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1 Introduction

Flavour physics, both in the lepton and hadron sector, o↵ers an exciting avenue to possibly explore
scales even beyond the realm of the LHC. Processes like µ ! e�, ⌧ ! µ� in leptonic sector and in
hadronic sector: KL ! ⇡0⌫⌫, K+ ! ⇡+⌫⌫ (s ! d transitions) are characterised by small contributions
in the SM. This leaves a lot of scope for the manifestation of NP in terms of additional contributions to
these processes and more precise determination of them could o↵er an indirect candle for the existance
of these states. More recently, the LHCb has been involved in the measurement of the b ! sll flavour
observables through the measurement of B(B+ ! K+µ+µ�) and B(B+ ! K+e+e�) in form of the
following ratio [1]

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)

����
q2=1�6 GeV 2

= 0.745+0.090
�0.074 (stat)± 0.036 (syst)

(1.1)

while the SM expectation is RSM
K = 1.003 [2], implying a ⇠ 2.6 � deviation as a possible evidence of

lepton non-universality. This ratio, originally proposed in [3], are an especially clean test of the SM,
as hadronic uncertainties cancel. This was further corroborated by the measurement of the following
ratio

RK⇤ =
B(B0 ! K⇤0µ+µ�)

B(B0 ! K⇤0e+e�)
=

(
0.660+0.110

�0.070(stat)± 0.024(syst), 0.045  q2  1.1 GeV2

0.685+0.113
�0.069(stat)± 0.047(syst), 1.1  q2  6.0 GeV2

(1.2)

The SM prediction in the corresponding q2 bins are: RSM
K⇤ ' 0.93 for low q2 while RSM

K⇤ = 1 elsewhere.
This corresponds to a 2.4� deviation for low q2 and ⇠ 2.5 � for medium q2. Further in the b ! s

sector, LHCb [4, 5] and the BELLE [6] collaboration have observed a deviation in the measurement
of the angular observable P 0

5 [7] in B ! K⇤µµ decays. This further stresses the possibility of lepton
non-universality, in particular in the µ sector [8–14]. These deviations can be parametrized by the
additional contributions to the following e↵ective operators [15]:

L � V ⇤
tbVtsGF↵p

2⇡

X

i

CiOi (1.3)

where Ci = CSM
i +�Ci.

O9 = (s̄L�
µbL)(µ̄�µµ) O90 = (s̄R�

µbR)(µ̄�µµ)

O10 = (s̄L�
µbL)(µ̄�µ�

5µ) O100 = (s̄R�
µbR)(µ̄�µ�

5µ) (1.4)

Here �Ci determines the NP contributions to the Wilson coe�cients. There has been several analysis
to determine the fest fit values to the �Ci: Historically and owing to the P 0

5 anomaly, most of the fits
assumed NP coupled to the muon sector: they involved parameterizing deviations in Cµ

i while Ce
i is

assumed to consistent with the SM. Several 1 �D fits were performed to fit to this e↵ect and fits to
the data can be obtained if the NP satisfies one of the following hypothesis with the corresponding
best fit points [16]: 1) �Cµ

9 = �1.1, 2) �Cµ
9 = ��Cµ

10 = �0.61 and 3) �Cµ
9 = ��C

0µ
9 = �1.01. In

the 1-D hypotheses, the �Ci for the other operators in the e↵ective theory are consistent with zero. In
parallel, fits in the 2-D plane were performed in [17] in the �Cµ

9 ��Cµ
10, �Ce

9��Cµ
9 and �C

0µ
9 ��Cµ

9 ,
while the other Wilson co-e�cients are assumed to be SM like. Further, it is also possible to obtain a
fit to the data in the 6-D parameter space and obtaining the following best fit points [16]:

�C7 = 0.017 �Cµ
9 = �1.12 �Cµ

10 = 0.33 �C70 = 0.59 �Cµ
90 = 0.59 �Cµ

100 = 0.07 (1.5)
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Flavour physics is one of the best probes of BSM physics

There are several indications pointing towards the possible existence of NP

Anomalies in the decay of the B meson were reported through the measurements 
of the                  transitions in the form of foll. ratio:b ! sll

LFU violations??

Also, the measurement of RK*
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Things are 
looking 
GOOD!!
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RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745+0.090
≠0.074(stat.) ± 0.036(syst.),

≥ 2.6 ‡ from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846

+0.060

≠0.054

(stat.) +0.016

≠0.014

(syst.)

≥ 2.5 ‡ from SM. ]4c/2 [GeV2q
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1 Introduction

The past few years have brought us a thriving debate on the possible hints of New Physics
(NP) from measurements of semileptonic B decays. In particular, Flavour Changing Neu-
tral Current (FCNC) decay modes into multi-body final states, e.g. B ! K(⇤)`+`� and
Bs ! � `+`�, bring forth a large number of experimental handles, see e.g. [1], that are ex-
tremely useful for NP investigations while also allowing to probe the Standard Model (SM)
itself in detail [2–6]. The inference of what pattern is being revealed by the experimental
observations is the crux of the debate.

Two distinct classes of observables characterize these semileptonic decays. The first is
the class of angular observables arising from the kinematic distribution of the differential
decay widths that have been measured at LHCb [7–13], Belle [14], ATLAS [15] and CMS [16–
18]. These observables, mostly related to the muonic decay channel, while being sensitive
to NP [6, 19–22] are besieged by hadronic uncertainties [23–28]. The latter, associated with
QCD long-distance effects – hard to estimate from first principles [29, 30] – can saturate
the measurements so as to be interpreted as possibly arising from the SM or can obfuscate
the gleaning of NP from SM contributions [31–33]. Therefore, in the absence of a complete
and reliable calculation of the hadronic long-distance contributions, a clear resolution of
this debate based solely on the present set of angular measurements is hard to achieve.
Improved experimental information in the near future [34] concerning, in particular, the
electron modes is a subject of current cross-talk between the theoretical and experimental
communities [35, 36], and may shed new light on this matter [37–39].

The second class of observables then becomes crucial to this debate. These are the
Lepton Flavour Universality Violating (LFUV) ratios that hold the potential to conclusively
disentangle NP contributions from SM hadronic effects. The latter are indeed lepton flavour
universal [2, 40]. Several hints in favour of LFUV have surfaced in the past few years
in experimental searches at LHCb [41, 42] and Belle [14]. These have led to a plethora
of theoretical investigations [43–159], all oriented towards physics Beyond the Standard
Model (BSM) able to accommodate such LFUV signals, mainly involving Z 0 or leptoquark
mediators at scales typically larger than a few TeV and with some peculiar flavour structure
needed to avoid clashing with the stringent bounds from meson-antimeson mixing and from
other observables. Despite possible model-building challenges, the primary message here is
clear: a statistically significant measurement of LFUV effects in FCNCs such as b ! s`+`�

decays would herald the discovery of NP unambiguously [160–165].
In this work we focus on the progress of this debate with the new measurements of RK

and RK⇤ recently presented by the LHCb [166] and Belle collaborations [167]:

RK [1.1, 6] ⌘ Br (B+ ! K+µ+µ�
)

Br (B+ ! K+e+e�)

= 0.846

+0.060
�0.054

+0.016
�0.014 (LHCb), (1.1)

RK⇤
[0.045, 1.1] ⌘ Br (B ! K⇤µ+µ�

)

Br (B ! K⇤e+e�)

= 0.52

+0.36
�0.26 ± 0.05 (Belle), (1.2)

RK⇤
[1.1, 6] = 0.96

+0.45
�0.29 ± 0.11 (Belle). (1.3)

The LHCb results combines the re-analysis of the 2014 measurement together with more

– 2 –

M. Prim 
Moriond EW ‘19 



Motivated by the       anomaly, it is not uncommon to consider NP purely in the 
muon sector

P 0
5

However, this will not necessarily constitute the holy grail for our analysis,  
leaving the door open for electrons as well

Several models of leptoquarks, additional Z’, composite dynamics etc. have been 
put forth as a possible explanation to these anomalies

As a model building exercise, we focus on custodial models of RS and correlate the 
currently observed anomalies to observables in Kaon sector.

Electrons or muons or both? 



RS model (UV model 
for Z’)

Two categories of 
solutions

Distinguishing 
the two scenarios 

using K decays

Primarily muon doublets
Muons and electrons both  

play a role

1 2



ds

2 = e

�2ky
⌘µ⌫dx

µ
dx

⌫ + dy

2

Randall Sundrum Model
S1/Z2 compactified

Geometry can determine the coupling of 
the fermions to the Higgs and new 
physics states 

Its a model of flavour  #win

#win

Randall, Sundrum ‘99 



Elements of the framework 1.: Gauge bosons in RS
We are grateful to D. Bhatia and A. Kushwaha for careful reading of manuscript. GD would like to
thank ICTS/Prog-candark/2017/06 for hospitality.

A Bulk fields in Custodial RS models

In this section we review the basic ingredients of the model required to compute the coe�cients in Eq.
1.3. The RS model, with the fermion and gauge fields in the bulk, is beset by large contributions to
the T parameters as well as the Zb̄LbL coupling. This is due to the mixing between the zero-modes
and gauge KK-modes induced by electro-weak symmetry breaking [130]. One alternative is to consider
soft-wall models where this mixing can be considerably weakened [131, 132]. We consider the other
alternative where the bulk gauge symmetry is extended as [83]:

SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ⇥ PLR (A.1)

The Higgs, which transforms as (2,2) under the bulk symmetry group, is localized on the IR brane
with the following canonically normalized lagrangian4:

LHiggs = (DH)2 � µ2|H|2 + �

4
|H|4 (A.2)

where D = @ � i
⇣
g5W

a⌧aL + g̃5W̃
a⌧̃aR + g̃0

5
2 (B � L)B̃

⌘
and the lorentz indices have been suppressed

for convenience. Thus in addition to the SM gauge boson (W±
SM , ZSM ), there are two additional first

KK states in both the neutral and the charge current sector 5: (W±
H , ZH) and W±

X , ZX having similar
masses ⇠ MKK . Owing to the mixing induced by the EWSB, these mass eigenstates can be defined
in terms of the gauge eigenstates as:

ZSM = Z(0) � M2
Z

M2
KK

⇣
�
p
2kR⇡(Z(1)) +

p
2kR⇡ cos� cos Z

0
⌘

ZH = cos ⇣ (Z(1)) + sin ⇣ (Z
0
)

ZX = � sin ⇣ (Z(1)) + cos ⇣ (Z
0
) (A.3)

Here Z(0), Z(1) are the zeroth and first KK excitation of the SM gauge eigenstate field Z, while Z 0

is massive field with (approximately) (�+) boundary conditions and defined as: Z 0 = g̃5W̃
3�g̃0

5B̃p
g̃2
5+g̃

02
5

where sin2  ' sin2 ✓W and cos = 1p
1+sin2 �

. ⇣ is the Z(1) � Z 0 mixing angle. The mass eigen-

states for the charged fields (W±
SM,X,H) can similarly be written in terms of the gauge eigenstates

(W (0)±,W (1)±,W
0±) as:

W±
SM = W (0)± � m2

W

M2
KK

p
2kR⇡W (1)±

W±
H = cos� (W±(1)) + sin� (W±0

)

W±
X = � sin� (W±(1)) + cos� (W±0

) (A.4)

where � is the W±(1) �W±0
mixing angle.

4The Higgs field is redefined as H ! ekR⇡H absorb the exponential factors from
p�gIR = e�4kR⇡ to canonically

normalize the kinetic term.
5We consider the e↵ect of only the first KK state on the flavour observables. The contributions of the higher KK

levels are subleading.
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The bulk gauge symmetry is: SU(2)L ⇥ SU(2)R ⇥ U(1)X

Broken by boundary conditions to SM gauge group on the UV brane

tuning (⇠ 0.03) in the muon Yukawa, Yµ while the other charged lepton Yukawa coupling are chosen
O(0.3). Along the way, we also present examples with fits to the neutrino oscillation data.

The paper is organized as follows: In Section 2 we give a brief description of the custodial RS
model and identify the parameter space consistent with the fermion mass fits. In Section 3 we limit
the parameter space of third generation quarks to be consistent with �F = 2 processes. In Section 4
we compute the fits for the anomalies in b ! sll processes for two di↵erent 1-D hypotheses. In Section
5 we consider the rare kaon decays and demonstrate how it can be utilised to possibly distinguish
between the two scenarios used to fit the b ! sll anomalies. In Section 6 we argue why this setup
is best consistent with the SM when R(D⇤) is taken into account. In Section 7 we give an explicit
example with MFV implemented in the lepton sector, in particular for the first scenario. In Appendix
A we outline the structure the flavour violating couplings.

2 The Model

The custodial RS model is characterized with an enlarged bulk gauge symmetry: SU(2)L⇥SU(2)R ⇥
U(1)B�L. The Higgs doublet (�) is localized on the IR brane and is promoted to a bi-doublet under
SU(2)L ⇥ SU(2)R as [83–85]:

⌃ = (✏�⇤,�) =


�⇤0 �+

��� �0

�
(2.1)

where both � and ✏�⇤ are doublets of SU(2)L. The scalar Lagrangian on the IR brane is given as:

LHiggs =

Z
dy�(y � ⇡R)

p
�g

⇥
Tr(DM⌃)

†DM⌃� µ2Tr⌃†⌃+ �(Tr⌃†⌃)2
⇤

(2.2)

where
p�g|y=⇡R = e�4kr⇡. Re-defining the Higgs field as ⌃ ! ekR⇡⌃ leads to the canonically

normalized scalar Lagrangian.
The �(0) component develops a vev on the IR brane resulting in the symmetry breaking pattern

SU(2)L ⇥ SU(2)R ! SU(2)V and is responsible for the protection of the T parameter. On the UV
brane, the bulk custodial symmetry is broken by orbifolding with the following choice of the boundary
conditions for the bulk gauge fields:

W a
Lµ(+,+) Bµ(+,+) W a

Rµ(�,+) ZX,µ(�,+) (2.3)

As a result, the residual symmetry on the UV brane is SU(2)L⇥SU(2)R⇥U(1)X ! SU(2)L⇥U(1)Y .
In the light of the breaking on the UV and the IR brane, the e↵ective low energy theory is U(1)Q
symmetric. A discussion of the solutions for the bulk profiles of the gauge fields is given in Appendix
A.
Fermions: The fermions in the theory, like the gauge bosons, are also bulk fields. The quarks and
lepton doublets are embedded in a bi-doublet representation of SU(2)L ⇥ SU(2)R as

⇣ ⌘

⇠uL(�,+) vu(+,+)
�d
L(�+) vd(+,+)

�
(2.4)

where v = Q,L denotes a bulk field whose zero mode corresponds to the SM quark(lepton) doublets.
The superscripts u(d) are used to denote the T3 = 1

2 (�
1
2 ) components of the doublet fields. ⇠(�) are

exotic fermions with Q = 5/3(2/3) which do not have a zero mode on account of the choice of bound-
ary conditions. The singlets (right handed neutrinos N and the up quarks) transform as (1, 1) while
the charged lepton and down type singlets are embedded in a  ⌘ (1, 3) multiplet of bulk custodial
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T parameter 
safe

vev mixes the zero modes and the higher KK excitations



KK excitations of the corresponding bulk gauge fields lead to a tower of states: 
We consider the lowest scale with mass                TeVMKK = 3

Z 0, ZX , A(1)
In the mass basis there are three neutral  states with similar mass contributing to 

the                      FCNC 

They have a similar wave function profile which is peaked near the IR brane: Origin 
of non-universal couplings
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While the zero mode gauge fields X(0) where X = Z,W± have a flat profile in the bulk, the higher
KK models are characterized by a profile which is peaked near the IR brane. The profiles satisfy the
following di↵erential equation [108, 133–135]:

[z2n
d2

dz2n
+ zn

d

dzn
+ (z2n � 1)](e��f (n)(y)) = 0 (A.5)

where zn = mn

k e� and � = k|y|. the solutions to which are as given as

f (n)(y) = e�/Nn[J1(zn) + bnY1(zn)] (A.6)

where bn is determined by boundary conditions. Since the boundary conditions for (Z,W±)(1) (++)
is di↵erent from (Z,W±)

0
, (-,+), the corresponding value of b1 will be di↵erent. The KK photon will

have a similar bulk profile but di↵erent boundary condition as there are no mass term induced on the
IR brane due to EWSB. The KK masses used in the analysis will correspond to MKK = 3 TeV.

Fermions in the bulk: In addition to the gauge fields, we also consider bulk fermions as it o↵ers
a natural understanding of the Yukawa hierarchy problem: Since the fermions in odd-dimensions are
vector-like, a bulk 5D Dirac spinor can be decomposed as:

 (x, y) =  L(x, y) + R(x, y) (A.7)

with  L,R = ±�5 L,R, implying that  R is odd under Z2. Thus only the  L ⌘  L(x)fL(y) will have

zero mode profile f
(0)
L . Assuming a bulk mass term parametrized as m = c�

0
the extra dimensional

profiles can be obtained by solving following coupled equations [108]:

�e��(@y + c�
0
)f (n)

L (y) = mnf
(n)
R (y) (A.8)

e��(@y � c�
0
)f (n)

R (y) = mnf
(n)
L (y) (A.9)

The equations decouple for mn = 0 and the zero mode solutions are given as

f
(0)
L = N

(0)
L e(0.5�c)ky (A.10)

where the normalization factors N
(0)
L =

q
k(1�2c)

e(0.5�c)kR⇡�1
From the above equation it is clear that the

fermion zero modes are localized towards the UV(IR) for c > 0.5(c < 0.5). The c parameters play an
important role in determing the e↵ective 4D Yukawa coupling as:

Y (4) =
Y (5)

k
N

(0)
L N

(0)
R e(1�cL�cR)kR⇡ (A.11)

where Y (5) is typically O(1). The entire spectrum of fermion masses and mixing (lepton and hadron)
can be fit by assuming c parameters in the range �1.5  c  1.5. For our analysis, we assume the
fermion doublets to transforms as (2,2) under the gauge group while the singlets (1, 3). The coupling
constant for fermions with a given representation to the di↵erent gauge bosons discussed above. have
been outlined in [85]. We now discuss the origin of non-universality in bulk RS models.

A.1 Tree level decays

As discussed above, the di↵erent fermionic generations are localized at di↵erent points in the bulk
to facilitate a solution to the Yukawa hierarchy problem. While their coupling to Z(0) is universal,
their coupling to Z(1), Z 0 ( whose profile is peaked near the IR brane) is generation dependent . This
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Obtained by solving the bulk equations of motion in 
 AdS space



Elements of the framework 2.:

Fermions in RS

We consider fermion field with a bulk mass parametrised as: m = ck

Dimensionless 
O(1) parameter

tuning (⇠ 0.03) in the muon Yukawa, Yµ while the other charged lepton Yukawa coupling are chosen
O(0.3). Along the way, we also present examples with fits to the neutrino oscillation data.

The paper is organized as follows: In Section 2 we give a brief description of the custodial RS
model and identify the parameter space consistent with the fermion mass fits. In Section 3 we limit
the parameter space of third generation quarks to be consistent with �F = 2 processes. In Section 4
we compute the fits for the anomalies in b ! sll processes for two di↵erent 1-D hypotheses. In Section
5 we consider the rare kaon decays and demonstrate how it can be utilised to possibly distinguish
between the two scenarios used to fit the b ! sll anomalies. In Section 6 we argue why this setup
is best consistent with the SM when R(D⇤) is taken into account. In Section 7 we give an explicit
example with MFV implemented in the lepton sector, in particular for the first scenario. In Appendix
A we outline the structure the flavour violating couplings.

2 The Model

The custodial RS model is characterized with an enlarged bulk gauge symmetry: SU(2)L⇥SU(2)R ⇥
U(1)B�L. The Higgs doublet (�) is localized on the IR brane and is promoted to a bi-doublet under
SU(2)L ⇥ SU(2)R as [83–85]:

⌃ = (✏�⇤,�) =


�⇤0 �+

��� �0

�
(2.1)

where both � and ✏�⇤ are doublets of SU(2)L. The scalar Lagrangian on the IR brane is given as:

LHiggs =

Z
dy�(y � ⇡R)

p
�g

⇥
Tr(DM⌃)

†DM⌃� µ2Tr⌃†⌃+ �(Tr⌃†⌃)2
⇤

(2.2)

where
p�g|y=⇡R = e�4kr⇡. Re-defining the Higgs field as ⌃ ! ekR⇡⌃ leads to the canonically

normalized scalar Lagrangian.
The �(0) component develops a vev on the IR brane resulting in the symmetry breaking pattern

SU(2)L ⇥ SU(2)R ! SU(2)V and is responsible for the protection of the T parameter. On the UV
brane, the bulk custodial symmetry is broken by orbifolding with the following choice of the boundary
conditions for the bulk gauge fields:

W a
Lµ(+,+) Bµ(+,+) W a

Rµ(�,+) ZX,µ(�,+) (2.3)

As a result, the residual symmetry on the UV brane is SU(2)L⇥SU(2)R⇥U(1)X ! SU(2)L⇥U(1)Y .
In the light of the breaking on the UV and the IR brane, the e↵ective low energy theory is U(1)Q
symmetric. A discussion of the solutions for the bulk profiles of the gauge fields is given in Appendix
A.
Fermions: The fermions in the theory, like the gauge bosons, are also bulk fields. The quarks and
lepton doublets are embedded in a bi-doublet representation of SU(2)L ⇥ SU(2)R as

⇣ ⌘

⇠uL(�,+) vu(+,+)
�d
L(�+) vd(+,+)

�
(2.4)

where v = Q,L denotes a bulk field whose zero mode corresponds to the SM quark(lepton) doublets.
The superscripts u(d) are used to denote the T3 = 1

2 (�
1
2 ) components of the doublet fields. ⇠(�) are

exotic fermions with Q = 5/3(2/3) which do not have a zero mode on account of the choice of bound-
ary conditions. The singlets (right handed neutrinos N and the up quarks) transform as (1, 1) while
the charged lepton and down type singlets are embedded in a  ⌘ (1, 3) multiplet of bulk custodial
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The quark and leptons transform  
as bi-doublets. 

The charged lepton and down type singlets transform as  (1,3) under the custodial symmetry 

The choice of `c’ can in general be different for the doublet and singlet fields 

They play the same role as the FN charges in Froggatt-Nielsen Models



Zero mode for the Z2 even field say f
(0)
L satisfies

Introducing a bulk mass term m1/2 = c�0 = ck modifies the solution to

Split fermions in RS

Introduce bulk masses for fermions mi = cik

The zero mode solution now becomes

f
(0)
L = Ne(0.5�c)�(y) (1)

Thus c > 0.5 (c < 0.5) the zero modes are localized towards
y = ⇡R (y = 0)

The e↵ective 4D Yukawa coupling are then
Y (4)

= (Y 0
)ije

(1�cL�cE)kR⇡

The higher modes are independent of the value of c and are always
localized twoards the IR brane.

The KK states for any spin field 0, 12and2 are always localized
towards the IR brane

13 / 55

e�� (@y � 2�0) f (0)
L = 0

field re-definitions

Using orthonormality 

Localized profiles!!

f (0)
L = Nek0.5(y�⇡R)

Solving the bulk equations of motion for the SM fermions we get



These bulk masses control the  
localisation of the fermion zero mode  

(SM fermions) in the bulk

0 πR

f(y
)

y

Allanach, Iyer, Sridhar 2015

U
V 

br
an

e

IR
 b

ra
ne

c<0.5
c>0.5
Higgs

Y (4) = Y (5)

Z ⇡R

0
dy f (0)

0 (b, y)f (0)
1/2(cL, y)f

(0)
1/2(cR, y)

The choices are governed by the proximity to the Higgs field and hence a 
relatively larger effective Yukawa coupling

Except for the third generation doublet and top singlet, other fields are away 
from the IR brane



Elements of the framework 3.: Non-universal couplings

Consider vector of fermions  
in flavour basis

⌘T =
h
f (1), f (2), f (3)

i
Rotating to mass  

basis

⌘M = D ⌘

D is a 3 x 3 unitary matrix

The coupling matrix in the mass basis is given as

Figure 11: Overlap integral I as a function of bulk mass parameter c

coupling depends on the localization of the fermions along the extra-dimension thus giving rise to
non-universality. Let ⌘T = {f (1)

M ,f (2)
M , f (3)

M } be vector of fermions in the mass basis. Let a(1)ij be a 3⇥3
matrix denoting the coupling of SM fermions in the mass basis to a generic KK gauge boson say X(1).
It is given as

aijL,R = g̃ ⌘TL,RD
†
L,R

2

4
If1 0 0
0 If2 0
0 0 If3

3

5DL,R⌘L,R (A.12)

where g̃ is the coupling constant depending on the gauge field and particular representation of the
fermion and are given in Appendix in [85]. DL,R are 3⇥3 unitary matrices for rotating the zero mode
(SM) fermions from the flavour basis to the mass basis. I is the overlap of the profiles of two zero
mode fermions and first KK gauge boson and is given by

I(c) =
1

⇡R

Z ⇡R

0
dye�(y)(f (0)

i (y, c))2⇠(1)(y)Z(1),Z0 (A.13)

The o↵ diagonal elements of a(1)ij represent the flavour violating couplings. They are given as:

a12 = g̃ (D⇤
21D22(I(2)� I(1)) +D⇤

31D32(I(3)� I(1)))

a23 = g̃ (D⇤
12D13(I(1)� I(2)) +D⇤

32D33(I(3)� I(2)))

a13 = g̃ (D⇤
21D23(I(2)� I(1)) +D⇤

31D33(I(3)� I(1))) (A.14)

Fig. 11 gives the plot of I as a function of c. The integral is universal I ⇠ 0.2 for c � 0.5. Since
the Higgs is localized near the IR brane, c values for all the quark fields with the exception of the third
generation will be chosen to be c > 0.5. ⇠(1)(y) denotes the profile of the first KK gauge boson: Z(1)

correesponds to the first KK state of the SM Z with (+,+) boundary condition while Z 0 is the neutral
SU(2)R ⇥ U(1)B�L with (�,+) boundary condition. As discussed in Section A, the breaking of the
electroweak symmetry at the IR brane mixes the zero mode gauge boson with the higher modes. In
the mass basis, the flavour violating couplings is given as:

↵ij
L,R(ZSM ) =

M2
Z

M2
KK

⇣
�
p
2kR⇡aijL,R(Z(1)) +

p
2kR⇡ cos� cos aijL,R(Z

0
)
⌘

↵ij
L,R(ZH) = cos ⇣ aijL,R(Z(1)) + sin ⇣ aijL,R(Z

0
)

↵ij
L,R(ZX) = � sin ⇣ aijL,R(Z(1)) + cos ⇣ aijL,R(Z

0
) (A.15)
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Figure 10: Overlap integral I as a function of bulk mass parameter c

(SM) fermions from the flavour basis to the mass basis. I is the overlap of the profiles of two zero
mode fermions and first KK gauge boson and is given by

I(c) =
1

⇡R

Z ⇡R

0
dye�(y)(f (0)

i (y, c))2⇠(1)(y)Z(1),Z0 (A.13)

The o↵ diagonal elements of a(1)ij represent the flavour violating couplings. They are given as:

a12 = g̃ (D⇤
21D22(I(2)� I(1)) +D⇤

31D32(I(3)� I(1)))

a23 = g̃ (D⇤
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32D33(I(3)� I(2)))

a13 = g̃ (D⇤
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31D33(I(3)� I(1))) (A.14)

Fig. 10 gives the plot of I as a function of c. The integral is universal I ⇠ 0.2 for c � 0.5. Since
the Higgs is localized near the IR brane, c values for all the quark fields with the exception of the third
generation will be chosen to be c > 0.5. ⇠(1)(y) denotes the profile of the first KK gauge boson: Z(1)

correesponds to the first KK state of the SM Z with (+,+) boundary condition while Z 0 is the neutral
SU(2)R ⇥ U(1)B�L with (�,+) boundary condition. As discussed in Section A, the breaking of the
electroweak symmetry at the IR brane mixes the zero mode gauge boson with the higher modes. In
the mass basis, the flavour violating couplings is given as:

↵ij
L,R(ZSM ) =

M2
Z

M2
KK

⇣
�
p
2kR⇡aijL,R(Z(1)) +

p
2kR⇡ cos� cos aijL,R(Z

0
)
⌘

↵ij
L,R(ZH) = cos ⇣ aijL,R(Z(1)) + sin ⇣ aijL,R(Z

0
)

↵ij
L,R(ZX) = � sin ⇣ aijL,R(Z(1)) + cos ⇣ aijL,R(Z

0
) (A.15)

where sin2  ' sin2 ✓W and cos = 1p
1+sin2 �

. ⇣ is the Z(1) � Z 0 mixing angle. For the computation

in neutral current transitions we choose: cos ⇣ = 0.54 and sin ⇣ = 0.84.
Similar to ZH,X the KK photon also contributes to the FCNC with structure similar to Eq. A.12

with the replacement that g ! eQ where Q is the electromagnetic charge and e = g sin ✓W
Along the same line, the coupling to the charged gauge bosons are given as:

WSM :
�igp
2

✓
1� m2

W

M2
KK

p
2⇡kRI(cf )

◆
; WH :

�igp
2
cos ⇣ 0I(cf ); WX :

igp
2
sin ⇣ 0I(cf ) (A.16)
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coupling depends on the localization of the fermions along the extra-dimension thus giving rise to
non-universality. Let ⌘T = {f (1)

M ,f (2)
M , f (3)

M } be vector of fermions in the mass basis. Let a(1)ij be a 3⇥3
matrix denoting the coupling of SM fermions in the mass basis to a generic KK gauge boson say X(1).
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where g̃ is the coupling constant depending on the gauge field and particular representation of the
fermion and are given in Appendix in [85]. DL,R are 3⇥3 unitary matrices for rotating the zero mode
(SM) fermions from the flavour basis to the mass basis. I is the overlap of the profiles of two zero
mode fermions and first KK gauge boson and is given by
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a13 = g̃ (D⇤
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Fig. 11 gives the plot of I as a function of c. The integral is universal I ⇠ 0.2 for c � 0.5. Since
the Higgs is localized near the IR brane, c values for all the quark fields with the exception of the third
generation will be chosen to be c > 0.5. ⇠(1)(y) denotes the profile of the first KK gauge boson: Z(1)

correesponds to the first KK state of the SM Z with (+,+) boundary condition while Z 0 is the neutral
SU(2)R ⇥ U(1)B�L with (�,+) boundary condition. As discussed in Section A, the breaking of the
electroweak symmetry at the IR brane mixes the zero mode gauge boson with the higher modes. In
the mass basis, the flavour violating couplings is given as:

↵ij
L,R(ZSM ) =

M2
Z

M2
KK

⇣
�
p
2kR⇡aijL,R(Z(1)) +

p
2kR⇡ cos� cos aijL,R(Z

0
)
⌘

↵ij
L,R(ZH) = cos ⇣ aijL,R(Z(1)) + sin ⇣ aijL,R(Z

0
)

↵ij
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0
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where g̃ is the coupling constant depending on the gauge field and particular representation of the
fermion and are given in Appendix in [85]. DL,R are 3⇥3 unitary matrices for rotating the zero mode
(SM) fermions from the flavour basis to the mass basis. I is the overlap of the profiles of two zero
mode fermions and first KK gauge boson and is given by
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the Higgs is localized near the IR brane, c values for all the quark fields with the exception of the third
generation will be chosen to be c > 0.5. ⇠(1)(y) denotes the profile of the first KK gauge boson: Z(1)

correesponds to the first KK state of the SM Z with (+,+) boundary condition while Z 0 is the neutral
SU(2)R ⇥ U(1)B�L with (�,+) boundary condition. As discussed in Section A, the breaking of the
electroweak symmetry at the IR brane mixes the zero mode gauge boson with the higher modes. In
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The off-diagonal couplings can be simply read off as:



�F = 2 constraints

gluons, the contribution of the other gauge KK states cannot be ignored. In a generic RS framework,
the Hamiltonian contributing to �F = 2 due to the exchange of first KK state is given as[84, 85]

H�F=2 =
1

M2
KK

h
(aijL )

2 (̄iL�µt
ajL) (̄iL�

µtajL) + (aijR)
2 (̄iR�µt

ajR) (̄iR�
µtajR)

+ aijRa
ij
L (̄iR�µt

ajR) (̄iL�
µtajL)

i
(3.1)

The WC for the flavour violating operators (i 6= j) are proportional to

a12 = g̃ (D⇤
21D22(I(2)� I(1)) +D⇤

31D32(I(3)� I(1)))

a23 = g̃ (D⇤
12D13(I(1)� I(2)) +D⇤

32D33(I(3)� I(2)))

a13 = g̃ (D⇤
21D23(I(2)� I(1)) +D⇤

31D33(I(3)� I(1))) (3.2)

where g̃ is a generic parameter to denote the coupling strength of gauge KK boson to a pair of
fermions. Here we choose D = VCKM . I(j), j = 1, 2, 3 gives the overlap of the KK gauge boson
wave function with that of the zero mode fermions and is defined in Eq A.13. In the scenario where
I(1) = I(2) < I(3), the contribution to the di↵erent i-j transitions is simply:

asd / V ⇤
tdVts(I(3)� I(1))

abd / VtbV
⇤
td(I(3)� I(1))

abs / VtbV
⇤
ts(I(3)� I(1)) (3.3)

Further, in accordance with the parameter space scanned to fit the quark masses, the down quark
singlets have universal coupling to all the gauge KK bosons. As a result, aijR = 0. This implies that
the operator structure is exactly similar to that in the SM: viz. (V � A)(V � A). To determine the
extent of the allowed contribution to the co-e�cients aij we consider the following parametrization of
the e↵ective Lagrangian [110–112]:

Leff = LSM +
c1
⇤2

(s̄L�
µdL)

2 +
c2
⇤2

(b̄L�
µdL)

2 +
c3
⇤2

(b̄L�
µsL)

2 (3.4)

Table 1 gives the upper bounds on ci for ⇤ = MKK = 3 TeV [110–112] Fig. 2 gives as computation of
ci as a function of cQ3 . Evidently, as cQ3 increases to 0.5, the breaking of the U(3) to U(2) symmetry
is increasingly softer, thereby reducing the corresponding contributions. We find that cQ3 ' 0.4 is
roughly preferred by the upper bound on the co-e�cients in Table 1.

Process Re(ci) Im(ci)

(s̄L�µdL)2 8.1⇥ 10�6 3.0⇥ 10�8

(b̄L�µdL)2 2.0⇥ 10�5 9.9⇥ 10�6

(b̄L�µsL)2 4.5⇥ 10�4 1.5⇥ 10�6

Table 1: Upper bounds on the Wilson coe�cients of operators contributing to �F = 2 processes
corresponding to MKK = 3 TeV.

b ! s�: We now discuss the e↵ects of composite third generation quarks on loop induced processes.
The most dominant contribution would be to b ! s�. The relevant operators are given as

O7 ⌘ b̄R�
µ⌫sLF

µ⌫ O0
7 ⌘ b̄L�

µ⌫sRF
µ⌫ (3.5)

– 8 –

Figure 2: The Wilson co-e�cient ci as a function of cQ3 for s ! d and b ! d transitions.

Consider the contribution to the Wilson co-e�cient of O0
7 which is suppressed in the SM. In RS it

receives corrections due to A) KK gauge bosons and charged fermions in the internal lines and b)
Higgs and KK fermions in the internal lines. We consider each of them separately.
A) For the scenario with KK gauge bosons, the Wilson coe�cient C 0

7, for a generic i ! j� process is
given as [113]

(C 0
7)ij / F i

LYijF
j
R (3.6)

where the factor Y is due to mass insertion in the internal fermion line and F is 3⇥ 3 matrix of zero
mode wavefuction in flavour space defined as:

F =

2

4
f(c1) 0 0
0 f(c2) 0
0 0 f(c3)

3

5 (3.7)

The flavour structure in this case is exactly aligned with the fermion mass matrix and hence the con-
tribution is negligible.

B) In this case, there are three Yukawa insertions: two on the Higgs-fermion-KK fermion vertex
and one on the internal KK fermion line. The flavour structure in this case is given as [113]:

C 0
7 ⇠ mb

v2M2
KK

h
V †
CKMMdiag

u U†
RF

�2
U URM

diag
u U†

LF
�2
Q DL +msD

†
RF

�2
D DRM

diag
d D†

LF
�2
Q DL

i
(3.8)

Bounds exist on the values of C 0
7 which can be extracted from the operator structure defined below:

Heff =
c07
⇤2

O0
7 where O0

7 =
mb

e
(s̄�µ⌫PLb)F

µ⌫ (3.9)

The upper bound on ci for ⇤ = 1 TeV is 3.6 ⇥ 10�4 [114]. Fig. 3 gives the co-e�cient as a function
of cQ3 . The elements of the rotation matrix for the up and down sector are obtained from the scan
using �2 minimization. We find that the co-e�cient admits a rather democratic distribution and
independent of the value of cQ3 . This can be attributed to the pattern of O(1) which were typically
chosen between 0.1 and 5 in the fit. As a result we conclude, that the dominant constraint to the
range of cQ3 is due to the �F = 2 processes.
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The additional contributions can be parametrised into the following 
effective lagrangian



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 → dℓ+ℓ− and b → sℓ+ℓ− transitions given

below are incomplete and we cannot perform yet the phenomenology of decays like

B → K∗ℓ+ℓ−, B → Xs,dℓ+ℓ− and B → Xs,dγ that is left for the future.

3.2 Effective Hamiltonian for s → dνν̄

The effective Hamiltonian for s→ dνν̄ transitions is given in the SM as follows

[Hνν̄
eff ]

K
SM = g2

SM

∑

ℓ=e,µ,τ

[

λ(K)
c Xℓ

NNL(xc) + λ(K)
t X(xt)

]

(s̄d)V −A(ν̄ℓνℓ)V −A + h.c. , (3.1)

where xi = m2
i /M

2
W , λ(K)

i = V ∗
isVid and Vij are the elements of the CKM matrix.

Xℓ
NNL(xc) and X(xt) comprise internal charm and top quark contributions, respectively.

They are known to high accuracy including QCD corrections [30–32]. For convenience

we have introduced

g2
SM =

GF√
2

α

2π sin2 θW

. (3.2)

In the RS model considered, [Hνν̄
eff ]K receives tree-level contributions from Z and
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where xi = m2
i /M

2
W , λ(K)

i = V ∗
isVid and Vij are the elements of the CKM matrix.

Xℓ
NNL(xc) and X(xt) comprise internal charm and top quark contributions, respectively.

They are known to high accuracy including QCD corrections [30–32]. For convenience

we have introduced

g2
SM =

GF√
2

α

2π sin2 θW

. (3.2)

In the RS model considered, [Hνν̄
eff ]K receives tree-level contributions from Z and

from the heavy neutral gauge bosons ZH and Z ′ which contain new flavour violating

interactions.

We begin with the FCNC Lagrangian for Z

LFCNC(Z) = − [LL(Z) + LR(Z)] , (3.3)

where

LL(Z) = ∆sd
L (Z) (s̄LγµdL) Zµ , (3.4)

LR(Z) = ∆sd
R (Z) (s̄RγµdR) Zµ , (3.5)

with explicit expressions for ∆sd
L (Z) and ∆sd

R (Z) given in Appendix A.

For the Zνν̄ coupling we analogously write

Lνν̄(Z) = −∆νν
L (Z)(ν̄LγµνL)Zµ (3.6)

where ∆νν
L (Z) is given in Appendix A.

7

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 → dℓ+ℓ− and b → sℓ+ℓ− transitions given

below are incomplete and we cannot perform yet the phenomenology of decays like

B → K∗ℓ+ℓ−, B → Xs,dℓ+ℓ− and B → Xs,dγ that is left for the future.

3.2 Effective Hamiltonian for s → dνν̄

The effective Hamiltonian for s→ dνν̄ transitions is given in the SM as follows

[Hνν̄
eff ]

K
SM = g2

SM

∑

ℓ=e,µ,τ

[

λ(K)
c Xℓ

NNL(xc) + λ(K)
t X(xt)

]

(s̄d)V −A(ν̄ℓνℓ)V −A + h.c. , (3.1)

where xi = m2
i /M

2
W , λ(K)

i = V ∗
isVid and Vij are the elements of the CKM matrix.

Xℓ
NNL(xc) and X(xt) comprise internal charm and top quark contributions, respectively.

They are known to high accuracy including QCD corrections [30–32]. For convenience

we have introduced

g2
SM =

GF√
2

α

2π sin2 θW

. (3.2)

In the RS model considered, [Hνν̄
eff ]K receives tree-level contributions from Z and

from the heavy neutral gauge bosons ZH and Z ′ which contain new flavour violating

interactions.

We begin with the FCNC Lagrangian for Z

LFCNC(Z) = − [LL(Z) + LR(Z)] , (3.3)

where

LL(Z) = ∆sd
L (Z) (s̄LγµdL) Zµ , (3.4)

LR(Z) = ∆sd
R (Z) (s̄RγµdR) Zµ , (3.5)

with explicit expressions for ∆sd
L (Z) and ∆sd

R (Z) given in Appendix A.

For the Zνν̄ coupling we analogously write

Lνν̄(Z) = −∆νν
L (Z)(ν̄LγµνL)Zµ (3.6)

where ∆νν
L (Z) is given in Appendix A.

7

Z, Z ′, ZH

s

d

ν

ν

Figure 1: Tree level contributions of Z, Z ′ and ZH to the s→ dνν̄ effective Hamiltonian.

A straightforward calculation of the diagram in Fig. 1 results in a new contribution

to [Hνν̄
eff ]K

[Hνν̄
eff ]

K
Z =

∆νν
L (Z)

M2
Z

[

∆sd
L (Z)(s̄Lγ

µdL) + ∆sd
R (Z)(s̄Rγ

µdR)
]

(ν̄LγµνL) + h.c. . (3.7)

The contribution of Z ′ and ZH to [Hνν̄
eff ]K can then be obtained from (3.7) by simply

replacing Z by Z ′ and ZH respectively. Explicit expressions for ∆sd
L,R(Z ′), ∆νν

L (Z ′) and

∆sd
L,R(ZH), ∆νν

L (ZH) can be found in Appendix A.

Combining then the contributions of Z, Z ′, ZH in (3.7) with the SM contribution in

(3.1),

[Hνν̄
eff ]

K
= [Hνν̄

eff ]
K
SM + [Hνν̄

eff ]
K
Z + [Hνν̄

eff ]
K
Z′ + [Hνν̄

eff ]
K
ZH

, (3.8)

we finally find

[Hνν̄
eff ]

K
= g2

SM

∑

ℓ=e,µ,τ

[

λ(K)
c Xℓ

NNL(xc) + λ(K)
t XV −A

K

]

(s̄d)V −A(ν̄ℓνℓ)V −A

+ g2
SM

∑

ℓ=e,µ,τ

[

λ(K)
t XV

K

]

(s̄d)V (ν̄ℓνℓ)V −A + h.c. . (3.9)

Here we have introduced the functions XV −A
K and XV

K , generalising the structure en-

countered in the Littlest Higgs model with T-parity (LHT) in [33],

XV −A
K = X(xt) +

∑

i=Z,Z′,ZH

(XK
i )V −A , (3.10)

XV
K =

∑

i=Z,Z′,ZH

(XK
i )V , (3.11)

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

(XK
Z )V −A =

1

λ(K)
t

∆νν
L (Z)

4M2
Zg2

SM

[

∆sd
L (Z)−∆sd

R (Z)
]

, (3.12)

(XK
Z )V =

1

λ(K)
t

∆νν
L (Z)

2M2
Zg2

SM

∆sd
R (Z) , (3.13)
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After some re-arrangement the RS contribution can be written as

Not in SM

In a un-correlated scenario, one can exploit coupling of right handed 
quarks to the neutral gauge boson

Relatively larger enhancement is possible especially with right handed  
currents Blanke, Buras, Duling Gemler, Gori 



1 Introduction

Flavour physics, both in the lepton and hadron sector, o↵ers an exciting avenue to possibly explore
scales even beyond the realm of the LHC. Processes like µ ! e�, ⌧ ! µ� in leptonic sector and in
hadronic sector: KL ! ⇡0⌫⌫, K+ ! ⇡+⌫⌫ (s ! d transitions) are characterised by small contributions
in the SM. This leaves a lot of scope for the manifestation of NP in terms of additional contributions to
these processes and more precise determination of them could o↵er an indirect candle for the existance
of these states. More recently, the LHCb has been involved in the measurement of the b ! sll flavour
observables through the measurement of B(B+ ! K+µ+µ�) and B(B+ ! K+e+e�) in form of the
following ratio [1]

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)

����
q2=1�6 GeV 2

= 0.745+0.090
�0.074 (stat)± 0.036 (syst)

(1.1)

while the SM expectation is RSM
K = 1.003 [2], implying a ⇠ 2.6 � deviation as a possible evidence of

lepton non-universality. This ratio, originally proposed in [3], are an especially clean test of the SM,
as hadronic uncertainties cancel. This was further corroborated by the measurement of the following
ratio

RK⇤ =
B(B0 ! K⇤0µ+µ�)

B(B0 ! K⇤0e+e�)
=

(
0.660+0.110

�0.070(stat)± 0.024(syst), 0.045  q2  1.1 GeV2

0.685+0.113
�0.069(stat)± 0.047(syst), 1.1  q2  6.0 GeV2

(1.2)

The SM prediction in the corresponding q2 bins are: RSM
K⇤ ' 0.93 for low q2 while RSM

K⇤ = 1 elsewhere.
This corresponds to a 2.4� deviation for low q2 and ⇠ 2.5 � for medium q2. Further in the b ! s

sector, LHCb [4, 5] and the BELLE [6] collaboration have observed a deviation in the measurement
of the angular observable P 0

5 [7] in B ! K⇤µµ decays. This further stresses the possibility of lepton
non-universality, in particular in the µ sector [8–14]. These deviations can be parametrized by the
additional contributions to the following e↵ective operators [15]:

L � V ⇤
tbVtsGF↵p

2⇡

X

i

CiOi (1.3)

where Ci = CSM
i +�Ci.

O9 = (s̄L�
µbL)(µ̄�µµ) O90 = (s̄R�

µbR)(µ̄�µµ)

O10 = (s̄L�
µbL)(µ̄�µ�

5µ) O100 = (s̄R�
µbR)(µ̄�µ�

5µ) (1.4)

Here �Ci determines the NP contributions to the Wilson coe�cients. There has been several analysis
to determine the fest fit values to the �Ci: Historically and owing to the P 0

5 anomaly, most of the fits
assumed NP coupled to the muon sector: they involved parameterizing deviations in Cµ

i while Ce
i is

assumed to consistent with the SM. Several 1 �D fits were performed to fit to this e↵ect and fits to
the data can be obtained if the NP satisfies one of the following hypothesis with the corresponding
best fit points [16]: 1) �Cµ

9 = �1.1, 2) �Cµ
9 = ��Cµ

10 = �0.61 and 3) �Cµ
9 = ��C

0µ
9 = �1.01. In

the 1-D hypotheses, the �Ci for the other operators in the e↵ective theory are consistent with zero. In
parallel, fits in the 2-D plane were performed in [17] in the �Cµ

9 ��Cµ
10, �Ce

9��Cµ
9 and �C

0µ
9 ��Cµ

9 ,
while the other Wilson co-e�cients are assumed to be SM like. Further, it is also possible to obtain a
fit to the data in the 6-D parameter space and obtaining the following best fit points [16]:

�C7 = 0.017 �Cµ
9 = �1.12 �Cµ

10 = 0.33 �C70 = 0.59 �Cµ
90 = 0.59 �Cµ

100 = 0.07 (1.5)

– 2 –

Wilson-coe�cients in Eq.1.3: Ci = CSM
i + �Ci. In RS bulk custodial models , neutral currents at

treel level receive contribution from X 2 ZSM,ZX ,ZH ,�(1) . Using Eq.A.15, we write the expression for
the coupling of the SM fermions to the NP states as

LNP ⇢
X

X=ZSM ,ZH ,ZX ,�(1)

Xµ

⇥
↵bs
L (X)(s̄L�

µbL) + ↵bs
R (X)(s̄R�

µbR) + µ̄
�
↵l
V (X)�µ � ↵l

A(X)�µ�5
�
µ
⇤

(4.1)

where ↵l
V,A(X) = ↵l

L(X)±↵l
R(X)

2 and are defined in Appendix A. Using these expressions, the Wilson
co-e�cients for each gauge field X can now be written as:

�C9 = �
p
2⇡

M2
XGF↵

↵bs
L (X)↵l

V (X), �C 0
9 = �

p
2⇡

M2
XGF↵

↵bs
R (X)↵l

V (X)

�C10 =

p
2⇡

M2
XGF↵

↵bs
L (X)↵l

A(X), �C 0
10 =

p
2⇡

M2
XGF↵

↵bs
R (X)↵l

A(X) (4.2)

In deriving above we assumed that the up-sector quark are in the mass-diagonal basis and DL,R ⇠
VCKM . We now discuss two di↵erent possibilities for the fits to the data:

1) Scenario A: This scenario is characterized by the relatively larger contribution of the lepton
singlets to the NP than the doublets. We assume the doublets to have universal bulk wavefunction
with c > 0.5.

The contributions to �C 0
9,10 must be consistent with zero. One possible way to implement this is

by assuming that the right handed down quarks couple similarly to the NP. Numerically this implies
cdR,sR,bR > 0.55. The ranges chosen for c parameter scan is: cQ3 2 [0, 0.5], cµL

= cL 2 [0.51, 0.6] and
cµR

2 [0.45, 0.55]. Further we assume cQ1,2 > 0.55 ensuring a universality of the coupling of the first
two generations to the NP states. This ensures the presence of an accidental U(2) and is essential to
alleviate dangerous contributions to the �F = 2 processes for low MKK [97–100]. Further, we allow
mild tuning of the anarchic Yukawas which may further help in relaxing the constraints [80]. Thus
this is an explicit realization of a scenario where contribution to the B anomalies are mainly due to
coupling to the µR. However, it must be noted that this is not the only contribution and the doublets
also have a Fig. 4 gives the results of the scan: The plot gives the correlation between Cµ

9 �Ce
9 (left)

and Cµ
10 � Ce

10 (right). The 2-� regions for a 4D fit to the data is [18, 110]

Cµ
9 2 [�0.33, 0.06] Ce

9 2 [�2.23, 0.74] Cµ
10 2 [�0.29, 0.14] Ce

10 2 [�2.60, 0.60] (4.3)

Further the non-negligible values of the �Ce is due to left doublets having c ⇠ 0.5 thereby re-
sulting a mildly larger coupling to the NP states than would be expected of states having c � 0.55.
Fitting the muon mass for the choices of c shown in Fig.4 requires choosing the O(1) Yukawa ⇠ 0.03.
As will be seen in Section 7, though slightly fine tuned with regards to the fit to the muon mass, this
scenario is more favorable with regards to suppressing FCNC in the lepton sector.

2) Scenario B: This is roughly the mirror image of the first scenario where the non-universality is
now transferred to the lepton doublets while the singlets are closer to the UV brane and their coupling
to the NP is universal. A distinct feature of this scenario is the sign of the �Cµ

10, which is positive
as compared to the negative sign obtained earlier. This is mainly due to ↵l

L(X) > ↵l
R(X) for the

leptons. Thus only cµL,⌧L < 0.5 while ceL > 0.55. Further without loss of generality we can assume
that c⌧L < cµL

resulting in the left handed tau doublets being more composite than the first two

– 10 –

We are now in a position to understand the contributions to b-sll transitions

The effective operator contributing to this process is given as

The tree level contributions to b-sll is simply

Using this the WC are simply

The  couplings     are 
related to the FV co-eff        

defined earlier    

↵ij

aij
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alleviate dangerous contributions to the �F = 2 processes for low MKK [97–100]. Further, we allow
mild tuning of the anarchic Yukawas which may further help in relaxing the constraints [80]. Thus
this is an explicit realization of a scenario where contribution to the B anomalies are mainly due to
coupling to the µR. However, it must be noted that this is not the only contribution and the doublets
also have a Fig. 4 gives the results of the scan: The plot gives the correlation between Cµ

9 �Ce
9 (left)

and Cµ
10 � Ce

10 (right). The 2-� regions for a 4D fit to the data is [18, 110]

Cµ
9 2 [�0.33, 0.06] Ce

9 2 [�2.23, 0.74] Cµ
10 2 [�0.29, 0.14] Ce

10 2 [�2.60, 0.60] (4.3)

Further the non-negligible values of the �Ce is due to left doublets having c ⇠ 0.5 thereby re-
sulting a mildly larger coupling to the NP states than would be expected of states having c � 0.55.
Fitting the muon mass for the choices of c shown in Fig.4 requires choosing the O(1) Yukawa ⇠ 0.03.
As will be seen in Section 7, though slightly fine tuned with regards to the fit to the muon mass, this
scenario is more favorable with regards to suppressing FCNC in the lepton sector.

2) Scenario B: This is roughly the mirror image of the first scenario where the non-universality is
now transferred to the lepton doublets while the singlets are closer to the UV brane and their coupling
to the NP is universal. A distinct feature of this scenario is the sign of the �Cµ

10, which is positive
as compared to the negative sign obtained earlier. This is mainly due to ↵l

L(X) > ↵l
R(X) for the

leptons. Thus only cµL,⌧L < 0.5 while ceL > 0.55. Further without loss of generality we can assume
that c⌧L < cµL

resulting in the left handed tau doublets being more composite than the first two
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We consider two scenarios as a solution to the observed anomalies in neutral current 
sector

Scenario A: The muon singlets are closer to the gauge KK states (couple more). The lepton 
doublets are universal and relatively away.

Scenario B: The lepton singlets now have near universal coupling and smaller coupling to the 
gauge KK states. The muon doublets are now closer to the KK states and hence larger coupling

Unorthodox scenario as there are contributions to the WC from the lepton doublets as well

These are largely due to ensure fits to the muon mass with O(1) Parameters.

The fit in this case is 4D scenario with C9, C10 for both electron and muon contributing

The fits to muon mass is better with O(1) Parameters.

Mainly C9 and C10 for the muon contribute with a possibility of C9=-C10

Non-universality in muon 
singlets. Lepton doublets universal 

but non-negligible

Non-universality in 
muon doublets



Figure 4: Scenario A: Plots gives the correlation in the C9 and C10 parameter plane for both the
electron and the muon. We use MKK = 3 TeV

Figure 5: Scenario B: Left plot gives the distribution for �C9 and �C10. The corresponding c

parameters ranges are given in the right plot.

generations. The singlets for all there generations in the lepton sector satisfy c > 0.55. These choices
result in the contribution to �Ce

9,10 much smaller than �Cµ
9,10, with its magnitude being at most

⇠ 0.2. For most of the region, where the value of Ce
9,10 is an order of magnitude less, it e↵ectively

reduces this to a 2-D fit.

Top left plot of Fig.5 gives the correlation in the �Cµ
9 -�Cµ

10 plane. We accept points which satisfy
0.36 < |�Cµ

9,10| < 0.87 It can be clearly seen that there exist solutions for which �Cµ
9 = ��Cµ

10

thereby reducing it to a 1-D fit as discussed in [16, 17]. The only two relevant parameters for the fits
to the B-anomalies are cQ3�cµL

and the correlation is shown in right plot of Fig. 5. This demonstrates
that a fairly high degree of compositeness in one of the parameters is su�cient to explain the anomalies
to the data.

5 Kaon decays

In the last section we presented two scenarios wherein we demonstrated two di↵erent possibilities to
explain the B anomalies in the same framework. In the event of its confirmation it is essential to pin
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Scenario A:

The following ranges were used in the scan:

cµR 2 [0.4, 0.5] cQ3 2 [0.4, 0.5] cL 2 [0.5, 0.55]

The Z- mu mu coupling is not a problem as the singlets are also embedded in custodial 
representations!

The c values for the lepton doublets are chosen such that to ensure an extension into 5D 
leptonic MFV.

G. D’Ambrosio, A. I 
Eur.Phys.J. C78 (2018) no.6, 448 . 



Figure 14: Global fit results using full form factors, with ��2 method. The (light) red contour
in the upper left plot corresponds to the (1) 2� allowed region when new physics is considered
in two operators only. The gray line corresponds to the lepton flavour universality condition.

4.6.3 Global fit results for four operators {C
9

, C
10

, C 0
9

, C 0
10

}

In Fig. 15, the projection of the {C
9

, C
10

, C 0
9

, C 0
10

} fit on di↵erent 2-dimensional planes are
demonstrated. This four operator fit has a best fit point with �2 = 121.6 which indicates that
the experimental measurements are better described assuming lepton non-universality as in the
two previous subsections. In this case the SM value of the Wilson coe�cients has a pull of
2.3� with the best fit point. Including the primed operators with respect to the two operator
fit for {C

9

, C
10

} (with �2 = 123.7) does not improve the fit5 (see also the upper left plot of
Fig. 15). The two-operator fits are overlaid again in the projection plot of the four-operator fit.
The comparison shows that the bounds based on the two-operator fits are always stronger by
construction.

4.7 Global fit results in MFV

In this section we show the impact of the b ! s data within the framework of minimal flavour
violation (MFV), see e.g. [95–99] and [100] for a recent review. There are di↵erent definitions
for the MFV framework. We follow the canonical one which is based on a symmetry principle
introduced in Ref. [97], which implies that in a MFV model all flavour-violating interactions

5In the four operator fit there are two less degrees of freedom with respect to the two operator fit.

18

This is a 4D fit to b-s ll data.

It was shown to relax the allowed ranges on the WC required to fit the data.

A model independent fit along these lines was performed in Hurth, Mahmoudi, Neshatpour 
1603.00865



cµR 2 [0.5, 0.6] cQ3 2 [0.4, 0.5] cL2 2 [0, 0.5]

Scenario B:

The Z- mu mu coupling is not a problem as the doublets are also embedded in custodial 
representations!

Figure 5: Scenario B: Left plot gives the distribution for �C9 and �C10. The corresponding c

parameters ranges are given in the right plot.

Further the non-negligible values of the �Ce is due to left doublets having c ⇠ 0.5 thereby result-
ing a mildly larger coupling to the NP states than would be expected of states having c � 0.55. Fitting
the muon mass for the choices of c used to determine the values of the Wilson-coe�cients in Fig.4
requires choosing the O(1) Yukawa ⇠ 0.03. As will be seen in Section 7, though slightly fine tuned
with regards to the fit to the muon mass, this scenario is more favorable with regards to suppressing
FCNC in the lepton sector.

2) Scenario B: This is roughly the mirror image of the first scenario where the non-universality is
now transferred to the lepton doublets while the singlets are closer to the UV brane and their coupling
to the NP is universal. A distinct feature of this scenario is the sign of the �Cµ

10, which is exclusively
positive as compared to both possibilities obtained earlier. This is mainly due to ↵l

L(X) > ↵l
R(X)

for the leptons. Thus only cµL,⌧L < 0.5 while ceL > 0.55. Further, without loss of generality we can
assume that c⌧L < cµL

resulting in the left handed tau doublets being more composite than the first
two generations. The singlets for all there generations in the lepton sector satisfy c > 0.55. These
choices result in the contribution to �Ce

9,10 much smaller than �Cµ
9,10, with its magnitude being at

most ⇠ 0.2. For most of the region, where the value of Ce
9,10 is an order of magnitude less, it e↵ectively

reduces this to a 2-D fit.
Top left plot of Fig.5 gives the correlation in the �Cµ

9 -�Cµ
10 plane. We accept points which satisfy

0.36 < |�Cµ
9,10| < 0.87. It can be clearly seen that there exist solutions for which �Cµ

9 = ��Cµ
10

thereby reducing it to a 1-D fit as discussed in [17, 18]. The only two relevant parameters for the fits to
the B-anomalies are cQ3 �cµL

and the correlation is shown in right plot of Fig. 5. This demonstrates a
mild degree of compositeness in one of the parameters or a partial compositeness in the muon doublets
and third generation quark doublet is su�cient to explain the anomalies to the data.

Implications of composite leptons: The two scenarios under consideration involve composite
leptons (electrons or muons). It is necessary to address the possible ramifications on the indirect
observables (precision electroweak, g � 2 etc.) as well as constraints from direct Z 0 ! ll searches.
We being with a discussion on the modification to the Z ! ll couplings for each of the two scenarios
considered above:

• Scenario A. In this case, the lepton doublets have a universal bulk wave-function with bulk mass
parameter c > 0.5, implying they are elementary. The muon singlets are relatively closer to the
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From B anomalies to rare Kaon decays

This setup is characterized by additional heavy gauge bosons in addition to the KK states of the
SM W,Z and consequently leads to a distinct phenomenology, in the flavour sector in particular. A
detailed analysis of di↵erent flavour transitions in this setup was considered in [80–83] and will form
the basis of this analysis. We revisit this setup exploring the parameter space admitted by the current
anomalies and o↵er predictions for the K ! ⇡⌫⌫ decays, in the s ! d sector. The SM expectation for
the K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄ is [84–86]:

B(K+ ! ⇡+⌫⌫̄) = 8.3± 0.3± 0.3⇥ 10�11 B(KL ! ⇡0⌫⌫̄) = 2.9± 0.2± 0.0⇥ 10�11 (1.9)

where the first error is due to the uncertainty in the parameters of VCKM while the second one
corresponds to the remaining theoretical uncertainties. while the current experimental bound is [87]

B(K+ ! ⇡+⌫⌫̄) = 17.3+11.5
�10.5 ⇥ 10�11 B(KL ! ⇡0⌫⌫̄)  2.6⇥ 10�8 (90% C.L.) (1.10)

In the future, these measurements will be significantly improved. The NA62 experiment at CERN
[88, 89] is aiming to reach a precision of 15% compared to the SM in 2018. while 5% accuracy will
be achieved with more time. Regarding KL ! ⇡0⌫⌫, the KOTO experiment at J-PARC aims at
measuring B(KL ! ⇡0⌫⌫) around the SM sensitivity in the first instance [90, 91]. Moreover, the
KOTO-step2 experiment will aim at 100 events for the SM branching ratio. This implies a precision
of 10% of this measurement [92]. Some NP scenarios where these processes were considered include
leptoquarks [93, 94], MSSM [95], additional gauge bosons [96] etc.

Similar to [55–57], the anomalies in the b ! s transitions can be achieved by reasonably composite
third generation quark doublet. The custodial protection prevents large contribution to Z ! bLb̄L.
We demonstrate fits with two scenarios:
Scenario A. Right handed leptons are more composite than the left handed leptons, in particular for
the muon and tau. In this case non-universality exists in the right-sector while the coupling of the
doublets to the NP is universal. A similar case was considered in [58],
Scenario B. Left handed lepton sector is more composite than the right handed leptons.
For the former case, the NP contribution to �Cµ

9,10 is dominant with a smaller contribution to �Ce
9,10,

thereby demonstrating a 4-D fit along the lines of [18]. It is to be noted that even though the first
generation leptons are completely elementary, the new physics contribution to �Ce

9,10 is non-zero.
This can be attributed to the choice of wave function of the lepton doublets that characterizes a given
scenario. The primed operators do not contribute as we assume universality in the bulk wave-functions
of the right handed quarks.

Both these scenarios are characterized by di↵erent predictions for the theK decays thereby making
it a useful discriminant. One of the interesting features of this setup is that for the parameter space
which fits the ⌧ mass, the net contribution to R(D), R(D⇤) is consistent with the SM and reduces
as the compositeness of the ⌧ increases. This is mainly due to the large W (0)-W (1) mixing which is
proportional to the volume factor

p
2kR⇡. This makes it a predictive framework and a more accurate

determination of R(D), R(D⇤) will help to shed more light on the underlying geometry involved. For
both the scenarios we choose parameters resulting universal coupling of the first two generation quarks
to the NP gauge bosons. This results in a accidental U(2) symmetry which are essential to alleviate
constraints from �F = 2 FCNC processes [97–100].

Non-universality in the lepton sector may also be a harbinger for dangerous LFV e↵ects. Mixing
of leptons with the KK states is known to give rise to large contributions to FCNC like µ ! e� [101].
However it was shown that imposition of bulk MFV ansatz can alleviate these constraints [102, 103].
We demonstrate that the first scenario can easily accommodate the MFV ansatz albeit with a mild
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The effective lagrangian for           transitions is given ass ! d⌫⌫

down the exact parameter space of the model. This may be possible by the considering K decays and
will be the focus of attention in this section. K+ ! ⇡+⌫⌫ and KL ! ⇡0⌫⌫ are likely to constitute the
next probe towards the possible existence of NP. They correspond to s ! d⌫⌫ form of transitions and
are likely to be correlated to b ! sll transitions in most NP scenarios; They will be explored in this
section.

Consider the following e↵ective Lagrangian parameterizing for s ! d⌫⌫ transitions:

L =
4GF↵

2
p
2⇡

V ⇤
tsVtdCds,l (s̄L�µdL) (⌫̄l�

µ⌫l) (5.1)

The Wilson co-e�cient Cds,l in the SM is given as:

CSM
ds,l = � 1

s2✓w

✓
Xt +

V ⇤
csVcd

V ⇤
tsVtd

X l
c

◆
(5.2)

where Xt and X l
c are the loop functions for the top and charm contribution respectively and given as:

Xt = 1.481±0.009 and 1
3

P
l
Xl

c

�4 = 0.365±0.012 [111] the branching ratio for K+ ! ⇡+⌫⌫ is given as:

B(K+ ! ⇡+⌫⌫) =
+(1 +�em)
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tsVtd
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Xt +
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B(KL ! ⇡0⌫⌫) =
L

3

X

l=e,µ,⌧

✓
Im(V ⇤

tsVtd)

�5
Xt

◆2

(5.3)

where L = 2.231 ± 0.013 ⇥ 10�10(�/0.225), + = 5.173 ± 0.025 ⇥ 10�11(�/0.225), �em = �0.003
[112] and �P l

c,u = 0.04± 0.02 [113]. The individual values of X l were obtained from Table 1 of [114]:
Xe,µ = 11.18⇥ 10�4, X⌧ = 7.63⇥ 10�4.

We now consider the NP contributions to the process s ! dll given in Eq. 5.1. In the bulk
custodial model under consideration, the e↵ective lagrangian for the process is given as

Ls!d⌫⌫ ⌘
⇥
↵sd
L (s̄L�

µdL) + ↵sd
R (s̄R�

µdR)
⇤
( ¯⌫L�µ⌫)↵

l
L (5.4)

In general this includes both the left handed and the right handed current in the quark sector signaling
a possible deviation from the (V � A)(V � A) structure given in Eq. 5.1. This aspect was explored
in great detail in [81]. We discuss this process in the context of the two scenarios discussed in Section
4. It is worth stressing at this point that the s ! d⌫⌫ transitions only depend on the left handed cL
parameters for the leptons, while both cQ3 and cbR play a role. However, since we assumed only the
third generation doublets to have cQ3 < 0.5, there are no tree-level FCNC in the right handed sector.
The contribution can be quantified by making the following change to the Xt in Eq. 5.2:

Xt ! Xt +
X

X=ZX,H�(1)

p
22⇡

4Gf↵

↵sd(X)↵l
L(X)

M2
KK

(5.5)

where as earlier the contribution due to ZX is suppressed. The SM limit is computed in the limit
MKK ! 1.

We consider the following ratio for both the decays Bi
total/Bi

SM for i = KL,K
+ and evaluate it

for the two scenarios discussed earlier:
1) Scenario A: This case is characterized by the universality in the left handed lepton sector. Since
neutrinos in the final state are left handed, only cL (parameter for the lepton doublets) will play a

– 12 –

Figure 6: Scenario A: Plots depicting the excess over the SM expectation for the K decays modes.
The c parameters for the doublets is universal and chosen to be cL = 0.51.

Figure 7: Scenario B: Plots depicting the excess over the SM expectation for the K decays modes.
c⌧L = 0.4 and ceL = 0.6 are fixed for the computation while cµL

is varied.

role its computation. To stress the fact that B anomalies are explained purely due to non-universality
in the right handed sector for leptons we choose : cµR

⇠ 0.48 for the muon singlet while cL ⇠ 0.51 for
all three generations. Fig. 6 gives plot of Bi

total/Bi
SM computed as a function of cQ3 and evaluated

for cL = 0.51. This corresponds to the parameter space of the hypothesis under consideration. It can
be seen that for both the decays, the ratio is very close to the SM prediction thereby predicting no
net enhancement. In principle one can choose to reduce cQ3 lesser than 0 at the cost of increasing its
compositeness and possible tension with Z ! bb̄ constraints.

2) Scenario B: This case is characterized by non-universality in the left handed lepton sector while
the NP coupling to the right handed singlets are universal. Fig. 7 gives the ratio Bi

total/Bi
SM for both
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Due to universality of lepton doublets, the contributions cannot be enhanced beyond a 
point! 

Neutrino couplings are 
determined by the lepton doublet 

parameters!

Scenario A: G. D’Ambrosio, A. I 
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The larger contributions in this case are primarily due       is free compared to 
Scenario A.

cL3

Scenario B:
G. D’Ambrosio, A. I 
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Figure 8: Scenario B: Plots depicting the excess over the SM expectation for the K decays modes.
c⌧L = 0.4 and ceL = 0.6 are fixed for the computation while cµL

is varied.

Figure 9: Correlation between K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫ for Scenario A (left) and Scenario B
(right)

6 Charged current processes: b ! cl⌫

There has also been a hint of LFU violations in the charged current sector through the measure of the
following observable:

R(D⇤) =
B(B̄ ! D⇤⌧�⌫̄⌧ )

B(B̄ ! D⇤l�⌫̄l)
where l = µ, e (6.1)

This corresponds to charged-current transitions in the b ! cl⌫ sector and can be parametrized by the
following e↵ective Lagrangian.

Lb!cl⌫ ⇢ 4Gfp
2
Vcb [C⌧ (c̄�

⌫PLb)(⌧̄ �⌫(U⌫)) + Cµ(c̄�
⌫PLb)(µ̄�⌫(U⌫))] (6.2)
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Figure 8: Scenario B: Plots depicting the excess over the SM expectation for the K decays modes.
c⌧L = 0.4 and ceL = 0.6 are fixed for the computation while cµL

is varied.

Figure 9: Correlation between K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫ for Scenario A (left) and Scenario B
(right)
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What about charged current transitions?

There is a reported excess in the measurement of the following ratio
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much larger than the Standard Model prediction B(B̄ ! K̄⌧⌧)
SM

= (1.44 ± 0.15) ⇥
10�7 [83], and thus leading to the mild bound R ⌧

K < 1.6 ⇥ 104. Even the future

sensitivity of Belle II B(B̄ ! K̄⌧⌧) < 2 ⇥ 10�4 [46] seems to be far away from the

Standard Model value. In the right panel of Fig. 14 we show, in the plane (cbL , c⌧L),

contour plots of the ratioR ⌧
K . As we can see the expected Belle II range will not interfere

with the allowed region. The gray band corresponds to the interval 0.7 < R ⌧
k < 1.5

corresponding to a possible future measurement of R ⌧
K close to its Standard Model

prediction. Again a hypothetical measurement of R ⌧
K much larger than the Standard

Model prediction would still be possible.

6 Lepton-flavor universality violation in RD(⇤)

The charged current decays B ! D(⇤)`�⌫` have been measured by the BaBar [17, 18],

Belle [19–22] and LHCb [23] Collaborations. In particular they measure the quantities

RD(⇤) ⌘ R
⌧/`

D(⇤) =
B(B ! D(⇤)⌧�⌫⌧ )

B(B ! D(⇤)`�⌫`)
(` = µ or e), (6.1)

with the experimental result [84, 85]

Rexp

D = 0.403± 0.047, Rexp

D⇤ = 0.310± 0.017, ⇢ = �0.23 (6.2)

as averaged by the heavy flavor averaging group (HFAG), which di↵ers from the current

Standard Model calculation [84]

RSM

D = 0.300± 0.011, RSM

D⇤ = 0.254± 0.004 (6.3)

by 2.2� and 3.3�, respectively, although the combined deviation is & 4�. This is

exhibited in the plot of Fig. 15 where we show, in the plane (RD, RD⇤), contour lines

of 1� (solid), 2� (dashed), 3� (dot-dashed) and 4� (dotted), as well as the spot with

the Standard Model prediction.

The 4D charged current interaction Lagrangian of the KK modes W (n)
µ with quarks

and leptons can be written, in the mass eigenstate basis, as
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W (n)
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`iL

Uij�
µPL⌫j , (6.4)

where i, j, . . . are flavor indices, and VuL (VdL) is the unitary matrix diagonalizing the

up (down) quark mass matrix 9.

9To prevent lepton flavor violation in our theory, we are assuming that the 5D Yukawa couplings
bY` are such that the charged leptons are diagonal in the interaction basis, so that V`L,R ' 1.
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A Bulk fields in Custodial RS models

In this section we review the basic ingredients of the model required to compute the coe�cients in Eq.
1.3. The RS model, with the fermion and gauge fields in the bulk, is beset by large contributions to
the T parameters as well as the Zb̄LbL coupling. This is due to the mixing between the zero-modes
and gauge KK-modes induced by electro-weak symmetry breaking [130]. One alternative is to consider
soft-wall models where this mixing can be considerably weakened [131, 132]. We consider the other
alternative where the bulk gauge symmetry is extended as [83]:

SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ⇥ PLR (A.1)

The Higgs, which transforms as (2,2) under the bulk symmetry group, is localized on the IR brane
with the following canonically normalized lagrangian4:

LHiggs = (DH)2 � µ2|H|2 + �

4
|H|4 (A.2)

where D = @ � i
⇣
g5W

a⌧aL + g̃5W̃
a⌧̃aR + g̃0

5
2 (B � L)B̃

⌘
and the lorentz indices have been suppressed

for convenience. Thus in addition to the SM gauge boson (W±
SM , ZSM ), there are two additional first

KK states in both the neutral and the charge current sector 5: (W±
H , ZH) and W±

X , ZX having similar
masses ⇠ MKK . Owing to the mixing induced by the EWSB, these mass eigenstates can be defined
in terms of the gauge eigenstates as:

ZSM = Z(0) � M2
Z

M2
KK

⇣
�
p
2kR⇡(Z(1)) +

p
2kR⇡ cos� cos Z

0
⌘

ZH = cos ⇣ (Z(1)) + sin ⇣ (Z
0
)

ZX = � sin ⇣ (Z(1)) + cos ⇣ (Z
0
) (A.3)

Here Z(0), Z(1) are the zeroth and first KK excitation of the SM gauge eigenstate field Z, while Z 0

is massive field with (approximately) (�+) boundary conditions and defined as: Z 0 = g̃5W̃
3�g̃0

5B̃p
g̃2
5+g̃

02
5

where sin2  ' sin2 ✓W and cos = 1p
1+sin2 �

. ⇣ is the Z(1) � Z 0 mixing angle. The mass eigen-

states for the charged fields (W±
SM,X,H) can similarly be written in terms of the gauge eigenstates

(W (0)±,W (1)±,W
0±) as:

W±
SM = W (0)± � m2

W

M2
KK

p
2kR⇡W (1)±

W±
H = cos� (W±(1)) + sin� (W±0

)

W±
X = � sin� (W±(1)) + cos� (W±0

) (A.4)

where � is the W±(1) �W±0
mixing angle.

4The Higgs field is redefined as H ! ekR⇡H absorb the exponential factors from
p�gIR = e�4kR⇡ to canonically

normalize the kinetic term.
5We consider the e↵ect of only the first KK state on the flavour observables. The contributions of the higher KK

levels are subleading.
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Like the neutral states, the charged states also mix through the vev

Figure 10: R(D⇤) in custodial RS models as a function of c⌧L . Horizontal line represents the SM
value.

where Ca = CSM
a + ↵a, a = (e, µ), ⌧ and ↵a representing the NP contribution. Similar to the neutral

currents, the charged currents also receive three contributions:WSM ,WH ,WX . Using Eq. A.16, the
NP contributions to the b ! cl⌫ process is given as 3:

↵⌧,µ =
m2

W

M2
KK


�
p
2⇡kR+ I(q) +

(V ⇤
uL

)32(VdL
)33

Vcb
(I(bL)� I(q))

�
I⌧,µ

� m2
W

M2
KK

p
2⇡kR


I(q) +

(V ⇤
uL

)32(VdL
)33

Vcb
(I(bL)� I(q))

�
(6.3)

The volume element
p
2⇡kR represents the correction to the SM gauge boson coupling and I(q) is the

coupling for the first two generation quarks which is taken to be universal. Using this, we can express
R(D⇤) as [59]:

R(D⇤) = 2R(D⇤)|SM
|1 + ↵⌧ |2

1 + |1 + ↵µ|2
(6.4)

where it is assumed that NP only couples to the second and third generation leptons. We fix cµL
= 0.45

for the computation. From Fig 11 it is clear that the numerical value of I for the RS geometry is
I / 8, where the maximal value corresponds to brane localized fermions. Even in this extreme case

I(bL) '
p
2⇡kR resulting in �

p
2⇡kR + I(q) +

(V ⇤
uL

)32(VdL
)33

Vcb
(I(bL)� I(q))  0. For the case where

c⌧L ⇠ 0.4 the net contribution to ↵⌧ in Eq. 6.3 is close to zero resulting in the net R(D⇤) being
consistent with the SM. As the ⌧L becomes increasingly elementary, the net contribution flattens out
as shown in Fig. 10. However, if the ⌧L is pushed closer to the IR brane, I⌧ increases resulting in
↵⌧ < 0: thereby the net contribution being R(D⇤) < R(D⇤)|SM as shown in Fig. 10. Thus this
scenario is highly predictive and subject to validation with future measurements in this sector.

7 Leptonic MFV

The non-universal coupling of the leptons to the gauge KK states also give rise to additional con-
tributions to di↵erent FCNC processes in leoton sector. For KK scales within the reach of LHC,
these contributions can be particularly large owing to strong upper bounds on processes in the 1-2

3For simplicity we assume massless neutrinos
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Increasing the compositeness of the tau does not help!! At best consistent with the 
SM.



Electrons or muons or both? 

The verdict is yet to be out on the nature of the anomalies (if they are confirmed) 

Maybe some hints can be seen in the future and upcoming analyses  
K physics (D’Ambrosio, Iyer et al.) or direct searches ( Conventi, D’Ambrosio, Iyer, Mangano, Rossi) 


