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1. Introduction

2. FCNC Processes in the RSc Model
2.1 Express Review of the RS Framework [14]
The story takes place in a 5D spacetime, where the extra dimension is compactified to the
interval 0 ≤ y ≤ L with a warped metric given by
ds2 = e−2ky ηµν dxµ dxν − dy2

(2.1)

and ηµν being the usual 4D Minkowski metric. There are two branes, the UV brane (y = 0) and
the IR brane (y = L) and the bulk between them. Energy scales are suppressed by the warp factor
exp(−ky) providing a natural solution to the gauge hierarchy problem or equivalently to the vast
disparity of the Planck and electroweak scales [14].
In the set up considered by us
1. Fermions (quarks and leptons) and gauge bosons, to be specified later on, live in the bulk
[15, 16, 17],
2. the Higgs boson is localised on the IR brane,
3. Kaluza-Klein (KK) excitations of fermions and gauge bosons live close to the IR brane,
4. the SM fermion (zero mode) shape functions depend exponentially on the bulk mass parameters ci that are characteristic for a given fermion
f (0) ∼ e(1/2−ci )ky .

(2.2)

Consequently fermions with ci > 1/2 are localized towards the UV brane, while the ones with
ci < 1/2 towards the IR brane. As the Higgs lives on the IR brane, fermions with ci > 1/2 have only
2
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Flavour changing neutral current processes (FCNC) will without any doubt provide a clear
distinction between various new physics (NP) scenarios beyond the SM once the data on these
processes will improve in the coming decade. The goal of this writing is to illustrate this fact by
summarising patterns of flavour violation identified in 2006-2009 in my group at the TUM through
intensive studies of a Randall–Sundrum model with custodial protection (RSc) [1, 2, 3, 4], the
Littlest Higgs Model with T-Parity (LHT) [5, 6, 7, 8, 9, 10, 11, 12] and of a number of SUSY
flavour models (SF) [13]. These three prominent directions beyond the SM contain new sources
of CP and flavour violation implying thereby in certain cases spectacular deviations from the SM
expectations and more generally from the patterns of flavour violation characteristic for models
with minimal flavour violation (MFV).
In Section 2 we will briefly describe the RSc scenario and the results for FCNC processes
obtained by us. The presentation of the LHT model in Section 3 is very short as an update of our
efforts in this model appeared recently [12]. The same statement applies to SF models discussed
in Section 4 with a very detailed analysis of these models presented in [13]. A brief comparison
of these three NP scenarios and an outlook in Section 5 close this mini-review. Due to space
limitations the list of references is incomplete and I apologize for it already here. I will improve on
it in my EPS09 talk.
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a small overlap with the Higgs and aquire masses much smaller than the Higgs vacuum expectation
value (these are basically all SM fermions except the top quark). On the other hand for ct < 1/2
the large top quark mass is generated. Strictly speaking bulk parameters and shape functions for
left- and right-handed fermions are involved and the elements of 4D Yukawa matrices are given in
terms of the elements of the 5D Yukawa matrices as follows:
5D
4D
)i j fiQ f ju,d
)i j = (Yu,d
(Yu,d

(2.3)

2.2 First Phenomenological Implications
This general set up with the SM gauge symmetry in the bulk has the following phenomenological implications:
A. The fact that fermions are localized at different positions in the bulk and the shape functions
of Z and W ± gauge bosons are distorted near the IR brane after EWSB and the KK gauge bosons
are peaked toward the IR brane implies non–universalities (in flavour) in the gauge interactions
of fermions and gauge bosons. After the transformation to fermionic mass eigenstates FCNC
transitions mediated by Z and the heavy neutral KK gauge bosons including KK gluons take place
at tree level. Thus the ordinary GIM mechanism is broken already at the tree level as opposed to the
SM where it is broken first at the one-loop level. Fortunately, the gauge-fermion interactions in the
RS framework exhibit also hierarchies and consequently a natural suppression of FCNC processes
takes place. This suppression of FCNC transitions is known under the name of the RS-GIM [18,
19]. It saves the RS framework from a total disaster but as we will see below it is insufficient in the
case of certain observables to provide appropriate suppression of FCNC transitions in the presence
of the KK scales in the reach of the LHC.
B. The presence of FCNC transitions at the tree level is accompanied by the breakdown of
the unitarity of the CKM matrix. Physically this breakdown originates from the mixing of the SM
gauge bosons with the heavy KK gauge bosons on the one hand and from the mixing of the SM
fermions with the KK fermions on the other hand.
C. The FCNC tree level exchanges of KK gluons imply the presence of the operators with the
left-right (LR) Dirac structure that are very strongly suppressed in the SM and usually neglected. In
3
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5D ) supposed to be anarchic. f Q and f u,d are the shape functions of left-handed and rightwith (Yu,d
ij
i
j
handed fermions, respectively, evaluated at the IR brane, where the Higgs is placed. This set up
allows to generate the hierarchical structure of quark masses and CKM parameters in a natural
5D ) and c being of order unity [17, 15]. The latter are typically in the range
manner with (Yu,d
ij
i
0.3 ≤ ci ≤ 0.6
5. The shape functions of gluons and photons are flat due to exact SU (3) ×U (1)Q invariance.
On the other hand the corresponding profiles of the W ± and Z 0 gauge bosons, while being flat
2 corrections near the
before the electroweak symmetry breaking (EWSB), are distorted by v2 /MKK
IR brane after EWSB took place. MKK is the KK scale. The 4D picture of this happening is the
mixing of the heavy KK gauge bosons with the W ± and Z 0 in the process of EWSB modifying
thereby the couplings of the final light gauge boson mass eigenstates that are interpreted as the SM
W ± and Z 0 .
6. Finally, the interactions between fermions and gauge bosons are given by the overlaps of
the corresponding shape functions.
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2.3 A RS Model with Custodial Protection (RSc)
A more realistic class of RS models with the lowest KK excitations in the reach of the LHC has
the following general structure. The bulk gauge symmetry is extended in order to obtain the usual
custodial SU (2) symmetry on the IR brane [20, 21]. Additionally, in order to avoid problems with
large NP contributions to the ZbL b̄L coupling, fermions are put into SU (2)L ↔ SU (2)R symmetric
representations [22]. Thus the bulk symmetry group is now
Gbulk = SU (3)c × SU (2)L × SU (2)R ×U (1)X × PLR

(2.4)

with PLR denoting the discrete symmetry interchanging L and R. U (1)X allows to assign the usual
hypercharges to quarks and leptons. SU (2)R × U (1)X × PLR is broken by boundary conditions on
the UV brane down to U (1)Y and SU (2)L ⊗ SU (2)R is broken on the IR brane down to the custodial
SU (2)V when the neutral component of the Higgs develops a vacuum expectation value. This also
breaks the SM gauge group SU (2)L ×U (1)Y down to U (1)Q .
In this new set up the T parameter and the ZbL b̄L coupling are protected from receiving NP
contributions at the tree level up to small PLR symmetry breaking effects due to the boundary conditions on the UV brane. It has also been pointed out in [1, 2, 4] that this construction when extended
to three quark generations allows to protect certain flavour violating couplings from receiving tree
level contributions. These are Z d¯Li dLj and Z ūiR uRj . On the other hand Z d¯Ri dRj , Z ūiL uLj and W + ūiL dLj
remain unprotected.
These are the general properties of the class of models in question. To be more concrete,
fermion representations under the symmetry group have to be chosen. The particular fermion
assignement in the model worked out by us in [3] has been motivated by the analyses of [23, 24,
25, 26]. In particular the fermion SO(4) representations considered by us can easily be embedded
into complete SO(5) multiplets used in [24, 25, 26] in the context of models with gauge-Higgs
unification. Thus the SM doublets in our model belong to the representations (2,2) under SU (2)L ×
SU (2)R , uiR to (1,1) and dRi to (1, 3). Because of the PLR symmetry also (3,1) representations for
each generation not containing any of the SM particles have to be added. The implication of this
4
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the case of ∆F = 2 transitions, that is particle-antiparticle mixings, the Wilson coefficients of these
operators are strongly enhanced through renormalization group effects and moreover in the case
of K 0 − K̄ 0 mixing their hadronic matrix elements are chirally enhanced. Together these effects
amount relative to the contribution of the SM LL operator to an enhancement by a factor of 140 at
the amplitude level if the KK scale at which this operator is generated is in the ballpark of 3 TeV.
D. The presence of three 3 × 3 hermitian bulk matrices cQ , cu and cd in addition to the usual
Yukawa couplings implies 27 new flavour and CP-violating parameters: 18 real mixing angles and
9 complex phases [19]. Thus the RS framework goes far beyond MFV.
E. Finally, the modifications in the electroweak gauge sector imply KK scales MKK ≥ 2 TeV
and MKK ≥ 10 TeV in order to be consistent with the bounds on the S and the T parameter, respectively. Also NP contributions to the ZbL b̄L coupling become problematic.
The problems with electroweak parameters just mentioned lead several authors [20, 21, 22]
to invent protection mechanisms that as we will see turned out to be useful also for suppressing
FCNC processes. We will now discuss one particular model of this type.
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assignement is the presence of KK quarks with electric charges ±5/3 that could in principle be
discovered at the LHC. The fermion content of this model is explicitly given in [3], where also a
complete set of Feynman rules has been worked out.
As far as the gauge boson sector is concerned, in addition to the SM gauge bosons the lightest
KK gauge bosons are the KK–gluons, KK-photon and the electroweak KK gauge bosons WH± , W ′± ,
ZH and Z ′ , all with masses MKK around 2 − 3 TeV.
2.4 Patterns of Flavour Violation

The first rough estimates of NP contributions to ∆F = 2 processes in RS scenarios can be found
in [27, 19]. However, the first more sophisticated analysis of these processes has been performed
by Csaki, Falkowski and Weiler (CFW) [28], who included in their analysis the contributions of
the dangerous LR operators generated by the tree level KK gluon exchanges and used the model
independent bounds on the corresponding Wilson coefficients from the UTfit collaboration [29].
Assuming the Y 5D couplings to be anarchic and O(1) and describing the hierarchy of quark
masses and weak mixings solely by the fermion shape functions, that is by the geometry in the fifth
dimension, CFW found that the data on εK imply a lower bound on MKK to be roughly 20 TeV,
totally out of the LHC reach.
In view of this situation a RS-TUM team [1] has been built with the goal to investigate the
amount of fine tuning in Y 5D couplings necessary to achieve an agreement of the theory with the
data on εK for the lowest values MKK ≈ (2 − 3) TeV that are consistent with EWP tests. Three
additional RS-TUM teams [3, 2, 4] were supposed to study the details of a particular RS model and
subsequently perform a number of phenomenological analyses.
As already advertised before, the electroweak and flavour structure of the model, including
Feynman rules, has been worked out in [3]. The phenomenological applications of these results
have been made in three separate analyses that we will summarise briefly now.
2.4.2 Particle-Antiparticle Mixing
In view of the problems with εK we have first attacked ∆F = 2 processes in [1]. The main
advances made in this paper w.r.t previous analyses are
• Full renormalization group analysis of K 0 − K̄ 0 , B0d − B̄0d and B0s − B̄0s mixings at the NLO
level by means of the master formulae for the Wilson coefficients of the full set of operators
given in [30].
• The inclusion of the contributions from all SM gauge bosons and their lowest KK excitations.
The previous analyses concentrated on KK gluon contributions.
• Simultaneous phenomenology of εK , ∆MK , ∆Ms,d , Sψ KS , AqSL and ∆Γq .
• Relation of the RSc flavour model to the Froggatt-Nielsen approach [31] that allowed to
derive analytic formulae for masses and mixings. An independent analysis of this type can
be found in [32]. This group provided also another look at εK [33].
5
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• Calculation of the amount of fine tuning of Y 5D couplings, using the measure of Barbieri and
Giudice ∆BG (εK ) [34], necessary to satisfy the data on εK with MKK ≈ 2 − 3 TeV.

• εK and ∆MK are dominated by KK gluon tree level exchanges and the operator QLR
2 and not
VLL
the standard LL operator Q1 , both given as follows
QV1 LL = (s̄γµ PL d)(s̄γµ PL d),

QLR
2 = (s̄PL d)(s̄PR d),

(2.5)

with PR,L = (1 ± γ5 )/2.
• In the case of ∆Md,s , Sψ KS and Sψφ and generally in the case of ∆B = 2 observables, the LL
operator QVLL
and QLR
1
2 compete with each other and both ZH and KK gluon contributions
have to be taken into account.
• Most interestingly the CP asymmetry in Bs decays, Sψφ , can reach values as high as the
central value 0.8 in the data from CDF and D0 collaborations to be compared with its SM
value 0.04.
2.4.3 Rare K and B Decays
For the allowed region of parameter space satisfying ∆F = 2 constraints and corresponding to a
moderate fine tuning of Y 5D characterised by ∆BG (εK ) ≤ 20 we have [2]
• calculated the branching ratios for K + → π + ν ν̄ , KL → π 0 ν ν̄ , KL → π 0 l + l − , KL → µ + µ − ,
Bs,d → µ + µ − , B → Xs,d ν ν̄ ,
• investigated correlations between various ∆F = 1 and ∆F = 2 processes.
The main results of our analysis are given as follows:
1. The NP contributions to the processes listed above are dominated by tree level Z exchanges,
but as the left-handed couplings are protected, this dominance is governed by the right-handed Z
couplings that are not protected by the custodial symmetry.
2. The branching ratios for K + → π + ν ν̄ , KL → π 0 ν ν̄ , KL → π 0 l + l − can be enhanced relative
to the SM expectations up to factors of 1.6, 2.5 and 1.4, respectively, when only moderate fine
tuning in εK is required. Otherwise the enhancements can be larger. Br(K + → π + ν ν̄ ) and Br(KL →
π 0 ν ν̄ ) can be simultaneously enhanced but this is not necessary as the correlations between these
two branching ratios is not evident in this model. On the other hand Br(KL → π 0 ν ν̄ ) and Br(KL →
π 0 l + l − ) (l = e, µ ) are strongly correlated and the enhancement of one of these three branching
ratios implies the enhancement of the remaining two.
6
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The main results of these efforts are:
1. Confirmation of the CFW analysis [28] for anarchic Y 5D couplings: purely geometrical
description of the quark masses and mixings and the measured value of εK require MKK ≥ 20 TeV.
2. Identification of the regions of parameter space with only modest fine tuning of Y 5D , for
which electroweak precision constraints and all ∆F = 2 constraints, in particular coming from
εK and ∆MK , are satisfied and the quark masses and mixings correctly reproduced with MKK ≈
2 − 3 TeV.
3. The pattern of NP contributions to ∆F = 2 processes turns out to be as follows:
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3. A large enhancement of the short distance part of Br(KL → µ + µ − ) is possible, up to a
factor of 2-3, but not simultaneously with Br(K + → π + ν ν̄ ).
4. More importantly simultaneous large NP effects in Sψφ and K → πν ν̄ channels are very
unlikely.
5. The branching ratios for Bs,d → µ + µ − and B → Xs,d ν ν̄ remain SM-like: the maximal
enhancements of these branching ratios amount to 15%.
6. The relations [35, 36] between various observables present in models with constrained
minimal violation can be strongly violated.

Until now our analysis did not include the contributions from KK fermions that primarly affect
the SM gauge-fermion couplings through their mixing with the SM fermions in the process of
electroweak symmetry breaking. In [4] using the effective Lagrangian approach and integrating out
the KK fermions from the low energy theory we have derived general formulae for KK corrections
to the SM couplings that involve quarks, W ± , Z and the neutral Higgs. Our formulae can be applied
to corrections from any vector-like fermions. Although they have been derived in a different manner
and have a different appearence, they turn out to be equivalent to the ones presented earlier by del
Aguila et al. [37, 38, 39].
Using these formulae we have demostrated explicitly that the custodial protection of Z d¯Li dLj and
Z ūiR uRj couplings remains valid in the presence of mixing with KK fermions which is guaranteed
by the PLR symmetric fermion representations.
Subsequently we have calculated the impact of KK fermions on the unprotected couplings
Z d¯Ri dRj , Z ūiL uLj , W + ūiL dLj and in particular analysed the violation of the unitarity of the CKM matrix
and the generation of the right-handed couplings of the W ± bosons W + ūiR dRj due to KK mixing.
Comparing these effects with the ones coming from KK gauge bosons analysed earlier [1, 2],
we concluded that the latter effects are generally significantly larger so that the impact of KK
fermions with masses O(MKK ) on our previous results is minor. In total, the corrections to the
CKM parameters are very small except Vtb and Vts , where they can reach 1 − 2%.
Finally, we have verified that the effective Lagrangian approach in the case at hand is rather
accurate by diagonalizing numerically, in the full theory, the relevant 18 × 18, 12 × 12 and 18 × 12
mass matrices.
2.4.5 Summary
The RS framework at large involves 18 new real flavour parameters and 9 new CP-violating
phases in the quark sector that reside in three 3 × 3 hermitian bulk matrices cQ , cu and cd . It could
appear then at first sight that this framework is not predictive. Yet at least in the RSc model a very
clear pattern of flavour violation emerges from our studies after εK in this model has been made
consistent with the data for MKK = 2 − 3 TeV with only moderate tuning of Y 5D :
A. Sψφ can be much larger than in the SM and as large as 0.8 in the ballpark of the central
values found by CDF and D0 collaborations.
B. Br(KL → π 0 ν ν̄ ) and Br(K + → π + ν ν̄ ) can be enhanced up to factors 2.5 and 1.6, respectively.
7
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2.4.4 Impact of KK Fermions
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3. LHT News
3.1 Preliminaries
Other popular extensions of the SM is the Littlest Higgs model without [56] and with T-parity
[57, 58] in which the Higgs boson is protected by a new global symmetry, possibly originating in a
new fermionic system with new strong interactions with the corresponding scale Λ = O(10) TeV.
The SM Higgs boson is a pseudo-Goldstone boson of this symmetry. In order to make this model
consistent with electroweak precision tests and simultaneously having the new particles of this
model in the reach of the LHC, a discrete symmetry, T-parity, has been introduced [57, 58]. Under
T-parity all SM particles are even. Among the new particles only a heavy +2/3 charged T quark
belongs to the even sector. Its role is to cancel the quadratic divergence in the Higgs mass generated
by the ordinary top quark. The even sector and also the model without T-parity do not go beyond
MFV [59, 60].
More interesting from the point of view of FCNC processes is the T-odd sector. It contains
three doublets of mirror quarks and three doublets of mirror leptons that communicate with the
SM fermions by means of heavy WH± , ZH0 and A0H gauge bosons. These interactions are governed
by new mixing matrices VHd and VHl for down-quarks and charged leptons, respectively. The
corresponding matrices in the up (VHu ) and neutrino (VH ν ) sectors are obtained by means of the
†
†
relations VHu
VHd = VCKM , VH†ν VHl = VPMNS
[61, 7].
The following properties distinguish primarily this model from the RS framework:
1. The model has a smaller number of new flavour parameters: 7 real parameters and 3 CPviolating phases in addition to 9+1 in the SM quark sector.
2. Only SM operators are relevant in this model so that the absence of dangerous LR operators
allows to satisfy ∆F = 2 constraints basically without any significant fine tuning [12]. Moreover
non-perturbative uncertainties in this model are smaller than in the RSc framework as no new
hadronic matrix elements are involved.
8
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C. Rare B decays turn out to be SM-like. In particular Br(Bs,d → µ + µ − ) can be enhanced by
at most 15%.
D. Simultaneous enhancements of Sψφ and of the K → πν ν̄ branching ratios are rather unlikely.
This pattern implies that in the case of the confirmation of large values of Sψφ by future
experiments significant deviations of Br(KL → π 0 ν ν̄ ) and Br(K + → π + ν ν̄ ) from their SM values
in this framework are very unlikely. On the other hand SM-like value of Sψφ will open the road for
large enhancements of these branching ratios that could be tested by KOTO at J-Parc and NA62 at
CERN, respectively. Reviews of our work on the RSc model appeared in [40, 41, 36, 42, 43].
Finally, let me just mention that large NP contributions in the RS framework that require some
tunings of parameters in order to be in agreement with the experimental data have been found in
Br(B → Xs γ ) [44], Br(µ → eγ ) [45, 46, 47] and EDM’s [19, 48], that are all dominated by dipole
operators. Also the new contributions to ε ′ /ε can be large [49].
New theoretical ideas addressing the issue of large FCNC transitions in the RS framework and
proposing new protection mechanism leading occasionally to MFV can be found in [50, 51, 52, 53,
54, 55].
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3.2 LHT Update
One of the disturbing features of our 2006 results in the LHT model was the presence of an
UV logarithmic divergence in the Z-penguin diagram that we interpreted as the sensitivity to the
unknown UV completion of this model. Such an UV sensitivity should not really be surprising in
models of this type, in which the high energy theory is not specified, and in fact has been identified
first in the LH model [60].
However it turns out that in deriving vertices in the T-odd sector that contained right-handed
mirror fermions and Z-boson we have missed some O(v2 / f 2 ) corrections identified in 2008 by
Goto et al [66] and del Aguila et al [67] during their study of K → πν ν̄ and lepton flavour violating
processes, respectively. The inclusion of this new contribution cancels the divergences mentioned
above making the LHT model much less sensitive to a possible UV completion of this model.
While it has not been understood whether the disappearance of all UV divergences is connected
with the presence of T-parity, this is clearly a good news.
Recently our LHT-Rescue-Team [12] repeated all our previous phenomenological analyses,
this time adding the missed corrections and updating the input parameters. It should be emphasised
that all our calculations not involving Z penguin diagrams like particle-antiparticle mixings, b → sγ ,
µ → eγ , τ → µγ and several other processes are not affected by these findings. On the other
hand the NP effects in K + → π + ν ν̄ , KL → π 0 ν ν̄ , KL → π 0 l + l − , µ → 3e, τ → 3µ and few other
transitions are now smaller than reported by us previously, although they are still sizable.
The main results of our 2006–2009 efforts in the LHT model to be compared with the outcome
of our efforts in the RSc model summarized at the end of Section 2 are as follows.
1. Sψφ can be much larger than its SM value but typically smaller than found in the RSc model:
values above 0.3 are rather unlikely.
2. Br(KL → π 0 ν ν̄ ) and Br(K + → π + ν ν̄ ) can be enhanced up to factors of 3 and 2.5, respectively. Therefore they can reach visibly larger values than in the RSc model. The allowed points
in the Br(KL → π 0 ν ν̄ ) vs Br(K + → π + ν ν̄ ) plot cluster around two branches. On one of them
Br(K + → π + ν ν̄ ) can reach maximal values while Br(KL → π 0 ν ν̄ ) is SM-like. Here Br(K + →
π + ν ν̄ ) can easily reach the central experimental value of E949 Collaboration at Brookhaven [68].
On the other one Br(KL → π 0 ν ν̄ ) can reach maximal values but Br(K + → π + ν ν̄ ) can be enhanced
by at most a factor of 1.4 and therefore not reaching the central experimental values. No such
9
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3. The NP scales are by a factor of 3 − 5 lower than in the case of the RSc model, so that new
fermions and new gauge bosons with masses below 1 TeV are easily in the reach of the LHC.
4. There are no tree level FCNC transitions mediating ∆S = 2 and ∆B = 2 transitions as well
as rare K and Bs,d decays. In the LHT model in all these processes the GIM mechanism is broken
first at the one-loop level.
In 2006–2009 several LHT-TUM teams performed extensive analyzes of FCNC processes in
the quark and the lepton sector in the LHT model. Selected reviews of our work can be found
in [62, 63, 64, 65]. Earlier we have also analysed the Littlest Higgs model without T-parity (LH)
[59, 60]. This model has no custodial protection relevant for EWP observables and the NP scale
is shifted to 2 − 3 TeV. These higher NP scales and the fact that the LH model is of MFV type,
makes this model phenomenologically less interesting than the LHT model and we will not discuss
it here.
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4. Supersymmetric Flavour (SF) Models
4.1 Preliminaries
The general MSSM framework with very many new flavour parameters in the soft sector is
not predictive and is plagued by flavour and CP problems: FCNC processes and electric dipole
moments are generically well above the experimental data and upper bounds, respectively. Moreover the MSSM framework addressing primarily the gauge hierarchy problem and the quadratic
divergences in the Higgs mass does not provide automatically the hierarchical pattern of quark and
lepton masses and of FCNC and CP violating interactions.
Much more interesting from this point of view are supersymmetric flavour models with flavour
symmetries that allow for a simultaneous understanding of the flavour structures in the Yukawa
couplings and in SUSY soft-breaking terms, adequately suppressing FCNC and CP violating phenomena and solving SUSY flavour and CP problems.
10
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correlations are found in the case of the RSc model and moreover in this model the maximal enhancements are smaller: 2.5 and 1.6 for Br(KL → π 0 ν ν̄ ) and Br(K + → π + ν ν̄ ), respectively. The
central experimental value for the latter branching ratio therefore cannot be reached in this model.
Some insights in this different behaviour have recently been provided in [69].
3. Rare B-decays turn out to be SM-like but they can deviate by more from the SM expectations than it is the case for RSc. In particular Br(Bs,d → µ + µ − ) can be enhanced by 30% and a
significant part of this enhancement comes from the T-even sector.
4. Simultaneous enhancements of Sψφ and of Br(K → πν ν̄ ) is similarly to the RSc scenario
rather unlikely but this feature is less pronounced than in the RSc model.
5. Br(µ → eγ ) in the LHT model can reach the upper bound of 2 · 10−11 from the MEGA
collaboration and in fact some fine tuning of the parameters is required to satisfy this bound [8,
67, 12]: either the corresponding mixing matrix in the mirror lepton sector has to be at least as
hierarchical as the CKM matrix and/or the masses of mirror leptons carrying the same electric
charge must be quasi-degenerate. Therefore if the MEG collaboration does not find anything at
the level of 10−13 , significant fine tuning of the LHT parameters will be required in order to keep
µ → eγ under control. Similar comments apply to the RSc scenario.
6. It is not possible to distinguish the LHT model from the RSc and the supersymmetric
models discussed in Section 4 on the basis of µ → eγ alone. On the other hand as pointed out
in [8] such a distinction can be made by measuring any of the ratios Br(µ → 3e)/Br(µ → eγ ),
Br(τ → 3µ )/Br(τ → µγ ), etc. In supersymmetric models all these decays are governed by dipole
operators so that these ratios are O(α ) [70, 71, 72, 73, 74]. In the LHT model the LFV decays
with three leptons in the final state are not governed by dipole operators but by Z-penguins and box
diagrams and the ratios in question turn out to be by at least one order of magnitude larger than in
supersymmetric models.
7. Recently also CP violation in D0 − D̄0 mixing has been analysed in the LHT model [11].
Observable effects at a level well beyond anything possible with CKM dynamics have been identified. Comparisons with CP violation in K and B systems should offer an excellent test of this NP
scenario and reveal the specific pattern of flavour and CP violation in the D0 − D̄0 system predicted
by this model.
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4.2 Patterns of Flavour Violation in the SF Models
Recently one of the SUSY-TUM teams [13] performed an extensive study of processes governed by b → s transitions in the SF models and of their correlations with processes governed by
b → d transitions, s → d transitions, D0 − D̄0 oscillations, LFV decays, electric dipole moments and
(g − 2)µ . Both abelian and non-abelian flavour models have been considered as well as the flavour
blind MSSM (FBMSSM) and the MSSM with MFV. It has been shown how the characteristic patterns of correlations among the considered flavour observables allow to distinguish between these
different SUSY scenarios and also to distinguish them from RSc and LHT scenarios of NP.
Of particular importance in our study were the correlations between the CP asymmetry Sψφ
and Bs → µ + µ − , between the observed anomalies in Sφ Ks and Sψφ , between Sφ Ks and de , between
Sψφ and (g − 2)µ and also those involving LFV decays.
In the context of our study of the SF models we have analysed the following representative
scenarios:
i) dominance of right-handed (RH) currents (abelian model by Agashe and Carone[75]),
ii) comparable left- and right-handed currents with CKM-like mixing angles represented by the
special version (RVV2) of the non abelian SU (3) model by Ross, Velasco and Vives [76] as
discussed recently in [77] and the model by Antusch, King and Malinsky (AKM) [78],
iii) dominance of left-handed (LH) currents in non-abelian models [79].
In the choice of these three classes of flavour models, we were guided by our model independent analysis, that I cannot discuss here because of the lack of space. Indeed these three scenarios
predicting quite different patterns of flavour violation should give a good representation of most SF
models discussed in the literature. The distinct patterns of flavour violation found in each scenario
have been illustrated with several plots that can be found in figures 11-14 of [13].
The main messages from our analysis of the models in question are as follows:
1. Supersymmetric models with RH currents (AC, RVV2, AKM) and those with exclusively
LH currents can be globally distinguished by the values of the CP-asymmetries Sψφ and Sφ KS with
the following important result: none of the models considered by us can simultaneously explain the
Sψφ and Sφ KS anomalies observed in the data. In the models with RH currents, Sψφ can naturally
be much larger than its SM value, while Sφ KS remains either SM-like or its correlation with Sψφ is
11
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Supersymmetric models with flavour symmetries can be divided into two broad classes depending on whether they are based on abelian or non-abelian flavour symmetries. Moreover, their
phenomenological output crucially depends on whether the flavour and CP violations are governed
by left-handed currents or there is an important new right-handed current component [13]. They
can be considered as generalisations of the Froggatt-Nielsen mechanism for generating hierarchies
in fermion masses and their interactions but are phenomenologically much more successful than the
original Froggatt-Nielsen model [31]. There is a rich literature on supersymmetric models based
on flavour symmetries and I do not have space to refer to all of them here. A rather complete list
of references can be found in a very recent paper from my group [13] that I will briefly summarise
now.
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inconsistent with the data. On the contrary, in the models with LH currents only, Sψφ remains SMlike, while the Sφ KS anomaly can be easily explained. Thus already future precise measurements of
Sψφ and Sφ KS will select one of these two classes of models, if any.
2. The desire to explain the Sψφ anomaly within the models with RH currents unambiguously
implies, in the case of the AC and the AKM models, values of Br(Bs → µ + µ − ) as high as several
10−8 . In the RVV2 model such values are also possible but not necessarily implied by the large
value of Sψφ . However, in all these models large values of Sψφ imply automatically the solution
to the (g − 2)µ anomaly. Moreover, the ratio Br(Bd → µ + µ − )/Br(Bs → µ + µ − ) in the AC and
RVV2 models is dominantly below its MFV prediction and can be much smaller than the latter. In
the AKM model this ratio stays much closer to the MFV value of roughly 1/33 [80, 81] and can be
smaller or larger than this value with equal probability. Still, values of Br(Bd → µ + µ − ) as high as
1 × 10−9 are possible in all these models.
3. In the RVV2 and the AKM models, a large value of Sψφ combined with the desire to
explain the (g − 2)µ anomaly implies Br(µ → eγ ) in the reach of the MEG experiment. In the case
of the RVV2 model, de ≥ 10−29 e.cm. is predicted, while in the AKM model is typically smaller.
Moreover, in the case of the RVV2 model, Br(τ → µγ ) ≥ 10−9 is then in the reach of Super-B
machines, while this is not the case in the AKM model.
4. Next, while the abelian AC model resolves the present UT tensions [82, 83, 84, 85] through
the modification of the ratio ∆Md /∆Ms , the non-abelian flavour models RVV2 and AKM provide
the solution through NP contributions to εK . Moreover, while the AC model predicts sizable NP
contributions to D0 − D̄0 mixing, such contributions are tiny in the RVV2 and AKM models.
5. The hadronic EDMs represent very sensitive probes of SUSY flavour models with righthanded currents. In the AC model, large values for the neutron EDM might be easily generated by
both the up- and strange-quark (C)EDM. In the former case, visible CPV effects in D0 − D̄0 mixing
are also expected while in the latter case large CPV effects in the Bs system are unavoidable. The
RVV2 and AKM models predict values for the down-quark (C)EDM and, hence for the neutron
EDM, above the ≈ 10−28 e cm level when a large Sψφ is generated. All the above models predict
a large strange-quark (C)EDM, hence, a reliable knowledge of its contribution to the hadronic
EDMs, by means of lattice QCD techniques, would be of the utmost importance to probe or to
falsify flavour models embedded in a SUSY framework.
6. In the supersymmetric models with exclusively LH currents, the desire to explain the Sφ KS
anomaly implies automatically the solution to the (g − 2)µ anomaly and the direct CP asymmetry
in b → sγ much larger than its SM value. This is in contrast to the models with RH currents where
this asymmetry remains SM-like.
7. Interestingly, in the LH-current-models, the ratio Br(Bd → µ + µ − )/Br(Bs → µ + µ − ) can
not only deviate significantly from its MFV value of approximately 1/33, but in contrast to the
models with RH currents considered by us can also be much larger than the latter value. Consequently, Br(Bd → µ + µ − ) as high as (1 − 2) × 10−9 is still possible while being consistent with
the bounds on all other observables, in particular the one on Br(Bs → µ + µ − ). Also interesting
correlations between Sφ KS and CP asymmetries in B → K ∗ ℓ+ ℓ− are found.
8. Finally the branching ratios for K → πν ν̄ decays in the supersymmetric models considered
by us remain SM-like and can be distinguished from RSc and LHT models where they can be
significantly enhanced.
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In our search for a fundamental theory the understanding of the observed flavour and CP
violating interactions and the explanation of the hierarchical fermion spectrum is a very important
goal. In this mini-review we have addressed in some detail FCNC processes in the RSc model,
briefly summarized TUM results for these processes in the LHT model and made a propaganda for
our recent very detailed analysis of FCNC processes, electric dipole moments and (g − 2)µ in a
number of supersymmetric flavour models.
The patterns of flavour and CP violation in NP scenarios considered by us are in spite of many
parameters involved sufficiently distinct that they can be distinguished from each other through
experiments in the coming decade. This assumes that significant departures from the SM expectations will be found in a number of observables in K, Bs,d and D systems and in particular in
LFV decays and EDMs. Also the persistent (g − 2)µ anomaly will play an important role in these
considerations.
As an overture to various future possibilities let us consider the following two scenarios which
could turn out soon to be reality.
Scenario 1. Let us assume that Sψφ has been found to be 0.30 ± 0.05, well beyond anything
achievable by the CKM dynamics, but naturally found in the RSc model, in two SF models with
RH currents (AC,RVV2) and with some efforts in the AKM and the LHT model. The SF models
with LH-currents only, having Sψφ SM-like, will be ruled out.
First, this is rather bad news for the K → πν ν̄ experiments if any of these models turns out to
be chosen by nature: Br(KL → π 0 ν ν̄ ) and Br(K + → π + ν ν̄ ) will be SM-like in all these models. In
the RSc and LHT models this is a consequence of a large Sψφ . In the SF models K → πν ν̄ decays
are SM–like as the relevant NP effects are strongly suppressed in these models in the process of
solving the SUSY-FCNC problem. Yet, there are other supersymmetric models where these decays
can be strongly enhanced. But this story is for another occassion.
Now the distinction between RSc, LHT, AC, RVV2 and AKM models will be partly made
through the measurement of Br(Bs → µ + µ − ). If this branching ratio will turn out to be O(10−8 ),
RSc and LHT will be ruled out, while such an enhancement of Br(Bs → µ + µ − ) is a prediction of
the AC and AKM models. In the RVV2 model this is not a prediction but such high values can
be accomodated in this model. The AC and AKM models can then be distinguished through the
manner they address various tensions in the standard UT analyses. While the AC model would
favour γ > 80◦ and α < 80◦ without NP contributions to εK , the AKM model can solve the recent
εK anomaly [83, 85] with NP contributions to εK , while keeping γ ≈ 70◦ and α ≈ 90◦ as suggested
by UTfits and CKMfitter. Thus precise measurements of the angle γ at the LHCb could select one of
these models. Another distinction could be made through CP violation in the D0 − D̄0 oscillations
that is predicted to be sizable in the AC model but small in the AKM model [13].
Scenario 2. Let us next assume that Sψφ has been found to be 0.30 ± 0.05, as in the previous
example, but Br(Bs → µ + µ − ) turns out to be SM–like, that is in the ballpark of 4 · 10−9 . AC
and AKM models are then ruled out but RSc and LHT models will be in a good shape as they both
expect Br(Bs → µ + µ − ) to be SM-like. Similarly the RVV2 model will survive as it can accomodate
such low values of this branching ratio in the presence of a substantial Sψφ . The distinction between
these three models can then be made by means of other observables but the upper bound on the
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