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In these proceedings we present the main results for particle–antipar-
ticle mixing and rare decays in the Randall–Sundrum (RS) model with
custodial symmetry. To investigate the strong bound on the Kaluza–Klein
(KK) mass scale MKK & O(20)TeV implied by the measurement of εK we
perform a fine-tuning analysis that, on the one hand, confirms the quoted
bound on the KKmass scale but, on the other hand, reveals that consistence
with experiment can still be achieved for small or moderate fine-tuning. In
our analysis of rare decays of K and B mesons we find that due to the
custodial symmetry the coupling of the Z boson to right handed quarks
yields the dominant contribution. This feature of the model leads to distinct
patterns and correlations that allow to distinguish the model from other
frameworks of physics beyond the Standard Model (SM).

PACS numbers: 11.10.Kk, 12.15.Ji, 12.60.–i, 13.20.Eb

1. Introduction

The extradimensional models first proposed by Randall and Sundrum [1]
are based on a slice of AdS5 that is bounded by the so-called UV and
IR (3-)branes and is characterised by a 5-dimensional bulk metric ds2 =
e−2kyηµνdx

µdxν − dy2. Effective energy scales in this setup depend on the
position along the extra dimension via the warp factor e−ky, which addresses
the gauge hierarchy problem if the Higgs field is localised close to or on the
IR brane and the geometric model parameters are chosen properly. The
only free parameter coming from space-time geometry then is given by the
mass scale of the lightest KK excitations present in the model. Allowing
the SM fields except for the Higgs boson to propagate into the bulk [2–4] in
addition allows to address the flavour problem by naturally generating the
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hierarchies in the fermion spectrum and mixing angles [2,4]. This is achieved
by a non-universal localisation of fermions with different flavours along the
extra dimension. In this setup the fermion masses and mixing angles arise
from the overlap of the fermion profiles with the IR brane. Since the local-
isation of the fermion profiles depends exponentially on flavour dependent
O(1) bulk mass parameters, large hierarchies in the fermion spectrum can be
achieved in a natural way. On the other hand, the non-universal localisation
of fermions leads to flavour changing neutral current (FCNC) interactions of
the SM fermions and KK gauge bosons, albeit suppressed by the so-called
RS–GIM mechanism [5,6] that is an intrinsic feature of the model.

The particular model we will analyse is based on an enlarged bulk gauge
group Gbulk = SU(3)c × SU(2)L × SU(2)R ×U(1)X × PLR. The fermions in
this model are embedded into representations of Gbulk in such a way that
the T parameter [7, 8] and the ZbLb̄L coupling [9] are protected from too
large corrections. This allows for KK masses of order MKK ' (2–3)TeV
which are in the reach of the LHC [10–14]. A more detailed description of
the model can be found e.g. in [15].

In the following section we present our main results for ∆F = 2 and
∆F = 1 processes. A detailed analysis of these processes can be found
in [16,17]. In Sec. 3 we present our conclusions.

2. Analysis of particle–antiparticle mixing and rare decays

2.1. Particle–antiparticle mixing

The mixing of neutral mesons imposes very stringent constraints on the
KK mass scale of the RS setup [18]. In particular εK , the measure of indi-
rect CP violation in K0–K̄0 mixing, sets a lower bound MKK & O(20)TeV
on the KK mass scale if textureless, anarchic Yukawa matrices are assumed.
This has two reasons: In εK the accidental suppression of the SM prediction
by the very small phase of

(
MK

12

)
SM

meets the presence of effective oper-
ators that are induced by the tree level exchange of heavy KK gluons and
that are chirally and QCD enhanced by a total factor of approximately 140.
Both effects taken together are too large to be overcome by the RS–GIM
mechanism; however, all other observables for which either the strong en-
hancement of the RS contribution or the suppression of the SM prediction
is absent are adequately protected.

To further investigate this matter, in [16] (see also [19]) we perform
a fine-tuning analysis for εK . Our result is given in the left panel of Fig. 1
where we show the fine-tuning in εK as a density plot for a KK mass scale
MKK ≈ 2.45TeV. It turns out that the RS contribution to εK for the chosen
KK mass scale is on average by two orders of magnitude too large. Still,
as can also be seen from Fig. 1, there is a non-vanishing number of points
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in parameter space that reproduce εK with merely small or moderate fine-
tuning. This discovery does not remove the tension pointed out in [18] — our
detailed numerical calculation in fact roughly confirms the bound on the KK
mass scale derived therein. However, since due to the reasons outlined above
εK is the only critical ∆F = 2 observable in the RS model (for comparison,
in the right panel of Fig. 1 we also show the fine-tuning in ∆MK which is
small or moderate for all points in parameter space) we proceed with the
subset of phenomenologically valid parameter points and investigate their
impact on rare decays of K and B mesons.

Fig. 1. Left: The fine-tuning ∆BG(εK) plotted against εK normalised to its exper-
imental value. For visualisation the dark solid line gives the average fine-tuning.
Right: The same for ∆MK .

2.2. Rare K and B decays

Using only parameter points that reproduce the experimentally mea-
sured ∆F = 2 observables with small or moderate fine-tuning we will now
have a look at the impact on rare decays [17] (see also [20]). Also these
processes receive tree level contributions this time dominantly from the ex-
change of Z, ZH , Z ′ gauge bosons with massesmZ ,MKK,MKK, respectively.
Z, ZH , Z ′ are the neutral mass eigenstates of the system containing all
SU(2)L×SU(2)R×U(1)X gauge bosons with masses up to MKK

1. All three
of those mass eigenstates comprise admixtures of KK gauge bosons and
hence have flavour violating couplings to SM quarks. Of these the ZdiLd̄

j
L

and Z ′diLd̄
j
L couplings are suppressed by virtue of the custodial symmetry

by factors of O(102) and O(10), respectively. In an effective theory analy-
sis [21] (see also [22]) it is shown analytically that the mixing of SM quarks
with heavy KK quarks after EWSB yields no significant contribution to the
suppressed couplings.

1 Higher KK excitations contribute only subleading effects and are neglected in the
present analysis.
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Considering the impact of the custodial symmetry on the quarks cou-
plings of Z and Z ′, the different masses of the three gauge bosons and the
volume suppression in the leptonic couplings of Z ′ and ZH one finds that the
coupling of the Z boson to right-handed down quarks dominates the RS con-
tribution to rare K and B decays. This surprising result suggests a pattern
in rare decays that is very different from the one expected in the minimal RS
model without custodial protection. In particular, the rather soft hierarchy
in the right-handed Z couplings to different quark flavours can only partly
compensate the hierarchy in the SM CKM factors λKt � λdt � λst , resulting
in much larger relative effects in rare K decays than in decays of Bd or Bs
mesons. This is in contrast to the minimal RS model where the relative NP
effects are expected to be similar in size in the K, Bd and Bs systems. In
the following, the consequences of this finding will be highlighted by means
of showing numerical results for the rare decays K → πνν̄, Bs → µ+µ− and
KL → µ+µ−.

In the theoretically very clean, but experimentally challenging, K →
πνν̄ system we find the branching ratios BR(KL → π0νν̄) and BR(K+ →
π+νν̄) to be potentially enhanced by factors of three and two, respectively
(left panel of Fig. 2). These enhancements are consistent with the existing
measurement of the K+ → π+νν̄ decay for most parameter points and allow
in particular to reach the central experimental value for the branching ratio
of this decay.

Comparing B and K branching ratios such as BR(B → µ+µ−) and the
short-distance contribution to BR(KL → µ+µ−) as done in the right panel
of Fig. 2 one sees that, as outlined above, the effects in the K mode can
receive much stronger enhancements than in the B decay mode. For this
particular B decay we find the enhancement of the branching ratio to be
typically below 15%.

Fig. 2. Left: BR(KL → π0νν̄) plotted against BR(K+ → π+νν̄). The shaded area
represents the experimental 1σ-range, the Grossman–Nir bound is displayed by
the dotted line. The thick black point represents the SM prediction. Right: The
short-distance contribution to BR(KL → µ+µ−) plotted against BR(Bs → µ+µ−).
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The dominance of the right-handed Z coupling leads to an opposite sign
in the RS contribution to BR(KL → µ+µ−)SD and BR(K+ → π+νν̄). This
in turn results in an inverse correlation between these two quantities that is
shown in the left panel of Fig. 3. This picture is in clear contrast to models
where NP enters exclusively or dominantly through left-handed couplings as
it is the case of the Littlest Higgs model with T -parity (LHT) (for a recent
flavour analysis see [23]). In such models the NP contribution enters both
quantities with the same sign and the correlation is found to be roughly
linear.

Finally, in the right panel of Fig. 3 we contrast the CP violating ∆F = 2
and ∆F = 1 observables Sψφ and BR(KL → π0νν̄). Both observables can
be enhanced significantly beyond their SM values. However, it turns out
that a simultaneous enhancement of both observables is very unlikely. This
offers interesting experimental prospects once Sψφ has been measured at the
LHCb experiment.

Fig. 3. Left: The short-distance contribution to BR(KL → µ+µ−) plotted against
BR(K+ → π+νν̄). Right: BR(KL → π0νν̄) plotted against Sψφ.

3. Conclusions

The main results of our analysis of particle–antiparticle mixing [16] and
rare decays [17] can be summarised as follows:

— A detailed fine-tuning analysis of εK confirms the stringent generic
bounds on MKK, but at the same time shows that the rich flavour
structure of the model can accommodate εK for mass scales as low as
MKK ' 2.45TeV with small or moderate fine-tuning;

— Large effects are possible in B0–B̄0 mixing. In particular the CP
violating observable Sψφ can take values −1 ≤ Sψφ ≤ 1 in the RS
model while the SM predicts Sψφ ' 0.04;

— For rare decays of K mesons enhancements by factors up to three
are possible while the effects in rare B decays are much smaller and
typically below 15%;
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— Simultaneous large enhancements of Sψφ and rare K decays are very
unlikely. This possibly allows to test the RS model with custodial
symmetry experimentally in the foreseeable future.
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