ decay with an on-shell K∗ is completely described
by a double differential decay distribution in terms of the normalized dineutrino invariant
mass squared sB = q2/M2

B and θ, the angle between the K∗ flight direction in the B rest
frame and the K flight direction in the Kπ rest frame. This double differential spectrum
can be written as

d2Γ

dsBdcos θ
=

3

4

dΓT
dsB

sin2 θ +
3

2

dΓL
dsB

cos2 θ , (3.81)

with the longitudinal and transverse polarization fractions

dΓL
dsB

= 3m2
B|A0|2 , dΓT

dsB
= 3m2

B

(|A⊥|2 + |A‖|2
)
. (3.82)

The factor of 3 stems from the sum over neutrino flavors and A0, A⊥ and A‖ are B → K∗

transversity amplitudes that can be expressed in terms of the Wilson coefficients Cν
L and Cν

R

and B → K∗ form factors (see e.g. [20]). From the experimental perspective, dΓL/dsB and
dΓT/dsB can be extracted by an angular analysis of the K∗ decay products.

Instead of these two observables, one can choose the following two independent observables
accessible from the double differential decay distribution: the dineutrino mass distribution
dΓ/dsB, where

dΓ

dsB
=

∫ 1

−1

dcos θ
d2Γ

dsBdcos θ
=
dΓL
dsB

+
dΓT
dsB

= 3m2
B

(|A⊥|2 + |A‖|2 + |A0|2
)
, (3.83)

and either of the K∗ longitudinal or transverse polarization fractions FL,T also used in studies
of B → K∗`+`− decays and defined as

FL,T =
dΓL,T/dsB
dΓ/dsB

, FL = 1− FT . (3.84)

The advantage of this choice of observables is twofold. First, the normalization of FL,T to
the total dineutrino spectrum strongly reduces the hadronic uncertainties associated with
the form factors as well as parametric uncertainties associated with CKM elements. Second,
in the absence of right handed currents (Cν

R = 0), the dependence on the remaining Wilson
coefficient Cν

L drops out in FL,T , making it a perfect observable to probe such right handed
currents. We will also consider the sB-integrated form of FL,T , which we define as

〈FL,T 〉 =
ΓL,T

Γ
, where Γ(L,T ) =

∫ 1−M2
K∗

M2
B

0

dsB
dΓ(L,T )

dsB
. (3.85)
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The four sB-integrated observables in the b→ sνν̄ transitions that we will consider then are
the branching ratios of the B → Xsνν̄, the B → Kνν̄ and the B → K∗νν̄ decays as well as
the longitudinal polarization fraction 〈FL〉 in the B → K∗(→ Kπ)νν̄ decay. For their SM
predictions we find [20]

BR(B → Xsνν̄)SM = (2.7± 0.2)× 10−5 , (3.86)

BR(B+ → K+νν̄)SD
SM = (4.5± 0.7)× 10−6 , (3.87)

BR(B → K∗νν̄)SM = (6.8+1.0
−1.1)× 10−6 , (3.88)

〈FL〉(B → K∗νν̄)SM = 0.54± 0.01 . (3.89)

Few comments are in order

• With an estimated uncertainty of less than 10%, the decay B → Xsνν̄ is the theoreti-
cally cleanest branching ratio as it does not involve any form factors.

• For the B → Kνν̄ and B → K∗νν̄ decays we use the form factors from [137] and [112,
19] respectively that are obtained with QCD light-cone sum rule techniques in the
low q2 regime. These formfactors are then fitted to parameterizations accounting for
resonances in the form factors and extended to the high q2 region (see also [138]).

• The SM prediction for BR(B+ → K+νν̄) refers to the short distance contribution. For
this charged mode also long distance contributions exist at tree level, coming from an
intermediate τ lepton. These contributions have been analyzed in [139] and amount
roughly to a 15% increase of the branching ratio prediction.

• As discussed in [140], the uncertainty in the prediction of the BR(B+ → K+νν̄) can be
reduced through a normalization to the branching ratio of the B+ → K+`+`− decay,
leading to BR(B+ → K+νν̄) = (3.64± 0.47)× 10−6.

None of these three rare decays has been observed yet, and only experimental upper bounds
on their branching ratios exist at present. They have been obtained by Aleph [141], Belle [142]
and BaBar [143] and read

BR(B → Xsνν̄)exp ≤ 64× 10−5 @ 90% C.L. , (3.90)

BR(B+ → K+νν̄)exp ≤ 14× 10−6 @ 90% C.L. , (3.91)

BR(B → K∗νν̄)exp ≤ 80× 10−6 @ 90% C.L. . (3.92)

These bounds are still far above the SM predictions given in (3.86), (3.87) and (3.88). No
experimental measurement of the longitudinal polarization fraction 〈FL〉 in B → K∗νν̄ exists
up to now. While the expected sensitivity of a superB factory should be sufficient to find
evidence for the exclusive B+ → K+νν̄ and B → K∗νν̄ decays [37, 38, 39], the inclusive
B → Xsνν̄ decay is most likely beyond the reach of such an experiment.

The four observables accessible in the three different b → sνν̄ decays are dependent on the
two in principle complex Wilson coefficients Cν

L and Cν
R. However, only two combinations of

these complex quantities enter the theoretical predictions of the observables [131, 133]

ε =

√|Cν
L|2 + |Cν

R|2
|(Cν

L)SM| , η =
−Re(Cν

LC
ν∗
R )

|Cν
L|2 + |Cν

R|2
, (3.93)
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Figure 3.5: Left: Constraints in the ε − η plane. The light gray region is excluded by present
experiments at the 90% C.L.. The colored bands assume that all four observables have been
measured with infinite precision, taking into account only theoretical uncertainties. The green
band (dashed line) represents BR(B → K∗νν̄), the black band (solid line) BR(B → Kνν̄), the red
band (dotted line) BR(B → Xsνν̄) and the orange band (dot-dashed line) 〈FL〉. The red and green
areas are the projected sensitivity at a superB factory with 75ab−1 integrated luminosity [144].
Right: The longitudinal polarization fraction FL in the B → K∗νν̄ decay as a function of the
normalized dineutrino invariant mass squared sB for different values of η. From top to bottom:
η = 0.5, η = 0, η = −0.2, η = −0.4, η = −0.45. From [145, 20].

with η lying in the range [−1/2, 1/2]. All four observables can then be expressed in terms
of ε and η

BR(B → Xsνν̄) = 2.7× 10−5 (1 + 0.09η)ε2 , (3.94)

BR(B+ → K+νν̄)SD = 4.5× 10−6 (1− 2η)ε2 , (3.95)

BR(B → K∗νν̄) = 6.8× 10−6 (1 + 1.31η)ε2 , (3.96)

〈FL〉(B → K∗νν̄) = 0.54
1 + 2η

1 + 1.31η
. (3.97)

As ε and η can be calculated in any model by means of (3.93), these four expressions can
be considered as fundamental formulae for any phenomenological analysis of the decays in
question. The experimental bounds on the branching ratios in (3.90), (3.91) and (3.92)
can then be translated into excluded areas in the ε-η plane, where the SM corresponds to
(ε, η) = (1, 0).

Since the four observables depend on only two parameters, a measurement of all of them
would overconstrain the resulting (ε, η) point. To illustrate the theoretical cleanliness of
the various observables, we show in the left plot of figure 3.5 the combined constraints
after hypothetical measurements with infinite precision, assuming the SM. The expected
sensitivity at a superB factory with 75ab−1 integrated luminosity is also shown [144].

A special role is played by the observable 〈FL〉. Since it only depends on η, it leads to a
horizontal line in the ε-η plane. Although a similar constraint could be obtained by dividing
two of the branching ratios to cancel the common factor of ε2, the use of 〈FL〉 is theoretically
much cleaner since in this case, the hadronic uncertainties cancel, while they would add up
when using the branching ratios. Since 〈FL〉 only depends on η, the distribution FL(sB) is
universal for all models in which one of the Wilson coefficients Cν

L or Cν
R vanishes, as in the
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SM and all models with minimal flavor violation. In the right plot of figure 3.5, we show
FL(sB) in the kinematically allowed range of sB for several values of η. The blue curve is the
universal curve for η = 0. Every experimentally observed deviation from this curve signals
clearly the presence of right handed currents.

3.2.6 The K → πνν̄ Decays

The KL → π0νν̄ and K+ → π+νν̄ decays (see [146] for a review) are the theoretically
cleanest processes among the many rare K and B decays. Their branching ratios have been
calculated in the SM to an exceptionally high precision [147, 148]

BR(K+ → π+νν̄)SM = (8.5± 0.7)× 10−11 , (3.98)

BR(KL → π0νν̄)SM = (2.5± 0.4)× 10−11 . (3.99)

On the experimental side, only a very loose upper bound from the E391a experiment at
KEK exists for the neutral mode [149], while for the charged mode already seven candidate
events have been reported at the E787 and E949 experiments at BNL [150] leading to

BR(K+ → π+νν̄)exp = (1.73+1.15
−1.05)× 10−10 , (3.100)

BR(KL → π0νν̄)exp ≤ 2.6× 10−8 @ 90% C.L. . (3.101)

While the central value in (3.100) is a factor of 2 above the SM prediction, it is perfectly
consistent with the SM, given the huge experimental error at present. In the near future
the NA62 experiment at CERN [151] and the K0TO experiment at JPARC [152] aim at SM
sensitivity for the K+ → π+νν̄ and KL → π0νν̄ decays respectively.

Both decays, in particular the neutral KL → π0νν̄ mode that in the SM is purely induced
by direct CP violation, are known to offer unique possibilities in testing the structure of
flavor and CP violation in extensions of the SM [153, 154, 155].

The effective Hamiltonian relevant for these decays reads

Heff = −4GF√
2

[
H(c)

eff + V ∗tsVtd
(
CK
L OKL + CK

ROKR
)]

+ h.c. , (3.102)

where H(c)
eff denotes the operators which encode physics below the electroweak scale and the

remaining term consists of the part of the effective Hamiltonian sensitive to short distance
dynamics. The operators in (3.102) read

OKL =
e2

16π2
(s̄γµPLb)(ν̄γ

µ(1− γ5)ν) , OKR =
e2

16π2
(s̄γµPRd)(ν̄γµ(1− γ5)ν) . (3.103)

The branching ratios of the KL → π0νν̄ and K+ → π+νν̄ decays can then be written as

BR(K+ → π+νν̄) = κ+

[(
Im(λtX

K)

λ5

)2

+

(
−P(u,c) +

Re(λtX
K)

λ5

)2
]
, (3.104)

BR(KL → π0νν̄) = κL

(
Im(λtX

K)

λ5

)2

, (3.105)
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The κ factors originate mainly from the hadronic matrix elements and read κ+ = (5.27 ±
0.03)×10−11 and κL = (2.27±0.01)×10−10 [148]. The term P(u,c) accounts for contributions
from charm and light quark loops and is given by P(u,c) = 0.41 ± 0.05 [156, 157, 158, 147].
Finally, XK denotes the combination −s2

W (CK
L + CK

R ) and is the quantity sensitive to NP
contributions. In the SM (CK

R )SM ' 0 and (CK
L )SM = (Cν

L)SM ' −6.38. The most important
contributions to the Wilson coefficients CK

L and CK
R in the MSSM will be discussed in

section 6.5.

3.2.7 The B+ → τ+ν Decay

The helicity suppressed tree level B+ → τ+ν decay is not yet “observed” with a 5σ signifi-
cance. Still, the current experimental world average for the branching ratio based on data
from BaBar [159, 160] and Belle [161, 162] reads [80]

BR(B+ → τ+ν)exp = (1.73± 0.35)× 10−4 . (3.106)

A superB factory can improve this result significantly and it is expected that a final accuracy
at the level of 3-4% could be reached [37, 38, 39].

While in the SM the B+ → τ+ν decay is induced through the tree level exchange of a W±,
in models with extended Higgs sectors also non-negligible effects can be generated through
the tree level exchange of charged Higgs bosons [163, 164, 165].

The SM prediction for the branching ratio of B+ → τ+ν is

BR(B+ → τ+ν)SM =
G2
FMB+m2

τ

8π

(
1− m2

τ

M2
B+

)2

F 2
B+|Vub|2τB+ (3.107)

and is afflicted with large uncertainties from the B meson decay constant FB+ and the
CKM element Vub. Using the input parameters collected in appendix A.3 one finds directly
from (3.107)

BR(B+ → τ+ν)SM = (1.10± 0.29)× 10−4 , (3.108)

which is slightly below the experimental result (3.106) but still compatible at the 2σ level.
A much more accurate prediction of the branching ratio within the SM can be obtained by
normalizing BR(B+ → τ+ν) to ∆Md, the mass difference in the Bd system, thus eliminating
the dependence on the B meson decay constant [166, 165]. One finds

BR(B+ → τ+ν)SM =
3π ∆Md

4ηBS0(xt)B̂Bd

m2
τ

M2
W

(
1− m2

τ

M2
B+

)2 ∣∣∣∣VubVtd

∣∣∣∣2 τB+ , (3.109)

where we used FBd
' FB+ and MBd

'MB+ . Furthermore, one can completely eliminate the
dependence on the CKM elements through∣∣∣∣VubVtd

∣∣∣∣2 =
(
1 + λ2

)(
1 +

1

R2
t

− 2

Rt

cos β

)
, (3.110)

with Rt and β determined directly from experiment through ∆Md/∆Ms and SψKS
, by means

of the SM relations

Rt =
ξ

λ

√
MBs

MBd

√
∆M exp

d

∆M exp
s

, sin 2β = Sexp
ψKS

. (3.111)
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The resulting SM prediction for the branching ratio is

BR(B+ → τ+ν)SM = (0.79± 0.12)× 10−4 , (3.112)

that is in excellent agreement with predictions that are based on fits of the Unitarity Trian-
gle [80, 167]. The result (3.112) is roughly 2.5σ below the experimental world average (3.106),
which reflects an apparent tension between the rather low experimental value of SψKS

and
the large measured B+ → τ+ν branching ratio in the SM.

In our numerical analysis of the supersymmetric frameworks in chapter 8 we will use the
more conservative (3.108) which implies

RBτν =
BR(B+ → τ+ν)

BR(B+ → τ+ν)SM

= 1.57± 0.53 . (3.113)

As will be detailed in section 6.1, in the MSSM the result (3.113) leads to strong constraints
on the mass of the charged Higgs boson in the large tan β regime.

Similar to the B → τν decay, also B → Dτν is a sensitive probe of extended Higgs sec-
tors [168, 169, 170, 171]. Even so this decay is not helicity suppressed as B → τν is,
the relevant hadronic uncertainties are below the level of 10% and tree level charged Higgs
exchange can have a visible impact also on this decay mode. While the three body decay
B → Dτν allows in principle to study decay distributions [170], here we will restrict ourselves
to the branching ratio. Combining the SM prediction from [171] with recent experimental
data from BaBar [172] one finds

RBDτν =
BR(B → Dτν)

BR(B → Dτν)SM

= 1.49± 0.47 , (3.114)

which will lead to further constraints on the MSSM Higgs sector.

Finally we mention that also the helicity suppressed K → µν decay can be used to probe
models with extended Higgs sectors [173]. While the sensitivity to tree level charged Higgs
effects is much smaller than in the case of the above-mentioned B decays, for K → µν one
has a much higher experimental accuracy and much smaller theoretical uncertainties. One
defines (see [173] for details)

R`23 =

∣∣∣∣Vus(K`2)

Vus(K`3)
× Vud(0

+ → 0+)

Vud(π`2)

∣∣∣∣ (3.115)

as the ratio of the CKM matrix element Vus determined from K`2 and K`3 decays. The
normalization to the ratio of the CKM matrix element Vud as obtained from 0+ → 0+

nuclear beta decays and π`2 decays serves to reduce theoretical uncertainties coming from
the Kaon decay constant that enters the prediction for the K`2 decay. The quantity R`23 is
then indeed sensitive to the charged Higgs exchange in the K`2 decays, i.e. in K → µν.

Combining the experimental results on the CKM matrix elements with the corresponding
theoretical uncertainties one finds the following constraint in the MSSM [174]

R`32 = 0.999± 0.007 , (3.116)

and the corresponding bound on the MSSM Higgs sector will be also investigated in sec-
tion 6.1.
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3.3 ∆F = 0 Processes

3.3.1 The Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon, aµ = 1
2
(g − 2)µ, is known to be a sensitive

indirect probe of new short distance physics [175]. Both the experimental determination of
this observable and its theory prediction in the SM have reached a truly remarkable level of
accuracy [176, 177, 178, 179].

The current SM prediction for the anomalous magnetic moment of the muon reads [180]

aSM
µ = (11 659 183.4± 4.9)× 10−10 . (3.117)

Combined with the final experimental result from the Muon (g-2) Collaboration [181, 182]

aexp
µ = (11 659 208.9± 6.3)× 10−10 , (3.118)

one finds presently a discrepancy at the level of 3.2σ [180]

∆aµ = aexp
µ − aSM

µ = (25.5± 8.0)× 10−10 . (3.119)

While this discrepancy cannot be interpreted as a clear signal of NP yet, the g − 2 of the
muon is nonetheless an important observable to be considered when one analyses the impact
of NP models on low energy phenomenology.

In an effective theory formulation, the g − 2 of the muon is generated by the following
term in an effective Lagrangian

Leff =
e

4mµ

aµ µ̄Fµνσ
µνµ . (3.120)

Analogous to the b→ sγ operators in (3.45), the dimension 5 operator in the above expression
is helicity flipping and consequently NP effects in aµ generally decouple as m2

µ/M
2
NP. The

contributions to aµ in the MSSM and the implications of the discrepancy (3.119) on the
MSSM parameter space will be discussed in section 6.6.

3.3.2 Electric Dipole Moments

The SM predictions for electric dipole moments are very far from the present experimental
resolutions. Any experimental observation of EDMs would therefore represent a very clean
signal of the presence of NP effects [183]. The current experimental bounds on the most
important experimentally accessible EDMs like the Thallium, Mercury and neutron EDM
read [184, 185, 186, 187, 188]

dTl ≤ 9.4× 10−25 e cm @ 90% C.L. , (3.121)

dHg ≤ 3.1× 10−29 e cm @ 95% C.L. , (3.122)

dn ≤ 2.9× 10−26 e cm @ 90% C.L. . (3.123)

As the EDMs are CP violating observables, in the SM they can be generated only by the
two sources of CP violation present in the SM: the QCD theta term θ̄ and the single physical
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phase contained in the CKM matrix. Natural (order one) values for θ̄ are phenomenolog-
ically excluded since they would lead to unacceptably large contributions to the neutron
EDM. Therefore, a Peccei-Quinn symmetry [189, 190] is commonly assumed to dynamically
suppress the QCD theta term θ̄. In this way, EDMs can be generated only by the CP violat-
ing phase of the CKM matrix and they turn out to be highly suppressed. Quark EDMs for
example are generated in the SM only at the three loop level and one finds a SM prediction
for the neutron EDM at the level of dn ∼ 10−32 e cm [183] that is well below the current and
expected future experimental sensitivities.

The main difficulty to fully exploit the NP sensitivity of the EDMs is, that experimentally
one measures the EDMs of composite systems, as heavy atoms, molecules or the neutron,
while on the theoretical side the EDMs of constituent particles, i.e. quarks and leptons are
predicted.

The electric and chromoelectric dipole moments of quarks and leptons are described by
the following effective CP-odd Lagrangian [183]

Leff = −id`
2

¯̀Fµνσ
µνγ5` (3.124)

−idq
2
q̄Fµνσ

µνγ5q − i
dcq
2
gs q̄Gµνσ

µνγ5q , (3.125)

where the first line contains the EDMs of the leptons and the second line the EDMs and
CEDMs of the quarks. In general also additional operators enter the prediction of the EDMs
of composite systems such as the Weinberg three gluon operator [191] or scalar four fermion
operators [192, 193]

Leff =
1

3
w fabcGa

µνG̃
νσ,bG µ,c

σ +
∑
i,j

Cij (ψ̄iψi)(ψ̄jiγ5ψj) + . . . . (3.126)

These operators however play only a subdominant role in our discussion of the EDMs in
chapter 8 and therefore we restrict ourselves here to the quark and lepton (C)EDMs defined
in (3.124) and (3.125).

Expressing the physical EDMs through the quark and lepton (C)EDMs induces sizable
uncertainties related to QCD, nuclear and atomic interactions. Approximately one finds the
following relations [183, 194]

dTl ' −585de , (3.127)

dHg ' 7× 10−3e(dcu − dcd) + 10−2de , (3.128)

dn ' 1.4(dd − 0.25du) + 1.1e(dcd + 0.5dcu) . (3.129)

The quark (C)EDMs in these expressions are understood to be evaluated at the hadronic
scale 1 GeV. The running from the weak scale down to the hadronic scale is very good
approximated by [195]

dq(1 GeV) ' 1.2dq(MZ) , dcq(1 GeV) ' 0.91dcq(MZ) . (3.130)

As Thallium is a paramagnetic atom, its EDM is primarily sensitive to the electron EDM,
while the EDM of the diamagnetic atom Mercury mostly feels the CP-odd pion nucleon in-
teraction induced by the chromoelectric dipole moments of the up and down quarks. Finally,
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as a bound state of up and down quarks, the neutron EDM is obviously mostly sensitive to
the up and down quark (C)EDMs. At a subleading level also the strange quark (C)EDM
enters in principle the prediction for dn. While the generic predictions for the strange quark
(C)EDM d

(c)
s is enhanced by ms/mu,d it is presently not clear how important the effect from

d
(c)
s is, given the lack of reliable theoretical estimates of its contribution to the hadronic

EDMs. Future lattice simulations might help in resolving this issue.
In NP models often additional sources of CP violation are present that generically induce

EDMs that are in conflict with the experimental bounds in (3.127) - (3.129). Consequently,
these bounds lead to strong constraints on the NP parameter spaces.

Models of New Physics can contain new sources of CP violation in form of flavor diagonal
and flavor off-diagonal phases. Given that the EDMs are CP violating but flavor conserving
observables, they do not require any source of flavor violation. Still they can also be generated
by two complex ∆F = 1 transitions, in which case one refers to flavored EDMs. In section 6.7
we discuss the most relevant contributions to the quark and lepton (C)EDMs in the MSSM,
including both the case of flavor diagonal and flavor off-diagonal phases.

To summarize this chapter we show in table 3.2 a long (but of course incomplete) list of
intersting low energy observables mostly in the quark flavor sector. We collect the SM predic-
tions for these observables together with the present experimental results and the expected
future experimental sensitivities. The well measured observables in the ∆F = 2 sector, as
well as for example the B → Xsγ branching ratio play an important role in constraining the
parameter space of NP models, in particular the MSSM. Observables with tiny SM predic-
tions, like the EDMs, the Bs → µ+µ− branching ratio, the Sψφ asymmetry or CP violation in
D0 − D̄0 mixing on the other hand can be considered as “discovery channels”, where future
measurements of large non-standard values would consist of unambiguous evidence of NP
effects.
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observable SM prediction present experiment future sensitivity

xD . few 10−2 [53] (0.98+0.24
−0.26)10−2 [36] ∼ 0.09× 10−2 [37, 39]

yD . few 10−2 [52] (0.83± 0.16)10−2 [36] ∼ 0.06× 10−2 [37, 39]

1− |q/p| . 10−3 [59] 0.13+0.15
−0.17 [36] ∼ 0.03 [37, 39]

φD . 10−3 [59] (−8.5+7.4
−7.0)◦ [36] 1◦ − 2◦ [37, 39]

∆MK (ps−1) (5.292± 0.009)10−3 [73]

∆Md (ps−1) 0.53± 0.13 0.507± 0.005 [36]

∆Ms (ps−1) 18.3± 5.1 17.77± 0.12 [76]

∆Md/∆Ms (2.85± 0.38)10−2 (2.85± 0.03)10−2

|εK | (1.94± 0.30)10−3 (2.229± 0.010)10−3 [73]

Sψφ 0.038± 0.003 0.81+0.12
−0.32 [36] ∼ 0.01 [83]

SψKS
0.734± 0.038 0.672± 0.023 [36] 0.005-0.012 [37, 39]

SφKS
0.75± 0.04 [120] 0.44± 0.17 [36] 0.02− 0.03 [37, 39]

Sη′KS
0.74± 0.04 [120] 0.59± 0.07 [36] 0.01− 0.02 [37, 39]

SK∗γ −0.022± 0.015+0
−0.01 [98] −0.15± 0.22 [73] 0.02− 0.03 [37, 39]

ACP(b→ sγ)
(−0.44+0.14

−0.24

)
10−2 [93] (1.2± 2.8)10−2 [36] (0.4− 0.5)10−2 [37, 39]

q2
0(S4) (B → K∗`+`−) 1.94+0.12

−0.10 GeV2 [19]

q2
0(S5) (B → K∗`+`−) 2.24+0.06

−0.08 GeV2 [19]

q2
0(Ss6) (B → K∗`+`−) 3.90+0.11

−0.12 GeV2 [19]

〈A7〉 (B → K∗`+`−) (3.4+0.4
−0.5)10−3 [19]

〈A8〉 (B → K∗`+`−) (−2.6+0.4
−0.3)10−3 [19]

〈A9〉 (B → K∗`+`−) (0.1+0.1
−0.1)10−3 [19]

BR(B → Xsγ) (3.15± 0.23)10−4 [84] (3.52± 0.25)10−4 [36] 5% [37, 39]

BR(B → Xs`
+`−) (1.59± 0.11)10−6 [196] (1.59± 0.49)10−6 [197, 198] 4− 6% [37, 39]

BR(Bs → µ+µ−) (3.47± 0.37)10−9 . 5.8× 10−8 [127] ∼ 10−9 [130]

BR(Bd → µ+µ−) (1.06± 0.11)10−10 . 1.8× 10−8 [127]

BR(B → τν) (1.10± 0.29)10−4 (1.73± 0.35)10−4 [80] 3− 4% [37, 39]

BR(KL → π0νν̄) (2.49± 0.39)10−11 [148] . 2.6× 10−8 [149] ∼ 2× 10−11 [152]

BR(K+ → π+νν̄) (8.5± 0.7)10−11 [147] (1.73+1.15
−1.05)10−10 [150] ∼ 10−11 [151]

BR(B+ → K+νν̄)SD (3.64± 0.47)10−6 [140] . 14× 10−6 [142] 16− 20% [37, 39]

BR(B → K∗νν̄) (6.8+1.0
−1.1)10−6 [20] . 80× 10−6 [143] ∼ 2× 10−6 [144]

〈FL〉(B → K∗νν̄) 0.54± 0.01 [20] ∼ 0.3 [144]

|dTl| (e cm) ∼ 10−35 [183] < 9.4× 10−25 [184]

|dn| (e cm) ∼ 10−32 [183] < 2.9× 10−26 [188] ' 5× 10−27 [194]

|dHg| (e cm) < 3.1× 10−29 [186]

(g − 2)µ × 1010 11 659 183.4± 4.9 [180] 11 659 208.9± 6.3 [181, 182] 0.14 ppm [182]

Table 3.2: List of selected flavor observables.



4 Supersymmetry, the MSSM and its
Flavor Structure

Supersymmetry (SUSY) [199, 200, 2, 201] is an extremely fascinating concept in particle
physics. Supersymmetry relates bosonic and fermionic degrees of freedom and is know to be
the only possible extension of Poincaré symmetry leading to a “meaningfull” quantum field
theory [202, 203]. If Supersymmetry is promoted to a local symmetry one obtains so-called
Supergravity theories [204] that contain General Relativity. In fact Supergravity theories
arise in string theory that currently seems to be one of most promising approaches towards
a consistent theory of quantum gravity. But also theories with global Supersymmetry show
remarkable features. So-called non-renormalization theorems [205, 206] for example ensure
that supersymmetric theories are free of any quadratic divergences.

In supersymmetric theories that are phenomenologically viable, Supersymmetry has nec-
essarily to be broken. In fact, Supersymmetry predicts that for every fermionic degree of
freedom there exists a bosonic partner with exactly the same mass and vice versa. As this
situation is obviously not realized in nature, possible mechanisms of SUSY breaking have
been investigated ever since (see e.g. [207, 208, 209, 210, 211, 212, 213, 214]). In most models,
spontaneous SUSY breaking takes place in a hidden sector of particels that have no or only
very small couplings to the visible sector of the model. However, if the two sectors share
common interactions, SUSY breaking can be mediated from the hidden sector to the visible
sector. The most popular mediation schemes are Gravity mediation [215, 216, 217, 218, 219],
where SUSY breaking is communicated by Planck mass suppressed higher dimensional op-
erators, and Gauge mediation [220, 221, 222, 223, 224, 225, 226], where messenger fields
mediate the SUSY breaking through gauge interactions. Also extra dimensional setups have
been considered leading to mediation schemes called Gaugino mediation [227, 228, 229] and
anomaly mediation [230, 231].

It is important to note that quadratic divergences still remain absent also in theories with
broken Supersymmetry, as long as the introduced breaking terms are soft [232], as it happens
in theories with spontaneously broken SUSY. Adding all possible soft SUSY breaking terms
to the “supersymmetrized” version of the Standard Model [233], one obtains the Minimal
Supersymmetric Standard Model (MSSM). Without doubts, the MSSM is one of the best
studied models beyond the Standard Model as it is naturally able to address several of the
open issues in particle physics.

i) The gauge hierarchy problem is formally solved in the MSSM. While there is no expla-
nation of the large hierarchy between the electroweak and the Planck scale, the absence
of quadratic divergences ensures that the electroweak scale is stable against quantum
corrections as long as the SUSY breaking terms (i.e. the masses of the SUSY partners
of the SM particles) do not exceed the TeV scale.

ii) In the MSSM with TeV scale SUSY particles, gauge coupling unification works re-
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markably well [234, 235, 236]. Running up the three SM gauge couplings, they unify
with a high precision around a GUT scale of 3 × 1016 GeV. In fact, supersymmetric
Grand Unified Theories (GUTs) [237, 238, 239] are very successfull and well investi-
gated extensions of the SM.

iii) If so-called R-parity [240] is imposed, the lightest supersymmetric particle (LSP) is
stable and thus the MSSM also provides a dark matter candidate [241, 242].

All these reasons make models with TeV scale SUSY very appealing extensions of the Stan-
dard Model. If TeV scale SUSY is indeed realized in nature then it should lead to many
characteristic signals in high and low energy experiments [243]. In particular, the SUSY
partners of the SM particles should be within the reach of LHC where they can be directly
produced. Moreover, SUSY particles at the TeV scale are also expected to lead to visible
effects in low energy observables as the ones discussed in chapter 3. In fact, the absence
of any unambiguous hint of NP effects in these observables up to now has to be considered
problematic for SUSY models1 as the effects from TeV scale SUSY particles are naturally
expected to be large. A thorough understanding of the SUSY contributions to low energy
flavor and CP violating observables – their origin, their structure and their implied phe-
nomenology – is therefore crucial to test the viability of SUSY models. Exactly this is the
main subject of this work.

Instead of giving now a detailed presentation of the foundations of Supersymmetry, su-
persymmetric field theory and Supersymmetry breaking that can be found in numerous
reviews [244, 3, 245, 246, 226, 247, 248] and text books [249, 250, 251, 252], we concentrate
directly on the MSSM in the remainder of this chapter. In section 4.1 we briefly review its
field content and give explicit expressions for the superpotential and the soft SUSY break-
ing terms, to fix our notation and conventions for the SUSY parameters. In the following
sections we consider in detail the flavor structure of the MSSM in the quark sector (see
also [253] for a review). We discuss the new sources of flavor violation present in the MSSM
and briefly sketch their impact on flavor changing processes. Chapter 5 is devoted to the
MSSM in the large tan β regime. A detailed analysis of supersymmetric contributions to
flavor observables then follows in chapter 6.

4.1 The Minimal Supersymmetric Standard Model

Before presenting the particle content of the MSSM, its superpotential and the soft SUSY
breaking terms, we mention that apart from few exceptions, we will mostly adopt the conven-
tions of [254, 255] where the full MSSM Lagrangian and all MSSM Feynman rules have been
worked out explicitly. A translation table between the notation and conventions used in the
present work, the work of [254, 255] and the so-called SUSY Les Houches Accord [256, 257],
a broadly accepted convention for MSSM parameter, can be found in appendix A.2.

The MSSM Particle Content

The Standard Model is based on the gauge group SU(3) × SU(2) × U(1). Correspondingly,
the MSSM contains three vector superfields V3, V2 and V1, which consist of the SM gauge

1As discussed in chapter 2, this is of course a problem for basically any NP model predicting new degrees
of freedom at the TeV scale.
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superfields fermions vector bosons

gluons

and gluinos
SU(3) V3 g̃a gaµ

W bosons

and Winos
SU(2) V2 W̃±, W̃ 3 W±

µ ,W
3
µ

B boson

and Bino
U(1) V1 B̃ Bµ

Table 4.1: The vector superfields of the MSSM. The SU(3) field contains the gluons and gluinos,
the SU(2) field the W bosons and the Winos and the U(1) field the B and the Bino.

bosons (the gluons, the W bosons and the B) and their superpartners the so-called gauginos
(the gluinos, the Winos and the Bino). The gauginos are Majorana fermions and as the
gauge bosons they transform as adjoints under their respective gauge group. These fields
are summarized in table 4.1.

The matter fermions of the SM are introduced through the chiral superfields listed in
table 4.2. In addition to the quarks and leptons, they contain their spin 0 superpartners,
the squarks and sleptons.

Finally, the Higgs sector of the MSSM consists of two Higgs doublets that are contained in
the chiral superfields also shown in table 4.2. Apart from the spin 0 Higgs bosons, they also
contain their spin 1/2 superpartners, the Higgsinos. In fact, in the MSSM two Higgs doublets
with opposite hypercharge are required in order to have anomaly cancellation between the
two Higgsinos.

The Superpotential

As usual, gauge interactions between the MSSM degrees of freedom directly arise from the
kinetic terms of the chiral and vector superfields. Additional interactions are introduced
through the superpotential which is a gauge invariant polynomial of the chiral superfields of
mass dimension three. Supersymmetry requires the superpotential to be analytical in the
fields and it leads to renormalizable interactions as long as it does not contain operators of
dimension larger than three. The MSSM superpotential reads

W = µĤuĤd − Y` ˆ̀LĤdêR − Ydq̂LĤdd̂R + Yuq̂LĤuûR . (4.1)

It contains the µ term, a supersymmetric mass parameter for the Higgs fields, and the usual
Yukawa couplings between the matter fields and the Higgs fields that are responsible for
giving masses to the matter fermions after electroweak symmetry breaking. We remark that
analyticity of the superpotential ensures that at tree level the down Higgs couples only to
down quarks and charged leptons, while the up Higgs couples only to up quarks. At tree
level, the MSSM is therefore a so-called two Higgs doublet model of type II.

In fact one can construct additional gauge invariant and analytical terms for the super-
potential. Such terms however violate baryon or lepton number and lead to fast proton
decay. They can be forbidden by introducing an additional symmetry, R-parity, that distin-
guishes between the SM particles that have R-parity +1 and their supersymmetric partners
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superfields scalars fermions SU(3)× SU(2)× U(1)

LH leptons

and sleptons
ˆ̀I
L

˜̀I
L =

(
ν̃IL
ẽIL

)
`IL =

(
νIL
eIL

)
(1, 2)−1/2

RH electrons

and selectrons
êIR (ẽIR)∗ (eIR)c (1, 1)1

LH quarks

and squarks
q̂IL q̃IL =

(
ũIL
d̃IL

)
qIL =

(
uIL
dIL

)
(3, 2)1/6

RH up quarks

and squarks
ûIR (ũIR)∗ (uIR)c (3̄, 1)−2/3

RH down quarks

and squarks
d̂IR (d̃IR)∗ (dIR)c (3̄, 1)1/3

up Higgs

and higgsinos
Ĥu Hu H̃u (1, 2)1/2

down Higgs

and higgsinos
Ĥd Hd H̃d (1, 2)−1/2

Table 4.2: The chiral multiplets of the MSSM. The matter fields contain the SM leptons and
quarks. In addition there are the two Higgs doublets. The generation index on the matter fields
runs from I = 1, 2, 3.

that have R-parity −1. As a consequence, the baryon and lepton number violating inter-
actions are forbidden, supersymmetric particles can only be pair produced and the lightest
supersymmetric particle is stable.

The Soft SUSY Breaking Lagrangian

To make the MSSM phenomenologically viable, one also has to introduce soft SUSY breaking
terms. The most general soft SUSY breaking Lagrangian that is gauge invariant and respects
R-parity reads

Lsoft =
1

2
M1λBλB +

1

2
M2λWλW +

1

2
M3λgλg

− m2
Hd
H∗dHd −m2

Hu
H∗uHu

− m2
Qq̃
∗
Lq̃L −m2

Dd̃Rd̃
∗
R −m2

U ũRũ
∗
R −m2

L
˜̀∗
L

˜̀
L −m2

E ẽRẽ
∗
R

+ BµHuHd + Â` ˜̀Hdẽ
∗
R + Âdq̃Hdd̃

∗
R − Âuq̃Huũ

∗
R . (4.2)

The first line of (4.2) contains Majorana masses for the gauginos, the second and third line
soft masses for the two Higgs boson doublets as well as the squarks and sleptons. The terms
in last line finally exactly correspond to the terms in the superpotential and consist of the
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Bµ term that mixes the two Higgs bosons and the trilinear couplings between the Higgs
bosons the squarks and sleptons. Even so we suppressed flavor indices on the sfermion fields
in (4.2), the squark and slepton soft masses as well as the trilinear couplings are in general
3× 3 matrices in flavor space.

In contrast to the superpotential (4.1), the soft SUSY breaking Lagrangian introduces a
vast number of free parameters [258]. Many of them are sources of flavor and CP violation
and lead to large SUSY contributions to the low energy observables discussed in chapter 3.
Before discussing in detail these additional sources of flavor and CP violation in the next
section, we first present briefly the physical MSSM particle spectrum. We will restrict
ourselves here to the tree level. Comprehensive presentations of 1 loop corrections to the
MSSM spectrum that are particularly important in the Higgs sector and sometimes also for
gluinos and the light stop can be found for example in [259, 260].

The Higgs Spectrum

At tree level the Higgs sector of the MSSM is entirely determined by four parameters. The
complex µ term, the Bµ term (that can be always made real by an appropriate redefinition
of the Higgs fields) and the two real soft masses m2

Hu
and m2

Hd
. Of course these parameters

have to be such that electroweak symmetry is broken by vacuum expectation values of the
neutral components of the two Higgs doublets vu,d = 〈H0

u,d〉 and the Z boson mass is correctly
reproduced. At tree level one finds

sin 2β =
Bµ

m2
Hu

+m2
Hd

+ 2|µ|2 ,
M2

Z

2
=
m2
Hu

tan2 β −m2
Hd

1− tan2 β
− |µ|2 , (4.3)

where tan β = vu/vd is the ratio between the two vacuum expectation values. The second
relation in (4.3) visualizes the so-called µ problem of the MSSM. Even so µ is a superpotential
parameter, it has to be of the order of the electroweak scale and the soft Higgs masses to
reproduce MZ without tremendous fine tuning. In singlet extensions of the MSSM like the
so-called next-to Minimal Supersymmetric Standard Model (NMSSM) (see [261] for a recent
review) this problem can be addressed by replacing µ with the vev of the singlet field. Here
we do not follow this approach but simply assume that µ is around the TeV scale.

Out of the eight degrees of freedom that are contained in the two Higgs doublets of the
MSSM, three take the role of the longitudinal components of the W and Z bosons after
electroweak symmetry breaking. The remaining five consist of one light SM-like Higgs h,
one additional neutral scalar Higgs H0, a neutral pseudoscalar Higgs A0 and two charged
Higgs bosons H±. Their tree level masses are approximately given by

M2
A = m2

Hu
+m2

Hd
+ 2|µ|2 , M2

H 'M2
A , MH± = M2

A +M2
W . (4.4)

Here we did not give an expression for the light higgs mass Mh. In fact, at tree level
Mh < MZ which is phenomenologically excluded. Quantum corrections to the light Higgs
boson mass are however large [262, 263, 264, 265] and can lift it above the LEP limit. As
also the above relations 4.3 and in particular the first relation in (4.4) are subject to large
loop corrections, in phenomenological applications it is then usually convenient to trade the
original Lagrangian parameters Bµ and m2

Hu,d
for tan β and MA. The full tree level Higgs

spectrum is then expressed in terms of v =
√
v2
u + v2

d, tan β, MA and µ. Loop corrections
enter mainly in Mh and can be conveniently be taken into account using public available
codes like FeynHiggs [266, 267, 268, 269].
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Charginos, Neutralinos and Gluinos

After electroweak symmetry breaking, the Higgsinos, the Winos and the Bino mix to give
so-called charginos and neutralinos as mass eigenstates. Charginos are Dirac fermions and
are mixtures of the charged Higgsinos with the charged Winos. Their mass matrix reads

ZT
−

(
M2

g2√
2
vu

g2√
2
vd µ

)
Z+ = diag(Mχ̃±1

,Mχ̃±2
) . (4.5)

Neutralinos on the other hand are Majorana fermions and are composed out of neutral
Higgsinos, Winos and the Bino. Their mass matrix reads

ZT
N


M1 0 −g1

2
vd

g1
2
vu

0 M2
g2
2
vd −g2

2
vu

−g2
2
vd

g2
2
vd 0 −µ

g2
2
vu −g2

2
vu −µ 0

ZN = diag(Mχ̃0
1
,Mχ̃0

2
,Mχ̃0

3
,Mχ̃0

4
) . (4.6)

Gluinos finally do not mix with any other particles and their mass is directly given by the
Lagrangian parameter M3 = Mg̃. We chose conventions such that M3 is real and positive.

Squarks and Sleptons

Turning to the squarks, we remark that after electroweak symmetry breaking the left and
right handed up and down squarks mix, such that their masses are in general 6×6 matrices.
In the super-CKM basis (see section 4.2 below) they read

ZT
U

(
V ∗(m2

Q)TV T + m̂2
u +DUL −(vdµ

∗ŷu + vuÂu)/
√

2

−(vdµŷu + vuÂ
∗
u)/
√

2 m2
U + m̂2

u +DUR

)
Z∗U = diag(m2

Ũ1
, . . . ,m2

Ũ6
) , (4.7)

Z†D

(
(m2

Q)T + m̂2
d +DDL −(vuµ

∗ŷd + vdÂd)/
√

2

−(vuµŷd + vdÂ
∗
d)/
√

2 m2
D + m̂2

d +DDR

)
ZD = diag(m2

D̃1
, . . . ,m2

D̃6
) , (4.8)

where m̂u,d are diagonal matrices containing the quark masses and ŷu,d are diagonal matrices
with the corresponding Yukawa couplings. The D-term contributions to the masses DUL,
DUR, DDL and DDR are flavor blind (i.e. proportional to the unit matrix) and given by

DUL = M2
Z cos 2β

(
1

2
− 2

3
sin2 θW

)
, DUR = M2

Z cos 2β

(
2

3
sin2 θW

)
, (4.9)

DDL = M2
Z cos 2β

(
−1

2
+

1

3
sin2 θW

)
, DDR = M2

Z cos 2β

(
−1

3
sin2 θW

)
. (4.10)

The D-term contributions as well as the m̂2
u,d terms are all of the order of O(v2/M2

SUSY) and
they are usually negligible. Only in scenarios with very light squarks, the m2

t term might
play some role. The structure of the up and down squark mass matrices (4.7) and (4.8) and
its implications are the main subject of the following section 4.2.

Similarly to the squarks, one has for the charged sleptons and sneutrinos

Z†ν
(
m2
L +DνL

)
Zν = diag(m2

ν̃1
, . . . ,m2

ν̃3
) , (4.11)
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Z†L

(
(m2

L)T + m̂2
` +DLL −(vuµ

∗ŷ` + vdÂ`)/
√

2

−(vuµŷ` + vdÂ
∗
`)/
√

2 m2
E + m̂2

` +DLR

)
ZL = diag(m2

L̃1
, . . . ,m2

L̃6
) . (4.12)

Here, m̂` is a diagonal matrix containing the lepton masses and ŷ` is a diagonal matrix with
the corresponding Yukawa couplings. The D-term contributions DνL, DLL and DLR are
flavor blind and are given by

DνL = M2
Z cos 2β

1

2
, (4.13)

DLL = M2
Z cos 2β

(
−1

2
+ sin2 θW

)
, DLR = M2

Z cos 2β
(− sin2 θW

)
. (4.14)

Both the D-term contributions and the m̂2
` terms are basically always negligible.

4.2 Sources of Flavor and CP Violation in the MSSM

As gauge interactions are flavor blind, both the SM and the MSSM gauge sector are invariant
under a large group GF of flavor transformations. Concentrating on the quark sector and
leaving aside possible U(1) factors, one has [270, 271, 44]

GF = SU(3)3 = SU(3)Q × SU(3)U × SU(3)D . (4.15)

In the MSSM, this flavor symmetry is broken by two different sources: the Yukawa couplings
Yu and Yd that appear in the superpotential as well as the soft masses m2

Q, m2
U and m2

D and

trilinear couplings Âu and Âd in the soft SUSY breaking Lagrangian. All these terms can in
principle be generic 3× 3 matrices in flavor space.

The Yukawa Couplings and the CKM Matrix

Redefining the quark fields by unitary transformations, the Yukawa couplings can be diago-
nalized

uL → VULuL , uR → VURuR ; V T
ULYuV

∗
UR = ŷu = diag(yu, yc, yt) , (4.16)

dL → VDLdL , dR → VDRdR ; V T
DLYdV

∗
DR = ŷd = diag(yd, ys, yb) . (4.17)

This leads to diagonal mass matrices for the up and down quarks after electroweak symmetry
breaking

m̂u = diag(mu,mc,mt) = ŷu
vu√

2
, m̂d = diag(md,ms,mb) = ŷd

vd√
2
. (4.18)

In this procedure, the CKM matrix V = V †ULVDL appears that basically parameterizes
the misalignment between the up and down quark mass eigenstates in flavor space. The
CKM matrix contains three mixing angles and a single physical CP violating phase. The
CKM matrix is unitray and it determines the strength of flavor changing charged current
interactions as the W boson quark and charged Higgs quark vertices shown in the upper row
of figure 4.1. Neutral currents as the gluon quark or the Z boson quark vertices however
remain flavor diagonal at the tree level [13]. Flavor changing neutral currents of quarks can
only be introduced at the loop level through weak interactions.
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uI
L dJ

L

∼ g2V
∗
IJ

W

uI
R dJ

L

∼ yI
uV

∗
IJ

H−
u

uI
L dJ

R

∼ yJ
d V ∗

IJ

H−
d

dI
L dJ

L

∼ gsδIJ

g

dI
R dJ

R

∼ gsδIJ

g

ũI
L dJ

L

∼ g2V
∗
IJ

W̃

ũI
R dJ

L

∼ yI
uV

∗
IJ

H̃−
u

ũI
L dJ

R

∼ yJ
d V ∗

IJ

H̃−
d

dI
L d̃J

L

∼ gsδIJ

g̃

dI
R d̃J

R

∼ gsδIJ

g̃

Figure 4.1: Example tree level vertices in the MSSM in the super-CKM basis. Charged current
interactions are governed by the CKM matrix, while neutral currents are flavor diagonal. For
simplicity only vertices with external down quarks are shown.

Ũi dJ
L

∼ g2(ZU)IiV
∗
IJ

W̃

Ũi dJ
L

∼ yI
u(ZU)IiV

∗
IJ

H̃−
u

Ũi dJ
R

∼ yJ
d (ZU)IiV

∗
IJ

H̃−
d

dI
L D̃j

∼ gs(ZD)Ij

g̃

dI
R D̃j

∼ gs(ZD)I+3i

g̃

Figure 4.2: Example tree level vertices in the MSSM in the squark mass eigenstate basis. Vertices
involving up and down squarks contain the ZU and ZD rotation matrices. In particular the gluino
squark quark vertices are flavor violating. For simplicity only vertices with external downs quarks
are shown.

Performing the same redefinitions of quark fields also for the squarks, the resulting flavor
basis is called super-CKM basis. In the super-CKM basis, the supersymmetrized versions of
the above mentioned vertices share the same properties, i.e. the charged Wino quark squark
as well as the charged Higgsino quark squark vertices are governed by the CKM matrix,
while gluino quark squark vertices for example are flavor diagonal as shown in the diagrams
in the lower row of figure 4.1.

The Mass Insertions and the Mass Insertion Approximation

However, the soft breaking terms and consequently the squark mass matrices are in general
still flavor off-diagonal in the super-CKM basis. They can be diagonalized by a redefinition
of the squark fields leading to each six up and down squark mass eigenstates Ũi and D̃i.
The unitary 6× 6 rotation matrices ZU and ZD in (4.7) and (4.8) then appear in all vertices
involving the up and down squarks respectively as shown in figure 4.2. In particular the
gluino interactions are now flavor violating, leading to potentially large flavor changing
neutral currents of quarks that are introduced at the loop level through strong interactions.

As the treatment of the squark flavor violation in terms of the 6 × 6 rotation matrices
ZU and ZD often lacks transparency, it is usually much more convenient to work in the
super-CKM basis and to treat the off-diagonal entries in the squark mass matrices as small
perturbations. To do so, we first decompose the soft masses for up and down squarks m2

Q,
m2
U and m2

D in the super-CKM basis into universal diagonal parts and departures from
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universality, the so-called mass insertions δ

(m2
Q)T = diag(m̃2

Q) + m̃2
Qδ

LL
d ,

m2
U = diag(m̃2

U) + m̃2
Uδ

RR
u , m2

D = diag(m̃2
D) + m̃2

Dδ
RR
d . (4.19)

We also define left-right mass insertions

m̃Qm̃U(δLRu )IJ = −muI

(
Âu + µ∗ cot β

)
IJ

,

m̃Qm̃D(δLRd )IJ = −mdI

(
Âd + µ∗ tan β

)
IJ

. (4.20)

For the flavor diagonal parts of the trilinear couplings it is often convenient to factor out
the Yukawa couplings explicitly (Âu)ii = (yuAu, ycAc, ytAt)i and (Âd)ii = (ydAd, ysAs, ybAb)i
such that one can write

m̃Qm̃U(δLRu )11 = −mu (Au + µ∗ cot β) , m̃Qm̃D(δLRd )11 = −md (Ad + µ∗ tan β) ,

m̃Qm̃U(δLRu )22 = −mc (Ac + µ∗ cot β) , m̃Qm̃D(δLRd )22 = −ms (As + µ∗ tan β) ,

m̃Qm̃U(δLRu )33 = −mt (At + µ∗ cot β) , m̃Qm̃D(δLRd )33 = −mb (Ab + µ∗ tan β) .(4.21)

At this point (4.19) and (4.20) are nothing but a convenient parameterization of the soft
terms. For simplicity we will now and in the following assume m̃2

Q = m̃2
U = m̃2

D = m̃2 2,
such that the 6× 6 up and down squark masses can be written as

M2
d = diag(m̃2) + m̃2δd , M2

u = diag(m̃2) + m̃2δu (4.22)

where we neglected SU(2) breaking terms of the order O(v2/M2
SUSY ) and decomposed the

mass insertions according to the “chirality” of the squarks

δq =

(
δLLq δLRq
δRLq δRRq

)
, q = u, d . (4.23)

As the squark masses are hermitian one has the following relations among the mass insertions

(δLLq ) = (δLLq )† , (δRRq ) = (δRRq )† , (δRLq ) = (δLRq )† . (4.24)

Due to SU(2) invariance also the left-left blocks of the up and down mass insertions are
related (see (4.7) and (4.8)) such that

(δLLu ) = V ∗(δLLd )V T . (4.25)

This relation will play a very important role in the discussion of the abelian flavor models
in sections 7.2 and 8.6.

In the so-called Mass Insertion Approximation (MIA) [272] the δs in the squark mass
matrices are then treated as perturbations and flavor changing amplitudes arise through mass

2While this might not necessarily lead to very accurate results for flavor changing amplitudes in case of
large non-universalities between the overall scales of the soft masses, this approximation is absolutely
sufficient for our purposes to show the main parametric dependencies of the flavor changing amplitudes
in chapter 6. Whenever large non-universalities have important impact we will point this out explicitly.
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R ũJ

L

(δRL
u )IJ

d̃I
L d̃J

L

(δLL
d )IJ

d̃I
R d̃J

R

(δRR
d )IJ

d̃I
L d̃J

R

(δLR
d )IJ

d̃I
R d̃J

L

(δRL
d )IJ

Figure 4.3: The Mass Insertion Approximation in the squark sector. Off-diagonal entries in the
6 × 6 squark mass matrices are treated as perturbations and flavor change occurs through mass
insertions along squark propagators.

insertions along squark propagators as shown in figure 4.3. Similarly, also the off-diagonal
elements in the chargino and neutralino mass matrices that are suppressed by v/MSUSY can
often be treated as perturbations [90], which corresponds to working directly with Winos,
Binos and Higgsinos. Equivalently, one can also start with results that are obtained with
squark, chargino and neutralino mass eigenstates and expand them in the mass insertions
and v/MSUSY, respectively.

While the Mass Insertion Approximation is only an approximation and breaks down for
mass insertions of O(1), it gives a very intuitive picture of the impact of the sources of
flavor violation contained in the soft terms, and allows to transparently display the main
dependencies of flavor changing amplitudes on the MSSM parameters. In the rest of this
work we will indeed present the results for flavor changing amplitudes in the MIA. In our
numerical analyses instead we always work with squark mass eigenstates.

New Sources of CP Violation

Before sketching the implications of the new sources of flavor violation in the MSSM for
FCNC processes in the next section, we briefly also discuss the new sources of CP violation.

Out of the many free parameters of the MSSM a large part can in principle be complex.
In particular, the supersymmetric µ term and the SUSY breaking Bµ term, the gaugino
masses M1, M2 and M3, the full 3× 3 trilinear coupling matrices Âu, Âd and Â` as well as
the off-diagonal entries of the soft sfermion masses m2

Q, m2
U , m2

D, m2
L and m2

E are allowed to
have arbitrary complex phases. However, not all of these phases are also physical. Redefining
the involved fields appropriately, two of the above phases can be removed from the MSSM
Lagrangian. In the commonly adopted conventions, Bµ is chosen to be real (see also (4.3)).
In addition we also chose a real and positive gluino mass M3 = Mg̃ > 0 in this work.

The remaining physical phases can be divided into two classes: i) Flavor diagonal phases
of the µ parameter, the gaugino masses M1 and M2 and the diagonal parts of the trilinear
couplings (Au, Ac, At), (Ad, As, Ab) and (Ae, Aµ, Aτ ) and ii) flavored phases of the flavor
off-diagonal mass insertions.

The impact of these new sources of CP violation on electric dipole moments and the
resulting SUSY CP problem is discussed in section 6.7.
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4.3 Flavor Changing Neutral Currents in the MSSM

The several sources of flavor violation discussed in the previous section lead to potentially
large flavor changing neutral currents for quarks at the loop level. While for definiteness
we restrict the discussion here to a ∆F = 1 transition from a left handed bottom to a left
handed strange quark, the main conclusions remain true also in general.

Considering a generic bL → sL FCNC amplitude Abs at the 1 loop level, it receives contri-
butions from i) W boson up quark loops, ii) charged Higgs up quark loops, iii) chargino up
squark loops, iv) neutralino down squark loops and v) gluino down squark loops. Both neu-
tralino and gluino contribution obviously arise only if flavor off-diagonal entries are present
in the down squark mass matrix. While gluinos are strongly interacting, neutralinos only
interact weakly and therefore typically do not play a big role for FCNC processes in the
quark sector. Concerning the chargino contributions we remind that charginos are linear
combinations of Winos and Higgsinos and we consider Wino and Higgsino loops separately.
We thus decompose the amplitude in the following way

Abs = AW
±

bs + AH
±

bs + AW̃
±

bs + AH̃
±

bs + Ag̃bs . (4.26)

• The W boson contributions arise already in the SM and they can be written as3

AW
±

bs ∼
α2

4π

1

M2
W

(
V Tf(m̂2

u)V
∗
)

32
' α2

4π

1

M2
W

VtbV
∗
ts

(
f(m2

t )− f(0)
)
. (4.27)

They arise at the 1 loop level through weak interactions and are induced by the CKM
matrix. Their structure is governed by the breaking of the GIM mechanism [13] through
the large top mass.

• Concerning the Higgs induced amplitude

AH
±

bs ∼
1

16π2

1

M2
H±

(
V Tŷuf(m̂2

u)ŷuV
∗
)

32
∼ α2

4π

1

M2
H±

m2
t

M2
W

VtbV
∗
ts f(m2

t ) , (4.28)

also here the source of flavor violation is the CKM matrix. In the considered case the
involved Higgs couplings are proportional to the Yukawa couplings of the up quarks
that run in the loop and as mu < mc � mt, only the top contribution is relevant.

• The Higgsino amplitude is very similar in structure to the Higgs amplitude

AH̃
±

bs ∼
1

16π2

1

m̃2

(
V Tŷuf(M2

u)ŷuV
∗
)

32
∼ α2

4π

1

m̃2

m2
t

M2
W

VtbV
∗
ts f(m̃2) . (4.29)

It is only induced by the CKM matrix and insensitive to possible flavor off-diagonal
terms in the soft sector. In contrast to the Higgs amplitude however, it does not
decouple with the charged Higgs mass but of course with the SUSY scale.

3Here, f symbolizes a generic dimensionless loop function that should of course in general differ for the
various contributions to the amplitudes considered below.
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• As mentioned already at the beginning, the gluino contributions are only present for
non-zero δd mass insertions

Ag̃bs ∼
αs
4π

1

m̃2
f
(
m̃2(11 + δXYd )

)
32
' αs

4π

1

m̃2
(δXYd )32 ∂f(m̃2) . (4.30)

As they are induced by strong interactions, they are usually expected to give the
dominant NP contributions to FCNC processes in the MSSM, whenever the down
squark soft terms have a non-trivial flavor structure.

• Finally turning to the Wino contributions, they have at first sight a rather involved
structure. If the left handed up squarks are all degenerate in mass, then the Wino
contributions vanish due to the super-GIM mechanism. To have non-zero Wino in-
duced FCNC amplitudes, δLLu mass insertions therefore have to be present. A flavor
changing (δLLu )32 mass insertion can lead directly to Wino contributions. However, also
a flavor diagonal (δLLu )33 can provide a source of super-GIM breaking leading to Wino
contributions through the CKM matrix. Explicitly one finds

AW̃
±

bs ∼ α2

4π

1

m̃2

(
V Tf

(
m̃2(11 + δLLu )

)
V ∗
)

32

' α2

4π

1

m̃2
∂f(m̃2)

(
V TδLLu V ∗

)
32
' α2

4π

1

m̃2
(δLLd )32 ∂f(m̃2) , (4.31)

where in the last step we used the SU(2) relation (4.25). Interestingly, the Wino ampli-
tude is proportional to the left-left mass insertions in the down sector and not in the up
sector as one would naively expect. This implies in particular that Wino contributions
are always accompanied by gluino contributions that are typically dominant.

The above presentation points out the main generic features of the MSSM flavor structure
and its impact on FCNC amplitudes. Detailed and comprehensive discussions of the SUSY
contributions to specific FCNC processes like b → sγ, Bs → µ+µ−, K → πνν̄ and neutral
meson mixing will follow in chapter 6. However already form the above discussion it is clear
that for a SUSY scale in the reach of LHC, the good agreement between the existing data
on FCNC observables and the corresponding SM predictions leads to severe constraints on
the flavor violating entries in the soft SUSY breaking terms. This so-called SUSY flavor
problem will be the main subject of chapter 7.

4.4 The Minimal Flavor Violating MSSM and Beyond

One way to keep under control dangerously large SUSY contributions to flavor changing
observables is to invoke the principle of Minimal Flavor Violation (MFV) [43, 44]. According
to the symmetry based definition [44], the MFV hypothesis amounts to the assumption that
the SM Yukawa couplings be, also in extensions of the SM, the only structures responsible
for a breaking of the flavor group (4.15). In models with MFV, NP contributions to FCNC
processes are thus suppressed by the same CKM factors as in the SM and therefore expected
to be naturally small.

In the context of the MSSM, the MFV principle does not require that the soft SUSY
breaking terms are completely flavor blind, but they have to be functions of the Yukawa
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couplings. In the MSSM, Minimal Flavor Violation can be realized through the following,
most general ansatz for the soft SUSY breaking sector at the electroweak scale in the super-
CKM basis [44]

m2
Q = m̃2

Q

(
1 + b1V

†ŷ2
uV + b2ŷ

2
d + b3ŷ

2
dV
†ŷ2
uV + b∗3V

†ŷ2
uV ŷ

2
d

)
,

m2
U = m̃2

U

(
1 + b4ŷ

2
u

)
, Au = Ãu

(
1 + b6V

∗ŷ2
dV

T
)
ŷu ,

m2
D = m̃2

D

(
1 + b5ŷ

2
d

)
, Ad = Ãd

(
1 + b7V

Tŷ2
uV
∗) ŷd . (4.32)

In fact the assumption of a flavor blind soft sector is not RGE invariant and the general
structure in (4.32) is always generated in the running of the soft terms [273, 274].

In the above expressions (4.32), m̃2
Q, m̃2

U , m̃2
D and Ãu, Ãd represent overall mass scales

for the squark bilinear and trilinear terms that are at the leading order proportional to the
unit matrix and the corresponding Yukawa couplings, respectively. The coefficients bi are
proportionality factors of O(1) for the higher order terms in the Yukawa couplings. The
coefficients b1, b3 and b7 lead to flavor non-diagonal terms in the down squark mass matrix.
The most important effects comes usually from b1 that induces a mass insertions (δLLd )ij =
b1y

2
t VtiV

∗
tj, which implies of course the existence of gluino contributions to FCNC processes

that, however, are proportional to the respective CKM matrix elements. In addition, the
coefficient b1 leads to a splitting between the left handed stop mass m2

t̃L
' m̃2

Q(1 + b1y
2
t ) and

the left handed up and charm squark masses m2
ũL
' m2

c̃L
' m̃2

Q. Such a splitting breaks
the super-GIM mechanism and results also in Wino contributions to FCNC processes that
are proportional to (δLLu )33 = b1y

2
t . Detailed studies of the phenomenological impact of the

general MFV ansatz for the soft terms can be found in [275, 14, 15, 276, 277].
We also note that the MFV principle does not forbid the presence of additional CP vi-

olating phases in the MSSM [274, 278, 279]. Both flavor blind parameters as the µ term,
the gaugino masses and the trilinear couplings Ãu, Ãd as well as the “flavored” parameters
b3, b6 and b7 are in principle allowed to be complex. The MFV MSSM with CP phases has
been analyzed for example in [280, 281, 282, 283, 274, 18, 278, 279, 21] and in section 8.1 the
main implications of this framework for the flavor and CP phenomenology as worked out by
us in [18, 21] will be presented.

Going beyond the MFV framework, one has to ensure that the additional flavor structures
do not spoil the good agreement between the SM predictions for FCNC observables and the
experimental data, i.e. the SUSY flavor problem needs to be addressed. Several possibilities
as the so-called degeneracy and alignment mechanisms are outlined in section 7.2. Such
mechanisms can be realized for example in abelian and non-abelian flavor models and a
comprehensive analysis of the characteristic phenomenology of flavor and CP violation of
these frameworks will be presented in chapter 8.
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Holomorphy of the superpotential ensures that at tree level the MSSM is a 2 Higgs doublet
model of type II, i.e. down-type quarks and charged leptons only couple to the down-
type Higgs and up-type quarks only couple to the up-type Higgs. In presence of soft SUSY
breaking terms and the Peccei-Quinn breaking µ term, this is no longer true at the loop level.
An often adopted strategy to take into account effects from the “wrong” Higgs couplings
in a transparent way is to work in the so-called decoupling limit. The SUSY particles
are integrated out leading to an effective 2 Higgs doublet model that contains both the
holomorphic Yukawa couplings as well as loop induced non-holomorphic couplings of fermions
to the “wrong” Higgs bosons.

In the large tan β regime of the MSSM, the loop induced couplings of down-type quarks
and charged leptons to the up-type Higgs can lead to tan β enhanced O(1) corrections to the
corresponding masses [284, 285, 286], modify significantly CKM matrix elements [287] and
strongly change also the couplings of charged and neutral Higgs bosons to fermions [288, 289].
All this has a profound impact on flavor phenomenology [288, 290, 291, 292, 293, 294, 295,
296, 297].

In this chapter we outline these effects and give approximate expressions for the non-
holomorphic, i.e. tan β enhanced loop corrections, that are relevant for the discussion of the
SUSY contributions to low energy observables in the next chapter. For this purpose, it is
sufficient to work in the decoupling limit which is known to be an excellent approximation
as long as the SUSY spectrum is not extremely light. Effects that go beyond the decoupling
limit can be taken into account making use of the iteration procedure described in [295],
which is consistently done in our numerical studies. An alternative, fully analytical approach
has been adopted in [124].

5.1 Corrections to Quark and Lepton Masses

After electroweak symmetry breaking, the down-type quark and lepton masses arise at tree
level from the coupling to the down-type Higgs, m̂0

d,` = ŷd,`
vd√

2
. Non-holomorphic couplings

to the up-type Higgs are generated at the loop level leading to tan β enhanced corrections
to the tree level masses. In case of the τ and bottom mass one has for example

mτ =
1√
2

(yτvd + y′τvu) = m0
τ (1 + ε` tan β) , ε` = εW̃` + εB̃` , (5.1)

mb =
1√
2

(ybvd + y′bvu) = m0
b(1 + εb tan β) , εb = εg̃b + εW̃b + εB̃b + εH̃b . (5.2)

Instead of (4.18) one then has

yτ =
√

2
mτ

v

tan β

1 + ε` tan β
, yb =

√
2
mb

v

tan β

1 + εb tan β
, (5.3)
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Figure 5.1: Most important non-holomorphic corrections to the bottom quark mass.
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Figure 5.2: Most important non-holomorphic corrections to the lepton masses.

which resums the tan β enhanced beyond leading order corrections to all order [289].

The loop factors ε` and εb receive contributions from gluino, Wino, Bino and Higgsino
loops. To transparently display the main dependencies on the SUSY parameters, we give
approximate expressions for ε` and εb assuming all squarks and sleptons to have a common
mass m̃. As the Bino contributions are parametrically suppressed by the small gauge coupling
α1 we do not give explicit expressions here. The diagrams corresponding to the remaining
contributions are shown in figures 5.1 and 5.2 and lead to the following expressions1

εg̃b =
αs
4π

8

3

µ∗Mg̃

m̃2
f1(xg) , εH̃b =

α2

4π

m2
t

2M2
W

µ∗A∗t
m̃2

f1(xµ) ,

εW̃b = εW̃` = −α2

4π

3

2

µ∗M∗
2

m̃2
f2(x2, xµ) , (5.4)

The dominant correction to the bottom quark Yukawa is typically given by the gluino contri-
bution εg̃b which is positive (negative) for positive (negative) µ. As εg̃b does not decouple with
µ, the largest corrections to the bottom Yukawa are expected when |µ| is large. For large

values of At (and light stops), also the Higgsino contribution εH̃b can in principle become
important and, depending on the sign of At, interfere constructively or destructively with
the gluino contribution.

Concerning the tau Yukawa, due to the absence of gluino and Higgsino corrections, the
Wino contribution εW̃` is typically dominant and its sign is determined by −sign(µM2).

As these corrections are potentially of O(1) for large values of tan β it is essential to keep
them into account when analyzing SUSY models in the large tan β regime and we will always

1We mention that in the presence of flavor off-diagonal entries in the squark and slepton soft masses, these
expressions get in principle modified. Even so the flavor effects are suppressed by two powers of mass
insertions, they can become relevant for light down quarks and leptons, where they feature enhancement
factors of mb/md, mτ/me, etc. In the discussed case of the τ and bottom mass however, these flavor
effects are usually negligible.
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include them in the discussion of the SUSY contributions to low energy observables in the
next chapter.

Of particular importance are these tan β enhanced corrections also in the context of SUSY
GUTs that predict third generation Yukawa unification. As is well known, top-bottom-tau
or bottom-tau Yukawa unification at the GUT scale implies tan β ' 50 and only works with
sizable threshold corrections to the bottom Yukawa coupling [298, 299, 300, 301, 302, 16,
17, 303, 304] implying a very particular SUSY spectrum and characteristic effects in flavor
observables. Allowing for even larger values of tan β & 50 one can arrive at a situation where
the down-type fermion masses are dominantly generated by the loop induced couplings to
the up-type Higgs [305]. The viability of this so-called uplifted SUSY scenario [305] has
recently been assessed by us in [23].

5.2 Flavor Off-Diagonal Corrections to the Quark Masses

Non-holomorphic corrections do not only lead to tan β enhanced modifications of the di-
agonal down quark masses as discussed in the section above. They also introduce flavor
off-diagonal corrections to the 3×3 quark masses. The down quark mass matrix then has to
be rediagonalized by an appropriate rotation of the left and right handed down quark fields
which leads to modifications of the CKM matrix and charged Higgs quark couplings as well
as to effective flavor changing neutral Higgs down quark vertices. Instead of giving now a
detailed description of this procedure that can be found e.g. in [295], we restrict ourselves
to giving the most relevant expressions for the flavor off-diagonal corrections to the down
quark mass matrix. They can be written as

(∆m̂d)ji = mj
d tan β εH̃b V 0

tiV
0∗
tj +mj

d tan β
(
εW̃LL + εg̃LL

)
(δLLd )ij +mi

d tan β εg̃RR (δRRd )ij , (5.5)

with i, j = d, s, b and i 6= j.
The most important diagrams leading to these corrections are shown in figure 5.3. The

Higgsino diagram a) leads to a contribution proportional to the CKM elements VtiV
∗
tj that

is also present for a completely flavor blind soft sector. The corresponding loop factor εH̃b
has already been given in 5.4. Consequently, even in the absence of any sources of flavor
violation apart from the SM CKM matrix, the corresponding term in (5.5) leads to flavor
changing neutral higgs vertices in the effective 2 Higgs doublet model description of the
MSSM, implying for example tree level contributions to FCNC processes like Bs → µ+µ−

and Bs − B̄s mixing [290, 292, 295]. This diagram also leads to a large renormalization of
the CKM matrix. The relation between the bare CKM in the MSSM, V 0, that appears for
example in chargino vertices, and the effective CKM in the 2 Higgs doublet model, V , that
corresponds to the experimentally determined quantity, reads [124]

V 0 =

 Vud Vus K∗Vub
Vcd Vcs K∗Vcb
KVtd KVts Vtb

 , with K =
1 + εb tan β

1 + ε0 tan β
, (5.6)

where ε0 = εb − εH̃b .
If the soft masses of the down squarks contain non-trivial flavor structures, then also Wino

and gluino loops contribute to the off-diagonal corrections to the down quark mass.2 The

2As before, we neglect again contributions from Bino loops that are basically never relevant.
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Figure 5.3: Most important non-holomorphic corrections to the off-diagonal entries of the down
quark mass matrix. Shown is the example of a b→ s transition.

factors εW̃LL, εg̃LL and εg̃RR are given by

εW̃LL = −α2

4π

3

2

µ∗M∗
2

m̃2
f4(x2, xµ) , εg̃LL = εg̃RR =

αs
4π

8

3

µ∗Mg̃

m̃2
f3(xg) , (5.7)

We remark that the factor εW̃LL contains both contributions from charged and neutral Winos.
Shown in diagrams b) and c) of figure 5.3 are only the charged contributions that are split into
two parts according to (δLLd )32 =

(
V T(δLLu )V ∗

)
32
' ((δLLu )33 − (δLLu )22

)
VtbV

∗
ts+(δLLu )32VtbV

∗
cs.

Diagram c) is directly induced by the flavor changing (δLLu )32 mass insertion, while diagram
b) arises from super-GIM breaking due to the mass difference of the left handed top and
charm squarks.

Gluino loops are the only ones that can introduce the term proportional to δRRd as shown
in diagram e) of figure 5.3. This term leads to corrections of couplings of Higgs bosons with
right handed down and strange quarks that are enhanced by factors of mb/md and mb/ms,
respectively. In fact, tan β enhanced corrections to Higgs vertices in the presence of δRRd mass
insertions have profound impact on flavor phenomenology (see e.g. [293, 297, 306, 307, 21]).
This will be discussed in more detail, when we analyze the SUSY contributions to Bs − B̄s

mixing, K → πνν̄ and EDMs in sections 6.4, 6.5 and 6.7.



6 SUSY Contributions to Low Energy
Observables

The various sources of flavor violation in the MSSM discussed in section 4.2, lead to NP
contributions to flavor changing observables. In this chapter we present in detail the most
important SUSY contributions to the low energy observables of chapter 3. Other compre-
hensive discussions can be found e.g. in [308, 309, 310, 311, 297, 312, 21].

We start in section 6.1 with the tree level B+ → τ+ν decay. In the MSSM there are
additional charged Higgs contributions that can be sizable in the large tan β regime. In
section 6.2 we then discuss SUSY contributions to the flavor changing b → sγ and b → s
gluon dipole transitions, that play a crucial role for many FCNC processes, in particular the
B → Xsγ decay as well as for example the semileptonic B → K∗`+`− and non-leptonic B →
φKS and B → η′KS decays. Next, in section 6.3, we discuss Higgs penguin contributions to
the purely leptonic Bs → µ+µ− and Bd → µ+µ− decays that are especially important in the
large tan β regime of the MSSM. SUSY contributions to the ∆F = 2 effective Hamiltonian,
that are relevant for the discussion of meson mixing in the MSSM, are the main subject of
section 6.4. In the following section 6.5, we discuss how sizable effects in the b → sνν̄ and
s → dνν̄ transitions can be generated in the MSSM. Finally, in the last two sections 6.6
and 6.7 the most important SUSY contributions to the anomalous magnetic moment of the
muon and the electric dipole moments of quark and leptons will be presented, respectively.

As mentioned in section 4.2 we will discuss the SUSY contributions to the low energy
processes in the mass insertion approximation to display the main dependencies on the MSSM
parameters in the most transparent way. Explicit expressions for the loop functions that will
appear in various equations of this chapter are all conveniently collected in appendix A.1.
These functions depend only on mass ratios that we define as

yt =
m2
t

M2
H±

, xµ =
|µ|2
m̃2

, x1 =
|M1|2
m̃2

, x2 =
|M2|2
m̃2

, xg =
M2

g̃

m̃2
. (6.1)

6.1 Charged Higgs Effects in B+ → τ+ν

The B+ → τ+ν decay is a sensitive probe of models with extended Higgs sectors [163].
Indeed, in the MSSM with large tan β, its branching ratio can differ significantly from the
SM prediction [164, 165]. Tree level charged Higgs contributions interfere destructively with
the SM ones and lead to

RBτν =
BR(B+ → τ+ν)MSSM

BR(B+ → τ+ν)SM

'
∣∣∣∣1− M2

B+

M2
H±

tan2 β

(1 + ε∗0 tan β)(1 + ε` tan β)

∣∣∣∣2 . (6.2)

The suppression of the charged Higgs effects by the factor M2
B+/M2

H± is compensated by
the tan2 β enhancement and huge effects in BR(B+ → τ+ν) are possible in the large tan β
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regime. The same is true for the B → Dτν decay, where tree level charged Higgs effects
result in [171]

RBDτν =
BR(B → Dτν)MSSM

BR(B → Dτν)SM

' 1 + 1.38(3)Re(Cτ
NP) + 0.88(2)|Cτ

NP|2 , (6.3)

with the Wilson coefficient Cτ
NP given by

Cτ
NP ' −

mbmτ

M2
H±

tan2 β

(1 + ε∗0 tan β)(1 + ε` tan β)
. (6.4)

Finally, charged Higgs exchange can also affect the K → µν decay. For the observable R`23

defined in section 3.2.7 one finds [173, 174]

R`23 =

∣∣∣∣1− M2
K+

M2
H±

(
1− md

ms

)
tan2 β

(1 + ε∗0 tan β)(1 + ε` tan β)

∣∣∣∣ . (6.5)

The contributions to K → µν are strongly suppressed compared to the B → τν and B →
Dτν cases as they are proportional to M2

K+ . Still, due to the much better experimental
resolution and the much more accurate theoretical prediction of R`23, also the K → µν
decay is comparatively sensitive to charged Higgs effects.

While at leading order, RBτν , RBDτν and R`23 are only sensitive to the parameters MH±

and tan β, sensitivity to the soft SUSY breaking parameters is introduced through the ε tan β
factors that resum the tan β enhanced beyond leading order corrections. The analytical
expressions of these resummation factors have already been discussed in chapter 5.

In a non-supersymmetric two Higgs doublet model of type II, such tan β enhanced re-
summation factors are absent and the experimental data on the B → τν, B → Dτν and
K → µν decays can directly be translated into bounds in the MH± − tan β plane as shown
in the plots in the upper row of figure 6.1. As it is well know, B → τν alone cannot exclude
a scenario where the SM contribution is overcompensated by a charged Higgs contribution
more than twice as large as itself, leading to the small allowed strip for low charged Higgs
masses. However, the experimental data on the K → µν and B → Dτν decays exclude
such a fine tuned situation [173, 313] as it is shown in the middle and right upper plots of
figure 6.1.

Combining then the experimental information on the B → τν, B → Dτν and K → µν
decays, stringent lower bounds on the charged Higgs mass follow in the large tan β regime.
We find [23]

MH± > 9.6 GeV× tan β @ 95% C.L. , (6.6)

which is less stringent than the bound found in [167], because of our more conservative SM
prediction for BR(B+ → τ+ν) (3.108).

Due to the presence of threshold corrections, the bound (6.6) can be relaxed in the MSSM,
provided ε0 > 0 and/or ετ > 0. In the plots in the bottom row of figure 6.1 we show an
exemplary situation with ε0 ' 0.02 and ετ ' −0.002 as it happens for an exemplary SUSY
spectrum with all soft masses equal to m̃ and µ = +2m̃. As one can see, the bound on the
Higgs mass is indeed relaxed with MH± > 370 GeV for tan β = 50 for example.
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Figure 6.1: The MH± − tanβ plane in a non-supersymmetric two Higgs doublet model of type II
(upper row) and in the MSSM (lower row). Shown are the excluded ranges from B → τν (left),
B → Dτν (middle) and K → µν (right) at the 95% C.L. using the constraints given in section 3.2.7.
For the MSSM plots, values of the threshold corrections ε0 = 0.02 and ε` = −0.002 are assumed.

6.2 The Magnetic and Chromomagnetic b→ sγ Operators

The magnetic and chromomagnetic b → sγ operators (see (3.45)) require a helicity flip for
the involved quarks. As only left handed fermions participate in the SM weak interactions,
the SM contributions to the Wilson coefficients are necessarily suppressed by the bottom
quark mass. This suppression can be circumvented in NP models which makes the b → sγ
transition an excellent probe of the flavor structure of NP.

The SUSY contributions to the Wilson coefficients of the magnetic and chromomagnetic
dipole operators can be decomposed according to the virtual particles that mediate the
b→ sγ transition

C
(′) SUSY
7,8 = C

(′) H±
7,8 + C

(′) χ̃±
7,8 + C

(′) g̃
7,8 + C

(′) χ̃0

7,8 . (6.7)

The various contributions on the r.h.s. arise from penguin diagrams with charged Higgs up
type quarks, chargino up type squarks, gluino down type squarks and neutralino down type
squarks, respectively. These contributions have been extensively studied in the literature for
various SUSY frameworks both at LO and partly also at NLO (see e.g. [314, 315, 316, 317,
318, 319, 320, 291, 321, 89, 322, 323, 277]).

In the remainder of this section we qualitatively discuss the Higgs, the chargino and the
gluino contributions to the b→ sγ decay. As neutralino penguins always give a completely
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negligible contribution they will be given no further consideration. We start with the case
of low to moderate values of tan β and present all relevant expressions for a completely
generic soft sector. In a second step we then discuss the contributions in the large tan β
regime restricting the discussion to a flavor blind soft sector. Finally we also sketch the most
involved case of large tan β and generic soft sector.

The case of moderate tanβ

For low to moderate values of tan β the charged Higgs top quark loops lead to the following
contributions to the Wilson coefficients C7,8

CH±
7,8 = h7,8(yt) , (6.8)

where here and in the following we neglect contributions suppressed by cot2 β with respect
to the leading term. The sign of these contributions is such that they always interfere
constructively with the SM contribution [324, 325]. The corresponding contributions to the
primed Wilson coefficients C ′7,8 are suppressed by ms/mb and therefore negligibly small.

The chargino diagrams of figure 6.2 result in the following expressions

4GF√
2
V ∗tsVtb C

χ̃±
7,8 =

g2
2

m̃2
VtbV

∗
ts

m2
t

M2
W

[
f

(4)
7,8 (xµ) +

(
Atµ

m̃2
tan β +

|µ|2
m̃2

)
f

(5)
7,8 (xµ)

]
+
g2

2

m̃2
(δLLd )32

[
f

(1)
7,8 (x2) + f

(2)
7,8 (x2, xµ) +

µM2

m̃2
tan β f

(3)
7,8 (x2, xµ)

]
. (6.9)

The first line of (6.9) consists of the Higgsino contributions shown in diagrams a) and b) of
figure 6.2. These contributions do not require any non-trivial flavor structure in the squark
masses but are also present for a completely flavor blind soft sector. Even for moderate
values of tan β the term proportional to tan β that stems from diagram b) is typically the
by far most important one. Its sign/phase is determined by the sign/phase of Atµ.

The second line of (6.9) then contains all contributions involving also Winos shown in dia-
grams c) to h) of figure 6.2. Decomposing (δLLd )32 '

(
(δLLu )33 − (δLLu )22

)
VtbV

∗
ts+(δLLu )32VtbV

∗
cs

shows that for these diagrams to be non-vanishing either directly a (δLLu )32 mass insertion
as shown in diagrams f) to h) or a splitting of the LH stop mass and the LH scharm mass
are required. In fact the diagrams c) to e) vanish through the super-GIM mechanism if the
involved LH up-type squarks are degenerate in mass. We remind that if the left-left soft
mass matrix is aligned in the down sector, i.e. (δLLd )32 = 0 then, the mass splitting and the
(δLLu )32 mass insertion are correlated such that the Wino diagrams in the second and third
line of figure 6.2 cancel each other.

As it was the case for the Higgs contributions, the leading order chargino contributions to
the right handed coefficients C ′7,8 are suppressed by ms/mb and therefore can be neglected.
Interestingly, at the leading order, the chargino contributions thus show no sensitivity to
left-right, right-left or right-right mass insertions.

Turning finally to the gluino contributions, the relevant diagrams are shown in figure 6.3.
All these diagrams always involve flavor off-diagonal mass insertions and lead to

4GF√
2
V ∗tsVtb C

g̃
7,8 =

g2
s

m̃2

[
(δLLd )32 g

(1)
7,8(xg) +

Mg̃

mb

(δRLd )32 g
(2)
7,8(xg)
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Figure 6.2: Leading order chargino contributions to the Wilson coefficients C7,8. The photon/gluon
is attached to the loop in all possible ways.

+

(
Mg̃µ

m̃2
tan β +

Mg̃A
∗
b

m̃2

)
(δLLd )32 g

(3)
7,8(xg)

]
, (6.10)

4GF√
2
V ∗tsVtb C

′g̃
7,8 =

g2
s

m̃2

[
(δRRd )32 g

(1)
7,8(xg) +

Mg̃

mb

(δLRd )32 g
(2)
7,8(xg)

+

(
Mg̃µ

∗

m̃2
tan β +

Mg̃Ab
m̃2

)
(δRRd )32 g

(3)
7,8(xg)

]
. (6.11)

While diagrams a) to c) of figure 6.3 contribute to C7,8 and are sensitive to (δLLd )32 and
(δRLd )32 mass insertions, contributions to C ′7,8 are induced by the diagrams d) to f) that
are instead sensitive to (δRRd )32 and (δLRd )32 mass insertions. As a matter of fact, gluino
contributions are the only ones that can lead to non-negligible effects in C ′7,8 at the leading
order.

We mention that diagrams c) and f) involve a double mass-insertion along the down-
squark propagators and can lead to sizable contributions that are proportional to µ tan β.
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Figure 6.3: Leading order gluino contributions to the Wilson coefficients C7,8. The photon/gluon
is attached to the loop in all possible ways.

Furthermore, the terms proportional to (δLRd )32 and (δRLd )32 in (6.10) and (6.11) are chirally
enhanced by a factor Mg̃/mb and one expects therefore strong constraints on these mass
insertions coming from the experimental data on the BR(B → Xsγ).

Finally we note that the mass insertions required for gluino contributions can also arise
in MFV frameworks. In fact, (δLLd )32 and (δRLd )32 mass insertions are generated through
the b1 and b7 coefficients in the MFV expansion of the soft masses (4.32) and, as discussed
in [277, 276, 326], gluino contributions to the b→ sγ transition can be sizable also in MFV
whenever µ tan β is large.

The case of large tanβ and a flavor blind soft sector

In case of a completely flavor blind soft sector, i.e. for squark soft masses that are propor-
tional to the identity and trilinear couplings that are proportional to the respective Yukawa
couplings, there are only Higgs and Higgsino contributions to the Wilson coefficients CNP

7,8 at
the leading order. However, for large values of tan β also beyond leading order corrections
have to be taken into account and we refer to [295, 124] for details on the consistent treat-
ment of these corrections. As the charged Higgs contributions are not tan β enhanced, we
only report the chargino contributions here

C χ̃±
7,8 =

2m2
t

m̃2

tan β

1 + ε∗0 tan β

Atµ

m̃2
f

(5)
7,8 (xµ) . (6.12)

The ε tan β factor appearing in (6.12) resums the tan β enhanced beyond leading order
corrections to all orders in perturbation theory and its analytical expressions has already
been discussed in section 5.1.
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Even for a completely flavor blind soft sector, there are contributions involving gluinos
that arise first at the 2 loop level and that have been explicitly worked out in [124]. They
can lead to non-negligible effects in particular in C8 and read

C g̃
7,8 = −αs

4π

tan2 β

(1 + ε∗0 tan β)(1 + ε∗b tan β)

m2
t

m̃2

µAt
m̃2

µMg̃

m̃2
f1(xµ)f̃7,8(xg) . (6.13)

The suppression of these contributions by αs/4π ' 0.01 can be compensated by the ad-
ditional factor tan β. They are consistently included in our numerical analysis using the
general procedure described in [295].

Finally we mention that in principle for large tan β there are also neutral Higgs contri-
butions to the Wilson coefficients C7,8 [44, 295, 124]. However they were found to give
corrections only at the percent level and therefore we will not discuss them here.

The case of large tanβ and general flavor mixing

The large tan β regime with non-trivial flavor structures is the most involved case and an
extensive discussion of all possible contributions to the Wilson coefficients is beyond the
scope of this presentation. Instead we content ourselves with a short qualitative discussion
of the most important new effects that in principle have to be taken into account. For explicit
analytical expressions we refer to [297].

In addition to the contributions in the above subsection, in the case of general flavor mixing
there are of course again Wino and gluino contributions at the leading order, that have to
be appropriately modified by tan β enhanced corrections at the beyond leading order.

Furthermore, the beyond leading order corrections now are also sensitive to the additional
flavor structures. In particular (δRRd )32 mass insertions can lead to Higgs and chargino
contributions to the primed Wilson coefficients C ′7,8 beyond the leading order. As the Higgs
contributions decouple with the Higgs mass and not with the SUSY scale, these effects
might become important for very heavy SUSY spectrum, where the chargino and gluino
contributions decouple to a large extent.

To summarize this section we stress that generically large contributions to the Wilson co-
efficients of the magnetic and chromomagnetic operators are expected in the MSSM. Even
for a MSSM with flavor blind soft terms, there are Higgsino contributions to C7,8 that are
tan β enhanced and already for moderate values of tan β they can lead to large effects. In
fact, observables that are sensitive to these Wilson coefficients are particularly well suited to
probe the MSSM with minimal flavor violation. The BR(B → Xsγ) and BR(B → Xs`

+`−)
are the most important constraints, while in the presence of additional CP violating phases,
in particular CP asymmetries like ACP(b → sγ), SφKS

, Sη′KS and the CP asymmetries in
the B → K∗`+`− decay are very sensitive probes of the flavor and CP violating structure of
the MSSM.

6.3 Scalar Contributions to the Bs,d → µ+µ− Decays

While, as discussed in section 3.2.4, the contributions to the Bs → µ+µ− decay from the
SM operator are strongly helicity suppressed, this suppression is absent for contributions
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Figure 6.4: Leading order chargino contributions to the Wilson coefficients CS,P . The neutral
Higgs propagators have to be attached to the external quark legs.

coming from scalar and pseudoscalar operators. Therefore in NP models that induce scalar
operators, the BR(Bs → µ+µ−) can be strongly enhanced. In fact in the MSSM, Higgs
penguin diagrams can lead to contributions that are proportional to tan6 β at the level of
the branching ratio and easily lead to order of magnitude enhancements compared to the tiny
SM prediction. SUSY contributions to Bs → µ+µ− have been extensively discussed in the
literature. In particular, the Higgs penguin contributions have received a lot attention [327,
290, 328, 292, 329, 330, 295, 293]. A collection of the full set of 1 loop contributions can be
found in [331].

Before presenting in detail the most important MSSM contributions we make some general
comments. In the effective two Higgs doublet model description of the MSSM at large tan β
as briefly described in chapter 5, the MSSM contributions to Bs → µ+µ− arise from 1 loop
exchange of a charged Higgs and already at tree level from effective flavor changing b̄sH0

and b̄sA0 vertices. However, these effective vertices are induced at the 1 loop level through
the exchange of SUSY particles. Therefore, following a standard loop expansion, the Wilson
coefficients of the scalar and pseudoscalar s̄bµ̄µ operators (see (3.75)) can be decomposed
into Higgs top quark, chargino up squark, gluino down squark and neutralino down squark
contributions

C
(′) SUSY
S,P = C

(′) H±
S,P + C

(′) χ̃±
S,P + C

(′) g̃
S,P + C

(′) χ̃0

S,P . (6.14)

As usual, neutralino contributions are basically always negligible and we do not consider them
here. The leading effects come from chargino and gluino diagrams that lead to contributions
to the Wilson coefficients that are proportional to tan3 β. Charged Higgs diagrams on the
other hand give contributions that are only proportional to tan2 β [332] and also those we
do not consider here.

In the following discussion of the chargino and gluino contributions we neglect the small
mass difference between the heavy scalar and pseudoscalar Higgs bosons M2

H 'M2
A. In that

case one has
CP ' −CS , C ′P ' C ′S , (6.15)

and it is sufficient to discuss only C
(′)
S . Finally we remark that an fully analogous discussion

applies to the Bd → µ+µ− decay.
We start with the pure Higgsino contribution to the Wilson coefficient of the scalar s̄bµ̄µ

operator. It is shown in diagram a) in figure 6.4 and results in

C χ̃±
S =

1

4s2
W

mµ

M2
A

tan3 β

(1 + ε∗b tan β)(1 + ε∗0 tan β)(1 + ε` tan β)

m2
t

M2
W

Atµ

m̃2
f1(xµ) . (6.16)

The ε tan β factors appearing in the above expression resum the tan β enhanced beyond
leading order corrections to all orders in perturbation theory and their analytical expression
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Figure 6.5: Leading order gluino contributions to the Wilson coefficients CS,P . The neutral Higgs
propagators have to be attached to the external quark legs.

is given in chapter 5. As the Higgs penguins discussed in this section are only relevant for
large values of tan β it is of course essential to include these beyond leading order correc-
tions. Interestingly, the Higgsino contribution (6.16) does not require any non-trivial flavor
structure in the squark masses. It is also present for a completely flavor blind soft sector,
proportional to Atµ and decouples with 1/M2

A. The suppression of this contribution (and all
the contributions discussed below) by the muon mass mµ is more than compensated by the
tan3 β factor. Therefore the rare flavor changing Bs → µ+µ− decay probes the large tan β
regime of the MSSM even for a flavor blind soft sector.

In presence of a (δLLu )32 mass insertion or a splitting between the left handed stop and
scharm masses also the Wino diagrams b) and c) in figure 6.4 contribute in addition

C χ̃±
S =

1

2s2
W

(δLLd )32

VtbV ∗ts

mµ

M2
A

tan3 β

(1 + ε∗b tan β)2(1 + ε` tan β)

M2µ

m̃2
f4(x2, xµ) . (6.17)

As usual, these Wino contributions vanish if the left-left down squark mass matrix is diagonal
and typically they do not constitute the dominant effect.

Finally, for non-zero (δLLd )32 and (δRRd )32 mass insertions also gluino contributions arise as
shown in figure 6.5

C g̃
S = − 1

2s2
W

8αs
3α2
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VtbV ∗ts
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M2
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(1 + ε∗b tan β)2(1 + ε` tan β)

Mg̃µ

m̃2
f3(xg) , (6.18)

C ′g̃S = − 1

2s2
W

8αs
3α2

(δRRd )32

VtbV ∗ts

mµ

M2
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(1 + εb tan β)2(1 + ε∗` tan β)

Mg̃µ
∗

m̃2
f3(xg) . (6.19)

While a (δLLd )32 mass insertion leads only to contributions to CS and CP , the only possibility
to generate the primed Wilson coefficients C ′S and C ′P is in fact through gluino contributions
with a (δRRd )32 mass insertion.

Interestingly enough, even so the scalar s̄bµ̄µ operators involve a helicity flip, they are
not sensitive to the helicity changing (δLRd )32 and (δRLd )32 mass insertions at the leading
order. In fact, diagrams with these mass insertions correspond to holomorphic corrections
and the corresponding Higgs vertex correction cancels at leading order with the quark field
renormalization. Beyond the leading order, in principle also non-holomorphic corrections
sensitive to (δLRd )32 and (δRLd )32 mass insertions arise. Usually these effects are subdominant
and we refer to [297] for explicit expressions.

We stress that the dominant contributions to Bs → µ+µ− (and Bd → µ+µ−) discussed
above all arise from diagrams where the flavor change occurs in self energy corrections of
the external quark lines (see figures 6.4 and 6.5). More formally speaking, they are induced



64 6 SUSY Contributions to Low Energy Observables

through quark field renormalization, due to non-holomorphic corrections to the down quark
mass matrix. These non-holomorphic corrections can provide an additional factor of tan β in
SUSY theories. Therefore in the MSSM, these contributions feature a tan3 β enhancement,
which is not present in the non-supersymmetric two Higgs doublet model of type II, where
the leading contributions go as tan2 β. In fact, while in the non-supersymmetric two Higgs
doublet model of type II the possible effects in Bs → µ+µ− and Bd → µ+µ− are rather
limited, after the existing constraints from BR(B → Xsγ) and BR(B+ → τ+ν) are taken
into account, in the MSSM still order of magnitude enhancements of these rare decays are
naturally possible due to the additional tan β factor.

Apart from the tan3 β enhancement of all the contributions discussed here, another striking
feature of them is, that they do not decouple with the SUSY scale but with the mass of the
heavy neutral Higgs bosons. Therefore, even for very heavy squarks and gauginos beyond
the LHC reach, the Bs → µ+µ− and Bd → µ+µ− decays are very sensitive probes of the
squark flavor structure as long as tan β is large and the neutral Higgs bosons are not too
heavy.

6.4 Contributions to Meson Mixing

The processes D0− D̄0, K0− K̄0, Bd− B̄d and Bs− B̄s mixing are described by the ∆F = 2
effective Hamiltonians discussed in section 3.1.1. In a general MSSM, the Wilson coefficients
of the ∆F = 2 effective Hamiltonian (3.3) receive several NP contributions that can be
decomposed in the following way

CSUSY
i = CH±

i + C χ̃±
i + C χ̃0

i + C χ̃0g̃
i + C g̃

i + CDP
i . (6.20)

In addition to Higgs, chargino, neutralino, mixed neutralino-gluino and gluino box contri-
butions, there are also so-called Higgs double penguin contributions that can in principle
become important for K0−K̄0, Bd−B̄d and Bs−B̄s mixing in the large tan β regime. Gluino
box contributions have been considered since a long time in particular in the mass insertion
approximation [309] and the full set of 1 loop box contributions in the mass eigenstate basis
to meson mixing in the MSSM can be found in [311, 14]. Recently also NLO corrections to
the gluino boxes have been evaluated both in the mass insertion approximation [333] and
working with mass eigenstates [334, 335].

Concerning the double penguins, they were first discussed in [288] in the presence of non-
trivial flavor structures in the soft masses. Later the focus was mostly on MFV frameworks
where these contributions were extensively studied [336, 292, 295, 337].

In the following we now discuss the main features of the most important contributions.

Box Contributions in the MFV MSSM

In MSSM frameworks with MFV the box contributions in (6.20) are generically rather lim-
ited and typically lie well within the large theoretical uncertainties associated with the SM
prediction of observables like ∆Ms and ∆Md [14]. For moderate values of tan β there are
only contributions to the Wilson coefficient C1. All the other Wilson coefficients involve
couplings that are highly suppressed by small Yukawa couplings. The chargino and gluino
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Figure 6.6: Example chargino (a,c) and gluino (b) box diagrams for Bs − B̄s mixing in the
MFV MSSM. Diagrams a) and b) give contributions to the Wilson coefficient C1, while diagram
c) contributes to C̃3.

box contributions are the largest ones in this scenario and read in the case of Bs− B̄s mixing
(see figure 6.6 for example diagrams)

C χ̃±
1 ' α2

2

m̃2
(VtbV

?
ts)

2

(
b2

1F
(1)
1 (x2) +

m4
t

M4
W

F
(2)
1 (xµ)

)
, (6.21)

C g̃
1 ' α2

s

m̃2
b2

1(VtbV
?
ts)

2G1(xg) . (6.22)

Contributions to K0 − K̄0 and Bd − B̄d mixing are obtained by an appropriate replacement
of CKM elements. Minimal Flavor Violation contributions to D0 − D̄0 mixing are always
negligible. The chargino contributions (6.21) contain both Higgsino and Wino contributions.
The Wino contributions are proportional to the real MFV parameter b1 that leads to a mass
splitting between the left handed stops and scharms (see (4.32)). Without such a splitting
the Wino contributions would vanish due to the super-GIM mechanism. Also the gluino
contributions (6.22) are proportional to b1 that, if non-zero, introduces flavor off-diagonal
entries in the left-left block of the down squark mass matrix according to (4.32). We note
that all the above contributions are aligned in phase with the SM contribution. While
MFV charged Higgs and chargino contributions always interfere constructively with the SM
contribution (see also the model independent analysis in [338]), the gluino contributions can
also have the opposite sign, if xg & 2.4. Still, once all MFV contributions are taken into
account simultaneously, their sum is basically always positive [14].

None of the above contributions are sensitive to possible CP violating phases in the MFV
MSSM. For large values of tan β additional box contributions to the Wilson coefficients
might become important that are sensitive to such phases. The most important effect comes
from chargino loops, that now can also contribute to the Wilson coefficient C̃3 (an example
diagram is shown in figure 6.6)

C̃ χ̃±
3 ' α2

2

m̃2

m2
b

m̃2
(VtbV

∗
ts)

2 tan2 β

(1 + ε∗b tan β)2

(
µ2M2

2

m̃4
(b1 + y2

b b3)2F
(1)
3 (x2, xµ)

+
m2
t

M2
W

µ2AtM2

m̃4
(b1 + y2

b b3)F
(2)
3 (x2, xµ) +

m4
t

M4
W

µ2A2
t

m̃4
F

(3)
3 (xµ)

)
. (6.23)

The ε tan β factor appearing in the above expression resums tan β enhanced beyond leading
order corrections to all orders in perturbation theory and its analytical expression has already
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Figure 6.7: Most important double Higgs penguin contribution to Bs − B̄s mixing in the MFV
MSSM at large tanβ. The neutral Higgs propagator has to be attached to the external quark legs.

been discussed in section 5.1. The m2
b suppression in (6.23) is compensated by the tan2 β

factor and one might expect this contribution to give non-negligible effects in the large tan β
regime in the case of Bs − B̄s and Bd − B̄d mixing. In the case of K0 − K̄0 mixing, these
contributions are proportional to m2

s and always completely negligible. We note that the
chargino contribution (6.23) can be complex for complex µAt, µM2 or b3.

For large tan β there are also additional chargino and gluino box contribution to the Wilson
coefficient C1, as now also the complex parameter b3 in (4.32) can induce flavor off-diagonal
entries in the down squark mass. They are easily obtained by replacing b1 → b1 + b3y

2
b in

the expressions (6.21) and (6.22).
As we will see in section 8.1, all the above potentially complex box contributions have

only marginal impact on Bs − B̄s and Bd − B̄d mixing, once all existing constraints from
other FCNC processes are taken into account.

Double Higgs Penguins in the MFV MSSM

In MFV MSSM scenarios with large tan β also the double Higgs penguin contributions
mentioned at the beginning of this section can lead to sizable effects [336, 292, 295]. Typically
considered are the diagrams with Higgsino loops shown in figure 6.7 that contribute also for
a completely flavor blind soft sector. In case of Bs − B̄s mixing they lead to the following
contribution to the Wilson coefficient C4

CDP
4 =

α3
2

4π

mbms

M2
W

tan4 β

|1 + εb tan β|2|1 + ε0 tan β|2
1

M2
A

|µAt|2
m̃4

m4
t

8M4
W

(
f1(xµ)

)2
(VtbV

∗
ts)

2 . (6.24)

A priori one would expect also contributions to C̃3 that are proportional to m2
b for Bs − B̄s

and Bd − B̄d mixing and proportional to m2
s for K0 − K̄0. However it turns out that these

contributions vanish exactly if tree level relations between neutral Higgs masses and mixing
angles are employed. The most important contributions are then indeed the ones to C4 given
in (6.24) that are proportional to mbms in the case of Bs − B̄s mixing [295, 337], while in
Bd − B̄d and K0 − K̄0 mixing they are fully negligible. We also mention that in D0 − D̄0

mixing double penguins are always negligible as they do not possess any tan β enhancement.
Although in a standard loop expansion the double penguins arise first at the 2 loop level

they are enhanced by tan4 β and therefore important in the large tan β regime. As can be
seen in (6.24), they are aligned in phase with the SM contribution and always suppress the
mass difference ∆Ms compared to the SM prediction.1 The strong tan4 β enhancement arises

1As discussed in [124, 339], for a large splitting of the third generation squark masses from the first two
generations, the double penguins in principle become sensitive to flavor blind phases. This effect might
become relevant for negative values of µ [124] which we do not consider here.
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Figure 6.8: Examples of leading order gluino contributions to D0 − D̄0 mixing in the presence
of non-trivial flavor structures in the squark masses. The diagrams show examples of the case
when both (δLLu )21 and (δRRu )21 mass insertions are present, which leads to strongly enhanced
contributions to the Wilson coefficients C4 and C5.

from the fact that the double penguins are generated through quark field renormalization due
to non-holomorphic corrections to the down quark mass matrix as it was the case in Bs →
µ+µ− discussed in section 6.3. In fact, the scalar contributions to Bs → µ+µ− are strongly
correlated with the double Higgs penguin contributions to Bs − B̄s mixing and, apart from
very fine tuned regions in parameter space, these contributions are now severely constrained
by the upper bound on the branching ratio of the rare decay Bs → µ+µ− [340, 15, 337]. This
statement remains true if in addition to (6.24) also MFV Wino and gluino loops are taken
into account that can arise for non-zero values of the MFV parameters b1 and b3 and that,
for complex b3, can in principle be complex.

Gluino Box Contributions in Presence of Non-Trivial Flavor Structures

In MSSM scenarios with non-trivial flavor structures in the squark masses, the dominant
contributions to the Wilson coefficients come naturally from gluino boxes. At leading order
in the mass insertion approximation they read [309]

C g̃
1 =

α2
s

m̃2

[
(δLLu )21

]2
G1(xg) , C̃ g̃

1 =
α2
s

m̃2

[
(δRRu )21

]2
G1(xg) , (6.25)

C g̃
2 =

α2
s

m̃2

[
(δLRu )21

]2
G2(xg) , C̃ g̃

2 =
α2
s

m̃2

[
(δRLu )21

]2
G2(xg) , (6.26)

C g̃
3 =

α2
s

m̃2

[
(δLRu )21

]2
G3(xg) , C̃ g̃

3 =
α2
s

m̃2

[
(δRLu )21

]2
G3(xg) , (6.27)

C g̃
4 =

α2
s

m̃2

( [
(δLLu )21(δRRu )21

]
G4(xg) +

[
(δLRu )21(δRLu )21

]
G̃4(xg)

)
, (6.28)

C g̃
5 =

α2
s

m̃2

( [
(δLLu )21(δRRu )21

]
G5(xg) +

[
(δLRu )21(δRLu )21

]
G̃5(xg)

)
. (6.29)

Example diagrams that lead to these expressions are shown in figure 6.8. In (6.25) - (6.29),
we restricted ourselves to the case of D0 − D̄0 mixing. Contributions in the other neutral
meson systems are trivially obtained by appropriate replacements of the mass insertions.

From the above expressions we observe that if both δLL and δRR mass insertions are
present, the operators Q4 and Q5 are induced that are enhanced through QCD renormaliza-
tion group effects [48, 49] and in case of D0− D̄0 and K0− K̄0 mixing also strongly chirally
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enhanced. We note in addition that especially the loop function G4 entering the Wilson
coefficient C g̃

4 is roughly a factor 30 larger than the one entering C g̃
1 (see appendix A.1).

Also if both δLR and δRL mass insertions are present, the operators Q4 and Q5 are gener-
ated. However the corresponding loop functions entering the Wilson coefficients C g̃

4 and C g̃
5

are significantly smaller with G4(1)/G̃4(1) ' 6. We also mention that in case of Bs − B̄s

mixing the contributions coming from the (δLRd )32 and (δRLd )32 mass insertions are negligible,
because they are tightly constrained by BR(B → Xsγ) (see chapter 7). In consequence, the
by far largest contributions to meson mixing can be generated in frameworks where both
δLL and δRR mass insertions are simultaneously non-zero.

We remark that in case of K0−K̄0 mixing also contributions might become important that
are higher order in the mass insertion approximation. In particular in scenarios with very
small mass insertions in the s− d sector sizable effects in K0 − K̄0 mixing can in principle
be still generated through effective (s → d) mass insertions that are induced by a double
flavor flip (s → b)× (b → d). Results for the Wilson coefficients with one effective (s → d)
transition are obtained in the third order of the mass insertion approximation. Restricting
ourselves only to δLL and δRR mass insertions, we find [21]

C g̃
1 =

α2
s

m̃2

[
(δLLd )21(δLLd )23(δLLd )31

]
G

(2)
1 (xg) , (6.30)

C̃ g̃
1 =

α2
s

m̃2

[
(δRRd )21(δRRd )23(δRRd )31

]
G

(2)
1 (xg) , (6.31)

C g̃
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α2
s

m̃2

1

2

[
(δLLd )21(δRRd )23(δRRd )31 + (δLLd )23(δLLd )31(δRRd )21

]
G

(2)
4 (xg) , (6.32)

C g̃
5 =

α2
s

m̃2

1

2

[
(δLLd )21(δRRd )23(δRRd )31 + (δLLd )23(δLLd )31(δRRd )21

]
G

(2)
5 (xg) . (6.33)

Finally we also have to consider the case where the (s → d) flavor transition is entirely
generated by (s→ b) and (b→ d) transitions. We find [21]

C g̃
1 =

α2
s

m̃2

[
(δLLd )23(δLLd )31

]2
G

(3)
1 (xg) , (6.34)

C̃ g̃
1 =

α2
s

m̃2

[
(δRRd )23(δRRd )31

]2
G

(3)
1 (xg) , (6.35)
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α2
s

m̃2
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(δLLd )23(δLLd )31(δRRd )23(δRRd )31

]
G

(3)
4 (xg) , (6.36)

C g̃
5 =

α2
s

m̃2

[
(δLLd )23(δLLd )31(δRRd )23(δRRd )31

]
G

(3)
5 (xg) . (6.37)

These contributions to K0 − K̄0 mixing that arise at higher order in the mass insertion
approximation can be especially important in the case of hierarchical squark masses, where
the first two generations of squarks are much heavier than the third one. In that case these
contributions decouple with the mass of the light squarks, while the contributions involving
directly (s→ d) mass insertions decouple with the heavy mass. A detailed discussion of the
hierarchical squark mass scenario is however beyond the scope of the present work.

Double Higgs Penguins in Presence of Non-Trivial Flavor Structures

In the large tan β regime of MSSM frameworks with non-trivial flavor structures in the squark
masses also the double penguins can again become important. They dominantly contribute
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Figure 6.9: Double Higgs penguin contributions to Bs − B̄s mixing in the presence of non-trivial
flavor structures in the squark masses. The diagram d) shows the contribution that involves gluino
loops on both sides, while in diagrams a) - c) one gluino and one chargino loop is present. The
neutral Higgs propagators always have to be attached to the external quark legs.

to the Wilson coefficient C4 and in case of Bs − B̄s mixing can be approximated by
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M2
Am̃

4
(δLLd )32(δRRd )32 f3(xg)f4(x2, xµ) . (6.38)

The first line stems from a diagram that contains two gluino loops with a (δLLd )32 and a
(δRRd )32 mass insertion, respectively. The second line contains the contribution coming from
a diagram with a gluino loop involving (δRRd )32 and a minimal flavor violating Higgsino loop.
The last line finally corresponds to a diagram with the (δRRd )32 gluino loop and a Wino loop,
induced by a (δLLd )32 mass insertion.

A remarkable feature of these contributions is their proportionality to m2
b thanks to the

presence of the δRR mass insertion. This is in contrast to the MFV case where only left
handed currents are present and the double Higgs penguin contributions to Bs − B̄s mixing
are correspondingly proportional to mbms. Analogously to the MFV case, these double
penguins are proportional to tan4 β and decouple with the mass of the heavy neutral Higgs
bosons instead of with the SUSY scale. They are relevant both for Bs − B̄s and Bd − B̄d

mixing and they are strongly correlated with the scalar contributions to the Bs → µ+µ−

and Bd → µ+µ− decays. However, due to their enhancement of mb/ms,d as compared to the
MFV case, they are expected to give potentially huge contributions to Bs− B̄s and Bd− B̄d

mixing in the large tan β regime.
Also in the case of K0 − K̄0 mixing the double penguins can be important. Even so this

might be surprising at first sight, as the contributions analogous to (6.38) are suppressed
by m2

s in case of Kaon mixing, we note that beyond the leading order in the mass insertion
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approximation this suppression can actually be circumvented. In fact if the (s → d) mass
insertions are generated effectively by combined (s → b) × (b → d) transitions, then the
most relevant effects from the neutral Higgses arise at the fourth order in the mass insertion
expansion and we find the following expression

CDP
4 =

α2
sα2

4π

32m2
b

9M2
W

tan4 β

|1 + εb tan β|4
|µ|2M2

g̃

M2
Am̃

4
(δLLd )23(δLLd )31(δRRd )23(δRRd )31

(
f5(xg)

)2
, (6.39)

which can indeed induce non-negligible effects in K0 − K̄0 mixing.

We summarize this section: In MSSM frameworks with MFV, box contributions to meson
mixing are generically rather limited and possible effects in the mass differences lie within the
associated theoretical uncertainties. This is true both for moderate and also for large values
of tan β. In the large tan β regime also double Higgs penguin contributions can become
sizable, but only in Bs − B̄s mixing, where they are proportional to mbms. However, in
most regions of parameter space, these contributions are severely constrained by the upper
bound on the branching ratio of the rare decay Bs → µ+µ−. While for large tan β the MFV
contributions can in principle be complex, CP violating observables in meson mixing are
found to be always SM-like as will be discussed in section 8.1.

In MSSM scenarios with a generic squark flavor structure, the dominant contributions to
the Wilson coefficients come naturally from gluino boxes. Particularly large effects arise if
both δLL and δRR mass insertions are present simultaneously, as the induced contributions
are renormalization group enhanced, enhanced by a large loop function and in case of D0−D̄0

and K0 − K̄0 mixing also strongly chirally enhanced.

If tan β is large, then a non-trivial squark flavor structure can also lead to important double
Higgs penguin effects in Bs− B̄s, Bd− B̄d and also in K0− K̄0 mixing. These contributions
are proportional to tan4 β and do not decouple with SUSY scale but instead with the mass of
the heavy Higgs bosons. In presence of δRR mass insertions they are proportional to m2

b and
thus strongly enhanced compared to the MFV case. As the double penguins arise from the
same mechanism as the scalar contributions to Bs,d → µ+µ−, strong correlations between
the ∆F = 2 processes and BR(Bs,d → µ+µ−) are expected in the large tan β regime.

In conclusion, ∆F = 2 processes are particular sensitive probes of right handed flavor
changing neutral currents, that in case of the MSSM arise in non-MFV frameworks in the
presence of δRR mass insertions.

6.5 The b→ sνν̄ and s→ dνν̄ Transitions

In the MSSM there are various new contributions to the b → sνν̄ and s → dνν̄ transitions
and one might expect that large effects are possible. This is indeed the case for s → dνν̄.
However, once the existing constraints coming from other flavor changing processes are
applied, the effects in b→ sνν̄ turn out to be quite limited in the MSSM.

In the following we will discuss in detail the most important SUSY contributions to both
the b→ sνν̄ and the s→ dνν̄ transitions.
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Figure 6.10: Dominant chargino contributions to the Wilson coefficient CKL in the presence of
both (δRLu )32 and (δLRu )13 mass insertions.

The s→ dνν̄ Transition

The KL → π0νν̄ and K+ → π+νν̄ decays that are based on the s → dνν̄ transition have
been analyzed in the MSSM by many authors [341, 342, 343, 344, 345, 306, 275]. Sizable
SUSY effects in the s → dνν̄ transition can be essentially generated only by two differ-
ent mechanisms which both are only effective if the soft breaking terms have a non-MFV
structure:

i) A non-MFV structure of the up squark trilinear couplings, in particular the simultane-
ous presence of (δLRu )23 and (δRLu )31 mass insertions, can lead to huge contributions to
the left handed Wilson coefficient CK

L by means of Z penguin diagrams with chargino
up squark loops [343].

ii) A non-MFV structure of the down squark right-right mass matrix, in particular the
simultaneous presence of (δRRd )23 and (δRRd )31 mass insertions, can lead to large contri-
butions to the right handed Wilson coefficient CK

R in the large tan β regime [306]. In
that case the relevant diagrams are Z penguins with charged Higgs top quark loops,
where the charged Higgs couplings receive beyond leading order corrections from gluino
down squark loops.

In the first case, the relevant diagram is shown in figure 6.10 and it leads to the following
contribution to the Wilson coefficient CK

L

(CK
L )χ̃

±
=

1

s2
W

1

VtdV ∗ts

(
δLRu
)

13

(
δRLu
)

32

1

8
f ν1 (x2) . (6.40)

As first pointed out in [343], a remarkable feature of the above contribution is the absence
of both CKM suppression and O(MW/MSUSY) suppression. In fact the two SU(2)L break-
ing insertions required by the Z penguin are formally provided by the left-right mixing
mass insertions and therefore the O(MW/MSUSY) suppression does not appear explicitly.
Furthermore, the involved mass insertions are not strongly constrained by other B and K
observables. This implies that in a setup with large (δLRu )23 and (δRLu )31 mass insertions large
departures from the SM expectations in both the charged and neutral K → πνν̄ decays are
allowed, as confirmed by the complete analyses in [345, 275]. We remark however that the
recent measurement of D0− D̄0 mixing does put constraints on the mass insertion combina-
tion (δLRu )23(δRLu )31 and the allowed room for NP effects in the K → πνν̄ decays should be
reconsidered in the light of the new experimental results.
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Figure 6.11: Dominant chargino contributions to the Wilson coefficient CKL in the presence of
only a (δRLu )32 mass insertion.

As noted in [275], either of the mass insertions is in principle sufficient to generate large
effects in the s→ dνν̄ transition as the second mass insertion is effectively always generated
through non-diagonal entries in the CKM matrix. The corresponding chargino contributions
to CK

L are then proportional to VcdV
∗
cs|(δRLu )32|2 or VudV

∗
us|(δRLu )31|2, respectively, and only

suppressed by one power of the Cabibbo angle λ.

The (δRLu )32 case has been worked out in detail by us in [20]. The relevant diagrams are
shown in figure 6.11 and they lead to the following approximate expression for the Wilson
coefficient CK

L

(CK
L )χ̃

±
=

1

s2
W

VcdV
∗
cs

VtdV ∗ts
|(δRLu )32|2 1

8
f ν1 (x2)

− 1

s2
W

(
V ∗cs
V ∗ts

(δRLu )32 +
Vcd
Vtd

(δRLu )∗32

)[
mtAt
8m̃2

f ν1 (x2)− mtM2

4m̃2
f ν2 (xµ, x2)

]
.(6.41)

As stated above, the leading contribution in the first line of (6.41) receives a CKM suppression
only from the matrix element Vcd and it is shown in diagram a) of figure 6.11. It gives an
almost real contribution to the combination λtC

K
L and therefore dominantly leads to effects

in the charged decay mode K+ → π+νν̄, that turn out to always suppress the branching
ratio compared to the SM prediction.

The subleading contributions shown in diagrams b) to e) of figure 6.11 on the other
hand involve also Vts and Vtd. In particular, they introduce sensitivity to the phase of
(δRLu )32 and the phase of Vtd and can therefore also affect the neutral mode KL → π0νν̄.
However these contributions are suppressed compared to the one of diagram a) roughly by
a factor λ2 and therefore the effects in BR(KL → π0νν̄) are generically much smaller than
in BR(K+ → π+νν̄) if only one mass insertion is present.
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Figure 6.12: Dominant Higgs contributions to the Wilson coefficient CKR in the presence of both
(δRRd )23 and (δRRd )31 mass insertions. Shown is the diagram in a standard loop expansion. The Z
boson has to be attached to the charged Higgs top loop in all possible ways.

In the second case with a non-trivial flavor structure in the right-right down squark mass, the
dominant contributions arise at the beyond leading order, through the charged Higgs diagram
shown in figure 6.12. While at leading order, charged Higgs diagrams give a contribution
that is suppressed by mdms/M

2
W , beyond leading order corrections to the charged Higgs

vertices can lift this suppression and lead to sizable contributions to the right handed Wilson
coefficient CK

R if tan β is large. One finds [306]

(CK
R )H

±
= − 1

s2
W

1

VtdV ∗ts
(δRRd )13(δRRd )32

m2
b

2M2
W

tan4 β

|1 + εb tan β|4 |εRR|
2 f ν3 (yt) , (6.42)

where the ε factors have already been defined in chapter 5.
As shown in figure 6.12, this contribution appears only at the 3 loop level in a standard

loop expansion, but it is largely enhanced by the tan4 β factor and does not contain any
suppression due to light quark masses. In conclusion, this charged Higgs contribution is
phenomenologically relevant only at large tan β and with non-MFV right-right soft breaking
terms in the down sector. Interestingly, this contribution does not vanish in the limit of
heavy squarks and gauginos, and has a slow decoupling with respect to the charged Higgs
mass. In fact, as shown in [306], B physics constraints still allow for large non-standard
effects in K → πνν̄ due to charged Higgs effects, even for flavor mixing terms of CKM size.

The b→ sνν̄ Transition

As stated at the beginning of this section, SUSY effects in the b→ sνν̄ transition turn out to
be rather limited, once the existing constraints coming from other flavor changing processes
are taken into account [346, 131, 20].

While neutralino contributions to the relevant Wilson coefficients Cν
L and Cν

R are generally
expected to be small, gluino contributions to both Cν

L and Cν
R are highly constrained by the

b → sγ decay and have only negligible impact. Charged Higgs contributions to Cν
L scale

as 1/ tan2 β and even for low values of tan β they play only a marginal role. Concerning
the charged Higgs contributions to the right handed coefficient Cν

R, at the leading order,
they are proportional to msmb tan2 β and therefore negligible even for large values of tan β.
On the other hand, non-holomorphic corrections to the Higgs couplings can enhance this
contribution and can lead to important effects in the large tan β regime if flavor changing
right handed currents are present. This is well known in the case of s → dνν̄ transitions
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Figure 6.13: Dominant chargino contributions to the Wilson coefficient CνL in the presence of a
(δLRu )23 mass insertion.

as discussed above. In the case of b → sνν̄ transitions however, the upper bound on the
branching ratio of the rare decay Bs → µ+µ− sets strong limits on this contribution, that
then also turns out to be negligible [346, 20].

Turning to chargino contributions to the right handed coefficient Cν
R, at the leading order

they are also suppressed by msmb tan2 β, as the Higgs contributions are, and therefore negli-
gible. One is then left with the chargino contributions to the left handed coefficient Cν

L that
are the only ones where sizable effects are still possible. Largest effects can be generated by
a Z penguin with a (δRLu )32 mass insertion [347, 117, 106], that is not strongly constrained
by existing data.

The Z penguin diagrams giving that contribution are shown in figure 6.13 and the corre-
sponding analytical expression in the mass insertion approximation reads

(Cν
L)χ̃

±
= − 1

s2
W

V ∗cs
V ∗ts

(δRLu )32

[
mtAt
8m̃2

f ν1 (x2)− mtM2

4m̃2
f ν2 (xµ, x2)

]
. (6.43)

Concerning the structure of equation (6.43), we note that among the required two SU(2)L
breaking insertions in the Z penguin, one is formally provided by the helicity and flavor
changing mass insertion (δRLu )32 and the other one by a Higgsino-Wino mixing (diagram a)
or a flavor conserving helicity flip for the stop (diagram b), respectively.

To summarize, the contributions to Cν
R in the MSSM turn out to be very small which

implies that the longitudinal polarization fraction in the B → K∗νν̄ decay, FL, is always
SM-like (see section 3.2.5 for details). Non-standard effects in the branching ratios of the
B → Xsνν̄, B → Kνν̄ and B → K∗νν̄ decays can however be generated by chargino
contributions to Cν

L through a large (δRLu )32 mass insertion and the SM predictions of the
branching ratios of these decays can be modified by up to 50% [20].

6.6 The Anomalous Magnetic Moment of the Muon

The operator that induces the anomalous magnetic moment of the muon is helicity changing
which implies that the SM contributions to (g − 2)µ are necessarily proportional to the
muon mass mµ. This helicity suppression can in principle be lifted in NP scenarios. In
particular in the MSSM there are Wino and Bino contributions that are enhanced by tan β
and the induced SUSY effects in (g−2)µ are naturally of the size of the current experimental
discrepancy (3.119).
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Figure 6.14: Dominant leading order SUSY contributions to the anomalous magnetic moment
of the muon. The first line shows the Wino contributions, the second line the Bino contributions.
The photon line is attached to the loops in all possible ways.

The full 1 loop SUSY contributions to (g− 2)µ in the general MSSM are known since long
time [348] and the phenomenological implications for supersymmetric theories have been
thoroughly studied, see e.g. [349, 350, 351, 352, 353]. A review on (g−2)µ in supersymmetry
and a much more complete list of references can be found in [354].

While also the most important SUSY 2 loop effects are known (see again [354] for a
systematic review and a list of references), in most phenomenological studies it is usually
sufficient to consider the tan β enhanced leading order contributions [348] supplemented by
the all order resummation of beyond leading order tan β enhanced corrections [355]. The
relevant diagrams are shown in figure 6.14 and one finds

∆aSUSY
µ =

α2

4π
m2
µ

tan β

1 + ε` tan β

µM2

m̃4
`

a1(x2, xµ)

+
α1

4π
m2
µ

tan β

1 + ε` tan β

µM1

m̃4
`

(a2(x1) + a3(x1, xµ)) , (6.44)

In view of the constraints on flavor diagonal phases from the EDMs discussed in section 6.7,
we assumed here µ, M1 and M2 to be real. The Wino contributions in the first line of (6.44)
are typically dominant compared to the Bino contributions that are parametrically sup-
pressed by α1. Only in certain corners of parameter space with very heavy left handed slep-
tons and light right handed sleptons also the Bino contributions can become non-negligible.
In fact, if the left handed sleptons have a very large mass, then all SUSY contributions to
(g − 2)µ decouple, apart from the Bino contribution, shown in diagram e) of figure 6.14.

Still, in most part of the parameter space the Wino contribution in (6.44) is the most
important one, and its sign is determined by sign(µM2). Therefore the current data on
(g − 2)µ usually excludes a relative minus sign between µ and M2 at more than 3σ. We
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Figure 6.15: Example 1 loop contributions to the (C)EDMs in the presence of flavor diagonal
phases. While diagram a) shows a Wino contribution to the electron EDM, diagrams b) and c)
contribute to the down quark and up quark (C)EDMs by means of Higgsino and gluino loops,
respectively. In all diagrams the photon and gluon lines are attached to the loops in all possible
ways.

remind that also the sign of the dominant contribution to the resummation factor ε` is
determined by exactly the same parameter combination (cf. section 5.1), with ε` negative
for sign(µM2) = +1. This implies that apart from fine tuned corners in parameter space,
the (g − 2)µ constraint basically excludes the possibility of positive threshold corrections to
lepton masses [23]. As one consequence, the tan β enhanced beyond leading order corrections
basically always enhance the SUSY contributions to (g−2)µ in the phenomenologically viable
regions of parameter space.

Finally we also remark that within SUSY frameworks with universal gaugino masses like
the CMSSM or MSUGRA scenarios, one has of course sign(Mg̃) = sign(M2) = sign(M1) and
(g− 2)µ basically always selects a positive sign for the µ parameter as the only phenomeno-
logically viable option.

6.7 The Electric and Chromoelectric Dipole Moments

The SM predictions of the electric dipole moments are well below the current and future
experimental sensitivities. This is in contrast to the generic contributions in NP models and
in particular in the MSSM that in general contains many additional sources of CP violation
to the SM CKM phase.

Within a MSSM framework, CP violating sources naturally appear through i) the phases of
flavor conserving parameters as the µ parameter the gaugino masses and the flavor diagonal
part of the trilinear couplings of the squarks and sleptons and ii) through complex flavor
violating parameters, i.e. complex flavor off-diagonal entries in the squark and slepton
masses.

The induced contributions to the EDMs coming from these sources have been analyzed
in many dedicated studies in the literature [356, 357, 358, 359, 360, 90, 361, 362, 363, 195,
364, 365, 307, 366] (see also [367] for a recent review and more references). In the following
we will discuss both classes of EDMs concentrating on those contributions that will be most
relevant later in the analysis of concrete SUSY models in chapter 8.
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Electric Dipole Moments Generated by Flavor Diagonal Phases

In figure 6.15 we show some examples of 1 loop diagrams that contribute to the (C)EDMs
of the up and down quark as well as the electron. A common feature of these contributions
as well as all the other 1 loop contributions coming from flavor diagonal phases is their
proportionality to the light quark and lepton masses. Still, as these contributions arise
already at the 1 loop level, they generically lead to predictions for the EDMs much above
the experimental constraints. The source of these contributions are the imaginary parts of the
parameter combinations µMi, µAj and MiA

∗
j with i = 1, 2, 3 and j = u, d, e. Natural O(1)

values for the phases of the µ term, the gaugino masses Mi and trilinear couplings Aj then
lead to huge contributions to the EDMs. In fact the experimental EDM constraints (3.121) -
(3.123) impose very stringent bounds on these flavor diagonal phases at the level of 10−3 −
10−2. This fact is often referred to as the SUSY CP problem.

As long as one does not assume strong cancellations between different contributions to
the EDMs [358, 368], then the responsible 1 loop induced effects due to O(1) flavor diagonal
phases to the (C)EDMs of the electron and the light quarks can basically only be suppressed
in two ways that both require non-universal soft SUSY breaking terms at the low scale

i) Heavy first and second generation squarks [369, 370] at the level of several 10 TeV
that lead to a decoupling of the effects in the EDMs of the light quarks and leptons.
This solution can be compatible with the motivation of SUSY as a solution to the
hierarchy problem as long as the third generation of squarks remains around the TeV
scale. Given the light third squark generation, such a scenario can for example be
probed through CP violating B physics observables.

ii) Hierarchical trilinear couplings [371, 372, 373]. In particular, if an approximate align-
ment between the phases of the µ term and the gaugino masses exists then all flavor
diagonal CP violating effects arise from the trilinear couplings. Choosing the trilinear
couplings of the first two generations of squarks either real or very small, the contri-
butions to the EDMs can be kept small. Such a scenario can for example be realized
in the general MFV ansatz (4.32), if Ãu is real and all CP violation arises from the
coefficient b6 [279]. Also this scenario can be probed through B physics observables, in
particular those that are sensitive to complex values of the stop trilinear coupling At.

However, even in the above cases, additional flavor diagonal contributions to the EDMs
stemming from 2 loop diagrams are unavoidable and typically large [359]. These so-called
Barr-Zee type diagrams [374] shown in figure 6.16 involve the third sfermion generations and
lead to the following expressions [359]

df
e

= Qf
3αem

32π2

Rfmf

M2
A

∑
q=t,b

Q2
qy

2
q

Im(µAq)

m̃2
f

(
m̃2

M2
A

)
, (6.45)

dcf =
αs

64π2

Rfmf

M2
A

∑
q=t,b

y2
q

Im(µAq)

m̃2
f

(
m̃2

M2
A

)
, (6.46)

where f(x) = ∂F (x) with the 2 loop function F given in [359], and Rf = cot β for up-type
quarks and Rf = tan β for down-type quarks and charged leptons. For moderate values of
tan β the dominant effect is generated by the stop loop in diagram a) of figure 6.16. The
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Figure 6.16: Two loop Barr-Zee type contributions to the quark and lepton (C)EDMs. Shown are
the dominant diagrams involving stop and sbottom loops. The photon and gluon lines are attached
to the squark loops in all possible ways.

corresponding contribution decouples with the heavier of the pseudoscalar Higgs or the stop
mass. As a consequence, these contributions to the EDMs turn out to be large, provided the
pseudoscalar Higgs and the 3rd generation squarks are not too heavy.

Interestingly, the diagram with the stop loop is proportional to the complex parameter
combination µAt, as the dominant contributions to the Wilson coefficients of the magnetic
and chromomagnetic dipole operators C7 and C8 are in a flavor blind MSSM (see section 6.2).
As we will analyze in section 8.1, this implies strong correlations between the EDMs and
CP violating effects in observables sensitive to C7 and C8, as the direct CP asymmetry in
b→ sγ or the time dependent CP asymmetry SφKS

within a flavor blind MSSM scenario.

Flavored Electric Dipole Moments

Electric dipole moments cannot only be induced through flavor diagonal phases as discussed
above, but also through phases of flavor violating parameters. A comprehensive analysis of
these so-called flavored EDMs can be found in [307]. One of their most peculiar features is
that they can be proportional to the heaviest fermion masses mt, mb and mτ instead of the
lightest ones, as it happens in the case of flavor diagonal phases. This huge enhancement
factor can bring the (C)EDMs close to the current and future experimental sensitivities,
providing an excellent opportunity to probe the flavor structure of the MSSM through flavor
conserving observables. Such an enhancement is only possible in the presence of flavor
changing right handed currents induced by δRR mass insertions. While in scenarios with
only δLL mass insertions, quark and lepton EDMs can be still induced thanks to the presence
of CKM matrix that allows for the required complex double flavor flip, these EDMs are
proportional to the external light quark and lepton masses.

In the following we will therefore concentrate on the most important case of the flavored
EDMs in the presence of both δRR and δLL mass insertions. The general case is discussed in
detail in [307]. While flavored EDMs exist both in the quark and lepton sector, here we will
only treat the quark case because this will be the one relevant for the analysis of concrete
SUSY models in chapter 8.

The diagrams responsible for the dominant gluino contributions to the down, strange and
up quark (C)EDMs in the presence of δRR and δLL mass insertions are shown in figure 6.17.
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Figure 6.17: Examples of 1 loop contributions to the quark (C)EDMs in the presence of flavor
off-diagonal phases. Shown are contributions to the up and down quark (C)EDMs that are induced
in the presence of both δLL and δRR mass insertions. The photon and gluon lines are attached to
the loops in all possible ways.

One finds the following expressions for the most important contributions{
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where µ and Au2,u3 = Ac,t are assumed to be real.
As mentioned already before, the most important feature of these expressions is the pro-

portionality to the heavy quark masses, due to the presence of δRR mass insertions. In
addition we note that the contributions to the down and strange quark (C)EDMs are en-
hanced by tan β. Due to these enhancement factors, the flavored EDMs can in fact be close
to the current experimental sensitivities once the existing flavor constraints on the mass
insertions are imposed.

Apart from the gluino contributions, there are also chargino contributions to the flavored
EDMs at leading order. However they are only sensitive to the δLL mass insertions. Con-
sequently, they are proportional to the light quark masses and typically do not play an
important role.

Going beyond leading order, both charged Higgs and chargino contributions to the down
and strange quark (C)EDMs arise that are sensitive to the δRR mass insertions. Even
so they are loop suppressed, it was shown in [364, 365, 307] that their effect is often non-
negligible even for moderate values of tan β and we refer to these papers for explicit analytical
expressions.

We summarize the present chapter. The rich flavor and CP violating structure of the MSSM
leads to many interesting NP effects in low energy observables. Even in the MFV MSSM
there can be sizable SUSY contributions to the b→ sγ and b→ s gluon transitions. For large
values of tan β also the tree level B → τν decay and the rare Bd → µ+µ− and Bs → µ+µ−

decays can be strongly modified by SUSY contributions.
New Physics effects in meson mixing on the other hand are naturally small in the MFV

MSSM both for low and high tan β. Only in the presence of non-MFV flavor off-diagonal
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entries in the squark masses, sizable contributions to meson mixing naturally occur, in
particular in the presence of right handed flavor changing currents induced by δRR mass
insertions.

For the rare decays based on the b→ sνν̄ and s→ dνν̄ transitions to deviate significantly
from their SM predictions, the soft SUSY breaking terms have to have a rather particular
non-MFV structure. Effects in b→ sνν̄ can only be generated by a (δRLu )32 mass insertion,
while for large effects in the s → dνν̄ transition either (δLRu )23(δRLu )31 or (δRRd )13(δRRd )32 in
the large tan β regime have to be present.

Concerning flavor conserving low energy observables, very important is the anomalous
magnetic moment of the muon, (g − 2)µ, that receives NP contributions proportional to
tan β. Finally, EDMs of quarks and leptons are highly sensitive probes of possible additional
CP violating sources in the MSSM. EDMs can be induced both by flavor diagonal phases
and through flavor effects. In particular in the presence of δRR mass insertions, large flavored
EDMs can be generated, opening up the possibility to probe the MSSM flavor structure also
with flavor conserving observables.



7 The SUSY Flavor Problem

If the SM is considered to be an effective theory valid up to some NP scale, one encounters the
so-called NP flavor problem, as discussed in section 2.3. The phenomenological constraints on
flavor changing dimension six operators are so strong, that for a natural NP scale of O(1 TeV)
the NP flavor structure has to be highly non-generic. This general problem also manifests
itself in the MSSM which will be the main topic of the present chapter. In section 7.1 we
investigate the phenomenological constraints on the MSSM flavor structures. In an example
MSSM scenario we impose the bounds coming from FCNCs and derive the allowed ranges
for the Mass Insertions. Analyses of this type have a long tradition in the literature (see
e.g. [309, 375, 376, 377, 378, 379, 380, 381, 382, 65, 383, 384, 21]) and the results presented
in this chapter can be seen as a comprehensive update in view of the presently available
constraints. The fact that the allowed ranges for the mass insertions seems unnaturally
small for natural SUSY scales constitutes the SUSY flavor problem. In sections 7.2 and 7.3
we then review possible solutions to this problem. We describe different proposals that allow
to fulfill the constraints from flavor phenomenology in a natural way and outline possibilities
to test the proposed frameworks.

7.1 Constraining the MSSM Flavor Structures

As discussed in length in chapters 4 and 6, the soft SUSY breaking terms, i.e. the squark
masses and trilinear couplings, introduce new sources of flavor violation in addition to the
SM CKM matrix, resulting in large NP contributions to flavor changing processes mainly
by means of gluino loops. The overall good agreement between the experimental data on
FCNC observables and the corresponding SM predictions then leads to strong constraints
on these MSSM flavor structures, i.e. the mass insertions.

To illustrate this point, we work out the bounds on the mass insertions in the c−u, s− d,
b−d and b−s sectors imposing the constraints coming from the flavor observables discussed
in chapter 3. In particular we consider D0 − D̄0 mixing, K0 − K̄0 mixing, Bd − B̄d mixing,
Bs − B̄s mixing as well as the rare decays B → Xsγ and B → Xs`

+`−. For definiteness we
chose a setup with small tan β = 5 and set all MSSM mass parameters to MSUSY = 500 GeV.
We chose real and positive gaugino masses, a real and positive µ parameter as well as real
and positive trilinear couplings. We always switch on one mass insertion at a time and derive
bounds in the single Re(δ) - Im(δ) planes. The so obtained bounds are then valid barring
accidental cancellations that can in principle occur if several mass insertions are switched on
simultaneously.

The bounds on the mass insertions depend of course on our choice of the SUSY scale
MSUSY = 500 GeV. We therefore mention that the constraints from the ∆F = 2 observables
scale as δ/MSUSY, and the ones coming from the ∆F = 1 observables as δ/M2

SUSY. Conse-
quently, the higher the SUSY scale is the more important are the ∆F = 2 constraints as
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compared to the ∆F = 1 constraints. For low to moderate values of tan β, the bounds coming
from the mixing observables are independent of tan β, while the bounds from BR(B → Xsγ)
and BR(B → Xs`

+`−) on the mass insertions in the left-left and right-right sector scale as
δd tan β, i.e. they become stronger with increasing tan β.

Before presenting the results, a few comments are in order on the SUSY contributions to
the FCNC processes that we include in our numerical analysis of the present section. The
main SUSY contributions to the ∆F = 2 processes are usually expected to come from the
gluino boxes discussed in section 6.4. However, it is know that there are regions in parameter
space where gluino box contributions vanish and in particular chargino contributions become
non-negligible (see [385] for a recent analysis). While this does not happen in the MSSM
setup described above, still, in our numerical analysis we include the full set of 1 loop box
contributions as given for example in [14]. In fact we find that the mixed gluino-neutralino
box contributions are not fully negligible and affect the constraints on the mass insertions
at a level of 10% - 15% as compared to the situation where only gluino contributions to
∆F = 2 processes are included. We mention also that we do not include the additional
beyond leading order gluino contributions to ∆F = 2 processes as discussed in [335]. These
contributions become important in the presence of δLR and δRL mass insertions, but only if
squark masses are non-degenerate, which is however not the case in our setup.

Concerning the B → Xsγ decay, we include the full 1 loop contributions to the Wilson
coefficients of the magnetic and chromomagnetic operators as given in [319]. With the small
value for tan β = 5 and the chosen signs of the µ parameter and the trilinear couplings,
the Higgs and the MFV chargino contributions cancel naturally to a large extent and the
dominant effects in B → Xsγ arise from gluino loops. The same is true for the B → Xs`

+`−

decay that is also dominantly affected by the magnetic and chromomagnetic dipole opera-
tors. Still, even though subdominant, also the full 1 loop contributions to the semileptonic
operators are included in our numerical analysis.

In the remainder of this section we now show the bounds on the mass insertions within
the MSSM scenario defined above.

Bounds in the c− u Sector

The mass insertions in the c− u sector are strongly constrained by the recent experimental
data on D0 − D̄0 mixing and in figure 7.1 we present the resulting bounds on the

(
δABu

)
21

.
The purple regions show the combined constraint from mass and width difference in the

neutral D meson system, xD and yD. The green regions represent the allowed ranges once
in addition also the data on CP violation in D0− D̄0 mixing is taken into account, i.e. they
correspond to the combined constraint from xD , yD, |q/p| and φD. To obtain these plots we
proceed in the following way: As the SM contribution to the dispersive and absorptive parts
of the mixing amplitude cannot be predicted in a relyable way, we allow them to vary freely
in the ranges −0.01ps−1 < MD

12 < 0.01ps−1, −0.02ps−1 < ΓD12 < 0.02ps−1 at the 1σ level
and −0.02ps−1 < MD

12 < 0.02ps−1, −0.04ps−1 < ΓD12 < 0.04ps−1 at the 2σ level, respectively.
We then add the SUSY contributions to the mixing amplitude and require the results for
xD , yD, |q/p| and φD to lie within the ranges given in table 3.2. We make the following
observations:

• The bounds from the CP conserving observables xD and yD are improved by roughly
a factor 3 for maximal phases π/4 of the mass insertions, if also the CP violating
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Figure 7.1: Bounds on the mass insertions (δABu )21 (with A,B = L,R) as obtained by imposing the
experimental constraints from D0− D̄0 mixing in table 3.2. The purple regions show the combined
constraint from xD and yD while the dark (light) green areas represent the allowed ranges at the
1σ (2σ) level once all constraints (xD, yD, |q/p| and φD) are imposed simultaneously.

observables |q/p| and φD are taken into account.

• If gluino boxes were the only NP contributions to the mixing amplitude, then one
would expect identical bounds in the δLL and δRR cases. The small differences at
the level of 10% that are present in the plots of figure 7.1 can be traced back to the
inclusion of gluino-neutralino contributions which as stated at the beginning of this
section turn out to be not fully negligible.

• Particularly strong bounds at the level of 10−3 arise in the case δLL = δRR. In fact
as discussed in section 6.4, if both left-left and right-right mass insertions are present
simultaneously then left-right operators are generated that are strongly enhanced by
renormalization group effects, by a large loop function and, in case of D0− D̄0 mixing,
are also chirally enhanced.

• Also in the case of δLR and δRL mass insertions, left-right operators are generated.
However, the involved loop function is much smaller as in the δLL = δRR case and the
corresponding bounds on the mass insertions are considerably less stringent.

We remark that for the sake of transparency we only imposed here the constraints from
the D0 − D̄0 observables. In fact, if a (δLLu )21 mass insertion is present, then due to the
SU(2) relation (4.25) automatically also a (δLLd )21 mass insertion is generated, leading to NP
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Figure 7.2: Bounds on the mass insertions (δABd )21 (with A,B = L,R) as obtained by imposing
the experimental constraints from K0 − K̄0 mixing in table 3.2. The dark (light) green regions
show the allowed ranges at the 1σ (2σ) level.

effects in K0 − K̄0 mixing. In the δLL case discussed above, the most important constraint
comes then indeed from the εK observable. As in our case (δLLu )21 ' (δLLd )21 holds to a good
approximation , the corresponding constraint can be directly taken from the corresponding
discussion in the s− d sector below. In all the other cases however, the D0− D̄0 observables
of course do give the strongest constraints.

Bounds in the s− d Sector

The experimental data on K0− K̄0 mixing is used to put constraints on the mass insertions(
δABd

)
21

, as shown in figure 7.2. The mass difference ∆MK and the CP violating observable

εK constrain the real and imaginary parts of the mixing amplitude MK
12 , respectively.

In the case of εK we directly use the bound from table 3.2. In the case of ∆MK we proceed
in the following way: given the large uncertainty coming from the unknown long distance
SM contribution, we require the sum of SM and SUSY short distance contributions to lie in
the ranges [0.5 ∆M exp

K , 1.5 ∆M exp
K ] and [0, 2 ∆M exp

K ] at the 1σ and 2σ level, respectively. I.e.
we allow for long distance contributions to ∆MK as large as the experimental measurement.
The green regions in the plots of figure 7.2 then correspond to the combined constraints at
the 1σ and 2σ level. We make the following observations:

• The shown constraints are completely dominated by the bound from εK and are
strongest for maximal phases of π/4. As εK is only sensitive to the imaginary part
of the mixing amplitude, real and purely imaginary mass insertions actually remain
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Figure 7.3: Bounds on the mass insertions (δABd )31 (with A,B = L,R) as obtained by imposing
the experimental constraints from ∆Md and SψKS

in table 3.2. The dark (light) green regions show
the allowed ranges at the 1σ (2σ) level. The blue areas show the constraint from SψKS

alone, while
the yellow regions correspond to the ∆Md constraint.

unconstrained by this observable. They are then bounded by the data on ∆MK . These
bounds lie outside the plotted regions in figure 7.2 and are at the level of 10−1 in the
δLL and δRR cases, at the level of 10−3 in the δLL = δRR case and at the level of 3×10−3

in the δLR and δRL cases.

• As it was the case in the c−u sector, the small differences at the level of 10% between
the δLL and δRR cases are due to the inclusion of the gluino-neutralino contributions.

• Also in the s − d sector particularly strong bounds arise in the case δLL = δRR. The
contributions to K0−K̄0 mixing of the left-right operators now feature a even stronger
chiral enhancement as compared to D0 − D̄0 mixing and for complex mass insertions
remarkably stringent constraints at the level of 0.5× 10−4 follow.

Finally we also mention that the measurement of ε′/ε could in principle put additional bounds
on Im[(δLRd )21]. However, given the large hadronic uncertainties in the SM calculation of ε′/ε,
to be conservative, we do not use this bound here.

Bounds in the b− d Sector

The measurements of ∆Md and SψKS
constrain the modulus and the phase of the Bd − B̄d

mixing amplitude Md
12, respectively. The resulting bounds on the various mass insertions(

δABd
)

31
are reported in figure 7.3.
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The yellow regions show the bounds coming from the mass difference ∆Md, while the
blue bands correspond to the constraints from the time dependent CP asymmetry SψKS

.
The green areas show the values for the mass insertions that are allowed by the combined
constraint at the 1σ and 2σ level. To obtain these green areas also the constraint cos 2β >
0 [36] is imposed, which excludes two of the four blue bands allowed by the SψKS

measurement
alone. We make the following observations:

• The dark green 1σ ranges do not include the case where the mass insertions vanish,
(δABd )32 = 0. This reflects the small tension between the rather low measurement of
Sexp
ψKS

= 0.672 ± 0.023 and the value for the angle β that is preferred by fits of the
Unitarity Triangle. In fact, the CKM parameters that we use throughout our analysis
(see appendix A.3) lead to a SM prediction SψKS

= 0.734 ± 0.038 and a small NP
contribution to Bd − B̄d mixing is required to get agreement with the experimental
number at the 1σ level.

• As in the c − u and the s − d sector, there are small differences at the level of 10%
- 15% between the plots of the δLL and δRR cases which are due to the inclusion of
gluino-neutralino contributions. These contributions lead now also to small differences
in the δLR and δRL cases.

• Also in the b− d sector, particularly strong bounds arise in the δLL = δRR case. While
the generated contributions to Bd−B̄d mixing from left-right operators are not chirally
enhanced, the resulting constraints are still at the level of 0.5× 10−2.

Bounds in the b− s Sector

In the b− s sector a large number of experimental constraints can be used to constrain the
mass insertions. Here, we concentrate on the experimental data on Bs − B̄s mixing as well
as the ∆B = 1 processes B → Xsγ and B → Xs`

+`−.
In figure 7.4 we show the allowed regions for the mass insertions (δABd )32. The yellow regions

show the bounds coming from the mass difference ∆Ms, while the blue regions correspond
to the constraint from the branching ratio of the B → Xsγ decay. Red areas indicate the
constraint from the branching ratio of the B → Xs`

+`− decay. The green regions finally
show the values for the mass insertions that are allowed by the combined constraints at the
1σ and 2σ level. We make the following observations:

• In the δLL case, a strong constraint arises from BR(B → Xsγ) as the related NP
amplitude can interfere with the SM one. Fine tuned regions in parameter space with
a large real part of (δLLd )32 that would be allowed by the B → Xsγ decay are excluded
by the constraint from BR(B → Xs`

+`−). No additional constraint is provided by
∆Ms. It is interesting to note that the combined constraint is strongest for real values
of the mass insertions, while much larger values for the mass insertions are allowed if
they are complex.

• In the δRR case, the constraint from BR(B → Xsγ) is less effective since the related
NP amplitude (arising from right handed currents) does not interfere with the SM
one. Also BR(B → Xs`

+`−) is not effective for the same reason. While ∆Ms starts to
play some role in constraining the mass insertion, in the considered scenario the main
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Figure 7.4: Bounds on the mass insertions (δABd )32 (with A,B = L,R) as obtained by imposing
the experimental constraints from ∆Ms as well as the B → Xsγ and B → Xs`

+`− branching ratios
from table 3.2. The dark (light) green regions show the allowed ranges at the 1σ (2σ) level. The
blue areas show the constraint from BR(B → Xsγ) alone, while the yellow regions correspond to
the ∆Ms constraint. Red regions finally indicate the ranges allowed by BR(B → Xs`

+`−).

bound still arises from the B → Xsγ decay and is basically not sensitive to the phase
of the mass insertions.

• In the δLL = δRR case, the bound from ∆Ms is naturally the most stringent one as
the left-right operators that are generated by the simultaneous presence of left-left and
right-right mass insertions are strongly enhanced by renormalization group effects and
a large loop function. In our setup we find a bound at the order of 5× 10−2.

• In the δLR and δRL cases, the BR(B → Xsγ) is by far the most important constraint as
the NP amplitude realizes the necessary chirality flip for the dipole b→ sγ transition
without involving the bottom mass insertion.

• In the δLR case, the induced b → sγ amplitude does not interfere with the SM one
and independent of the phase of the mass insertion the resulting bound, which comes
entirely from the B → Xsγ branching ratio, is roughly 7× 10−3.

• In the δRL case on the other hand, the induced b → sγ amplitude can interfere with
the SM one. The resulting bound on the mass insertion is then further strengthened
by the inclusion of BR(B → Xs`

+`−) that excludes large real values for (δRLd )32. The
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Figure 7.5: Bounds on the mass insertions (δABd )32 (with A,B = L,R) at the 2σ level as in
figure 7.4. The different colors indicate the resulting values for Sψφ.

most stringent bound in the b− s sector then arises in fact in the δRL case, where real
mass insertions are constrained at a level of 10−3.

We note that there exist various additional constraints in the b − s sector, e.g. from the
time-dependent CP asymmetries in Bd → φKS and Bd → η′KS, the direct CP asymmetry
in B → Xsγ or the time dependent CP asymmetry in B → K∗γ. However, given the still
rather large uncertainties, we did not include these additional bounds in the analysis of the
present section.

Another very important observable in the b−s sector is the time dependent CP asymmetry
Sψφ that measures the phase of the Bs − B̄s mixing amplitude. In fact, as detailed in
section 3.1.5, recent data from Tevatron seems to hint at vales for Sexp

ψφ ' 0.8 much larger

than the tiny SM prediction SSM
ψφ ' 0.038. It is thus instructive to investigate the room left

for large SUSY effects in Sψφ given the other constraints in the b− s sector.

In figure 7.5 we show again the allowed 2σ ranges of the mass insertions, this time also
indicating the resulting values for Sψφ with different colors. We observe that in the δLL case,
where the combined constraint from BR(B → Xsγ) and BR(B → Xs`

+`−) excludes large
parts of the parameter space, possible effects in Sψφ are moderate with −0.3 . Sψφ . 0.3.
As the bounds from BR(B → Xsγ) and BR(B → Xs`

+`−) are much weaker in the δRR

case, the possible range for Sψφ is substantially larger. We find −0.6 . Sψφ . 0.6. If both
δLL and δRR mass insertions are switched on simultaneously, the constraint from ∆Ms is
by far the most important one. As ∆Ms only constrains the absolute value of the Bs − B̄s

mixing amplitude but not its phase, Sψφ can acquire any value between −1 and 1 in this
case. Finally in the δLR and δRL cases, the constraints from BR(B → Xsγ) are so strong
that they basically exclude any effects in Bs − B̄s mixing, which results always in a SM-like
Sψφ. Consequently these cases are not shown in figure 7.5.

We mention that the precise ranges for Sψφ quoted above of course depend on the scenario
considered here (all SUSY mass parameters set to 500 GeV and tan β = 5). Also in the
scenarios with only either (δLLd )32 or (δRRd )32 switched on, values for Sψφ in the full range
from -1 to 1 can be generated if the other SUSY parameters are adjusted appropriately and
the mass insertions are of O(1). Still, the following general statement holds: Within the
MSSM with small to moderate tan β, large values for Sψφ can be generated most naturally
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if both (δLLd )32 and (δRRd )32 mass insertions are present simultaneously at the SUSY scale.
In that case gluino box contributions to the Bs − B̄s mixing amplitude are induced that
are strongly enhanced by a large loop function and RGE effects and small, CKM-like mass
insertions are sufficient to generate visible effects.

To summarize this section we stress that the strongest constraints on the SUSY flavor struc-
tures arise from data on K0 − K̄0 and D0 − D̄0 mixing. In particular, in certain cases the
measurement of εK and the bounds on CP violation in D0− D̄0 mixing only allow for values
of the corresponding mass insertions in the s − d and c − u sectors at the level of ∼ 10−4

and ∼ 10−3, if the SUSY scale is around 500 GeV. This immediately implies that the flavor
structure of the soft SUSY breaking terms is necessarily highly non-generic for natural SUSY
scales. This fact is usually referred to as the SUSY flavor problem.

Slightly looser bounds for the mass insertions (∼ 10−2) arise in the b− d sector from the
data on Bd − B̄d mixing, while in the b − s sector some mass insertions are still allowed to
be of O(1). Correspondingly, large non-standard effects in those b→ s transitions that have
not been precisely measured yet are in principle still possible. As an example, large values
for the Bs − B̄s mixing phase Sψφ can be accommodated for in the MSSM, in particular in
a scenario where both (δLLd )32 and (δRRd )32 mass insertions are present simultaneously.

7.2 Possibilities to Address the SUSY Flavor Problem

There are various ways to keep under control dangerously large SUSY contributions to flavor
observables. In the following we give a brief overview of the main possibilities and outline
their most important implications for flavor physics.

Minimal Flavor Violation

One way to suppress unwanted SUSY contributions to flavor violating processes is to invoke
the principle of Minimal Flavor Violation. As already described in section 4.4, the MFV
hypothesis amounts to the assumption that the SM Yukawa couplings be, also in extensions
of the SM, the only sources of flavor violation [44]. We recall here that the general structure
of the soft terms in the MFV MSSM (4.32) leads to contributions to flavor changing processes
that are governed by the same CKM factors as in the SM and therefore naturally small even
for a SUSY scale at the order of 1 TeV and below. Large contributions are only expected
in those flavor changing processes that are helicity suppressed in the SM and that can be
enhanced by powers of tan β in the MSSM. Such processes are the tree level B → τν decay,
the rare Bs → µ+µ− and Bd → µ+µ− decays as well as the b → sγ and b → s gluon
transitions (see e.g. [165, 23]).

As the MFV principle in itself does not forbid the presence of additional CP violating
sources, a MFV MSSM suffers, in general, from the same SUSY CP problem as the ordi-
nary MSSM, i.e. the generic predictions for the EDMs are close to or above the current
experimental bounds [278]. This problem can for example be avoided by the additional as-
sumption that the Yukawa couplings are also the only source of CP violation [44]. In the
phenomenological analysis in the following chapter we will adopt a different approach and
allow for additional CP phases. We will discuss the interesting and characteristic flavor phe-
nomenology that follows mainly from complex NP contributions to the b → sγ and b → s
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gluon amplitudes and point out correlations with NP effects in the EDMs of the neutron
and electron.

Decoupling

Going beyond the MFV hypothesis, an immediate way to control the SUSY contributions
to flavor and CP violating observables is decoupling. This happens for example in Split
Supersymmetry [386, 387, 388] where the masses of sfermions are taken to be extremely
heavy and only charginos and neutralinos remain relatively light. While in such a setup
SUSY is not responsible anymore for a solution to the gauge hierarchy problem, Split SUSY
is for example compatible with gauge coupling unification and the observed dark matter
abundance. While all flavor violating observables are expected to be SM-like, visible effects
can in principle occur in the EDMs through 2 loop Barr-Zee type diagrams involving the
light charginos and neutralinos.

A complete decoupling of squarks obviously does not constitute a solution to the SUSY
flavor problem, which requires to keep under control flavor and CP violating observables
given a natural SUSY scale of O(TeV). More promising in this respect are models with a
hierarchical sfermion spectrum where only the first two generations of squarks are heavy at
the level of several 10 TeV, while the third generation remains at the TeV scale [369, 370]. In
fact, as detailed above, the most stringent flavor and CP violation constraints involve the first
two generations while the main requirement of a modest fine tuning of the electroweak scale
is a light stop. The hierarchical sfermion scenario then appears to be a very “natural” MSSM
framework [389], leading also to characteristic predictions for flavor phenomenology [390].
A detailed phenomenological study of such a framework is however beyond the scope of the
present work.

Degeneracy

If the squark masses are degenerate to a large extent, SUSY contributions to flavor changing
processes are strongly super-GIM suppressed [238]. In such a framework the soft squark
masses are to a first approximation universal, i.e. proportional to the unit matrix. Deviations
from universality, in particular flavor off-diagonal entries in the squark masses, appear only
as small perturbations and are controlled by a small parameter. While the rotation angles
that diagonalize the squark mass matrices are generally not small, the suppression of flavor
violating amplitudes is due to the near degeneracy of the squark mass eigenstates.

Degeneracy in the squark masses can naturally arise in models with gauge mediated SUSY
breaking – or with some other flavor blind mechanism of SUSY breaking mediation – as
long as the mediation scale is not too high.1 Another class of models with approximately
degenerate squarks is given by SUSY flavor models based on non-abelian flavor symmetries
to be described below.

1If the gauge mediation scale is high, e.g. not far below the GUT scale, large flavor violating sources can
in principle be induced by gravity mediation. The resulting hybrid gauge-gravity mediation scenario has
been analyzed for example in [391, 392].
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Alignment

A mechanism to suppress SUSY contributions to FCNCs that is alternative to degeneracy
is given by an approximate alignment of squark and quark mass matrices [393, 394], i.e.
the squark and quark mass matrices are nearly simultaneously diagonal in the super-CKM
basis. In contrast to models with degeneracy, the alignment mechanism does not imply
almost universal squark masses. The squark masses can be widely different and SUSY
contributions to flavor violating amplitudes are controlled by small squark mixing angles.

Models with alignment naturally arise in the context of SUSY flavor models based on
abelian flavor symmetries.

7.3 SUSY Flavor Models

As mentioned already above, the degeneracy and alignment mechanisms can naturally be
realized in so-called SUSY flavor models. Such models use flavor symmetries to explain
the pattern of the SM fermion masses and mixings and simultaneously provide a sufficient
suppression of FCNC and CP violating phenomena, i.e. they address both the SM and the
SUSY flavor problems.

Supersymmetric models with flavor symmetries have been considered extensively in the
literature. They can be divided into two classes depending on whether they are based on
abelian or non-abelian flavor symmetries. They can be considered as generalizations of the
Froggatt-Nielsen mechanism [47]: the flavor symmetry is spontaneously broken by vacuum
expectation values of “flavon” fields Φi and the hierarchical patterns in the fermion mass
matrices are explained by factors (〈Φi〉/M)n, where M is the scale of the breaking of the
flavor symmetry and the power n depends on the horizontal group charges of the fermions
involved in the Yukawa couplings, generating the mass terms.

7.3.1 Abelian Flavor Models

There is a rich literature on models based on abelian flavor symmetries (see e.g. [395, 396,
393, 397, 398, 399, 400, 401]). Most successful models employ the flavor group U(1)F1 ×
U(1)F2 [393] which simultaneously allows to reproduce the observed hierarchies in the quark
masses and mixings and to precisely align the quark and squark mass matrices.

We mention that abelian flavor symmetries do not impose any restriction on the mass
splittings between squarks of different generations that are therefore expected to be non-
degenerate with natural order one mass splittings.

One of the most characteristic predictions of abelian flavor models are then large NP
effects in D0 − D̄0 mixing. In fact, due to the SU(2) relation between the left-left blocks of
the up and down squark masses, a complete alignment is only possible either in the up or in
the down sector. As the strongest flavor constraints come from K0 − K̄0 mixing, concrete
models align the squark and quark masses in the down sector which implies a (δLLu )21 mass
insertions of order of the Cabibbo angle. Recalling that (4.25)

(δLLu )21 = (δLLd )21 − λ
(
m2
ũL

m̃2
− m2

c̃L

m̃2

)
+O(λ2) , (7.1)
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one observes in fact that even for (δLLd )21 = 0, which is approximately satisfied in alignment
models, there are irreducible flavor violating terms in the up squark mass as long as the
left handed squarks are non-degenerate. Therefore, the recent experimental measurement of
D0 − D̄0 mixing leads to strong constraints on these type of models [57, 42].

We will analyze the NP effects in D0−D̄0 mixing that are generically predicted by abelian
flavor models in section 8.6 focussing on CP violation in D0 − D̄0 mixing. In section 8.5 we
will also discuss the characteristic flavor phenomenology of a concrete abelian flavor model
with a representative flavor structure in the soft sector.

7.3.2 Non-abelian Flavor Models

In contrast to abelian models, where there is a lot of freedom in fixing the charges of the SM
fermions under the flavor symmetry, non-abelian models [402, 403, 404, 405, 406, 407, 408,
409, 410, 411] are quite predictive for fermion mass matrices once the pattern of symmetry
breaking is specified.

Non-abelian models group two or three generations in a single multiplet of the flavor
symmetry, leading to degenerate masses for the corresponding squark generations in the
limit of unbroken flavor symmetry. There are many candidates for the non-abelian flavor
symmetry group, each having distinct symmetry breaking patters. In general, it has to be
contained in the full global U(3)5 symmetry group of the SM in the limit of vanishing Yukawa
couplings. In particular, a lot of attention is received by models with a U(2) symmetry
motivated by the large top mass and leading to nearly degenerate squarks of the first and
second generation. Consequently, in these models s → d and simultaneously also c → u
transitions, that are the most constraining ones, are only induced by the small breaking of
the flavor symmetry and expected to be naturally small.

Also models with a SU(3) flavor symmetry are very popular. They address the SUSY flavor
problem by approximately degenerate squarks of all three generations and are additionally
able to naturally predict a maximal atmospheric neutrino mixing angle θ23 ' 45◦ and to
suggest a large solar mixing angle θ12 ' 30◦.

In sections 8.3 and 8.4 we will analyze two SU(3) models with representative flavor struc-
tures and point out their distinct predictions for low energy observables.



8 Characteristic Predictions of Specific
SUSY Frameworks

In this chapter we present the main results of our numerical analyses of several specific
SUSY frameworks. We start with the MSSM with minimal flavor violation where we allow
for additional CP violating phases following mainly our study in [18]. While at first sight,
EDMs seem to be the best probes of such a scenario, we stress that also processes that are
sensitive to CP violation in ∆F = 1 dipole amplitudes, like the direct CP asymmetry in
B → Xsγ or the time dependent CP asymmetries in B → φKS and B → η′KS can be
modified significantly and show a characteristic pattern of correlations. On the other hand,
as one expects from the general discussion in section 6.4, within a MFV framework the SUSY
effects in ∆F = 2 processes are small. Furthermore, even allowing for additional sources
of CP violation in the MFV MSSM, the leading NP contributions to ∆F = 2 amplitudes
are not sensitive to new CP violating phases. The SUSY effects to CP violation in meson
mixing are therefore very restricted and observables like εK , SψKS

and in particular Sψφ are
essentially SM-like.

To generate sizable effects in Sψφ in the MSSM, one has to go beyond the minimal ansatz
of the MFV MSSM and introduce not only additional sources of CP violation, but also of
flavor violation. Therefore, in addition to the MFV MSSM, we consider in the following also
several representative non-MFV scenarios that are realized in concrete SUSY flavor models
and characterized by

i) only CKM-like left-left mass insertions (section 8.2),

ii) comparable left-left and right-right mass insertions that are CKM-like (section 8.3),

iii) large O(1) right-right mass insertions (sections 8.4 and 8.5).

We outline the characteristic NP effects in flavor observables that arise in these frameworks,
focussing in particular on the Bs mixing phase Sψφ and its correlations with the branching
ratio of the rare Bs → µ+µ− decay. These sections will to a large extent be based on [21].

Finally, in the last section 8.6 we concentrate on NP effects in D0 − D̄0 mixing that
are generically predicted in abelian flavor models and point out an interesting correlation
between CP violation in D0 − D̄0 mixing and the neutron EDM that we identified in [22]
within that class of models.

Throughout our numerical analyses we use the input parameter collected in appendix A.3
and impose a number of constraints. In particular, we take in to account the data on flavor
physics observables in table 3.2, mass bounds from direct SUSY searches (see appendix A.3),
the requirement of a neutral lightest SUSY particle and the requirement of vacuum stability
and the absence of charge or color breaking minima in the scalar potential [412, 413, 414].
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For the discussion of the MFV MSSM in section 8.1 we adopt a low energy approach
and directly treat the MSSM parameter at the electroweak scale as free parameters. In our
numerical analysis of the SUSY flavor models in sections 8.2 - 8.6 on the other hand, we
follow a different approach. We assume the flavor models to be defined at the GUT scale
and implement their representative flavor structures of the soft terms into a CMSSM-like
spectrum at the GUT scale. We then use 2 loop renormalization group evolution [415] to
run the SUSY spectrum to the electroweak scale where we evaluate the SUSY contributions
to the low energy observables.

8.1 The Minimal Flavor Violating MSSM with CP Phases

As already discussed in sections 4.4 and 7.2, the principle of Minimal Flavor Violation can be
implemented in the MSSM to avoid dangerously large NP contributions to flavor changing
neutral current processes. The best probes of such a scenario are then observables that
are helicity suppressed in the SM and can be enhanced by tan β factors in the MSSM (see
e.g. [165, 23]). For example, as seen is section 6.3, even for a completely flavor blind soft
sector there are Higgsino loop contributions to the Bs,d → µ+µ− decays that are strongly
enhanced by tan3 β. Similarly also the Wilson coefficients C7 and C8 of the magnetic and
chromomagnetic dipole operators, that are responsible for the b → sγ and b → s gluon
transitions, can receive large Higgsino loop corrections even for moderate values of tan β
(see section 6.2).

As the symmetry based definition of MFV is fully compatible with the introduction of
additional sources of CP violation, also electric dipole moments are important observables to
be considered in the MFV MSSM. In order to keep under control the 1 loop NP contributions
to EDMs we assume that the µ parameter as well as the gaugino masses are real and only
consider a complex trilinear coupling of the stop At, keeping also the other trilinear couplings
real. As mentioned in section 6.7, such a scenario can in fact be realized in the MFV MSSM.

In addition we will first restrict ourselves to flavor diagonal squark mass matrices. While
flavor off-diagonal terms in the soft masses are of course allowed by the general MFV
ansatz (4.32), leading to additional FCNC contributions by means of gluino loops, these
effects can be neglected if the corresponding MFV expansion parameters bi are small and/or
if the gluino mass is significantly larger than the chargino/up-squark masses. In this respect,
the contributions to FCNC processes in the scenario defined above and called Flavor Blind
MSSM (FBMSSM) in [18] can be regarded as irreducible effects arising in MFV scenarios.
Analyses of similar frameworks can be found e.g. in [280, 281, 282, 283, 279].

The main NP effects in flavor observables within the framework of the FBMSSM are
introduced by Higgsino loop contributions to the Wilson coefficients C7 and C8 that are pro-
portional to the complex parameter combination µAt and strongly correlated effects follow in
observables like the direct CP asymmetry in B → Xsγ, the time dependent CP asymmetries
in B → φKS and B → η′KS as well as CP asymmetries in the B → K∗`+`− decay. In
addition also 2 loop Barr-Zee contributions to EDMs arise that are proportional to Im(µAt)
and therefore highly correlated to the NP effects in the flavor observables.

We perform our numerical analysis by scanning the free FBMSSM parameter at the SUSY
scale in the following ranges

0 < m̃2
Q, m̃

2
U , m̃

2
D < 1 TeV2 , 0 < Ã2

u,d < 3
(
m̃2
Q + m̃2

U,D

)
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Figure 8.1: Correlations in the FBMSSM between the time dependent CP asymmetries SφKS
and

Sη′KS
(left), between SφKS

and the direct CP asymmetry ACP(b→ sγ) (middle) as well as between
SφKS

and the EDM of the electron de (right). The gray regions correspond to the experimental
1σ ranges for SφKS

and Sη′KS
. In the plots on the left and in the middle, the attained values for

the electron EDM de are also shown through different colors. In the plot on the right, the colored
bands correspond to different values for the pseudoscalar Higgs mass MA. From [18, 416].

0 < M1, M2, Mg̃ < 1 TeV , 0 < µ, MA < 1 TeV ,

3 < tan β < 50 , 0 < Arg(At) < 2π (8.1)

and imposing all the constraints mentioned at the beginning of this chapter.
The left plot of figure 8.1 shows the correlation between SφKS

and Sη′KS
in the FBMSSM

framework. We emphasize that non-standard values for SφKS
are easily achieved and the

present small discrepancy between the experimental value of SφKS
and its SM prediction can

find a natural explanation. Moreover, the NP effects in SφKS
are larger than those in Sη′KS

in agreement with the pattern observed in the data.
In the center plot of figure 8.1, we show ACP(b→ sγ) as a function of SφKS

. We observe
that the sign of SφKS

is correlated with the sign of ACP(b → sγ). In particular, in the
experimentally preferred region for SφKS

' 0.4, ACP(b→ sγ) turns out to be unambiguously
positive and is typically predicted to depart significantly from its tiny SM prediction ACP(b→
sγ) ' −0.4%. Values up to ACP(b→ sγ) ' +5% can be reached.

In both these plots, the various colored bands show the attained values for the electron
EDM de. In the right plot of figure 8.1, we show then also directly the prediction for the
electron EDM de as a function of SφKS

for different values of the pseudoscalar Higgs mass
MA. We note that de is very sensitive to MA, as the relevant 2 loop Barr-Zee contributions
to de decouple with the heavier mass between MA and the stop masses mt̃1,2

, as discussed
in section 6.7. One observes that large (non-standard) effects in SφKS

unambiguously imply
large values for de. In particular, in the experimentally interesting region where SφKS

' 0.4,
we obtain the lower bound de & 5 × 10−28 e cm. Similar results are found for the neutron
EDM dn, in which case we find the lower bound dn & 8× 10−28 e cm.

However, we observe that while SφKS
, Sη′KS

and ACP(b → sγ) are not directly sensitive
to MA (they feel MA mainly through the indirect BR(b → sγ) constraint), in contrast, the
EDMs de and dn go to zero when MA decouples. In particular, if we enlarge the allowed
values for MA up to MA < 3 TeV while varying all the other SUSY parameters in the
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Figure 8.2: Left and center plot: The q2 dependence of the CP asymmetries A7 and A8 in
B → K∗`+`− in the SM (blue band) and three example FBMSSM scenarios as described in the
text. Right plot: correlation between the integrated asymmetries 〈A7〉 and 〈A8〉 in the FBMSSM.
Blue circle: SM, green diamond: FBMSSMI, red square: FBMSSMII, orange triangle: FBMSSMIII.
From [19].

same range as in (8.1), the requirement of SφKS
' 0.4 would imply the lower bound de &

(5, 3, 2, 1, 0.5)× 10−28 e cm for MA < (1, 1.5, 2, 2.5, 3) TeV, respectively.
We also find large effects in several observables accessible in the B → K∗`+`− decay

that are induced by the large complex NP contributions to the Wilson coefficient C7 in the
FBMSSM.

As expected from the model independent discussion in section 3.2.2, in such a situation,
the most pronounced effects arise in the CP asymmetries A7 and A8 and these are shown in
the left and center plot of figure 8.2. The plot contains three example FBMSSM scenarios
characterized by a large positive imaginary part of C7 (FBMSSMI, green), a large negative
imaginary part of C7 (FBMSSMII, red) and a large negative imaginary part of C7 such that
SφKS

agrees with the central experimental value SφKS
' 0.4 (FBMSSMIII, orange). The

input parameter for the three scenarios can be found in [19]. The effects in figure 8.2 follow
exactly the model independent pattern shown in figure 3.3, i.e. positive values for A7 imply
negative ones for A8 and vice versa. This is then also displayed in the right plot of figure 8.2,
where we show the correlation between the integrated asymmetries 〈A7〉 and 〈A8〉 that is in
complete analogy to the model independent situation shown in the left plot of figure 3.4.

Also in the CP averaged angular coefficients we find visible departures from the SM.
For S4, S5 and the forward–backward asymmetry S6

s we find significant shifts in their zero
crossings towards values of q2 lower than the SM prediction. The reason for these large shifts
are the large values of Im(C7) in the scenarios considered, as discussed in section 3.2.2.

In view of the start of the LHC experiments it is also interesting to investigate the impli-
cations of sizable effects in the above discussed flavor observables on the SUSY spectrum.
The left plot of figure 8.3 shows the dependence of SφKS

on the lightest stop mass mt̃1 for
different values of the µ parameter while the right plot shows the dependence of ACP(b→ sγ)
on the Higgsino mass µ for different values of the lightest stop mass mt̃1 . One observes that
large (non-standard) effects for both observables, SφKS

and ACP(b → sγ), can be expected
as long as the SUSY spectrum is not extremely heavy. For example, values for the direct CP
asymmetry in B → Xsγ, |ACP(b → sγ)| > 2%, arise only if Higgsinos and stops are below
the TeV scale µ . 600 GeV and mt̃1 . 800 GeV, i.e. well within the LHC reach.
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Figure 8.3: Dependence of the time dependent CP asymmetry SφKS
on the lightest stop mass

mt̃1
(left) and of the direct CP asymmetry ACP(b→ sγ) on the Higgsino mass parameter µ (right).

The dependence of SφKS
(ACP(b→ sγ)) on the µ parameter (lightest stop mass mt̃1

) is also shown
through different colored bands. From [18].

While large NP effects are indeed possible in the MFV MSSM in ∆F = 0 and ∆F = 1
dipole transitions as detailed above, the same is not true for ∆F = 2 amplitudes. SUSY box
contributions to the mixing amplitudes are naturally small in the MFV MSSM. In addition,
the leading NP contributions are real, even in the presence of CP violating phases. Complex
contributions from flavor diagonal phases arise only at the subleading level through chargino
loops in the Wilson coefficient C̃3 (see (6.23)) in the large tan β regime. For large tan β also
double penguins can become relevant for Bs − B̄s mixing. However, also they are real at
leading order, and beyond leading order corrections can only lead to small imaginary parts if
the squark masses are non-degenerate [124, 339] and if µ is negative [124], which is strongly
disfavored by the (g − 2)µ constraint. One might then hope that flavored CP phases in the
general MFV ansatz (4.32) can still lead to visible CP violation in meson mixing in particular
in Sψφ, the Bs mixing phase. As discussed in section 6.4, a complex b3 coefficient results in
complex gluino box contributions to the Wilson coefficient C1 but only for large values of
tan β.

In figure 8.4, we show the predictions for Sψφ as a function of tan β in a MFV MSSM
scenario taking into account all possible complex SUSY contributions to the Bs− B̄s mixing
amplitude mentioned above. As expected, potentially sizable effects to Sψφ are only possible
in the very large tan β regime (light blue points). However, in this case the constraints from
both BR(Bs → µ+µ−) and BR(B → Xsγ) become very powerful and prevent any visible
effect in Sψφ (black points).

To summarize this section we stress that in a MFV MSSM, sizable non-standard effects
in low energy observables are possible. In particular, allowing for additional CP phases in
the soft SUSY breaking sector, CP violating ∆F = 0 and ∆F = 1 dipole amplitudes can
receive large complex NP contributions, leading to highly correlated modifications of the SM
predictions of the EDMs, SφKS

, Sη′KS
, ACP(b→ sγ) and CP asymmetries in B → K∗µ+µ−.

CP violation in ∆F = 2 amplitudes however remains SM-like, i.e. one gets only small effects
in εK , SψKS

and especially in Sψφ. We conclude that the combined study of the above
considered observables and especially the characteristic pattern of correlations among them
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Figure 8.4: The Bs mixing phase Sψφ in the MFV MSSM as function of tanβ. Black points fulfill
the constraints from BR(B → Xsγ) and BR(Bs → µ+µ−), light blue points do not. From [21].

constitutes a very powerfull test of this framework.
We also conclude that large CP violating effects in ∆F = 2 amplitudes require additional

flavor structures in the soft SUSY breaking terms: Only in the presence of additional sources
of flavor violation, sizable New Physics effects to CP violation in meson mixing can occur.

8.2 Flavor Models with only CKM-like Left-Left Mass
Insertions

As a first step we introduce new sources of flavor violation of CKM size only in the m2
Q

squark soft mass. As it will turn out, models based on a flavor structure with only left
handed CKM-like flavor changing currents share many similarities with the MFV MSSM.
Correlations among the studied CP violating B physics observables are often very similar
in these scenarios and also the size of the effects are comparable. In particular also in this
class of models, effects in ∆F = 2 processes are rather limited and especially Sψφ turns out
to be almost SM-like. This can be easily understood by recalling that if only left-left mass
insertions are present, they have to be of O(1) to induce sizable effects in Bs − B̄s mixing
(see discussion in section 7.1).

Concretely we analyze now a framework based on the following left-left mass insertions

(δLLd ) '
 0 λ5 λ3

λ5 0 λ2eiφL

λ3 λ2e−iφL 0

 . (8.2)

While (8.2) determines the main structure in the mass insertions, we allow for O(1) prefactors
in all the entries and scan them randomly in the range ±[0.5, 2]. The phase φL we allow to
vary between 0 and 2π. As mentioned at the beginning of the chapter, we assume that (8.2)
holds at the GUT scale ∼ 1016 GeV and implement the flavor structures on top of a CMSSM
spectrum. We scan the CMSSM parameter in the following ranges

0 < m0 < 2 TeV , −3m0 < A0 < 3m0 ,

0 < M1/2 < 1 TeV , 5 < tan β < 55 , (8.3)
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Figure 8.5: Correlations in models with only CKM-like, left-left mass insertions between the time
dependent CP asymmetries SφKS

and Sη′KS
(left), between SφKS

and the direct CP asymmetry
ACP(b → sγ) (middle) as well as between BR(Bs → µ+µ−) and BR(Bd → µ+µ−) (right). Red
points satisfy BR(Bs → µ+µ−) < 6 × 10−9. The green points in the plot of BR(Bs → µ+µ−) vs.
BR(Bd → µ+µ−) show the correlation of these observables in the MFV MSSM. From [21].

and assume the µ term to be positive, in agreement with the data on the anomalous magnetic
moment of the muon.

The left and the center plot of figure 8.5 show SφKS
as a function of Sη′KS

and ACP(b→ sγ),
respectively. Indeed, the emerging correlations share great similarity with the situation in
the FBMSSM discussed in the previous section (see figure 8.1). While in case of SφKS

vs.
Sη′KS

, this is due to the dominance of left handed flavor changing currents, the sign of
the correlation between SφKS

and ACP(b → sγ) can be understood in the following way:
While the NP contributions to SφKS

arise dominantly from the Wilson coefficient C8, the
CP asymmetry ACP(b→ sγ) crucially depends on the relative size of the imaginary parts of
C7 and C8, see (3.51). In the considered model, gluino loops typically give C g̃

7 < C g̃
8 (6.10),

while Wino loops lead to the opposite situation, i.e. CW̃
7 < CW̃

8 (6.9). In fact the correlation
that we find corresponds to the latter case, implying that Wino contributions dominate over
gluino ones in large parts of the parameter space, since Winos are typically a factor 3 lighter
than gluinos in a CMSSM spectrum.

In addition we also find that the observables in the B → K∗`+`− decay show the same
pattern of effects as in the FBMSSM case that is model independently dictated by the
dominance of left handed flavor changing currents. Also the implications for the SUSY
spectrum are similar: Visible non-standard effects in the above mentioned observables imply
necessarily SUSY particles within the reach of LHC.

An important way to distinguish these two scenarios is given by the correlation between the
Bs → µ+µ− and Bd → µ+µ− decays as shown in the right plot of figure 8.5. In fact in MFV
frameworks, flavor violation is determined purely by the CKM matrix and the branching
ratios of these two decays are strongly correlated [126] leading to the green line in the plot.
The non-MFV structures in the considered scenario however are not universal in the b − d
and b− s sectors and lead to potentially large deviations from the MFV prediction.

Another major difference discriminating these scenarios regards their predictions for the
leptonic and hadronic EDMs. Within the FBMSSM, we predicted de,n & 1028e cm for SφKS

'
0.4. Within the general class of models with pure left handed CKM-like flavor changing
currents however, such a lower bound is significantly relaxed. In fact, in this latter case, the
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source of CP violation is assumed to come from flavor effects and the resulting EDMs are
suppressed by small flavor mixing angles. Hence, a potential discovery of some of the above
CP asymmetries with the identified peculiar correlations without any NP signal in EDMs
at the level of de,n ' 1028e cm would most likely rule out the FBMSSM and favor non-MFV
models with purely left handed currents.

8.3 A Non-Abelian Flavor Model with CKM-like
Right-Right Mass Insertions

Next, we also allow for non-trivial flavor structures in the right-right sector that are CKM-
like. For definiteness we consider a concrete non-abelian SU(3) flavor model analyzed by
Antusch et al. [411] to which we refer to as AKM model. The down squark flavor structure
in the right-right soft sector of the AKM model, and the flavor off-diagonal entries in the
left-right sector that are induced by the trilinear couplings read [411]

δRRd '
ε̄4 ε̄3 ε̄3

ε̄3 ε̄2 ε̄2eiΨd

ε̄3 ε̄2e−iΨd ε̄2
3

 , δLRd '
 ? ε̄3 ε̄3

ε̄3 ? ε̄2

ε̄3 ε̄2 ?

 A0v

m2
0 tan β

, (8.4)

where ε̄ ' 0.15 and ε̄3 ' 0.5 and we suppressed O(1) coefficients in the various entries.
As an interesting feature of the AKM model we observe the presence of a leading O(1) CP
violating phase, Ψd, in the b− s right-right sector but not in the b− d and s− d sectors.

The flavor structures in the up sector are strongly suppressed and can be safely neglected
in our analysis. Furthermore, in the AKM model there is the freedom to suppress arbitrarily
the flavor changing soft terms in the left-left sector and we chose to work in the limit where
(δLLd )ij = 0. Therefore, our results have to be regarded as irreducible predictions of the AKM
model, barring accidental cancellations among different contributions to physical observables.
We remind here that we again implement these flavor structures at the high scale. In the
running down to the electroweak scale δLLd mass insertions are always generated radiatively
that are proportional to the corresponding combinations of CKM matrix elements. The AKM
model therefore predicts CKM-like mass insertions both in the left-left and in the right-right
down squark mass matrices and according to the discussions in section 7.1 interesting effects
in meson mixing observables can be expected. In particular, due to the predicted O(1) CP
phase in (δRRd )32, the Bs mixing phase might receive sizable NP effects in this model.

We perform our numerical analysis analogous to the previous section. We scan the free
O(1) parameter in the range ±[0.5, 2], allow the phase Ψd to vary between 0 and 2π, scan
the parameter of the underlying CMSSM spectrum in the intervals given in (8.3) and impose
all constraints as listed at the beginning of this chapter.

The left plot of figure 8.6 shows the model independent correlation between the Bs mixing
phase Sψφ and the semileptonic asymmetry AsSL in the AKM model. We observe that Bs

mixing phase lies in the range −0.3 . Sψφ . 0.3 while being compatible with all the
constraints.

Large non-standard values for Sψφ unambiguously imply a strong enhancement of the
branching ratio of the rare Bs → µ+µ− decay as can be seen from the center plot in figure 8.6.
In fact, we find that the effects in Bs − B̄s mixing in the AKM model are dominantly
generated by the double Higgs penguin diagrams discussed in section 6.4 that are strongly
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Figure 8.6: Correlations in the AKM model between the Bs mixing phase Sψφ and the semileptonic
asymmetry AsSL (left), between Sψφ and BR(Bs → µ+µ−) (middle) as well as between Sψφ and SφKS

(right). The blue points correspond to positive NP effects in |εK | such that 1.2 < |εK |/|εK |SM < 1.3.
From [21].

correlated with Higgs contributions to Bs → µ+µ− and |Sψφ| & 0.2 implies for example
BR(Bs → µ+µ−) & 10−8.

Large effects also arise in K0−K̄0 mixing. Together with the radiatively induced, complex
(δLLd )21 ∼ VtdV

∗
ts, the rather large (δRRd )21 ∼ ε̄3 mass insertions generates left-right operators

that lead to strongly enhanced NP contributions in particular in εK that turns out to be the
most important constraint of this model in the quark sector. In fact, the small tension in
the determination of the unitarity triangle mentioned in section 2.1 can be easily addressed
in that model by means of NP contributions to εK at the level of 20− 30% as shown by the
blue points in the plots of figure 8.6.

The right plot of figure 8.6 shows the correlation between Sψφ and SφKS
and we observe

that SφKS
basically remains SM-like, once all constraints are taken into account.

Due to the presence non-MFV structures, the model does not follow the correlation be-
tween ∆Ms and BR(Bs → µ+µ−) predicted within MFV frameworks and shown as green
points in the left plot of figure 8.7. The same is true for the MFV correlation between
BR(Bs → µ+µ−) and BR(Bd → µ+µ−). Still, the deviations from the green line shown in
the center plot of figure 8.7 are moderate due to the fact that MFV Higgsino loops still give
very important contributions to the Bs → µ+µ− and Bd → µ+µ− decays.

The SU(3) flavor symmetry of the AKM model links the flavor structures in the quark and
lepton sector, and we find indeed that large effects in Sψφ are also correlated with NP effects
in lepton flavor violating processes as for example the radiative µ → eγ decay. In the right
plot of figure 8.7 we show the emerging correlation between these two observables. Large
values for Sψφ imply also large values for BR(µ → eγ) close to the current experimental
bound of ∼ 10−11 [417] and within reach of the MEG experiment that has an expected
sensitivity down to a level of ∼ 10−13.

Finally, concerning the predictions for EDMs in the AKM model, we note that the NP
effects in the electron EDM are rather restricted with de . 10−29e cm once the experimental
constraint from BR(µ→ eγ) is imposed. Similarly also quark EDMs are well under control.
The down quark (C)EDM can be generated through flavor effects by means of the CKM phase
contained in (δLLd )31 ∼ VtbV

∗
td in the presence of the real (δRRd )31 mass insertion (see (6.47))

and can only reach values up to 10−28e cm. However, for large CP violating effects in the
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Figure 8.7: Correlations in the AKM model between the Bs mass difference ∆Ms and BR(Bs →
µ+µ−) (left), between BR(Bs → µ+µ−) and BR(Bd → µ+µ−) (middle) as well as between Sψφ
and BR(µ → eγ) (right). The green points in the left and center plots show the correlation of
the corresponding observables in the MFV MSSM. The green points in the right plot explain the
(g − 2)µ anomaly at the 95% C.L., i.e. ∆aµ > 1× 10−9. From [21].

Bs system also the strange quark (C)EDM is induced by the analogous mechanism and
enhanced compared to dd by a factor ε̄−2 ' 50. It would be crucial to know how the strange
(C)EDM enters the prediction of hadronic EDMs in order to be sure that the possible size
of the Bs mixing phase in this model is not excluded by EDM constraints.

In figure 8.8 we show the planes of the lightest stop mass, mt̃1 vs. the lightest chargino
mass, Mχ̃±1

and of the charged Higgs mass, MH± vs. tan β in the AKM model, indicating the
possible values for Sψφ with different colors. Large values for Sψφ obviously do not require a
light SUSY spectrum. This is due to the fact that the NP effects in Bs mixing are induced by
double Higgs penguins that do not decouple with the SUSY spectrum. The double penguins
scale with tan4 β and as is clearly shown in the MH± - tan β plane, the large values of Sψφ
are only possible for very large values of tan β & 50.

For such high tan β, the B+ → τ+ν decay gets potentially large NP contributions leading
to a strong suppression of the branching ratio. The experimental constraint from this decay
excludes then charged Higgs masses below roughly 500 GeV and also restricts to some extend
the possible values for Sψφ that can be obtained in the AKM model.

To summarize: The presence of right-right mass insertions, even if only CKM-like in size,
has profound impact on the flavor phenomenology of the considered model. In contrast to
the MFV MSSM and the model with only left-left mass insertions, now also sizable effects
in ∆F = 2 observables are possible. In the concrete model that we consider, εK turns out
to be the main constraint in the quark sector. Also the Bs mixing phase can receive visible
NP effects up to values of |Sψφ| . 0.3 that arise in the large tan β regime and are strongly
correlated with enhancements of the BR(Bs → µ+µ−). Interestingly, the effects in Sψφ and
BR(Bs → µ+µ−) do not decouple with the SUSY scale and are also present for a SUSY
spectrum beyond the LHC reach.

The characteristic flavor phenomenology of this model is thus quite different from the
MFV MSSM and in general from models with only left handed flavor changing currents and
allows a clear distinction from such scenarios.
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Figure 8.8: Planes of the lightest stop mass mt̃1
vs. the lightest chargino mass Mχ̃±1

(left) and of
the charged Higgs mass MH± vs. tanβ (right) in the AKM model. The different colors show the
possible values for Sψφ. From [21].

8.4 A Non-Abelian Flavor Model with Large Right-Right
Mass Insertions

After the analysis of the AKM model in the previous section that featured at the electroweak
scale small CKM-like mass insertions both in the left-left and in the right-right sector, in this
section we now discuss a framework with large right-right mass insertions. We again choose
to analyze an explicit realization of such a scenario, namely a non-abelian SU(3) flavor model
based on the work by Ross et al. [410] and analyzed in [418, 419]. In the following we will
refer to it as the RVV2 model.

At the GUT scale, again suppressing the O(1) coefficients, the expressions for the flavor
off-diagonal entries in the soft mass matrices in the super-CKM basis read [419]1

δRRd '
 ε̄2yb −ε̄3eiωus −ε̄2y0.5

b ei(ωus−χ+β3)

−ε̄3e−iωus ε̄2 ε̄y0.5
b e−i(χ−β3)

−ε̄2y0.5
b e−i(ωus−χ+β3) ε̄y0.5

b ei(χ−β3) yb

 , (8.5)

δLLd '
 ε2yt −ε2ε̄eiωus εε̄y0.5

t ei(ωus−2χ+β3)

−ε2ε̄e−iωus ε2 εy0.5
t e−i(2χ−β3)

εε̄y0.5
t e−i(ωus−2χ+β3) εy0.5

t ei(2χ−β3) yt

 , (8.6)

with the parameters ε ' 0.05 and ε̄ ' 0.15. The phases ωus, χ and β3 are set, to a large
extent, by the requirement of reproducing the CKM phase. In particular, it turns out
that ωus ' −λ and (χ, β3) ' (20◦,−20◦) (or any other values obtained by adding 180◦ to
each) [419].

In the SCKM basis, the trilinear couplings of the RVV2 model lead to the following flavor

1In order to avoid accidental cancellations among different phases in the expressions (8.5) and (8.5), we have
set to zero an extra CP violating phase, β′2, that is not constrained by the requirement of reproducing a
correct CKM matrix [419].
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Figure 8.9: Correlations in the RVV2 model between the Bs mixing phase Sψφ and the semileptonic
asymmetry AsSL (left), between Sψφ and BR(Bs → µ+µ−) (middle) as well as between Sψφ and SφKS

(right). The blue points correspond to positive NP effects in |εK | such that 1.2 < |εK |/|εK |SM < 1.3.
From [21].

off-diagonal left-right mass insertions [419]

δLRd '
 ? ε̄3e−iωus ε̄3e−iωus

ε̄3e−iωus ? ε̄2

ε̄3ei(ωus+2β3−2χ) ε̄2e2i(β3−χ) ?

 A0

m2
0

mb . (8.7)

Additionally it is found that the mass insertions in the up sector are strongly suppressed
and we can neglect them in our analysis.

We observe that the RVV2 model contains complex b − s mass insertions both in the
left-left sector, (δLLd )32 ∼ εy0.5

t and in the right-right sector (δRRd )32 ∼ ε̄y0.5
b . In particular

(δRRd )32 is considerably larger than in the previously considered AKM model and sizable NP
effects are expected in b→ s transitions.

We perform our numerical analysis analogous to the previous sections. We scan the free
O(1) parameter in the range ±[0.5, 2], and vary the parameter of the underlying CMSSM
spectrum in the intervals given in (8.3) and impose all constraints as listed at the beginning
of this chapter.

In analogy to the discussion of the flavor phenomenology in the AKM model, we show the
main predictions for flavor observables in the RVV2 model in figures 8.9 and 8.10. We find
that values up to −0.7 . Sψφ . 0.7 are possible in the RVV2 model while being compatible
with all the constraints. In contrast to the AKM model, the correlation between Sψφ and
the BR(Bs → µ+µ−) is lost to a large extent. In fact, in the RVV2 model not only double
Higgs penguins contribute significantly to Bs− B̄s mixing, but also gluino box contributions
play an important role and wash out the correlation with the Bs → µ+µ− decay.

Similarly to the AKM model, the εK observable constitutes a very important constraint of
the model as it can be modified significantly by NP effects. Large effects in εK at the level
of 20%− 30% are obtained without problems and the small tension in the unitarity triangle
can be easily solved.

In SφKS
, slightly larger effects than in the AKM model are possible due to the larger mass

insertions in the b − s sector. Still, once all constraints are imposed, SφKS
essentially stays

SM-like, with 0.6 . SφKS
. 0.8.
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Figure 8.10: Correlations in the RVV2 model between the Bs mass difference ∆Ms and BR(Bs →
µ+µ−) (left), between BR(Bs → µ+µ−) and BR(Bd → µ+µ−) (middle) as well as between Sψφ
and BR(µ → eγ) (right). The green points in the left and center plots show the correlation of
the corresponding observables in the MFV MSSM. The green points in the right plot explain the
(g − 2)µ anomaly at the 95% C.L., i.e. ∆aµ > 1× 10−9. From [21].

The correlation between ∆Ms and BR(Bs → µ+µ−) as well as between BR(Bs → µ+µ−)
and BR(Bd → µ+µ−) clearly show the non-MFV nature of the considered model.

Finally, as the RVV2 model is embedded in a SO(10) SUSY GUT, also there correlations
between observables in the quark and lepton sector exist. In the right plot of figure 8.10 we
show again the correlation between Sψφ and the branching ratio of the µ→ eγ decay. In fact,
large |Sψφ| > 0.3 automatically also implies BR(µ → eγ) & 10−13 within the reach of the
MEG experiment. It is interesting to note, that an explanation of the (g−2)µ anomaly (green
points in the plot) and simultaneously sizable effects in Sψφ even requires a BR(µ → eγ)
very close to the present experimental bound of ' 10−11.

The main characteristics of the SUSY spectrum of the RVV2 model are shown in the plots
of figure 8.11. As can be seen from the left plot, the large effects in Sψφ that are possible,
do not necessarily imply a SUSY spectrum in the LHC reach but are possible over broad
regions of parameter space.

In conclusion, the RVV2 and the AKM model share many similarities. They are both
non-abelian flavor models based on a SU(3) flavor symmetry and feature non-trivial flavor
structures in the right-right down squark mass matrix. Correspondingly, εK turns out to be
a strong constraint in both models. The main difference of the two models concerning the
flavor phenomenology in the quark sector is that in the RVV2 model larger values for the Bs

mixing phase, up to −0.7 . Sψφ . 0.7, are possible due to the significantly larger (δRRd )32

mass insertion. In contrast to the AKM model, the NP effects in Sψφ are not correlated with
an enhancement of BR(Bs → µ+µ−) as also gluino boxes lead to sizable contributions to the
Bs − B̄s mixing amplitude.

8.5 An Abelian Flavor Model with Large Right-Right Mass
Insertions

Finally we also discuss the characteristic predictions of an abelian flavor model that predicts
O(1) mass insertions for b→ s transitions in the right-right sector. Concretely we analyze a
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Figure 8.11: Planes of the lightest stop mass mt̃1
vs. the lightest chargino mass Mχ̃±1

(left) and
of the charged Higgs mass MH± vs. tanβ (right) in the RVV2 model. The different colors show
the possible values for Sψφ. From [21].

flavor model by Agashe, Carone (AC) [401] that is based on a single horizontal U(1) flavor
symmetry. While flavor models with a single U(1) are typically disfavored by the εK and
∆MK constraints [393, 398], the AC model realizes a high degree of quark-squark alignment
by means of a non-trivial extra-dimensional topography, suppressing unwanted FCNC effects.

The pattern of the relevant mass insertions at the GUT scale, given in powers of the
Cabibbo angle λ, is given by

δLLd '
1 0 0

0 1 λ2

0 λ2 1

 , δRRd '
1 0 0

0 1 eiφR

0 e−iφR 1

 , (δLLu )12 ' λ , (δRRu )12 ' λ3eiφu , (8.8)

where we have suppressed unknown O(1) coefficients which multiply the individual elements
of the matrices. As already remarked in [401] the “model yields a remarkable level of quark
squark alignment” in the s−d and also in the b−d sector, and tiny NP effects are in particular
expected in K0− K̄0 as well as in Bd− B̄d mixing. On the other hand the model predicts a
(δRRd )32 of order one with a CP violating phase and also a (δLLd )32 that is CKM-like in size.
Correspondingly, among the considered scenarios in this chapter, the largest NP effects in
b→ s transitions are expected in the AC model. Large effects are also expected in D0− D̄0

mixing, due to the presence of the (δLLu )21 mass insertion of the order of the Cabibbo angle,
as it naturally happens in abelian flavor models that realize the alignment mechanism (see
discussion in section 7.3).

As in the previous sections, we implement the above flavor structures at the GUT scale
into a CMSSM spectrum. We scan the CMSSM parameter in the intervals given in (8.3)
and vary the free O(1) parameter in front of the off-diagonal entries in the range ±[0.5, 2].
Concerning the diagonal masses we impose a large splitting between the first and second
generation of left handed squarks such that mũL

= 2mc̃L = 2m0. This splitting leads to
the (δLLu )21 ' λ at the GUT scale, characteristic for abelian flavor models as explained in
section 7.3 and leading to large NP effects in D0 − D̄0 mixing.

However, in the running from the GUT scale down to the low scale where we evaluate the
SUSY contributions to observables, the (δLLu )21 mass insertion can get significantly reduced.



8.5 An Abelian Flavor Model with Large Right-Right Mass Insertions 107

Figure 8.12: Correlations in the AC model between the Bs mixing phase Sψφ and the semileptonic
asymmetry AsSL (left), between Sψφ and BR(Bs → µ+µ−) (middle) as well as between Sψφ and
SφKS

(right). The orange points correspond to negative NP contributions in ∆Md/∆Ms at the
level of 15%− 25%. From [21].

In fact, there is a degeneracy mechanism triggered mainly by the flavor blind SU(3) inter-
actions that restores a partial degeneracy between the first and second generation squark
masses [394]. The diagonal masses get strongly renormalized by SU(3) interactions and
their GUT scale values m2

ũL
(MGUT) = 4m2

0 and m2
c̃L

(MGUT) = m2
0 become at the low scale

m2
ũL

(MW ) ' 4m2
0 + 6M2

1/2 and mc̃L(MW ) ' m2
0 + 6M2

1/2. As a result, the GUT mass inser-

tion (δLLu )21 ∼ λ can be easily reduced by one order of magnitude at the low scale and the
constraints from D0 − D̄0 mixing can in principle be satisfied also for squark masses below
the TeV scale. This is in contrast with the results of a low energy approach were (δLLu )21 ∼ λ
holds at the low scale implying a lower bound on the squark masses of around 2 TeV [65, 55].

Still, in contrast to the AKM and RVV2 models, the D0 − D̄0 mixing observables are the
most important constraints now, while εK is always SM-like. In figures 8.12 and 8.13 we
show the most important results for flavor observables that are predicted by the AC model,
once all constraints mentioned at the beginning of the chapter have been imposed.

As expected, due to the O(1) (δRRd )32 mass insertion, huge effects both in ∆F = 1 and
∆F = 2 b → s transitions can arise in this model. In particular large values for Sψφ in the
full range −1 . Sψφ . +1 are allowed and are strongly correlated with enhancements of the
Bs → µ+µ− branching ratio. We predict a lower bound on BR(Bs → µ+µ−) at the level of
BR(Bs → µ+µ−) & 10−8 for |Sψφ| & 0.3. In fact, as in the AKM model, the double Higgs
penguins give the dominant contribution to Bs − B̄s mixing. Contributions from gluino
boxes that would wash out the correlation between Sψφ and BR(Bs → µ+µ−) turn out to
be strongly constrained by the D0 − D̄0 constraints.

The right plot in figure 8.12 shows the correlation between Sψφ and SφKS
indicating that

both asymmetries can simultaneously depart significantly from the SM expectations. How-
ever, a suppression of SφKS

below its SM prediction as indicated by experiment implies
negative values for Sψφ, in contrast with the present data. The shape of the correlation
between Sψφ and SφKS

, i.e. the fact that a positive (negative) Sψφ implies an enhancement
(suppression) of SφKS

can also be understood analytically. In the considered model, the
NP effects in SφKS

are dominantly induced by the Wilson coefficient C̃8 given in (6.11).
As we consider only the case of a real and positive µ parameter, the sign and phase of C̃8

and therefore also of the NP contribution to SφKS
is fixed by (δRRd )32. Concerning Sψφ, the
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Figure 8.13: Correlations in the AC model between the Bs mass difference ∆Ms and BR(Bs →
µ+µ−) (left) and between BR(Bs → µ+µ−) and BR(Bd → µ+µ−) (right). The green points show
the correlation of the corresponding observables in the MFV MSSM. From [21].

dominant NP contribution to the Bs mixing amplitude M s
12 is induced by the double Higgs

penguin contribution. In particular, we find that in most parts of the parameter space the
largest contribution comes from a double penguin with one gluino and one Higgsino loop (see
diagram a) in figure 6.9) with the corresponding analytical expression stated in the second
line of (6.38). As both the trilinear coupling At and the loop functions f1 and f3 have a fixed
sign in almost the entire parameter space considered by us, the sign and phase of the NP
contribution to M s

12 and hence to Sψφ is again determined by
(
δRRd

)
32

and the correlation in
the right plot of figure 8.12 emerges.2

Similar to Sψφ, also the mass difference in the Bs system, ∆Ms, receives large NP contri-
butions in the AC model. On the other hand neither εK nor SψKS

deviate significantly from
their SM predictions. Consequently the small tension in the unitarity triangle can only be
addressed by an enhancement of ∆Ms leading to the required suppression of ∆Md/∆Ms by
approximately 20% (see section 2.1). Such a situation appears naturally in the AC model
and is shown by the orange points in the plots of figure 8.12.

The effects in ∆Ms do not follow the MFV correlation with BR(Bs → µ+µ−), showing
clearly that non-MFV sources of flavor violation are present in the model. Also the corre-
lation between BR(Bs → µ+µ−) and BR(Bd → µ+µ−) can deviate significantly from the
MFV prediction as shown in figure 8.13.

Concerning the predictions for EDMs in the AC model, we note that the large CP violating
effects in Bs mixing unambiguously imply a very large flavored strange quark (C)EDM

(see (6.48)) at the level of d
(c)
s ∼ 10−24−10−23e cm. Hence, the current experimental bounds

on dn imply that either the strange quark contributions to dn have to be very small, with
a proportionality coefficient smaller than 10−3, or that O(1) CP violating phases for the
product (δLLd )23(δRRd )32 are not allowed (unless Arg(δLLd )32 = Arg(δRRd )32). In this respect, a
reliable knowledge of the order of magnitude of the strange quark contributions to dn would
be of utmost importance to probe or to falsify abelian flavor models embedded in a SUSY
framework.

Furthermore, we also remark that a large flavored up quark (C)EDM at the level of

2We note that if the dominant contribution to Ms
12 came from gluino boxes (6.28) or from double penguins

with two gluino loops (first line of (6.38)), with (δLLd )32 induced radiatively through renormalization
group effects, the correlation between Sψφ and SφKS

would have the opposite sign.
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Figure 8.14: Planes of the lightest stop mass mt̃1
vs. the lightest chargino mass Mχ̃±1

(left) and
of the charged Higgs mass MH± vs. tanβ (right) in the AC model. The different colors show the
possible values for Sψφ. From [21].

d
(c)
u ∼ 10−27−10−26e cm is induced in the AC model through the large complex combination

of mass insertions in the up sector, (δRRu )12(δLLu )21. A large up quark (C)EDM is in fact a
generic prediction of abelian flavor models as we will detail in the following section.

Finally, concerning the SUSY spectrum of the AC model, we observe from the left plot in
figure 8.14 that significant deviations of Sψφ from its SM prediction are possible also a SUSY
spectrum beyond the LHC reach and even seem to favor a heavy spectrum. In fact for heavy
SUSY particles, the constraints from D0 − D̄0 and e.g. also BR(B → Xsγ) can be more
easily fulfilled while the non-decoupling properties of the double Higgs penguins ensure that
large effects in Sψφ are still possible. As seen in the right plot of figure 8.14, large effects in
|Sψφ > 0.3| require values for tan β & 30.

To summarize we stress that due to the O(1) (δRRd )32 mass insertion huge effects in b → s
transitions are possible in the AC model. In particular the Bs mixing phase can reach
all possible values in the full interval −1 . Sψφ . 1. The effects in Bs − B̄s mixing are
generated by double Higgs penguins and large values of Sψφ are correlated with a significant
enhancement of BR(Bs → µ+µ−) over its SM prediction. In contrast to the non-abelian
AKM and RVV2 models, effects in εK are basically absent by construction. On the other
hand large NP effects arise in D0 − D̄0 mixing, which is a general feature of abelian flavor
models.

8.6 A Generic Prediction of Abelian Flavor Models

As discussed in general terms in section 7.3 and also in the context of a concrete abelian
flavor model in the previous section 8.5, D0−D̄0 mixing observables provide a crucial tool to
probe models with alignment. On general grounds, as also discussed already in section 3.1.2,
in particular CP violation in D0 − D̄0 mixing offers excellent possibilities to discover NP
effects. As CP violation in D0 − D̄0 mixing is expected below the level of 10−3 in the SM,
any experimental signal above the per mill level would necessarily imply the presence of NP.
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Figure 8.15: Correlations between aDSL and SDf (left), dn and SDf (middle) and dn and aDSL (right)
in SUSY alignment models. Gray points satisfy the constraints from xd, yD and |q/p|, while blue
points further satisfy the constraint from φD as given in table 3.2. Dashed lines stand for the
allowed range (3.17) for SDf . From [22].

As shown in [394] it is possible to derive both lower and upper bounds for mass insertions
for a broad class of abelian flavor models that realize the alignment mechanism. While
mass insertions in the b − s, b − d and s − d can be suppressed to a large extent in these
models, the most important prediction is the inevitable appearance of a large real mass
insertion (δLLu )21 ∼ λ as long as the left handed squarks are split in mass. In addition also
a non-negligible mass insertion in the right-right sector (δRRu )21 ∼ λ4−λ2 that is potentially
complex is predicted. Correspondingly, large NP effects in D0 − D̄0 mixing are expected
in these models that are generated by gluino box contributions to the Wilson coefficient
C4 (6.28). In particular, if the mass insertion in the right-right sector features a large CP
phase, CP violating effects in D0 − D̄0 mixing should be caused by the imaginary part of
the mixing amplitude ImMD

12 ∼ Im
[
(δLLu )21(δRRu )21

]
, and CP violating observables like the

semileptonic asymmetry aDSL or the time dependent asymmetry SDf , discussed in section 3.1.2,
could be close to the present experimental bounds.

Simultaneously, the same mass insertions also induce a sizable flavored up quark (C)EDM.
As seen in section 6.7, flavor effects even lead to an enhancement factor mc/mu in the up

quark (C)EDM that is proportional to d
(c)
u ∼ Im

[
(δLLu )12(δRRu )21

]
. Therefore also hadronic

EDMs, as the mercury and neutron EDMs, dHg and dn, that are induced by the up quark
(C)EDM, provide equally important probes of the flavor structure of abelian flavor models.

Recent experimental results on the mercury EDM [186] lead to a considerably improved
bound on dHg (3.122), which makes the mercury EDM very sensitive to NP effects. Still,
given the large theoretical uncertainties affecting its theoretical prediction (3.128), we focus
in the following only on the neutron EDM to be conservative.

To numerically establish the expected correlation between CP violation in D0−D̄0 mixing
and the neutron EDM, we follow the same the procedure as in the previous sections. We
assume a CMSSM spectrum with the corresponding parameter in the ranges given in (8.3).
We set at the GUT scale (δRRu )21 = λ3eiφu and scan the phase in the range 0 < φu < 2π.
Finally, we also set the mass splitting between the first and second squark generation masses
as mũL

= 2mc̃L = 2m0 inducing a (δLLu )21 mass insertion of the order of the Cabibbo angle
at the GUT scale.

In the plot on the left of figure 8.15 we show the correlation between SDf and aDSL, as
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expected by the model independent relation in (3.19). We observe that within alignment
models, it is possible to saturate the model independent values for SDf and aDSL shown in
figure 3.1.

In the center and right plots of figure 8.15, we show the correlation between dn and SDf
as well as between dn and aDSL. Even so the CP violating source is the same, dn cannot be

exactly correlated with SDf and aDSL. In particular, while d
(c)
u is directly proportional to the

scharm trilinear coupling Ac (see (6.49)), ImMD
12 is not. While the natural value for Ac is

Ac ∼ Mg̃, m̃, there are corners in the SUSY parameter space where Ac � Mg̃, m̃ as in the
CMSSM-like spectrum, which we assume, Ac ' 0.65 A0 − 2.8 M1/2 at the low scale.

Still, interestingly enough, large values for SDf and aDSL necessarily imply a lower bound for

the neutron EDM dn & 10−(28−29)e cm, that is an interesting level for the expected future
experimental resolutions. Similarly, according to (3.128), it turns out that the corresponding
lower bound for dHg is dHg & 10−(30−31)e cm.

In summary, the most peculiar predictions of the broad class of supersymmetric abelian
flavor models considered in [394] are:

• Natural solution of the SUSY flavor problem thanks to small (most probably unde-
tectable) effects in the down quark sector, i.e. in K0 − K̄0, B0 − B̄0 and B0

s − B̄0
s

mixings.3

• Experimentally visible CP violating effects in D0 − D̄0 mixing, as the time dependent
CP asymmetry in decays to CP eigenstates SDf and the semileptonic asymmetry aDSL.

• Large values for the hadronic EDMs (like the neutron EDM and the mercury EDM), in
the reach of the future experimental sensitivities, generated by the up-quark (C)EDM.
A correlated study of several hadronic EDMs, with different sensitivity to the up-quark
(C)EDM would therefore provide a crucial tool to probe SUSY alignment models.

• A lower bound for the hadronic EDMs in the reach of future experimental sensitivities,
for given large (non-standard) values of SDf and aDSL.

As is clear from the discussions in this chapter, the patterns of NP effects in low energy
observables found in the various supersymmetric extensions of the SM are characteristic
for a given model. This is summarized also in table 8.1, where we show a “flavor DNA”
of the models considered in this section, i.e. the possible size of NP effects in a selection
of important low energy observables. Three stars signal large effects that could be clearly
distinguished from the SM prediction with the sensitivity of upcoming experiments. Two
stars correspond to moderate but probably still visible effects and one star implies that
the given model cannot significantly modify a given observable. Of particular importance to
distinguish the various models are also their characteristic correlations among the observables
as extensively discussed in the above sections.

Consequently, precise measurements of low energy observables allow to draw conclusions
about the possible NP flavor structure and allow in principle to distinguish the considered
models based on their distinct predictions in the flavor sector.

3An exception to these findings arises in the AC model that does not belong to the class of the abelian
flavor models considered in [394]. As thoroughly discussed in section 8.5, the AC model predicts, in
addition to large NP effects in D0 − D̄0 mixing, also large NP effects for b→ s transitions.
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MFV δLL AKM RVV2 AC GMSSM

SDf F F F F FFF FFF

aDSL F F F F FFF FFF

Sψφ F F FF FFF FFF FFF

SφKS
, Sη′KS

FFF FFF F F FF FFF

ACP(b→ sγ) FFF FFF F F F FFF

S3(B → K∗µ+µ−) F F F F F FFF

S4,5(B → K∗µ+µ−) FFF FFF F F F FFF

Ss6(B → K∗µ+µ−) FFF FFF F F F FFF

A7,8(B → K∗µ+µ−) FFF FFF F F F FFF

A9(B → K∗µ+µ−) F F F F F FFF

BR(Bs → µ+µ−) FFF FFF FFF FFF FFF FFF

BR(Bd → µ+µ−) FFF FFF FFF FFF FFF FFF

BR(K+ → π+νν̄) F F F F F FFF

BR(KL → π0νν̄) F F F F F FFF

BR(B+ → K+νν̄) F F F F F FF

BR(B → K∗νν̄) F F F F F FF

FL(B → K∗νν̄) F F F F F F

dn FFF FF FFF FFF FFF FFF

de FFF F FF FFF FFF FFF

Table 8.1: The “flavor DNA” of the SUSY models analyzed in chapter 8. Shown is the possible
size of NP effects in a selection of important low energy observables. FFF signals large effects that
could be clearly distinguished from the SM prediction with the sensitivity of upcoming experiments.
FF corresponds to moderate but probably still visible effects and F implies that the given model
cannot significantly modify a given observable. For comparison, the last column shows possible
effects in the MSSM with completely generic flavor structure.
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In the coming years the LHC will for the first time directly explore the TeV scale in order
to clarify the mechanism of electroweak symmetry breaking and to hopefully discover new
degrees of freedom at the TeV scale. Parallel to this seminal advance at the high energy
frontier, important results are also expected at the high precision frontier in particular
through the Bs physics programs at the Tevatron and of course at LHCb. In addition, the
planned superB factory at Frascati and the Belle II experiment at KEK as well as coming
experiments looking for the very rare K → πνν̄ decays, as the NA62 experiment at CERN
and the K0TO experiment at J-PARC, will provide invaluable insights in the flavor structure
of possible NP models.

The main goal of the high pT program at the LHC is the direct production of e.g. the
Higgs boson or other new particles and to determine their masses. On the other hand, flavor
physics aims at searching for the footprints of these new particles in low energy processes
through quantum effects. While the latter exploration of very short distance scales is indirect,
the measurements of a large number of low energy observables and the study of correlations
between them in a given extension of the SM allows in principle to identify the flavor structure
of the new degrees of freedom.

In this work, we performed an extensive analysis of low energy processes in the framework
of the Minimal Supersymmetric Standard Model. We discussed observables in the ∆F = 2
sector, i.e. in D0 − D̄0, K0 − K̄0, Bd − B̄d and Bs − B̄s mixing. While the well measured
observables in meson mixing lead to strong constraints on the NP flavor structure, there are
also observables where experimental data is still poor and large NP effects are still possible.
Of particular interest in this respect are CP violating observables in D0− D̄0 mixing as well
as the observable Sψφ, the phase of Bs mixing, where recent data from Tevatron might be
interpreted as a hint for the presence of New Physics.

In the ∆F = 1 sector we investigated processes sensitive to NP effects in flavor changing
dipole operators, including the radiative b → sγ decay as well as the semileptonic B →
K∗`+`− and the non-leptonic B → φKs and B → η′KS decay modes. Apart from the
extremely important B → Xsγ branching ratio, our focus was in particular on observables
that are theoretically clean as e.g. CP asymmetries. We also discussed the purely leptonic
Bs → µ+µ− and Bd → µ+µ− decays that, as well as the tree level B+ → τ+ν decay, are
especially sensitive probes of the large tan β regime of the MSSM. In addition, we considered
rare B and K decays with two neutrinos in the final state, i.e. B → Xsνν̄, B → K(∗)νν̄,
K+ → π+νν̄ and KL → π0νν̄. They are among the theoretically cleanest FCNC processes
and we emphasized the peculiar flavor structures that are necessary in the MSSM to generate
sizeable non-standard effects in these decays.

Finally we also considered ∆F = 0 observables, i.e. observables that do not require any
source of flavor violation. In particular we discussed the anomalous magnetic moment of
the muon, (g − 2)µ, and electric dipole moments. The EDMs are particular interesting
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observables as the corresponding SM predictions are extremely small and any experimental
evidence would be a clear signal of New Physics.

The soft breaking terms in the MSSM contain many sources of flavor and CP violation in
addition to the SM CKM matrix. These sources lead to potentially large SUSY contribu-
tions to flavor and CP violating processes at the loop level. In fact, if SUSY particles are
assumed to have masses of the order of the natural TeV scale, the existing measurements
of flavor observables lead to strong constraints on the MSSM flavor structures. As detailed
in section 7.1, the bounds on the flavor off-diagonal entries of the squark masses coming in
particular from D0− D̄0 and K0− K̄0 mixing are extremely tight and the allowed ranges for
the mass insertions are highly non-generic and seem unnatural. This is the so-called SUSY
flavor problem.

One way to address the SUSY flavor problem is to invoke the principle of Minimal Flavor
Violation, which states that the only source of flavor violation are the SM Yukawa couplings.
The NP contributions to FCNC processes are then suppressed by the same CKM elements
as in the SM and NP effects to many observables are naturally small. Still, large effects can
be expected in helicity suppressed processes as Bs,d → µ+µ− and B → τν and particular in
observables sensitive to NP effects in the b→ sγ and b→ s gluon transitions.

While the MFV principle forbids any flavor violating structures apart from the CKM
matrix, in general it does not forbid the presence of additional sources of CP violation. As
discussed in detail in section 8.1, the characteristic phenomenology of CP violation in the
MFV MSSM consists of large and highly correlated NP effects in observables sensitive to
CP violation in ∆F = 0 and ∆F = 1 dipole amplitudes, as the EDMs of the electron and
the neutron and e.g. the time dependent CP asymmetries in the B → φKS and B → η′KS

decays as well as the direct CP asymmetry in B → Xsγ and the CP asymmetries in the
B → K∗`+`− decay. In particular, sizable effects in the CP asymmetries in the B meson
decays unambiguously imply lower bounds on the electric dipole moments at the level of
10−28e cm, which is not far below the current experimental constraints and in the reach of
future experiments.

Possible NP effects in ∆F = 2 processes are however found to be small in the MFV MSSM.
In particular, CP violation in the meson mixing amplitudes remains basically SM-like in this
framework, resulting e.g. in a SM-like Sψφ. We can conclude that within the MSSM only in
the presence of new sources of flavor violation, sizeable NP contributions to CP violation in
meson mixing can occur.

Well motivated SUSY theories that contain non-minimal sources of flavor violation are for
example SUSY flavor models that try to explain the hierarchies in the masses and mixings
of the SM fermions using flavor symmetries and simultaneously suppress FCNC and CP
violating processes by means of the degeneracy or alignment mechanisms. In our extensive
comparative analysis of SUSY flavor models based both on abelian and non-abelian flavor
symmetries that show representative flavor structures in the soft SUSY breaking terms (see
sections 8.2 - 8.5), we showed the distinct patterns of NP effects in flavor observables in
these models.

Flavor models that predict only CKM-like left-left mass insertions share many similarities
with the MFV MSSM. In particular, NP effects in meson mixing observables are naturally
small implying in particular a SM-like Sψφ also in these frameworks. Large effects arise
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on the other hand in the b → sγ and b → s gluon transitions, as well as in the B → τν,
Bs → µ+µ− and Bd → µ+µ− decays for large values of tan β. In contrast to the MFV MSSM
however, models with only left-left mass insertions do not predict a correlation between the
branching ratios of the Bs → µ+µ− and Bd → µ+µ− decays. In addition sizable effects in
CP asymmetries in B decays do not necessarily imply large enhancements of EDMs.

Once right-right mass insertions are present, ∆F = 2 observables are particularly well
suited to probe the MSSM flavor and CP structure. In fact, the most natural way to
generate large effects in meson mixing is through simultaneous δLL and δRR mass insertions.
As left-left mass insertions are always introduced radiatively through renormalization group
running, models that predict sizable (δRR)32 mass insertions are the most natural frameworks
to obtain large values for the Bs mixing phase Sψφ. This is indeed verified in our numerical
study of the SUSY flavor models in sections 8.3, 8.4 and 8.5 that all contain a non-vanishing
(δRR)32. Interestingly, in the non-abelian AKM model and the abelian AC model discussed
in sections 8.3 and 8.5, respectively, sizable effects in Sψφ are strongly correlated with strong
enhancements of the BR(Bs → µ+µ−) as both processes are generated in the large tan β
regime of these models by neutral Higgs exchange with loop induced effective flavor changing
vertices.

Another very interesting observation concerns NP effects in D0− D̄0 mixing in the frame-
work of abelian flavor models. As discussed in sections 7.3, 8.5 and 8.6, abelian flavor
models that implement the alignment mechanism generically lead to large NP contributions
to D0 − D̄0 mixing. While this is a well know fact, we identified an interesting correlation
between CP violation in D0 − D̄0 mixing and hadronic EDMs that are induced by flavor
effects within that class of models. As explained in section 8.6, visible effects in the time
dependent CP asymmetry of the decays of D0 and D̄0 into CP eigenstates, SDf , or in the
semileptonic asymmetry aDSL imply a lower bound e.g. on the neutron EDM at the level of
dn & 10−(28−29)e cm, which is within the expected future experimental resolutions.

This discussion shows that there exist clear patterns of NP effects in many low energy
processes that are characteristic for a given model. These characteristic patterns of devia-
tions from the SM predictions allow in principle to distinguish between the different SUSY
frameworks once additional data will become available. In addition, our analysis also offers
the possibility to distinguish the considered SUSY scenarios from models with warped ex-
tra dimensions or little Higgs models based on their distinctive predictions for low energy
observables.

Given the start of LHC, an essential issue to address is the complementarity and synergy
of flavor and collider physics in searching for NP. Which predictions can one make for the
NP mass spectrum in case non-standard effects will be observed in low energy observables?
And, conversely, at which level does one expect NP contributions to flavor observables if
new degrees of freedom will be discovered at the LHC?

In fact, as seen throughout chapter 8, large non-standard effects in flavor observables often
imply a SUSY spectrum within the LHC reach. Hence, combining the information on the
spectrum from the LHC with the information from the low energy flavor processes, will
to some extent offer the possibility to measure mixing angles regulating flavor transitions
between SUSY particles. Such an achievement would represent a crucial step forward towards
the reconstruction of the underlying SUSY flavor structure. On the other hand we also saw
that there exist regions of the SUSY parameter space at the border or even beyond the
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LHC reach where one can still expect clear non-standard signals in flavor processes. In these
regions, flavor phenomena, and thus the indirect search, would represent the most powerful
tool to shed light on the SUSY degrees of freedom.

The start of the LHC will lead to tremendous progress in the field of high energy physics
in the coming years. Combining the results from both high and low energy observables will
hopefully lead to fundamental insights to the mechanism of electroweak symmetry breaking
and the structure of the New Physics that might be awaiting us at the TeV scale.



A Appendix

In appendix A.1 we list all the 1 loop functions that appear in chapters 5 and 6. We give
both analytical expressions for these functions, as well as their values in the limiting case of
a common mass for all the particles in the loop.

In appendix A.2 we give a translation table between the conventions for SUSY parameters
used in the present work, the “SUSY Les Houches Accord” (SLHA) conventions [256, 257]
and the conventions adopted in [254, 255].

In appendix A.3 finally, we collect all the input parameter that are used in our numerical
analyses.

A.1 Compendium of Loop Functions

Loop Functions for the Threshold Corrections and Bs → µ+µ−

f1(x) =
1

1− x +
x

(1− x)2
log x , f1(1) =

1

2
, (A.1)

f2(x, y) =
x log x

(1− x)(y − x)
+

y log y

(1− y)(x− y)
, f2(1, 1) =

1

2
, (A.2)

f3(x) = − 1 + x

2(1− x)2
− x

(1− x)3
log x , f3(1) = −1

6
, (A.3)

f4(x, y) = − x log x

(1− x)2(y − x)
− y log y

(1− y)2(x− y)
+

1

(1− x)(1− y)
, f4(1, 1) = −1

6
, (A.4)

f5(x) =
2 + 5x− x2

6(1− x)3
+

x

(1− x)4
log x , f5(1) =

1

12
. (A.5)

Loop Functions for b→ sγ

h7(x) = − 5x2 − 3x

12(1− x)2
− 3x2 − 2x

6(1− x)3
log x , h7(1) = − 7

36
, (A.6)

h8(x) = − x2 − 3x

4(1− x)2
+

x

2(1− x)3
log x , h8(1) = −1

6
, (A.7)

f
(1)
7 (x) = −2 + 11x− 7x2

18(1− x)4
− x(3− x2)

6(1− x)5
log x , f

(1)
7 (1) = − 1

60
, (A.8)
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f
(4)
7 (x) =

8 + 5x− 7x2

144(1− x)3
+
x(3− 2x)

24(1− x)4
log x , f

(4)
7 (1) = ,

5

288
(A.9)

f
(5)
7 (x) = − 13− 7x

24(1− x)3
− 3 + 2x− 2x2

12(1− x)4
log x , f

(5)
7 (1) = ,

5

144
(A.10)

f
(1)
8 (x) = −1− 8x− 17x2

24(1− x)4
+
x2(3 + x)

4(1− x)5
log x , f

(1)
8 (1) = − 1

80
, (A.11)

f
(4)
8 (x) =

1− 5x− 2x2

48(1− x)3
− x2

8(1− x)4
log x , f

(4)
8 (1) =

1

96
, (A.12)

f
(5)
8 (x) =

1 + 5x

8(1− x)3
+
x(2 + x)

4(1− x)4
log x , f

(5)
8 (1) =

1

48
, (A.13)

f
(2)
7,8 (x, y) =

2

x− y
(
xf

(5)
7,8 (x)− yf (5)

7,8 (y)
)
, f

(2)
7,8 (1, 1) = − 1

360
,

1

120
, (A.14)

f
(3)
7,8 (x, y) =

2

x− y
(
f

(5)
7,8 (x)− f (5)

7,8 (y)
)
, f

(3)
7,8 (1, 1) = − 13

180
, − 1

30
, (A.15)

g
(1)
7 (x) =

1− 8x− 17x2

27(1− x)4
− 2x2(3 + x)

9(1− x)5
log x , g

(1)
7 (1) =

1

90
, (A.16)

g
(2)
7 (x) = −2(1 + 5x)

9(1− x)3
− 4x(2 + x)

9(1− x)4
log x , g

(2)
7 (1) = − 1

27
, (A.17)

g
(3)
7 (x) = −2(1 + 10x+ x2)

9(1− x)4
− 4x(1 + x)

3(1− x)5
log x , g

(3)
7 (1) = − 1

45
, (A.18)

g
(1)
8 (x) =

19 + 172x+ x2

72(1− x)4
+
x(18 + 15x− x2)

12(1− x)5
log x , g

(1)
8 (1) =

7

240
, (A.19)

g
(2)
8 (x) =

11 + x

3(1− x)3
+

9 + 16x− x2

6(1− x)4
log x , g

(2)
8 (1) = − 5

36
, (A.20)

g
(3)
8 (x) =

53 + 44x− x2

12(1− x)4
+

3 + 11x+ 2x2

2(1− x)5
log x , g

(3)
8 (1) = − 7

120
, (A.21)

g̃7(x) =
4(1 + 5x)

18(1− x)3
+

4x(2 + x)

9(1− x)4
log x , g̃7(1) =

1

27
, (A.22)

g̃8(x) = − 11 + x

3(1− x)3
− 9 + 16x− x2

6(1− x)4
log x , g̃8(1) =

5

36
. (A.23)
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Loop Functions for Meson Mixing

F
(1)
1 (x) = −x

2 + 10x+ 1

24(1− x)4
− x(x+ 1)

4(1− x)5
log x , F

(1)
1 (1) =

1

240
, (A.24)

F
(2)
1 (x) = − x+ 1

32(1− x)2
− x

16(1− x)3
log x , F

(2)
1 (1) = − 1

96
, (A.25)

F
(1)
3 (x, y) =

5x2 − 3xy − x− y
2(1− x)5(y − x)3

log x+
5y2 − 3xy − x− y
2(1− y)5(x− y)3

log y

− 2

(1− y)4(1− x)2
− x+ 5

2(1− y)3(1− x)3
− 1

(y − x)2(1− x)4

+
(x− 8)x− 29

12(1− y)2(1− x)4
− 2

(1− y)(1− x)5
− 2

(y − x)(1− x)5
, (A.26)

F
(2)
3 (x, y) = − 4x2 − 3xy − y

2(1− x)5(y − x)2
log x− y

2(1− y)4(x− y)2
log y

− 1

2(1− y)3(1− x)2
− x+ 3

4(1− y)2(1− x)3
− 11− (x− 8)x

12(1− x)4(1− y)

+
1

(y − x)(1− x)4
, (A.27)

F
(3)
3 (x) =

x2 − 8x− 17

6(1− x)4
− 3x+ 1

(1− x)5
log x , (A.28)

F
(1)
3 (1, 1) =

1

84
, F

(2)
3 (1, 1) = − 1

60
, F

(3)
3 (1) =

1

160
, (A.29)

G1(x) = −11 + 144x+ 27x2 − 2x3

108(1− x)4
− x(13 + 17x)

18(1− x)5
log x , G1(1) = − 1

216
, (A.30)

G2(x) =
17x(x2 − 8x− 17)

108(1− x)4
− 17x(3x+ 1)

18(1− x)5
log x , G2(1) =

17

360
, (A.31)

G3(x) = − 3

17
G2(x) , G3(1) = − 1

120
, (A.32)

G4(x) =
2− 99x− 54x2 + 7x3

18(1− x)4
− x(5 + 19x)

3(1− x)5
log x , G4(1) =

23

180
, (A.33)

G̃4(x) =
11(x2 + 10x+ 1)

54(1− x)4
+

11x(x+ 1)

9(1− x)5
log x , G̃4(1) =

11

540
, (A.34)

G5(x) = −10 + 117x+ 18x2 − x3

54(1− x)4
− x(11 + 13x)

9(1− x)5
log x , G5(1) = − 7

540
, (A.35)
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G̃5(x) =
15

11
G̃4(x) , G̃5(1) =

1

36
, (A.36)

G
(2)
1 (x) =

33 + 665x+ 237x2 − 39x3 + 4x4

216(1− x)5
+
x(26 + 49x)

18(1− x)6
log x , (A.37)

G
(2)
4 (x) = −3− 212x− 192x2 + 48x3 − 7x4

18(1− x)5
+

10x(1 + 5x)

3(1− x)6
log x , (A.38)

G
(2)
5 (x) =

15 + 272x+ 84x2 − 12x3 + x4

54(1− x)5
+

2x(11 + 19x)

9(1− x)6
log x , (A.39)

G
(2)
1 (1) =

1

360
, G

(2)
4 (1) = −1

6
, G

(2)
5 (1) =

1

90
, (A.40)

G
(3)
1 (x) = −66 + 1835x+ 1005x2 − 255x3 + 55x4 − 6x5

1080(1− x)6
− x(13 + 32x)

18(1− x)7
log x , (A.41)

G
(3)
4 (x) =

12− 1117x− 1452x2 + 528x3 − 152x4 + 21x5

180(1− x)6
− x(5 + 31x)

3(1− x)7
log x , (A.42)

G
(3)
5 (x) = −60 + 1507x+ 732x2 − 168x3 + 32x4 − 3x5

540(1− x)6
− x(11 + 25x)

9(1− x)7
log x , (A.43)

G
(3)
1 (1) = − 1

3780
, G

(3)
4 (1) =

37

630
, G

(3)
5 (1) = − 1

378
. (A.44)

Loop Functions for s→ dνν̄ and b→ sνν̄

f ν1 (x) =
1− 5x− 2x2

6(1− x)3
− x2

(1− x)4
log x , (A.45)

f ν2 (x, y) = −x(2x2 − x(y + 3) + 2y)

2(1− x)3(y − x)2
log x− 2x2(y + 1)− 5xy2 + y2(2y − 1)

2(1− y)3(x− y)2
log y

+
8x3 − x2(7y + 11) + x(y(y + 10) + 1)− y(3y − 1)

4(1− x)2(1− y)2(y − x)
, (A.46)

f ν3 (x) =
x

4(1− x)
+

x

4(1− x)2
log x , (A.47)

f ν1 (1) =
1

12
, f ν2 (1, 1) = 0 , f ν3 (1) = −1

8
. (A.48)
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Loop Functions for (g − 2)µ

a1(x, y) =
8− 25y + 11y2 − 3x2(1 + y) + x(1 + 16y − 5y2)

2(1− x)2(1− y)2(x− y)

+
7x2 − 4x3 − 4y + xy

(1− x)3(y − x)2
log x+

(4− 3x− 5y + 4y2)y

(1− y)3(x− y)2
log y , (A.49)

a2(x) =
1 + 5x

1− x
3

+
2x(2 + x)

(1− x)4
log x , (A.50)

a3(x, y) = − x− 3x2 + y + xy

2(1− x)2(x− y)2

−x(x3 + y − 3xy + y2)

(1− x)(y − x)3
log x− xy

(1− y)(x− y)3
log y , (A.51)

a1(1, 1) =
5

12
, a2(1) =

1

6
, a3(1, 1) = − 1

12
. (A.52)

Loop Functions for the EDMs

fg̃(x) = −4(x3 − 11x2 − 47x− 3)

27(1− x)5
+

16x(3x+ 2)

9(1− x)6
log x , fg̃(1) =

4

135
, (A.53)

f cg̃ (x) = −x
3 + 7x2 + 295x+ 177

18(1− x)5
− 21x2 + 50x+ 9

3(1− x)6
log x , f cg̃ (1) =

11

180
. (A.54)

A.2 Conventions for the MSSM Parameters

this work SLHA [256, 257] [254, 255]

ŷu, ŷd, ŷ` ŶU , ŶD, ŶE +yu,−yd,−yl
Âu, Âd, Â` −T̂T

U ,−T̂T
D ,−T̂T

E +Au,−Ad,−Al
m2
Q,m

2
L m̂2

Q̃
, m̂2

L̃
m2
Q,m

2
L

m2
U ,m

2
D,m

2
E (m̂2

ũ)
T, (m̂2

d̃
)T, (m̂2

ẽ)
T m2

U ,m
2
D,m

2
R

M2
u,M2

d (M2
ũ)

T, (M2
d̃
)T M2

U ,M2
D

Table A.1: Dictionary between the SUSY conventions adopted the present work, the SLHA
conventions [256, 257] and the conventions of [254, 255].
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A.3 Numerical Input

parameter value ref.

GF 1.16637× 10−5 GeV−2 [73]

v 246 GeV [73]

parameter value ref.

αs(MZ) 0.1184(7) [420]

αem(MZ) 1/127.918 [73]

sin2 θW 0.23119 [73]

Table A.2: Fermi constant, vacuum expectation value, gauge couplings and Weinberg angle.

parameter value ref.

me 511 keV [73]

mµ 105.66 MeV [73]

mτ 1.777 GeV [73]

md(2 GeV) 5.04+0.96
−1.54 MeV [73]

ms(2 GeV) 105+0.25
−0.35 MeV [73]

mb(mb) 4.20+0.17
−0.07 GeV [73]

mu(2 GeV) 2.55+0.75
−1.05 MeV [73]

mc(mc) 1.270± 0.017 GeV [73]

mt(mt) 163.5± 1.7 GeV [421, 422]

mpole
t 173.1± 1.7 GeV [421]

parameter value ref.

MW 80.398(25) GeV [73]

MZ 91.1876(21) GeV [73]

MK 0.497614(24) GeV [73]

MD 1.86484(17) GeV [73]

MB± 5.27917(29) GeV [73]

MBd
5.2795(3) GeV [73]

MBs 5.3663(6) GeV [73]

τD 0.4101(15) ps−1 [73]

τB± 1.638(11) ps−1 [73]

τBd
1.525(9) ps−1 [73]

τBs 1.425(41) ps−1 [73]

Table A.3: Particle masses and life times. The lepton masses are pole masses, while the quark
masses refer to running MS masses at the indicated scales.
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parameter value ref.

FD (205.8± 0.9) MeV [423]

FK (155.8± 1.7) MeV [34]

FBd
(200± 20) MeV [424]

FBs (245± 25) MeV [424]

B̂K 0.724± 0.036 [425]

B̂d 1.22± 0.12 [424]

B̂s 1.22± 0.12 [424]

parameter value ref.√
F 2
Bd
B̂d (225± 25) MeV [424]√

F 2
Bs
B̂s (270± 30) GeV [424]

ξ 1.21± 0.04 [424]

ηcc 1.48± 0.36 [426]

ηtt 0.57± 0.01 [426]

ηct 0.47± 0.05 [426]

ηB 0.55± 0.01 [69]

κε 0.94± 0.02 [67]

Table A.4: Decay constants, SM Bag parameter and RGE parameter. The hadronic parameters
are mainly taken from [424]. Updated lattice results for decay constants and Bag parameter with
considerably smaller uncertainties have recently been given in [34]. To be conservative we still used
the values from [424] in this work.

parameter value ref.

λ 0.2254± 0.0006 [174]

A 0.808± 0.013 [28]

%̄ 0.177± 0.044 [28]

η̄ 0.360± 0.031 [28]

parameter value ref.

|Vcb| (4.12± 0.11)× 10−2 [73]

|Vub| (3.95± 0.35)× 10−3 [73]

Table A.5: CKM parameter. The Wolfenstein parameter are taken from the NP fit of the Unitarity
Triangle [28] and used throughout the numerical analysis in chapter 8. The PDG values for |Vcb|
and |Vub| are used in the SM predictions for εK and BR(B → τν).
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parameter value ref.

BD
1 0.87± 0.09 [424]

BD
2 0.92± 0.09 [424]

BD
2 1.13± 0.12 [424]

BD
4 1.34± 0.11 [424]

BD
5 1.57± 0.14 [424]

BK
1 0.70± 0.21 [427]

BK
2 0.75± 0.04 [427]

BK
2 1.12± 0.12 [427]

BK
4 1.29± 0.06 [427]

BK
5 0.96± 0.10 [427]

parameter value ref.

Bd
1 0.87+0.06

−0.06 [428]

Bd
2 0.79+0.04

−0.04 [428]

Bd
2 0.92+0.10

−0.10 [428]

Bd
4 1.15+0.06

−0.08 [428]

Bd
5 1.72+0.20

−0.07 [428]

Bs
1 0.87+0.05

−0.04 [428]

Bs
2 0.80+0.04

−0.04 [428]

Bs
2 0.93+0.09

−0.09 [428]

Bs
4 1.16+0.05

−0.07 [428]

Bs
5 1.75+0.21

−0.07 [428]

Table A.6: Bag parameter for the full set of ∆F = 2 operators. The corresponding scales where
these parameters are evaluated are µ = 2 GeV for K0 − K̄0, µ = 2.8 GeV for D0 − D̄0 and
µ = 4.6 GeV for Bd,s − B̄d,s, respectively. In [424] and [427], the D0 − D̄0 and K0 − K̄0 Bag
parameters are given in RI-MOM scheme. We converted them into the MS scheme following [49, 50].
Updated values for the BK

i have been given in [429] and they agree with the ones found in [427]
and used in this work.

parameter bound

mt̃1 95.7 GeV

mb̃1
89 GeV

mτ̃1 81.9 GeV

parameter bound

Mχ̃0
1

46 GeV

Mχ̃±1
94 GeV

Mg̃ 308 GeV

parameter bound

Mh 114.4 GeV

MH 92.8 GeV

MA 93.4 GeV

MH± 79.3 GeV

Table A.7: Mass bounds of SUSY particles and Higgs bosons. From [73].
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