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ABSTRACT: We present a complete study of rare K and B meson decays in a warped extra
dimensional model with a custodial protection of (both diagonal and non-diagonal) Z diLJi
couplings, including K+ — ntvi, K — v, K, — 7%~ K, — p =, Bsg — ptp,
B — Kvv, B — K*vv and B — X qvv. In this model in addition to Standard Model one
loop contributions these processes receive tree level contributions from the Z boson and
the new heavy electroweak gauge bosons. We analyse all these contributions that turn out
to be dominated by tree level Z boson exchanges governed by right-handed couplings to
down-type quarks. Imposing all existing constraints from AF = 2 transitions analysed by
us recently and fitting all quark masses and CKM mixing parameters we find that a number
of branching ratios for rare K decays can differ significantly from the SM predictions, while
the corresponding effects in rare B decays are modest, dominantly due to the custodial
protection being more effective in B decays than in K decays. In order to reduce the
parameter dependence we study correlations between various observables within the K
system, within the B system and in particular between K and B systems, and also between
AF =2 and AF = 1 observables. These correlations allow for a clear distinction between
this new physics scenario and models with minimal flavour violation or the Littlest Higgs
Model with T-parity, and could give an opportunity to future experiments to confirm or
rule out the model. We show how our results would change if the custodial protection of
A diLJi couplings was absent. In the case of rare B decays the modifications are spectacular.

KEYWORDS: Rare Decays, Beyond Standard Model, CP violation, Kaon Physics

ARX1v EPRINT: 0812.3803

© SISSA 2009 doi:10.1088/1126-6708,/2009/03,/108


mailto:mblanke@ph.tum.de
mailto:aburas@ph.tum.de
mailto:bduling@ph.tum.de
mailto:kgemmler@ph.tum.de
mailto:sgori@ph.tum.de
http://arxiv.org/abs/0812.3803
http://dx.doi.org/10.1088/1126-6708/2009/03/108

Contents

1 Introduction

2 The model

2.1
2.2
2.3

Preliminaries

Electroweak gauge sector

Fermion sector

2.3.1  Zero mode localisation

2.3.2 Higgs field and Yukawa couplings

2.3.3 Flavour violation by neutral electroweak gauge bosons

3 Basic formulae for effective Hamiltonians

3.1
3.2
3.3
3.4
3.5

4.1
4.2
4.3
4.4
4.5

Preliminaries

Effective Hamiltonian for s — dvv

Effective Hamiltonian for b — dvv and b — svv
Effective Hamiltonian for s — d¢t¢~

Effective Hamiltonian for b — d¢* ¢~ and b — sft¢~

Exclusive rare decays

Kt — ntvw and K;, — v
B — Kvv and B — K*vv
Bd,s - ,U'+:U'_

Ky — prp~

K — 7Ot

5 Inclusive decays B — Xgvv and B — X ,vp

Correlations between various observables

7 Anatomy of contributions of Z, Zgz and Z’ gauge bosons

7.1
7.2
7.3
7.4
7.5
7.6

8.1
8.2
8.3
8.4

Couplings to quarks

Gauge boson propagators

Couplings to leptons

Putting together the building blocks

Comparison of K and By s systems

Removing the protection of left-handed Z couplings

Numerical analysis

Preliminaries

Breakdown of universality
The K — mvv system
S¢¢ and K — wvo

U O B W W W

© oo O O O

11

12
12
13
13
14
14

15

16

17
18
18
18
19
19
20

21
21
23
25
26



85 B — Kvv, B— K*vv and B — X, qvv 26

8.6 By — putu versus KT — ntuw 27
8.7 Correlation between K — pu™p~ and By — ptpu~ 28
8.8 Correlation between K; — putp~ and K+ — ntvw 29
8.9 The Kj — w'¢t¢~ system 29
8.10 K; — w%*t¢~ versus K; — v 30
8.11 Violation of golden MFV relations 31
8.12 Comparison with the results in the LHT model 33
9 Summary and outlook 34
A Couplings of electroweak gauge bosons 36
A.1 Couplings of Z 36
A.2 Couplings of Zy and Z' to down quarks 38
A.3 Couplings of Zy and Z’ to leptons 38
A.4 Couplings of AM 39

1 Introduction

In a recent paper [1] we have presented a complete study of AS =2 and AB = 2 processes
in a Randall-Sundrum (RS) [2] model with an extended gauge group and the custodial Prr
symmetry that has been constructed to protect the 7' parameter and the coupling Zbrbr,
from new physics (NP) tree level contributions [3-5]. In this context we have pointed out
[1] that this custodial symmetry automatically protects flavour violating Z d’);cii couplings
so that tree level Z contributions to all processes in which the flavour changes appear in
the down quark sector are dominantly represented by Z d%czg% couplings.!

Additional NP contributions to the decays in question in the RS model considered
arise from tree level heavy electroweak gauge bosons Zy and Z’ and KK photon A®) ex-
changes. However the 7’ diLcZi couplings are suppressed, similarly to Z diLcZi couplings, by
the custodial symmetry, and A1) contributions are suppressed by the electromagnetic cou-
pling constant ¢*P and the electric charge Q = —1/3 of down-type quarks. Consequently
only Zp contributions are really relevant. They played a prominent role in AB = 2 observ-
ables considered in [1] but had to compete there with the KK gluon exchanges. The latter
contributions are absent at tree level in AF = 1 decays with leptons in the final state and
consequently at first sight one would expect that rare K and B decays are governed by the
physics of the Zy gauge boson. However, in AF = 1 processes tree level Z contributions are
of the same order in v> /MI%K as the contribution from Zy, and moreover Z boson couplings
to leptons are O(1), whereas the ones of Zy and Z’ are suppressed. Consequently, Zy has
to compete this time with tree level Z contributions, and as we will see below Z generally
wins this competition in spite of the custodial protection of its left-handed couplings to

!The Z tree level contribution to AF = 2 processes is O(v*/Mji) and can be neglected.



the down-type quarks. All these new effects bring in new flavour violating interactions
beyond those governed by the CKM matrix and one should expect an interesting pattern
of deviations from the SM and minimal flavour violation (MFV) [6-10] expectations.

The goal of the present paper is to extend our analysis of AF' = 2 processes in [1] to rare
decays of K and Bg s mesons. In particular we will present for the first time the formulae
for the branching ratios of K+ — ntvo, K; — nlvp, K; — 7%, K; — utu~,
Bsg— ptp~, B— Kvi, B— K*vi and B, g — X, qv0 in the warped extra dimensional
model with a protective custodial symmetry. A partial study of these decays in a model
without custodial protection has been done in [11-14] and a more detailed analysis in the
latter case is in progress [15].

Two comments should be made already at the beginning of our paper:

e [t is known that the model in question cannot easily satisfy the e x constraint for KK
scales of order O(1TeV) [16].2 Yet as we have demonstrated in [1] there exist regions
in parameter space with only modest fine-tuning in the 5D Yukawa couplings involved,
which allows to obtain a satisfactory description of the quark masses and CKM pa-
rameters and to satisfy all existing AF = 2 (in particular i) and electroweak preci-
sion constraints for scales Mk ~ 3 TeV in the reach of the LHC. In the present paper
we will perform our numerical analysis for these regions of parameter space only.

e In view of many free parameters in the model in question we will search for cor-
relations between various observables with the hope that these correlations will be
less parameter dependent than the individual observables themselves. Such cor-
relations can originate from the fact that the quark shape functions enter various
processes universally.

Our paper is organised as follows. In section 2 we summarise briefly those ingredients
of the model in question that we will need in our analysis. A very detailed presentation of
the model is presented in [18]. In section 3 we derive the formulae for the effective Hamil-
tonians governing s — dvi, b — quir, s — d¢T¢~ and b — ¢/T¢~ (¢ = d, s) transitions.
In section 4 we calculate the most interesting exclusive rare decay branching ratios in the
K and B meson systems, including those for the processes K+ — ntvw, K; — 70w,
B — KWup, By — ptp~, K — ptp~ and K, — 7%=, Section 5 is dedicated to
the inclusive decays B — X, 4qvv. In section 6 we outline the strategy for the study of
a number of correlations between various observables within the K system, within the B
system and in particular between K and B systems. Sections 3-6 give formulae that are
sufficiently general to be applied to every model with tree level flavour violating contribu-
tions in which heavy neutral gauge bosons have arbitrary masses and arbitrary left-handed
and right-handed couplings. Moreover several ideas, in particular related to correlations
between various observables are applicable to all extensions of the SM. In section 7, before
entering the numerical analysis, we present the anatomy of NP contributions in the model in
question that reveals a particular pattern of deviations from the SM. In section 8 a detailed

2The same conclusion has been reached in the two-site approach in [17].



numerical analysis of these branching ratios is presented. In particular we study the corre-
lations not only between various AF = 1 observables but also between AF = 1 and AF =2
observables. Of interest is the question whether the large values of Acp(Bs — ¢¢) and Agy,
found in [1] can still be found simultaneously with large effects in rare decay branching ra-
tios. We summarise our results in section 9. Few technicalities are relegated to appendices.

2 The model

2.1 Preliminaries

The aim of this section is to briefly review the most important ingredients of the model
under consideration. A detailed theoretical discussion is presented in [18].

The starting point is the Randall-Sundrum (RS) geometric background, i.e.a 5D
spacetime, where the extra dimension is restricted to the interval 0 < y < L, with a
warped metric given by [2]

ds? = e M, dat da” — dy* . (2.1)

Here the curvature scale k is assumed to be k ~ O(Mpj). Due to the exponential warp

factor e %Y, the effective energy scales depend on the position y along the extra dimension,

so that with e/ = 106 the gauge hierarchy problem can be solved. In what follows we
will therefore treat

f=ke M ~ O(TeV) (2.2)

as the only free parameter coming from space-time geometry. In our numerical analysis we
will use f = 1TeV.

In order to avoid stringent constraints from electroweak precision observables, all gauge

and matter fields are assumed to live in the 5D bulk [19-21], while the Higgs boson is
confined to the IR brane at y = L.

2.2 Electroweak gauge sector

The minimal RS model with bulk fields and the SM gauge group in the bulk turns out to be
severely constrained by EW precision data and in particular by the 7" parameter, so that
the first KK excitations have to be as heavy as Mgk ~ O(10TeV) and would consequently
be beyond the reach of the LHC [3, 22].

However such dangerous contribution to the 7" parameter and also to the Zb b1, cou-
pling can be avoided by enlarging the bulk symmetry to [3-5]

Gbulk = SU(?))C X SU(Q)L X SU(Q)R X U(l)X X PLR . (2.3)
Here the discrete exchange symmetry
Prr:SU(2)r < SU2)r (2.4)

has been introduced in order to suppress the non-universal corrections to the Zbyby, vertex.

Details on particular fermion embeddings respecting that symmetry can be found e. g. in
[5, 18, 23, 24].



From the enlarged gauge group and the first excited KK modes of the SM electroweak
gauge bosons that we include in our analysis there arise three new neutral electroweak
gauge bosons,

Zy, 7', AW, (2.5)

in addition to the SM Z boson and photon, where the first two are linear combinations of
the gauge eigenstates Z() and Zg(l) [18]. Neglecting small SU(2)p breaking effects on the
UV brane (y = 0) and corrections due to EW symmetry breaking, one finds®

MZH = MZ/ = MA(U = MKK ~ 245f . (26)

All KK gauge bosons are localised close to the IR brane, inducing tree level FCNCs, as
discussed in more detail in section 2.3.3.

The RS model with custodial protection of T and Zbrb; as described above and
mildly constrained quark shape functions then turns out to be consistent with EW precision
observables for KK scales as low as Mgk ~ (2 — 3) TeV [25, 26].

2.3 Fermion sector
2.3.1 Zero mode localisation

Bulk fermions in the RS background offer a natural explanation of the observed hierarchies
in fermion masses and mixings [19, 21, 27]. At the same time a powerful suppression
mechanism for flavour changing neutral current (FCNC) interactions, the so-called RS-
GIM mechanism, is provided [13].

The bulk profile of a fermionic zero mode depends strongly on its bulk mass parameter

(0)

cy. In case of a left-handed zero mode V" it is given by

1—2cy)kL _,
fl('O) (y’ C\P) - e((12c\p)1\cIjL) _ 16 vy (27)

)

towards the UV brane and exponentially suppressed on the IR brane, while for cg < 1/2
it is localised towards the IR brane. The bulk profile for a right-handed zero mode \I/gg)
can be obtained from

with respect to the warped metric. Therefore, for ¢y > 1/2 the fermion \I/S-JO is localised

D, cw) = 12y, —ca), (2.8)

so that its localisation depends on whether ¢y < —1/2 or ¢y > —1/2. Note that as in the
SM the left- and right-handed zero modes present in the spectrum necessarily belong to
different 5D multiplets, so that generally cy, # cyj.

In order to preserve the discrete Prr symmetry, we embed the left handed SM quarks
into bidoublets of SU(2), x SU(2) g, while the right handed up and down quarks belong to
(1,1) and (1,3) @ (3, 1) representations, respectively [18, 23]. Their bulk mass parameters
are denoted by cég, ¢ and Cfi’ respectively.

% We would like to caution the reader that a different notation has been used in [22]: Their Mk
corresponds to our f, so that in spite of comparable Mkk the masses of the first KK gauge bosons in that
paper are larger than in our analysis.



2.3.2 Higgs field and Yukawa couplings

As the Higgs boson in our model is localised on the IR brane, the effective 4D Yukawa
couplings, relevant for the SM fermion masses and mixings, read

ek

L kL
Yot = N 0 = L) (g = Lo g) = Myt = AR (29)
where X% are the fundamental 5D Yukawa coupling matrices. In order to preserve per-
turbativity of the model, we require as usual |)\;‘j’d| < 3. Here and in the following we work
in the special basis in which the bulk mass matrices are taken to be real and diagonal.
Such a basis can always be reached by appropriate unitary transformations in the Q;, u;
and d; sectors.

Note that the strong hierarchies of quark masses and mixings can be traced back to
O(1) bulk mass parameters and anarchic 5D Yukawa couplings A\*? due to the exponential
dependence of Y% on the bulk mass parameters cQ,u,d- The flavour structure then resem-
bles the one of models with a Froggatt-Nielsen symmetry [28], so that with the help of the
latter paper analytic formulae for quark masses and flavour mixing matrices Ur,,Ur, D1, Dr
and the CKM matrix

Vorum = uz’DL (2.10)

can be obtained [1, 22].

Due to the mixing with heavy KK fermions flavour violating Higgs couplings are in-
duced already at tree level. However it can straightforwardly be shown [1] that these
couplings receive a strong chirality suppression in addition to the usual RS-GIM suppres-
sion and are therefore negligibly small.

2.3.3 Flavour violation by neutral electroweak gauge bosons

As a consequence of the exponential localisation of the gauge KK modes towards the IR
brane, their couplings to zero mode fermions are not flavour universal, but depend strongly
on the relevant bulk mass parameter Cé?ﬂu 4 After rotation to the fermion mass eigenbasis
then FCNC couplings of the heavy gauge bosons Zg, Z' and A®) are induced. They can
be parameterised by the coupling matrices AL(V) and AR(V) (V = Zy,2', AD), that
have been evaluated in [1] and are collected for completeness in appendix A.

Moreover, due to the mixing of the SM Z boson with the heavy KK modes Z() and
Zg(l), also the Z boson couplings become flavour violating already at the tree level. An
additional contribution arises from the mixing of the zero mode fermions with their heavy
KK partners.

On the other hand, it has been observed in [1] that the custodial protection sym-
metry Prpr, originally introduced to protect the Zbrbr coupling, removes not only the
non-universal contributions to that coupling, but at the same time efficiently protects all
tree level Z d’);cii couplings, so that at the tree level the Z boson couplings to left-handed
down type quarks are strongly suppressed. We note that the protective Prr symmetry is

(1)

at work not only for the interplay of Z() and Z Xl contributions to the Z and Z’ couplings,

but also for the KK fermion contributions. This is because the fermion sector has been



constructed in a P p-invariant manner as well and the left-handed down-type quarks trans-
form as Prpr-eigenstates. The protective symmetry is however not active for right-handed
quarks, so that flavour violating Z df,%czg% couplings are important already at the tree level.

While Z boson contributions to AF = 1 decays are parametrically enhanced with
respect to the contributions of Zy, Z' and A by a factor kL ~ 35 [13, 22], they are
suppressed by the fact that flavour violation is generally weaker in the right-handed sector.
In spite of this we will see in sections 7 and 8 that Z boson contributions are larger than
the contributions of Zg, Z" and AW,

We note that the strength of RS flavour violation depends on the presence of possible
brane kinetic terms which alter the matching relation between 5D and 4D gauge couplings,
see [1, 16, 29] for details. In order not to complicate the present analysis we assume the sim-
ple intermediate scenario in which the tree level matching condition ¢g*P = ¢°P/ V'L holds.
A generalisation of our analysis to include deviations from this ansatz is straightforward.

3 Basic formulae for effective Hamiltonians

3.1 Preliminaries

The goal of the present section is to give formulae for the effective Hamiltonians relevant
for rare K and B decays that in addition to SM one-loop contributions include tree level
contributions from the SM Z gauge boson and the heavy gauge bosons Z, Z' and AM . It
will be useful to first keep our presentation as general as possible so that the formulae given
below could be applied to all other models with tree level flavour violating contributions
in which the heavy neutral gauge bosons have arbitrary masses and arbitrary left-handed
and right-handed couplings. Subsequently, we will apply these formulae to our model in
which at leading order the three new heavy electroweak gauge bosons are degenerate in
mass and certain simplifications occur.

Our presentation includes the contributions from all operators originating only from
tree level exchanges of electroweak gauge bosons. Consequently we do not discuss the dipole
operators that enter effective Hamiltonians first at the one-loop level. We will return to
them in the context of the model in question in a separate publication. This implies that
the effective Hamiltonians for b — d¢*¢~ and b — s¢T¢~ transitions given below are
incomplete and we cannot perform yet the phenomenology of decays like B — K*/T/~,
B — Xs,dﬁ'f_ and B — X, 47 that is left for the future.

3.2 Effective Hamiltonian for s — dvv

The effective Hamiltonian for s — dvv transitions is given in the SM as follows

(M ] op = 9B > [AgK)XﬁINL(ﬂ?c) + AEK)X(SUt)] (5d)v_a(Zeve)v—a+h.c., (3.1)
l=e,p,T

where x; = m? /M2, A = *V., and V;; are the elements of the CKM matrix. Xy (z¢)

7 s
and X (x;) comprise internal charm and top quark contributions, respectively. They are



Figure 1. Tree level contributions of Z, Z’ and Zy to the s — dvv effective Hamiltonian.

known to high accuracy including QCD corrections [30-32]. For convenience we have

introduced

= 3.2
IsM V2 27 sin® Oy (3:2)

In the RS model considered, | gg]K receives tree-level contributions from Z and from
the heavy neutral gauge bosons Zy and Z’ which mediate new flavour violating interactions.
We begin with the FCNC Lagrangian for Z

Lrene(Z) = = [Lo(Z) + Lr(Z)] (3.3)

where

Li(2) = AUZ) (rydr) 2", (3.4)
Lr(Z) = N(Z) (Spyudr) 2",

with explicit expressions for A$Y(Z) and A$Y(Z) given in appendix A.

For the Zvv coupling we analogously write
L,o(Z) = -AY(Z)(0ryuvr) 2", (3.6)

where A7”(Z) is given in appendix A.
A straightforward calculation of the diagram in figure 1 results in a new contribution
1 K
to [H]

)5 = S (A2 s100dn) + D) s )] (i) + e (3)

The contribution of Z’ and Zy to [ gg]K can then be obtained from (3.7) by simply
replacing Z by Z' and Zp respectively. Explicit expressions for As?,(Z'), A¥¥(Z') and
Af'jR(ZH), AV (Zg) can be found in appendix A.

Combining then the contributions of Z,Z’, Zy in (3.7) with the SM contribution
in (3.1),

(HR) S = [R5+ MRS+ () s, + (s (3.8)
H



we finally find
vl K — _ —
(M) =g D [AgK)XﬁINL(xC)‘{')‘EK)X[‘g A (3d)v_a(Deve)v—a
l=e,u,T

+92\1 Z { K)XK} (8d)y (Dpvg)y—a + hec.. (3.9)
l=e,p,m

Here we have introduced the functions XI‘Q_A and XX, generalising the structure encoun-
tered in the Littlest Higgs model with T-parity (LHT) in [33],

Xt =X@)+ Y, (x4, (3.10)
i=2,72" 7y
Xp= > xN, (3.11)
i=2,2" Zn

that will turn out to be useful later on. The Z contributions are given as follows

(XK ﬁ% [a3(2) - 2%(2)] . (5.12)
() = =SB nz), (313)

)\( ) QM%gSM

and the Z', Zy contributions can be obtained from (3.12) and (3.13) by simply replacing
Z by Z' and Zp respectively.®
Some comments are in order:

e In the SM only a single operator (5d)y_a(Pv)y_ 4 is present. This is due to the purely
left-handed structure of SU(2);, gauge couplings and therefore of FCNC transitions.

e In the RS model in question also the operator (sd)y (vv)y_a4 is present, as both the
A and Ap coupling matrices have non-diagonal entries. Indeed it will turn out that
in most cases A3(Z) yields the dominant contribution.

e On the other hand in the RS model under consideration the gauge couplings of
the neutrino zero modes are purely left-handed, as the right-handed neutrinos are
introduced as gauge singlets [18].

e As all NP contributions have been collected in the term proportional to )\gK),
X{ni(zc) contains only the SM contributions that are known including QCD correc-
tions at the NNLO level [31, 32].

3.3 Effective Hamiltonian for b — dvv and b — sviv

Let us now generalise the result obtained in the previous section to the case of b — dvv
and b — svv transitions. Basically only two steps have to be performed:

1. All flavour indices have to be adjusted appropriately.

4Note that the expression for gsm is not modified and remains as defined in (3.2).



2. The charm quark contribution can be safely neglected in B physics, so that only
d * *
N =ViVia, N = Vil (3.14)
enter the expressions below.

The effective Hamiltonian for b — qui (¢ = d, s) is then given as follows:

[HeE] ™ = g > [qu)X;/_A] (bq)v —a(Zeve)v-a

l=e,u,T
+9éu Z [qu)Xﬂ (bq)v (Zeve)v—a + h.c., (3.15)
l=e,p,T
with
XA =X@)+ Y, (xHA, (3.16)
=227y
X/ = Y xnv (3.17)
A
and
N 1 AY(Z)
g\V-A _ -~ =L bg _ Abg
(X7)" " = N AMZ g2y [AL (2) AR(Z)] , (3.18)
(x0)V = L B ) \ogyy, (3.19)

AD 2MZ g8,

The Z' and Zp contributions can be obtained from (3.18) and (3.19) by simply replacing
Z by Z' and Zp respectively. Again all relevant Aiq p entries can be found in appendix A.

Note that the functions X}g;’z’v depend on the quark flavours involved, through the
flavour indices in the AZ'L{R (i,7 = s,d,b) couplings and through the l/qu) (¢ = K,d,s)
factor in front of the new RS contributions. This should be contrasted with the case of the

SM where K, By and By systems are governed by a flavour-universal loop function X (z;)

and the only flavour dependence enters through the CKM factors )\gq).

3.4 Effective Hamiltonian for s — d¢+ ¢~

Let us recall that in the SM neglecting QCD corrections the top quark contribution to the
effective Hamiltonian for s — d¢™ /¢~ reads

K _
(M|, = —g8u MY @] Gd)y—a@Ov—a
402 sin? Oy [AEK)Z(xt)] (5d)y_a(Z)y + h.c. (3.20)

Here Y (z¢) and Z(z;) are one-loop functions, analogous to X (z;), that result from various
penguin and box diagrams. The charm contributions and QCD corrections are irrelevant
for the discussion presented below and will be included only in the numerical analysis later
on. We also remark that in principle also dipole operators could be included here, but



Figure 2. Tree level contributions of Z, Z', Zy and AW to the s — d¢t ¢~ effective Hamiltonian.

that in K decays, as discussed in [34], they can be fully neglected. Finally, the operator
basis chosen in (3.20) differs from the one used to study QCD corrections [34] but is very
suitable for the discussion of modifications of the functions Y (x;) and Z(z;) due to NP
contributions which we will discuss next.

K
Also in this case, [Hﬁfﬁf} receives tree level contributions of the gauge bosons Z,

7' and Zpy, and as now charged leptons appear in the final state, also the KK photon
AW contributes.

The relevant Feynman diagrams, shown in figure 2, contain on the L h.s. the same
vertices which we already encountered in the case of the s — dvv decay. The relevant
FCNC Lagrangian for Zsd couplings has been given in (3.3). For the {7/~ vertex we write
in analogy to (3.6)

Ly(Z) = = |AL(Z)Cryulr) + A(Z)(Crulr) | 2" (3.21)

The relevant entries have been collected in appendix A.

The evaluation of the Z-exchange in figure 2 gives then

M), = 37 (A Eran) + A2 )]

(D@ Etr) + A2 )| + e, (3.22)
which contains additional operators relative to (3.20). The exchange of Z’, Zy and A
gauge bosons yields analogous contributions that can simply be obtained from (3.22) by
replacing Z by Z', Zy and AW, respectively.

Following the previous discussion, we find that the effective Hamiltonian governing
s — dlT¢~ transitions can be written in the compact form

K _ _
(M| "= —gdn [NOYY ] Gy (@) a + g3 sin? bw [N 274 () a(le)y

— G [AgK)YI‘(/] (5d)v (£0)v —a+4g3n sin® O P\gK)Z}é] (3d)v (Ll)y+h.c., (3.23)
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where we have introduced the functions YIE/*A’V and ZXfA’V defined as:

Y =Y@)+ Y, (Y, (3.24)
i=2,2" 7y, AN
2 =2+ Y, (ZHV, (3.25)
i=2,2',Zp, AL
= > oY, (3.26)
i=2,2",Zy , A
Zx = > @y, (3.27)
i=2,2',Zp, AL
where
1 [A%(Z) - A%(Z)]
YK V—-A — L R ASd A —ASd A 92
(v4) R, A3(2) - A% (2)] (3.28)
_ 1 A%z . .
(25 = D) ap(z) - a(2)]. (3.29)

B )\EK) 8M2 g2, sin? Oy

1 [A%Z) - A%UD)]
(YEYW = — A7), (3.30)
’ )‘gK) 2M7 930 f

1 A%z
(Z25) = —=— QR( _)2 A(Z). (3.31)
)\E ) AM2 g2\ sin® Oy

The Z', Zy and AW contributions can be straightforwardly obtained from (3.28)(3.31)
by simply replacing Z by Z', Zy and AW, respectively.

3.5 Effective Hamiltonian for b — d¢T£¢— and b — s¢te—

Also in this case the effective Hamiltonian for b — ¢/T¢~ (q = d, s) can straightforwardly
be obtained from (3.23) by properly adjusting all flavour indices. In addition, in contrast to
the s — d¢* ¢~ transition, now also the dipole operator contributions mediating the decay
b — sv become relevant. The new RS contributions to the corresponding operators Qz,
and Qgq appear first at the one-loop level and consequently as already stated above are
beyond the scope of this paper. Explicit formulae for these contributions will be presented
elsewhere. In the following we will denote the total contribution of the dipole operators to
the effective Hamiltonian in question simply by Heg(b — s7).
Adapting then the formula in (3.23) to the present case, we find (¢ = d, s)

B B B o

[Hﬁﬁr} "= Hen(b — 57) — gdu [)\gq)YqV_A} (bq)v—a(l0)y_a — giu {qu)yqv] (bq)v (Ll)y—a
+4g3y; sin® Oy P\gq) ZL;/_A] (bq)v—a(L0)y + 493y sin® Oy P\gq) ZL;/] (bq)v (£0)y
+h.c.. (3.32)

In analogy to YI‘(/fA’V, ZXfA’V in (3.24)—(3.31), the relevant functions can be obtained from
the latter formulae by replacing K by q. The same comment applies for the contributions

of 7', Zy and AW,
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4 Exclusive rare decays

41 Kt — wntvw and K — wvi

Having at hand the effective Hamiltonian for s — dvv transitions derived in section 3.2 it
is now straightforward to obtain explicit expressions for the branching ratios Br(K* —
ntvp) and Br(Kp — 7%w). Reviews of these two decays can be found in [35-37].

As mentioned already in section 3.2, now in addition to the usual SM operator
(sd)y—a(vv)y—4 also the operator (sd)y (vv)y_a is present. Therefore both matrix el-
ements (17|(5d)y_a|KT) and (77|(5d)y|KT) have to be evaluated. Fortunately, as both
KT and 7t are pseudoscalar mesons, only the vector current part contributes and we
simply have

<7T+\(§d)v_A\K+> = <7T+\(§d)v\K+> . (4.1)

This means that effectively, as in the LHT model, the effects of new physics contributions
can be collected in a single function that generalises the SM one X (z;). Denoting this
function as in [33] by

Xi = XA+ XY = | Xkl (4.2)

we can make use of the formulae of section 3.3 in [33] to analyse the impact of new contri-

butions on the branching ratios for K+ — ntvw and K; — n%vw. In particular we have
Br(Kp, — n'vi) = ri(sin 5% )?| Xk [, (4.3)
where )
Vis| Vi
TZKL[W\%} ) Bg((:ﬁ_ﬁs_a)lg7 (44)
with [38]
kr = (2.31 £0.01) - 1071 (4.5)
and 3 and (s defined through
Via = [Viale ™™, Vig = —|Visle . (4.6)

Note that, in contrast to the real function X (z;), the new function Xy is complex
implying new CP-violating effects that can be best tested in the very clean decay Kj —
7%vp. In this context the ratio

(4.7)

Br(Kp — wvy) | Xk '2[ sin 3% ]2
Sin(ﬁ_ﬁs)

BT(KL — 7TOIJI7)SM N Xsm

is very useful, as it is very sensitive to 9§ and is theoretically very clean.
The numerical analysis of both decays is presented in section 8. In this context the
most recent value sy entering Br(K™ — wtvi) is given for A = 0.226 by [38]

#y = (5.36 +0.026) - 1071, (4.8)

The formulae for Br(K™ — 7+v) can be found in [33].
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4.2 B — Kvv and B — K*vp

Since also the B mesons are pseudoscalars, following the arguments that led to (4.2) we

easily find
Br(BT — Ktvio)  |X]? (4.9)
Br(B+ — K+tvi)sy X (x4)2 '
where
X, =XV + XY = |X,lef% . (4.10)

The dilepton spectrum, sensitive only to |X;|, can be found in equation (35) of [39]. Ne-
glecting isospin breaking effects and AS = 2 CP-violating effects, one has

Br(BT — K*vi) = 2Br(BY — K svv). (4.11)

The dilepton invariant mass spectrum of B — K*vv depends on two combinations of
the relevant one loop functions so that two ratios are of interest here:

XY A+ XY
B X (2)?

_xAP

& T Xy

(4.12)
The formula for the dilepton mass spectrum and the corresponding branching ratio in
terms of these two ratios can be found in equations (40)-(42) of [39]. Unfortunately, the
presence of three form factors introduces some hadronic uncertainties. Therefore we will
only present numerical results for the ratio in (4.9) and R;.

4.3 Bgs— ptp~

We will next consider the decays Bys — ptp~ that suffer from helicity suppression in
the SM. This suppression cannot be removed through the exchanges of the gauge bosons
in question but in principle could be removed through tree level exchanges of the Higgs
boson. However the flavour conserving H pji vertex is proportional to the muon mass and
in contrast to SUSY and general two Higgs doublet models this suppression cannot be
cancelled by a large tan 8 enhancement. In addition, flavour changing Higgs couplings
receive a strong chirality suppression in addition to the usual RS-GIM suppression and are
therefore negligibly small [1]. In case of a bulk Higgs boson, also the Higgs KK modes
would contribute to By — pp~, however also in this latter case the my,, suppression is
effective. Therefore in what follows we restrict our attention to the contributions of the
SM Z boson and heavy KK gauge bosons, calculated in section 3.5.

When evaluating the amplitudes for By s — pu~ by means of (3.32) two simplifica-
tions occur. First when evaluating the matrix elements (0|(bq)y—4|B,) and (0|(bq)v|B,)
only the 7,75 part contributes as B, is pseudoscalar, so that

(0l(bg)v'|By) = 0. (4.13)

Then, due to the conserved vector current the vector component of the pji-vertex drops out
as well and as in the SM only the ~,v5 component of the pfi-vertex is relevant. Therefore,
since the dipole operator in Heg(b — s7v) does not contribute to this decay, the only
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operator contributing to By s — ptp~ is the SM (V — A) @ (V — A) one, and the formulae
of section 3.4 of [33] can be applied here with Y, replaced by YqV_A (¢ =d,s), where YqV_A
can be obtained from (3.24) by replacing “K” by “¢”. In particular

Br(By— ptp~) Y AP
Br(By — ptp)sm Y(z)?

(4.14)

This completes the analytic analysis of the By 4 — pTp~ decays. The numerical results
are discussed in section 8.

4.4 K — ptp~

The discussion of the NP contributions to this decay is analogous to By s — pp~. Again
only the SM operator (V —A)® (V — A) contributes and the real function Y (x) is replaced
by the complex function YI‘(/fA = |Y¥7A|eié{’( defined in (3.24).

In contrast to the decays discussed until now, the short distance (SD) contribution cal-
culated here is only a part of a dispersive contribution to Kj, — ptu~ that is by far dom-
inated by the absorptive contribution with two internal photon exchanges. Consequently
the SD contribution constitutes only a small fraction of the branching ratio. Moreover, be-
cause of long distance contributions to the dispersive part of K;, — p*pu~, the extraction
of the short distance part from the data is subject to considerable uncertainties. The most
recent estimate gives [40]

Br(Ky — ptp )sp < 251077, (4.15)

to be compared with (0.840.1)-107Y in the SM [41]. In the model in question following [42]
we have (A = 0.226)

_ _ 2
Br(Kr, — pt i )sp = 2.08 - 1072 [Pc (Vi) + A2R, (Y}(’*A cos ﬁ{f] , (4.16)

where we have defined:
BY =B — B, — b5, Vial =AN’ Ry, (4.17)

P = 1- %) P (Vi) (4.18)

with P. (Yx) = 0.113 £ 0.017 [41]. Here 8 and [, are the phases of V4 and Vs defined
in (4.6). The numerical results are discussed in section 8.

4.5 Kjp — wete—

Yete™ and K — n%up~ are dominated by CP-violating con-

The rare decays K, — «
tributions. The dominant indirect CP-violating contributions are practically determined
by the measured decays Kg — 7°¢*¢~ and the parameter 5. Consequently these decays
are not as sensitive as K; — 7% to NP contributions that are present here only in the
subleading directly CP-violating contributions. Yet in models like the LHT model with

new sources of CP-violation enhancements of the branching ratios by a factor of 1.5 can
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be found [33, 43]. In this type of models, where only the two SM operators in (3.20)
contribute, the effects of NP can be compactly summarised by generalisation of the real
functions Y (z;) and Z(x¢) to two complex functions Yy and Zg, respectively.

In the model discussed here two new operators enter the game. Yet using the same
arguments as in the case of K — mvv decays, we find that also here the two functions

Y =Y A 4Yy,  Zx=2Zy "+ Zx (4.19)

are sufficient to describe jointly the SM and NP contributions. Consequently the formulae
(8.1)—(8.8) of [33] with Yx and Zx given in (4.19) can be used to study these decays in the
model in question. The original papers behind these formulae can be found in [34, 44-47].

Note that the presence of new operators is signalled by the additional contributions
Y}g and Zl‘é to Yx and Zg, respectively. Consequently, as no new operators enter the
decay Kj — ptp~, the functions Y in the latter decay and in K; — 7°¢+¢~ differ from
each other. This should be contrasted with the SM and the LHT model, where they are
equal. The numerical results are discussed in section 8.

5 Inclusive decays B — Xq4vv and B — X ,vv

Because of the right-handed couplings in the V¢s (V = Z, Zy, Z’) vertices the formulae
(3.23)-(3.25) of [33] for the inclusive decays B — X, ,vv have to be modified. There is no
interference between left-handed and right-handed contributions and we find

XV 2 XV 2
Br(B — X,vv) =19 <‘X;/_A + 78 + ‘ 25 , (5.1)
where ) )
3 Vi
ro = 1.75 Br(B — X_e) a [Vis| =(1.54+0.2)- 10_5, (5.2)

472 sin? Oy |Viep|?
with the factor 1.75 summarising QCD and phase space corrections.
We find then

vea XV 12 | xy?
Br(B — Xwv) B X +=5| t ‘ 2 (5.3)
Br(B — X,wi)sm X ()2 ' ’

In the LHT model the second term in the numerator, that represents the (V + A) contri-
bution in the decomposition (V' — A) and (V + A), is absent.
Of interest is also the ratio
Br(B — Xquv)  |Vigl?
Br(B — Xuwp) |V

P (5.4)

where VoA , )
Xy T X 2P + X /2

XA XY 2R+ XY 2
In the SM and models with Constrained Minimal Flavour Violation (CMFV) [6, 7, 48],
in which all flavour violation is governed by the CKM matrix and only SM operators are

(5.5)
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relevant,® one has P = 1. Note that (5.4) with P = 1 represents one of many correlations
in models with CMFV to which we will now turn our attention.
In the SM and in models with CMFV there is also a striking correlation between the

branching ratios for K; — 7°

v and B — X,vi as the same one-loop function X (z;)
governs the two processes in question [49]. This relation is generally modified in models
with non-CMFV interactions. As this modification beyond CMFV has not been discussed

in the literature we will present it here. Using (4.3) and (5.1) we find

Br KL—>7TOV17 r, . XK2
BT((B — X VI7)) - E(Smﬂgg)Q V_A ‘XV’2 xVv |2’ (5.6)
: XU+ A | R
which reduces in CMFV models to
Br(K Oy
T( L — T VV) :Esin(ﬂ_ﬁs)Q- (57)

Br(B — X.vv) 1o
6 Correlations between various observables

In the SM and in models with CMFYV the rare decays analysed in the present paper depend
basically on three universal functions X, Y, Z. Consequently, a number of correlations
exist between various observables not only within the K and B systems but also between
K and B systems. In particular the latter correlations are very interesting as they are
characteristic for this class of models. A review of these correlations is given in [7]. As
already stressed several times in our paper these correlations are violated in the model
considered. Such violations have also been found in the LHT model [33].

In our numerical analysis in section 8 we will investigate a multitude of correlations,
giving there relevant formulae if necessary. One has already been given in (5.6). One can
distinguish the following classes of correlations:

Class 1. Correlations implied by the universality of the real function X in CMFV models.
They involve rare K and B decays with vv in the final state.

Class 2. Correlations implied by the universality of the real function Y in CMFV models.
They involve rare K and B decays with p*u~ in the final state.

Class 3. In models with CMFV NP contributions enter the functions X and Y approxi-
mately in the same manner as at least in the Feynman gauge they come dominantly
from Z penguin diagrams. This implies correlations between rare decays with pu™ ™
and vv in the final state. It should be emphasised that this is a separate class as NP
can generally have a different impact on decays with v and g~ in the final state.

Class 4. Here we group correlations between AF = 2 and AF' = 1 transitions in which the
one-loop functions S and (X,Y'), respectively, cancel out and the correlations follow
from the universality of the CKM parameters. The two best known correlations of
this type are two golden relations [49-51] that we will analyse in section 8.11.

®See [8-10] for a more general definition of Minimal Flavour Violation (MFV), in which new operators
are allowed.

,16,



Class Correlated decays/observables

1 K; — v — Kt > atuvp
K; — 7% — B — X, qvv
B — X,wvv — B — X4vv

2 Ky —»mutp- «—— K — mVete”
Ky —ptp~ By — ptp~
By —ptp~ By — ptu~

3 Kp -7 —— Kp—autu (eter)
Kt —atvp Ky — ptp~
K; — v — By — ptu~
B — X,wi — By — ptu~

4 Bs,d - ,U'+:U'_ — AMS,d

K — mvo — S¢KS
: Sy - SL

Table 1. Examples of the several classes of correlations.

Class 5. Here we group correlations within AF = 2 transitions. The best known is the
one between the asymmetries Sy and Ag; [52] analysed by us already in [1].

As we will see in section 8, some of these correlations, in particular those between K and
B decays are strongly violated, others are approximately satisfied. Clearly the full picture
is only obtained by looking simultaneously at patterns of violations of the correlations in
question in a given NP scenario.

In table 1 we collect examples of correlations in each class that constitute the most
powerful tests of NP. Needles to say the classification of correlations presented here is valid

for any extension of the SM.

7 Anatomy of contributions of Z, Zy and Z’ gauge bosons

The discussion of the last four sections was rather general and the formulae given there
can easily be adapted to any model with tree level heavy neutral gauge boson exchanges.
We will now turn to the specific model considered here, beginning with an anatomy of
various contributions.

The NP contributions to the functions X, Y and Z given in the previous section are
a product of three main components: the coupling of the respective gauge boson to the
down-type quarks, its propagator in the low energy limit, and finally the gauge boson’s
coupling to leptons. For a given meson system characterised by (ij) there are six distinct
contributions from the three gauge bosons Z, Zy and Z’ coupling to left- and right-handed
down-type quarks, AiLj,R(Z) , AiLj,R(ZH) ’AiLj,R(Z/)' Two of them, the couplings of Z and
Z' to the left-handed quarks are suppressed by the custodial symmetry. To understand
the relative sizes of these six contributions, it is necessary to investigate the hierarchies in
the above mentioned building blocks as we will do in the following.
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We note that in case of the Y and Z functions also the KK photon A1) contributes.
However its couplings to fermions are suppressed by the smallness of the electromagnetic
coupling e*P and the electric quark charge, so that its contributions turn out to be small
(if not absent) in all cases.

7.1 Couplings to quarks

For the gauge couplings to left-handed quarks the hierarchy is given by the mixing of gauge
bosons into mass eigenstates (see (A.15), (A.16), (A.1)) and by the suppression induced by
the custodial protection. Numerically, we find

A (Zw) : AY(Z) - AY(Z) ~ O(101) : O(10°) < 1. (7-1)

For the couplings to the right-handed quarks, the hierarchy is solely determined by the
mixing of gauge bosons into mass eigenstates, and is given by

AT(Zy) : AB(Z')  A(Z) ~ O(10%) : O(10%) : 1, (7.2)

where these hierarchies hold for the K, B; and By systems likewise, that is for ij = sd,
ij = bd and 17 = bs, respectively.

We note that in the presence of an exact protective Prr symmetry the flavour violating
couplings AiLj(Z ) and AiLj(Z "} would vanish identically. In this limit the same linear combi-
nation of Z() and Zg(l) enters the Z and Z’ mass eigenstates, so that the same cancellation
of contributions is effective. Taking into account the Pppr-symmetry breaking effects on
the UV brane, the custodial protection mechanism is not exact anymore, but still powerful
enough to suppress AiLj(Z ) by two orders of magnitude. In the case of Z’, the mixing
angles for Z(M) and ngl) are modified by roughly 10% when including the violation of the
Prr symmetry [18]. Accordingly, the protection is weaker in the case of Z' and A%(Z ") is
suppressed only by one order of magnitude compared to the case without protection.

As the right-handed down-type quarks are no Prr-eigenstates, the custodial protection
mechanism is not effective in the case of Ag(Z ) and Ag(Z "), which explains the different
pattern of hierarchies in the right-handed sector.

This general picture is unaffected by the inclusion of the effects of KK fermion mixing.

7.2 Gauge boson propagators

If we assume the additional neutral gauge bosons Zg and Z’ to be degenerate in mass, as
done in (2.6), their contribution to the functions X, ¥ and Z is suppressed by a factor
M2 /MZ ~ O(1073) with respect to the Z contribution.

7.3 Couplings to leptons

For this comparison, we assume the lepton zero mode localisation to be flavour indepen-
dent, that is we assume degenerate bulk masses in the lepton sector. Since leptons are
significantly lighter than quarks of the same generation, we choose them to be localised
towards the UV brane and set the bulk mass parameters to ¢ = +0.7 for left- and right-
handed leptons, respectively. This assumption is well motivated by the observation that
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the flavour conserving couplings depend only very weakly on the actual value of ¢, provided
¢ > 0.5 (¢ < —0.5 for right-handed fermions). Since the couplings of gauge boson mass
cigenstates are dominated by the Z©) and Z() contributions,® their hierarchy does not
depend on the particular handedness or species of leptons involved. In contrast to the
Zy and Z' coupling, the Z coupling to the lepton sector is not suppressed by an overlap
integral of shape functions and hence is expected to be dominant. Numerically,

AV (Zr) s A2 AYEN(Z) ~ 01071 1 01071 1 1. (7.3)
This hierarchy is obviously the same in K, By and By systems.

7.4 Putting together the building blocks

The above considerations now can be used to weight the contributions of Z, Zy and Z’
coupling to left- and right-handed quarks. It is obvious that the contributions from the
Z and Z coupling to left-handed quarks are comparable in size, while the corresponding
contribution from Z’ is clearly negligible. The contribution from couplings to right-handed
quarks is strictly dominated by the Z gauge boson. To finally determine the dominant
overall contribution, we note that due to the custodial protection and the particular struc-
ture of the model the Z boson couples much more strongly to right-handed quarks than
to left-handed quarks, A%(Z ) > AiLj(Z ), which is even more the case if we concentrate on
parameter sets that can produce significant modifications to the functions X, Y and Z.

The main message from our semi-analytic analysis is the following: If the effects in
rare K and B decays are significant, they are dominantly caused by the Z boson coupling
to right-handed down quarks.

7.5 Comparison of K and Bg s systems

As the tree level Z contributions turn out to be dominant, from now on we restrict our
discussion to these contributions. In figure 3 we show the allowed ranges for ASLdR(Z )
and Alﬁ r(Z), respectively. The solid thick line corresponds to the equality of left- and
right-handed couplings. We observe:

o A%4(Z) is larger than A$%(Z) for a dominant part of the allowed points and is on
average larger than AsLd(Z ) by two orders of magnitude.

e The dominance of A% (Z) over A%(Z) is less pronounced, but still on average A% (Z)
is larger than Ab*(Z) by one order of magnitude.

e The values of A%(Z) are on average larger than A3¢(Z) by one order of magnitude,
as the (bg, sg) system is localised closer to the IR brane than the (sg,dr) system.

For Alff r(Z) we find the values between those for the (bs) and (sd) cases.
When comparing the size of NP effects in K and B, systems we have to take into

account that NP contributions are also enhanced non-universally by factors 1/ )\gi). As

This is due to the fact that the overlap integral of a (++) gauge boson with UV localised fermions is
much larger than the corresponding overlap integral for a (—+) gauge boson.
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Figure 3. |AY(Z)| versus |A%(Z)| for ij = sd (left) and ij = bs (right). The blue points are
obtained in the custodially protected model after imposing all constraints from AF = 2 observ-
ables [1]. The purple points show the effect of removing the custodial protection, as outlined in
section 7.6. The solid lines display the equality |AY (Z)| = |Ag(Z)|

)\gK) ~ 4 -107%, whereas )\gd) ~ 1-1072 and )\gs) ~ 41072, we would naively expect
the deviation from the SM functions in the K system to be by an order of magnitude
larger than in the By system, and even by a larger factor than in the By system. This
strong hierarchy in the factors 1/ )\gi) is partially compensated by the opposite hierarchy in
Ag(Z ). However, as flavour violation is generally weaker in the right-handed sector, this
compensation is not complete, so that still larger effects are expected in K physics than in
B s physics. In any case the universality for the functions X, ¥ and Z in the K and B
systems is necessarily broken.

Having at hand numerical results for A;fl’bd’bs(Z ) for a large number of parameter sets,
we can predict the average relative size of NP contributions in the K and B systems. We
find that the size of the NP contributions on average drops by a factor of four when going
from the K to the By system and by another factor of two when going from the By to the
Bg system.

7.6 Removing the protection of left-handed Z couplings

It is instructive to investigate how our results would look like if the protection of the
left-handed Z couplings to down-type quarks was not present. In order to get a rough
idea we simply removed the contributions of the Zg(l) gauge boson to the Z, Zy and Z'
couplings that are generated in the process of electroweak symmetry breaking. This also
has an impact on the right-handed Z couplings, as those were dominated by the ngl)
contribution and are now suppressed by a factor sin? Ay ~ 0.2. However the main effect is
the enhancement of the couplings AiLj(Z ) by roughly two orders of magnitude. The results
are displayed by the purple points in figure 3 for the K and B, systems. We observe that
A34(Z) tends now to be larger than A3¢(Z), while A% (Z) fully dominates over A% (Z).
Again intermediate results are found for A%“f r(Z).

It is important to note that now, as the rare decays in question are fully dominated by
the AiLj (Z) contribution, the expected pattern of deviations from the SM changes drastically
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A = |Vis| = 0.226(2) G = 1.16637 - 107° GeV 2

V| = 3.8(4) - 1073 My = 80.403(29) GeV

|Vip| = 4.1(1) - 1072 53] | a(Mz) =1/127.9

v = 75(25)° sin? Oy = 0.23122

AMpy = 0.5292(9) - 1072 ps~! mY, = 497.648 MeV

ler| = 2.232(7) - 1073 [54] | mp, = 5279.5 MeV

AMy = 0.507(5)ps ! mp, = 5366.4 MeV [54]
AM, = 17.77(12) ps ! m = 1.32(32) [55]
Syrs = 0.671(24) [56] | 73 = 0.47(5) 57, 58]
me = 1.30(5) GeV n2 = 0.57(1)

my = 162.7(13) GeV 773 =0. 55( ) 59, 60]
Fg = 156(1) MeV [61] 45(25) MeV

Bg = 0.75(7) 00(20) MeV

Bp, = 1.22(12) Fp \/1337 = 270(30) MeV

Bp, = 1.22(12) FBd\/; = 225(25) MeV
Bp,/Bg, = 1.00(3) 62] | € =1.21(4) [62]
7(Bs) = 1.470(26) ps as(Mz) = 0.118(2) [54]
7(Bg) = 1.530(9) ps [54]

Table 2. Values of the experimental and theoretical quantities used as input parameters.

with respect to the custodially protected scenario. As AiLj(Z ) exhibit a similar hierarchy
as the CKM factors )\gq), relative NP effects of roughly equal size are expected in K and
B decays. We stress however that a more quantitative analysis in that case requires also
the inclusion of the Zbp by, constraint, possibly altering the pattern of expected effects. In
addition, removing the Zg(l) couplings also modifies the predictions for AB = 2 observables
at the O(100%) level, so that the points from our parameter scan do in general not fulfil
the associated constraints any more. On the other hand the most severe constraint comes
from e, which we have shown in [1] to be dominated by KK gluon contributions and thus
insensitive to the precise structure of the EW sector. Consequently we do not expect our
results to be affected significantly by this simplified working assumption.

In the next section we will show a couple of examples of how removing the protection
in question influences rare decay branching ratios.

8 Numerical analysis

8.1 Preliminaries

In our numerical analysis we will set |Vys|, |Vep| and |Vyp| to their central values measured
in tree level decays and collected in table 2.

As the fourth parameter we choose the angle v of the standard unitarity triangle that
to an excellent approximation equals the phase dcxy in the CKM matrix. The angle
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has been extracted from B — D® K decays without the influence of NP. The value used
throughout our analysis and quoted in table 2 is consistent with recent fit results [53, 63].
The “true” value of (3 is obtained from

A% 1 |Vub|

Ry = (1 — —> — =0.40+0.04 8.1

2) XVl &

and v, i.e. from tree level decays only and is not affected by a potential NP phase. We
find then

(sin 23)true = (0.726 4+ 0.070), Birue = (23.3 £2.9)°, (8.2)

that is consistent with Sy in table 2, although a bit larger implying a small negative
value of a NP phase pp, in By — By mixing:

Syrcs = sin(20uue + 208,), @B, = —(2.2+£3.1)°, (8.3)

as discussed already by several authors in the literature. This new phase can be easily
obtained in the model considered [1].

As pointed out recently in [64], the value of Syk4 in table 2 and even the value of
(sin 2f3)ue given above appear too small to obtain the experimental value of the CP-
violating parameter ex in the SM. Similar tensions between CP-violation in K° — K9 and
BY — BY mixings from a different point of view have been pointed out in [65]. All these
tensions can be removed in the model considered.

For the non-perturbative parameters entering the analysis of particle-antiparticle mix-
ing we choose and collect in table 2 their lattice averages given in [62].

In order to simplify our numerical analysis we will, as in [1], set all non-perturbative
parameters to their central values and instead we will allow AMy, ex, AMy, AMg and
Sykg to differ from their experimental values by £50%, +20%, £30%, +30% and +20%,
respectively. In the case of AM;/AMy we will choose +20%, as the error on the relevant
parameter, £, is smaller than in the case of AM,; and AM; separately. The relevant
expressions for these observables within the model considered are given in [1]. These
uncertainties could appear rather conservative, but we do not want to miss any interesting
effect by choosing too optimistic non-perturbative uncertainties.

In presenting the results below we impose all existing constraints from AF = 2 tran-
sitions analysed by us in [1] and require that all quark masses and weak mixing angles
calculated in this model agree with the experimental ones within 2¢. The details behind
this latter calculation are given in [1]. Specifically we use the parameterisation of the 5D
Yukawa couplings presented in that paper, where we scan over 0 < yf% 4 < 3 in order to
maintain perturbativity, and vary the relevant mixing angles and CP-violating phases in
their physical ranges [0,7/2] and [0, 27], respectively. For the bulk mass parameters we
impose 0.1 < c% < 0.5 and fit the other values in order to obtain correct quark masses and
CKM mixing angles. For further details on the parameter scan we refer the reader to [1].

As there is some fine-tuning required to fit the experimental value of € we will consider
as our main results for rare decays those obtained from points in the parameter space for
which this fine-tuning is moderate and characterised by the Barbieri-Giudice [66] measure
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Apc(ex) < 20. They are given by orange points in the plots below. However, for complete-
ness we will also show results obtained for arbitrarily high fine-tuning. They are represented
by blue points in the figures below and obviously show on average larger deviations from the
SM than the ones found with only moderate fine-tuning. To be specific, all the statements
from now on apply only to the latter points. For some examples we also show the results
obtained after removing the custodial protection. In that case points with arbitrarily high
fine-tuning are shown in purple, while points with moderate fine-tuning are shown in green.

We will perform the numerical analysis in the same spirit as in the LHT model so
that an easy comparison of the results obtained in the LHT model [33, 43] and the results
in the model discussed here will be possible. Therefore the presentation below follows
closely subsections 10.4-10.11 of [33], although it contains new correlations that cannot be
found in [33].

8.2 Breakdown of universality

In CMFV models the functions X;, Y; and Z; are real and independent of the index i =
K,d,s. Consequently, they are universal quantities implying strong correlations between
observables in K, By and By systems. In the model discussed here this universality is
generally broken, as clearly seen in the formulae of sections 4 and 5. Moreover the functions
X;, Y, and Z; become complex quantities and their phases turn out to exhibit a non-
universal behaviour.

To get a feeling for the possible sizes of | X;|, |Y;| and |Z;| (i = K, d, s) we give the 5o
ranges for the distribution of the respective quantity. To also capture non-symmetric dis-
tributions around the mean value, for each quantity we determine the standard deviations
for two symmetrised versions of the distribution: one that originates from those values only
that are larger than the mean value, and the other one originating from those values only
that are smaller than the mean value. Numerically we find

| X4

X(x1)

implying that the CP-conserving effects in the K system can be much larger than in the

| Xk| <112, 095 < L%
X (1)

0.60 <
B X (7y)

<130, 090<

<108,  (84)

Bg and By systems, where NP effects are found to be disappointingly small.

We illustrate this in figure 4, where we show the ranges allowed in the space
(|IXkl,|Xs]). The solid thick line represents the CMFV relation |Xs| = |Xk| and the
crossing point of the thin solid lines indicates the SM value. The departure from the solid
thick line gives the size of non-CMFV contributions that are caused dominantly by NP
effects in the K system.

Similar hierarchies are found for |Y;| and |Z;|:

|Yql

Y,
0.45 < <160, 085 < <120, 093< <1.12, 8.5
V(e = () ey (52
Z Z Z
035 < 2Kl 905 o0so<dZ <130, 090 < A2l <147, (8.6)
Z () Z () Z ()
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Figure 4. Breakdown of the universality between | X x| and |Xg|. The solid thick line represents
the CMFV relation |X;| = |Xk| and the crossing point of the three solid lines indicates the SM
prediction.

100

21l

Figure 5. Breakdown of the universality between 6% and 6% and new sources of CP-violation. In
the SM, 0§ = 05 = 0.

The fact that largest effects are found in the Z; functions and the smallest in the Xj;
functions is dominantly due to the hierarchy X (x¢) > Y (z) > Z(z) as

X(xy) = 1.48, Y(xy) =0.94, Z(x¢) = 0.65. (8.7)
For the new complex phases we find the ranges
—45° <0 <25°, 90 <ALk <8, —2°<0% <7, (8.8)

implying that the new CP-violating effects in the b — dvv and b — sy transitions are
very small, while those in K}, decays can be sizable. An analogous pattern is found for the
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Figure 6. Left: Br(K — 7’vi) as a function of Br(K+ — ntvi). The shaded area represents the
experimental lo-range for Br(K+ — ntvw). The GN-bound is displayed by the dotted line, while
the solid line separates the two areas where Br(K — wvi) is larger or smaller than Br(K+ —
7T vi). The black point represents the SM prediction. Right: The same, but in the case of removed
custodial protection.

phases of Y; and Z; functions:

o d o
—15° <0y <12°,
—21° < 0% < 17°,

—4° <65 < 11°,
—6° <03 < 15°.

(8.9)
(8.10)

—60° < 0¥ < 38°,
—80° < 65 <55°,

Again the largest effects are found in the Z; functions. As an example we show in figure 5
the allowed range in the space (0%, 6%).

From these results it is evident that flavour universality can be significantly violated.
The anatomy of the hierarchies in the factors 1/ )\Ei) and in the gauge couplings of Z leading
to this breakdown and to its particular pattern can be found in section 7.

8.3 The K — wri system

In the left panel of figure 6 we show the correlation between Br(K+ — nfvw) and
Br(K;, — 7n%w). The experimental lo-range for Br(K* — ztvi) [67] and the
model-independent Grossman-Nir (GN) bound [68] are also shown. We observe that
Br(Ky, — 7'vi) can be as large as 15-107!1, that is by a factor of 5 larger than its SM value
(2.84:0.6) - 107! while being still consistent with the measured value for Br(K+ — 7Tvw).
The latter branching ratio can be enhanced by at most a factor of 2 but this is sufficient

to reach the central experimental value [67]

Br(KT — ntui)eyp = (17.37752) - 1071 (8.11)
to be compared with the SM value [69]
Br(KT — ntui)gm = (8.5 4+ 0.7) - 10711, (8.12)

In the right panel of figure 6 we show the modification when the custodial protection
for Z couplings is removed as discussed in section 7.6. Now the values of Br(Kj — 7°
and Br(K* — ntvp) can be as large as 2- 10710 and 3 - 107! respectively, i.e. in the

absence of protection an additional enhancement by almost a factor 2 is possible.

V)
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Figure 7. Br(Ky — 7'v) as a function of Sye. The black point represents the SM prediction.
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Figure 8. Br(K+ — wtvi) as a function of Sys. The shaded area represents the experimental
lo-range for Br(K* — 77vi), and the black point the SM prediction.

8.4 Sy4 and K — wvv

In our previous paper [1] spectacular NP effects in the CP-asymmetries Sy4 and A§; have
been found. Therefore let us now have a closer look at the correlations between Sy, and
in the K — wvv decays. In figures 7 and 8 we show the correlation between Sy4 and
Br(Kp — n%w) and Br(K+ — 7tuvp), respectively. We observe that it is very difficult

to obtain simultaneously large deviations from the SM in K — 7vv decays and Sy.

8.5 B — Kvv, B— K*vv and B — X, qui
Using the formulae of sections 4 and 5 we find the ranges
Br(Bt — Ktuvp)
Br(Bt — Ktvv)su
0.95 < Br(B — XST?)

Br(B — X.wi)sm

<1.15, 0.90 < Ry < 1.10, (8.13)

090 < Ry =

< 1.08, (8.14)
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Figure 9. Correlation between Br(B — X,vv) and Br(B — X4vv). The black line represents the
universal CMFV result given by the ratio |V;q|?/|Vis|?, and the black point the SM prediction.

and
093 < P<1.07. (8.15)

These results show that NP effects in rare B decays are significantly smaller than in rare
K decays as already expected from our anatomy of NP effects in sections 7 and 8.2. As
the deviation of P from unity signals violation of an important and very clean correlation
between Br(B — Xsvv) and Br(B — Xyvrv) in the CMFV models we show this correlation
in figure 9. Unfortunately, the resulting deviation is small and will be difficult to measure.
Therefore we do not show the correlation in (5.6) that would display strong deviations from
CMFV mainly due to large effects in K; — 7°v7 but small ones in B — X vv. Similar
effects have already been seen in several plots in our paper in the case of other correlations
between K and B decays.

8.6 B, — putp~ versus Kt — ntui

We next investigate the possible correlation between By, — putp~ and KT — 7tvw.
To this end we show in the left panel of figure 10 the correlation between Br(Bs; —
utu")/Br(Bs — ptp )sm and Br(K+t — wtvp). The experimental lo-range for
Br(Kt — ntup) [67] is represented by the shaded area and the SM prediction by the
black point. Br(Bs — u™p~) can deviate only by 15% from the SM value, while more
pronounced effects are possible in Br(K+ — 7tvi) as we have seen before. Again, when
Br(K* — wtvp) is sizably enhanced, Br(Bs — p*p~) can hardly be distinguished from
the SM prediction.

The situation changes spectacularly” when the protection of Z couplings is removed,
as shown in the right panel of figure 10. While Br(K* — 7v) can now be enhanced
by another factor of two, a much bigger effect is seen in the case of Br(Bs; — putu™).

"Similarly spectacular effects of the removal of protection are found in B — X s,dVV, as opposed to tiny
effects in figure 9.
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Figure 10. Left: Br(Bs — ptu~)/Br(Bs — ptu~ )sm as a function of Br(K+ — wtvw). The
shaded area represents the experimental 1o-range for Br(K+ — 7T vir) and the black point shows
the SM prediction. Right: The same, but in the case of removed custodial protection.
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Figure 11. left: Br(Ky — p*u™)sp as a function of Br(Bs; — ptu™). The dashed line indicates
the upper bound on Br(K; — p*p~)sp. The solid line shows the CMFV prediction, while the
black point represents the SM. right: The same, but in the case of removed custodial protection.

More precisely, the possible effects are now roughly of equal size in both decays, with even
slightly bigger effects observed in By, — pp~. This pattern can be easily understood
from the discussion in section 7.6: In the absence of custodial protection the NP effects
are clearly dominated by A%(Z ) which exhibits a similar hierarchy as the relevant CKM
factors )\Eq). The slightly bigger effects in By — p*p~ are then a remnant of the hierarchy
X(z¢) > Y(x¢) in the SM, implying that NP effects are generally more pronounced in the
latter case. We would like to note however that such large enhancements in By — putpu~
are generally expected to coincide with a violation of the Zbrb; constraint, so that a
more thorough analysis including also this latter constraint is required to make a definite

prediction in the model without custodial protection.

8.7 Correlation between Ky — putpu~ and B, — ptpu~

In the left panel of figure 11 we show the correlation between the branching ratios for
Ky — ptp~ and By — ptpu~. As expected from our anatomy of NP effects, the CMFV

correlation represented by the solid line is strongly broken, mainly due to much larger
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Figure 12. Correlation between K; — pu"p~ and K™ — wTvir. The black point represents the
SM prediction.

NP effects in the decay of K. We also observe that the upper bound of (4.15) can be
saturated, but this happens only for SM-like values of Br(Bs — putu™).

In the right panel of figure 11 we show the same correlation in the absence of custodial
protection for the Z couplings to left-handed down-type quarks. The NP effects are now
significantly larger, in particular in By — ptpu~, as already observed previously. Also
in K;, — ptp~ an additional enhancement by a factor of two is possible, so that the
bound of (4.15) can be strongly violated. Interestingly, while the possible effects in Kj —
uwrp~ and By — ptpT are now very similar, they are generally not expected to appear
simultaneously, so that a strong violation of the CMFV prediction displayed by the solid
line is possible.

8.8 Correlation between K7 — pTpu~ and Kt — ntvi

Next in figure 12 we show the correlation between the short distance contribution to
Br(Kp — p*p~) and Br(Kt — 7tww). As both are CP-conserving rare K decays, a
non-trivial correlation is generally expected. Interestingly it turns out that this correlation
is an inverse one, i.e. an enhancement of Br(Kj — pu*u~) relative to the SM coincides
with a suppression of Br(K™ — mTvi) and vice versa. This correlation originates in the
fact that the K™ — 7w transition is sensitive to the vector component of the flavour
violating Z coupling, while the K — pu™p~ decay measures its axial component. As the
SM flavour changing Z penguin is purely left-handed, while the NP contribution is dom-
inated by right-handed Z couplings, these two contributions enter the decays in question
with opposite relative sign. In other words, the correlation between K+ — 7wtvi and

Ky, — ptu~ offers a clear test of the handedness of NP flavour violating interactions.

8.9 The K; — ©%1¢~ system

In figure 13 we show the correlation between Br(Kj — mVete™) and Br(K, — n%utu~)
that has first been investigated in [45-47]. We observe that both branching ratios can be
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Figure 13. Br(K; — 7uTu~) as a function of Br(K; — 7nlete™), assuming constructive
interference. The black point represents the SM prediction.

enhanced at most by 60% over the SM values [47]

Br(Ky — 7%t )sm = 1417535 (0.9570:37) - 1071, (8.17)

Br(Kp — m%Te )sm = 3.547038 (1.5670%5) - 1071, (8.16)

with the values in parentheses corresponding to the destructive interference between di-
rectly and indirectly CP-violating contributions. A recent discussion of the theoretical
status of this interference sign can be found in [70] where the results of [45, 46, 71] are
critically analysed. From this discussion, constructive interference seems to be favoured
though more work is necessary.® In figure 13 constructive interference has been assumed.
We also observe a strong correlation between Br(Ky — 7lete™) and Br(Kp — n°utp™),
similar to the case of the LHT model. Indeed such a correlation is common to all models
with no scalar operators contributing to the decays in question [45-47].
The present experimental bounds

Br(Kp — 1%te ey < 28-1071 [72],  Br(Kp — 7% exp < 38-1071 (73],
(8.18)
are still by one order of magnitude larger than the SM predictions.

8.10 K — w%t¢~ versus K, — wvi

In figure 14 we show Br(Kj — mle*e™) and Br(Ky — 7n°u*p~) versus Br(K — 7°

V).
We observe a strong correlation between the K — 7%¢*¢~ and K; — 7°vi decays that
has already been found in the LHT model [33]. We note that a large enhancement of
Br(K; — 7'vi) automatically implies significant enhancements of Br(K — 7¢T(7),
although the NP effects in K; — 7'v are much stronger. This is related to the fact
that NP effects in K, — 7%¢T¢~ are shadowed by the dominant indirectly CP-violating
contribution. The correlations in figures 13 and 14 constitute a powerful test of the model
considered. Again the correlation observed here is very similar to the one encountered in

the LHT model [33].

8We thank Joaquim Prades for clarifying comments.
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Figure 14. Br(K; — w’eTe™) (upper curve) and Br(K; — 7%u*u~) (lower curve) as functions
of Br(Ky — 7). The corresponding SM predictions are represented by black points.

Figure 15. The ratio r of (8.19) as a function of Sye. The solid line indicates the CMFV prediction
and the black point the SM value.

8.11 Violation of golden MFV relations

There are two golden relations that are theoretically very clean and consequently are very
suitable for the tests of the SM and its extentions.

We have first the relation between Br(Bys — ptp™) and AM;/AM; valid in CMEFV
models [51] that in the model in question and also in the LHT model gets modified

as follows:
BT(BS — :U’+:U’_) _ BBd T(Bs) A Mg , _ E ? CBd e A]\4d,s
BT(Bd — IU,JFM*) BBS T(Bd) AMd ’ Yd CBS ’ s (AMd,s)SM ’
(8.19)

with 7 = 1 in CMFV models but generally different from unity.
In figure 15 we show the ratio r of (8.19) as a function of Sy4. The departure from

,31,



4.%x1077
3.9% 107 L
38x 107 F

a0
S3TX107

M

«3.6% 1070 [

Br(s

3.5%107° [

34%107°

33x1077 |

e e o B PR e o & T

9 x107h 1x107 11x107% 12x 1070 13x 1070 14x107®

Br(B, >ut )

Figure 16. Br(Bs — p*p~) versus Br(By — pupu~). The straight line represents the CMFV
correlation and the black point the SM prediction.

unity measures the violation of the golden CMFV relation between By, — ptp~ decays
and AM, s in (8.19). We observe that r can vary roughly in the range

0.60 < r < 1.35, (8.20)

with only a weak correlation with Syg.

It is instructive to show also the plot of Br(Bs — u*u~) versus Br(By — pu™p™)
that in CMFV models is a straight line with the slope given in (8.19) with » = 1. A
similar strong correlation within general MFV models exists [74]. As shown in figure 16
deviations from this straight line signal non-CMFYV effects present in the model considered.
We note that NP effects in By — pu™p~ are larger than in By, — ptu~ as expected from
our discussion in section 8.2, but in any case both are small and difficult to be tested in
future experiments.

Another golden test of the MFV hypothesis is given by the ratio

sin 23%

sin2(8 + ¢B,)’ (8.21)

i.e. by comparing CP-violation in By — By mixing and the decay Kj — mvi. While in
models with new flavour and CP-violating interactions, such as the LHT model [33, 43],
this ratio can deviate significantly from unity, in MFV models ¢p, = 0, 6§ = 0 holds, so
that the MFV relation of [49, 50]

(sin28)s,x, = (SIN28) K, r0up (8.22)

is recovered and the ratio in (8.21) is very close to 1. A violation of this relation would
thus clearly signal the presence of new complex phases and non-MFV interactions.

In figure 17 we show the ratio of sin 2ﬁ§ over sin(20 + 2¢p,) as a function of Syg4.
As discussed in section 8.1, ¢p, is found to be small, and large violations of the relation
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Figure 17. sin23%/sin(28 + 2pp,) as a function of Sys. The departure from unity (solid line)
measures the size of non-MFV effects. The black point represents the SM prediction.

in question can only follow from large deviations of Xx from its SM value. As seen in
figure 17, they can be significant, but again only for SM-like values of Sy.

8.12 Comparison with the results in the LHT model

The pattern of deviations from the SM predictions found in the RS model analysed here
and in [1] differs from the one found in the LHT model [33, 43, 75]:

o NP effects in Sy4 analysed already in [1] can be large in both models but the ones in
the RS model can generally be larger due to the larger number of free flavour param-
eters and to the presence of the Oy r operators that are absent in the LHT model.

e NP effects in rare K decays can be large in both models but this time it is easier
to enhance the relevant branching ratios in the LHT model, in particular in the case
of CP-conserving decays like K™ — n7vy. Even if FCNC transitions take place in
the RS model already at the tree level, the custodial protection of left-handed Z
couplings, the RS-GIM mechanism and masses of the gauge bosons in this model
larger ((2 — 3) TeV) than the masses of new electroweak gauge bosons in the LHT
model (typically smaller than 1TeV) taken together do not allow for effects as large
as the one-loop effects in the LHT model.

e The correlations between K; — 7'utu~ and K; — 7%te” and between
K — 7%t ¢~ and K; — 7%v decays are similar in the RS model considered and
in the LHT model.

e The situation is different for the K — wvv system, where in the LHT model a
strong correlation between Ky — 7'v and K+ — 7vp has been found [33, 43].
This should be contrasted to the case of the RS model, where we observe no visible
correlation between these two decays.
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e A similar pattern of NP effects is observed in rare B decays but the effects are

generally smaller than in K decays in both models.

e A drastically different situation is encountered in the RS model without custodial
protection, where the possible NP effects in rare K and B decays are expected to
be of equal size. In particular Br(Bs — p*p™) can be enhanced by as much as a
factor of three which is clearly impossible in the LHT model. However, as already
stated, our analysis is not complete, since in this scenario also a strong violation
of the Zbp by, constraint is generally predicted and a consistent analysis should take
into account also EW precision observables.

e In both models it is unlikely to obtain simultaneously large effects in Sy4 and in
rare K decays, but in the RS model considered here this effect is more pronounced.

In summary, despite the completely different sources of flavour violation in the RS
model and in the LHT model, the general pattern of flavour violating observables is similar
in both models and makes a distinction non-trivial. Still some signatures would clearly

favour one or the other model. In particular:

e An observation of the CP-asymmetry Sy4 larger than about 0.4 would strongly dis-
favour the LHT model and favour RS physics.

e Another clear falsification of the LHT model could be offered by finding the K — 7mvv
decay rates outside the correlation predicted by the LHT model.

e On the other hand, the observation of simultaneous large NP effects in Sy4 and in
rare K decays would put the RS model under severe pressure.

9 Summary and outlook

In the present paper we have performed a detailed analysis of the most interesting rare
decays of K and B mesons in a warped extra dimensional model with a custodial protection
of flavour diagonal and flavour non-diagonal Z boson couplings to left-handed down-type
quarks. In this model NP contributions come dominantly from tree level exchanges of Z
bosons governed by its couplings to right-handed down-type quarks. The contributions of
the Zy boson are significantly smaller, while those from Z’ are negligible, being suppressed
by the custodial protection mechanism, its large mass and small couplings to leptons. Also
the contributions of the KK photon A1) are negligible, being suppressed by the small
electromagnetic coupling constant and by the electric charge of the down-type quarks.
The anatomy of various contributions has been presented in section 7.

Using the Feynman rules of [18] we have calculated the short distance functions X,
Y; and Z; (i = K,d,s). In the model in question these functions are complex quantities
and carry the index ¢ to signal the breakdown of the universality of FCNC processes, valid
in the SM and MFV models. The new weak phases in X;, Y; and Z;, which are absent in
the SM and models with MFV, imply potential new CP-violating effects beyond the SM
and MFV ones.
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With the functions X;, Y; and Z; at hand, we have calculated the branching ratios for
a number of interesting rare decays. In particular, we analysed K+ — ntvw, K; — 10w,
K — 7%, K, — ptu~, Bsg — pp~, B — Kvi, B — K*vi and B — X, qub.
At all stages of our numerical analysis we took into account the existing constraints from
AF = 2 processes analysed by us in [1].

The main messages of our paper are as follows:”

e The most evident departures from the SM predictions are found for CP-violating
observables that are strongly suppressed within the SM. These are the branching
ratio for K — 7% and the CP-asymmetry Sye with the latter analysed already
in [1]. Br (KL — Wouﬁ) can be by a factor of 5 larger than its SM value, while Sy
can be enhanced by more than an order of magnitude. However as clearly seen in
figure 7 simultaneous large NP effects in both observables are very unlikely.

e The largest departures from SM expectations for Br (Kt — ntvv) and Br(K, —
704+ ¢~) amount to factors of 2 and 1.6, respectively. The enhancement of Br(K+ —
7Tvi) could be welcomed one day if the central experimental value will remain in
the ballpark of 15- 107! and its error will decrease. Again, it is very unlikely to get
simultaneously large NP effects in K™ — 77 vv and Sy, (figure 8), while simultaneous

0

large effects in K+ — 77w and K, — w’vi are possible as clearly seen in figure 6.

e The branching ratios for By g — ptp~ and B — X 4vv, instead, are modified by at
most 20% and 10%, respectively.

e Sizable departures from MFV relations between AM, 4 and Br(Bsq — ptp~) and
between Sy and the K — wvv decay rates are possible. This is clearly seen in
figures 15 and 17.

e The universality of NP effects, characteristic for MFV models, can be largely broken,
in particular between K and B, g systems in AF' = 1 transitions, where large effects
are only possible in K decays.

e The main impact of the extended gauge group on AF = 1 processes is the suppression
of tree level left-handed Z couplings, while the direct contributions of the new gauge
bosons play a subdominant role.

In summary, our present analysis of rare K and B decays combined with our previous
analysis of AF = 2 transitions reveals a clear pattern of NP effects in FCNC processes
predicted by the RS model with custodial protection in question:

e NP effects in AS = 2 processes are governed by KK gluons, whereas in AB = 2
transitions the heavy gauge boson Zp is equally important.

e NP effects in AS = 1 transitions are dominated by tree level Z exchanges.

e Large effects in Syg4 are possible.

9All the results quoted here are obtained constraining also the fine-tuning in ex, Apag(ex) < 20.
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Large effects in K — 7% and KT — 7tuw are possible, even simultaneously.

Large enhancements in K, — ptp~ and KT — 7wy are possible, but not
simultaneously.

Simultaneous large effects in Sy and in the K — 7vv decays are very unlikely.

NP effects in rare B decays dominated in the SM by Z penguin contributions are
generally small and hardly distinguishable from NP effects in MFV models.

This pattern implies that an observation of a large Sy would in the context of the
model considered here preclude sizable NP effects in rare K decays. On the other hand,
finding Sy to be SM-like will open the road to large NP effects in rare K decays. Inde-
pendently of the experimental value of Syg, NP effects in rare B decays are predicted to
be small and an observation of large departures from SM predictions in future data would
put the model considered here in serious difficulties.

Clearly, this pattern of NP effects in FCNC processes originates to a large extent in
the custodial protection of the Z couplings to left-handed down-type quarks. We have
shown that removing this protection from the model allows to obtain significantly larger
NP effects in rare K and B decays. For instance Br(Bs — ptp~) could be as large as
10~8. On the other hand without this protection it is much harder to obtain an agreement
with the electroweak precision data for KK scales in the reach of the LHC.

Finally, as a byproduct we have presented general formulae for effective Hamiltonians
including right-handed couplings to gauge bosons that can be used in any extension of
the SM. We have also pointed out a number of correlations between various decays (see
section 6) that could turn out to be crucial for distinguishing various NP scenarios.
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A Couplings of electroweak gauge bosons

A.1 Couplings of Z
The flavour non-diagonal couplings of Z to down quarks are given by

M

= o _Z;LAZR(Z(”) + Iy cos ¢ cos wAiL{R(Z;))] +AZR(Z)KK-fermionS7
KK

(A1)

A p(2)
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where

I
I = f/o dy e g(y)h(y)*~ V2kL, (A.2)
S Y
I =1 /O dy e~ 25 () h(y)2~ VIR . (A.3)

Here h(y) is the Higgs profile, with h(y) o< 6(y — L) in the present analysis, and ¢(y), §(y)
are the shape functions of Z(1) and Zﬁ(l), respectively, differing slightly from each other due

to the different boundary conditions on the UV brane. Z(!) and Zg(l) are gauge eigenstates
and AiL]R(Z(l)) and AiL]R(Zﬁ(l)) are the elements of the 3 x 3 coupling matrices

A~

ALr(V) =D} perr(V)Dr  (V.=20,2¢), (A.4)

with Dy and Dp being the left- and right-handed down-type flavour mixing matrices,
respectively. They have been discussed and calculated in [1]. 7 gr(Z()) and éf, R(Zg(l)) are
diagonal matrices

err(V) = diag(eLr()(V),eLr@)(V),eLr(3)(V)) (v =20,20).  (A5)

The couplings of Z(M) and Zg(l) to fermions in the flavour eigenbasis are given by the

overlap integrals

@) = gy [ e (1) o), (A6)
cR()(Z0) = e /0 Sy [190.6)] o). (A7)
) =1 [ e [100.69)] i), (A8)
w0 = w21 [yt (190 500 (A.9)

Further
B (). g ()
9% :cﬁz <§sin2 ) : kAP :Ci1D¢ (—1 + %sinQ ¢> . (A.11)

Here g*P is the 4D SU(2)1, gauge coupling. Moreover sin? v ~ sin? fy and sin ¢, cos ¢
as functions of 1 are given by the formulae

1 sin ¢

_—, SinY = ————
/1 +sin? ¢ /1 +sin? ¢

(A.12)

cos ) =

and can also be found in [18].
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Finally, the contribution to the flavour violating Z couplings originating from the
mixing of the fermionic zero modes with their heavy KK partners turns out to be a sub-
leading effect [1]. The corresponding formulae are complicated and beyond the scope of
this paper. Details will be presented elsewhere. Note that both gauge and fermion KK
contributions to AiLj(Z ) are suppressed by the custodial protection mechanism.

The couplings of Z to £/~ and v are standard:

1 g4D
AT (Z) :§—c0s¢ ) (A.13)
4D 4D
i 9 L Wi 9 o
AL (2) = o5 v ( 5 T sin ¢> , AR (2) ——Coswsm P (A.14)

A.2 Couplings of Zg and Z’ to down quarks
The couplings AiLij(ZH) and AiL{R(Z’) with 4,7 = d,s,b can be conveniently written in

terms of the matrices Az, z(Z™1)) and ALR(Z%)), given above, as follows

AL,R(ZH) = COSSALR(Z(I)) + SianLR(Z;)) , (A15)
AL,R(Z,) = — SianLR(Z(l)) + COSSALR(Z;)) y (A16)

where cos¢ and sin&, both O(1), represent the transformation of ZM) and Zg(l) into the
mass eigenstates Zy and Z’. The O(v?/MZy) terms in this transformation that involve
the Z boson were treated separately above. As cos¢ and sin& do not appear in the final
expressions in the limit Mz, = Mz = Mggk, we do not give explicit formulae for them.
They can be found in [18]. Note that in the limit of exact Prr symmetry

cos &

sin &

= cos ¢ cos, (A.17)

removing both flavour diagonal and non-diagonal Z’ couplings to left-handed down-type
quarks. As in the case of Z’ the Pr symmetry is violated at the 10% level, these couplings

receive a suppression relative to the Zy ones by merely one order of magnitude.

A.3 Couplings of Zy and Z’ to leptons

These couplings are defined in an analogous manner to (A.4) so that we only list the
corresponding replacements:

1. We neglect all lepton flavour violation effects and set ¢y, g = 0.7 universally for all
charged leptons and neutrinos. In this limit the flavour mixing matrices corresponding
to Dr,r are simply replaced by the identity, and the coupling matrices € r are
proportional to the unit matrix.

2. In the case of charged leptons we have

g4D 1 1
g4Z],DL :cosw <—§ + sin® ¢> ) kP = — §g4D cos ¢, (A.18)
4D 94D 2 4D 4D
=_—_sin"y, = - 5. A.19
9z R coszpsm (0 K5 g cos¢ ( )
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3. In the case of neutrinos we have

4D

1
1 _ 1 A2

971 505t K] 59 cos ¢, (A.20)

g4ZI?R =0, kil =0 (A.21)
A.4 Couplings of AM)
In the case of AW, e g(i) is given by (i = 1,2,3)

LAy oy AL [T T i3]

LR )AD) = Qune™ 7 [Tyt [l 4)] g0). (A.22)

with ¢(y) being the gauge KK shape function of A,
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