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Abstract. Randall-Sundrum (RS) model of warped extra-dimensions were originally proposed to explain
the Planck-weak scale hierarchy. It was soon realised that modifications of the original setup, by introducing
the fields in the bulk, has several interesting features. In particular it imbues a rich flavour structure to the
fermionic sector thereby offering an understanding of the Yukawa hierarchy problem. This construction is
also useful in explaining the recently observed deviations in the decay of the B mesons. We consider two
scenarios to this effect : A) Right handed muon fields coupled more to NP that the corresponding muon doublets
(unorthodox case). Non-universality exists in the right handed sector. B) Standard scenario with anomalies
explained primarily by non-universal couplings to the lepton doublets. Further, we establish correlation with
the parameter space consistent with the flavour anomalies in the neutral current sector and obtain predictions for
rare K- decay which are likely to be another candle for NP with increased precision. The prediction for rare K-
decays are different according to the scenario, thereby serving as a useful discriminatory tool. We also discuss
the large flavour violation in the lepton sector and present an example with the implementation of bulk leptonic
MFV which is essential to realize the model with low KK scales. Further we consider a radical solution, called
GUT RS models, where the RS geometry can work as theory of flavour in the absence of flavour symmetries.
In this case the low energy brane corresponds to the GUT scale as a result of which RS is no longer solution to
the gauge hierarchy problem. The Kaluza Klein (KK) modes in this setup are naturally heavy due to which the
low energy constraints can be easily avoided. We use this framework to discuss the supersymmetric version of
the RS model and provide means to test this scenario by considering rare lepton decays like 7 — uy.

1 Introduction following measurement
BB — KOutu™)

. L Ree = B(BO = KVeter)
Flavour physics offers an indirect probe towards the pos- L0110 )
sible existence of new physics (NP) effects which may be = 0.660Z 470(star) + 0.024(syst), low g
characterized by a flavour structure different from that of = 0.685"0 3 (star) + 0.047(syst), mid gf2)
the SM. Process like 4 — ey, T — puy in leptonic sec- 3)

tor and rare K decays in the hadronic sector are char- 5 ) —
acterised by small contributions in the SM but relatively where low g~ corresponds t0 0.045 < ¢° < 1.1 GeV” while
weaker experimental bounds. More recently, the anoma- ~ Mid g* corresponds to L.l < 7 <60 GeV? The SM
lous decays of the B mesons has generated a lot of interest. ~ values for the corresponding g* bins are. Ry = 0.93 for
Specifically the measurement of B(B* — K*u*u~) and low ¢* while RS = 1 elsewhere. This corresponds to

B(B* — K*e*e™) was quoted in form of the following a 2.40 deviation for low ¢* and ~ 2.5 ¢ for medium ¢°.
ratio [1] The deviations from the SM values can parametrized by

additional contributions to the Wilson coefficients C; of
the following effective operators: [3]:
Re = B(B" — K'u'u) G
. B(B* — K*e*e™) lp-i-6 gev LD \/ia Z CO; €]
= 0.745%09% (star) + 0.036 (syst) 23
(1)  where C; = C5M + AC;.

Oy = GSuy*br)lyud) Oy = (Sry"br)(Iy,l)
while the SM expectation is Ry = 1.003 [2]. This implies Ow = Gu'b)lyy’D O = Gry"br) Ty, )
a ~ 2.6 o deviation as a possible evidence of lepton non-

universality. This observation was further validated by the =~ Here AC; determines the NP contributions to the Wilson
coefficients and / denotes a lepton. In the following we

will consider a scenario where NP effects exits in both the
*e-mail: iyera@na.infn.it muon and the electron sector.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 179, 01006 (2018)
FCCP2017

https://doi.org/10.1051/epjcont/201817901006

In this talk we discuss the explanation of these anoma-
lies in a model with a single warped extra-dimension with
the following line element [4]:

ds? = e Wy dxtdx’ — dy? (6)

where A(y) = klyl|, k ~ M”’ and 0 < y < nR. The coordi-
nates y = 0, 7R correspond to the location of the (UV, IR)
brane respectively. A generalization of this framework
setup with a bulk custodial symmetry [5] in considered to
evade constraints from Z — bb. In addition to the KK
states of the SM W, Z, the model is characterized by addi-
tional ‘custodial’ heavy gauge bosons thereby leading to a
distinct phenomenology, in the flavour sector in particular.
A comprehensive analysis of different flavour transitions
in this setup was considered in [6-9]. We explore the pa-
rameter space admitted by the current anomalies and offer
predictions for the K — mvv decays, in the s — d sector
[10]. Fits with two scenarios are demonstrated:

Scenario A. Right handed leptons are more composite
(closer to the IR brane) than the left handed leptons. This
is particularly true for the muon and tau. The left handed
lepton couple universally to the NP. Non-universality in
this case exists in the right-sector. ,

Scenario B. Left handed leptons are more composite than
the right handed leptons.

For Scenario A, the NP contribution to ACg 10 1 dominant
with a smaller contribution to ACG |, thereby resulting a
4-D fit along the lines of [11]. 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 different predictions for the the K de-
cays thereby making it a useful discriminant.

The note is organized as follows: In Section 2 we com-
pute the fits for the anomalies in b — slI processes for two
different 1-D hypotheses. In Section 3 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 — s/l anomalies. In Section 4 we give an explicit
example with MFV implemented in the lepton sector, in
particular for the first scenario. in Section 5 we discuss
a radical solution with the implementation of RS model at
the GUT as a means to avoid the introduction of additional
flavour symmetries and we finally conclude.

2 b — sll processes : B anomalies

In bulk custodial models in RS , neutral currents at tree
level receive contribution from X € Zg 7, 7, 0. The ex-
pression for the coupling of the SM fermions to these NP
states can be written as:

Lyp € X, [ X)GLy"bL) + af (X)Grybr) +
i (o X = &y (X)y"y° )] (D)

L (X)xal (X . ..
where a/’V’ AX) = w a gives the coupling in the
zero mode fermions to the gauge bosons in the mass ba-
sis of the latter. Using these expressions, the Wilson co-

efficients for each gauge field X are written as:

V2r bs i
ACy = - " Gm% (X)ay(X),
\2r
AC bs( X)), (X), 8
10 Mgcpa%( Y, (X) 8

For the primed operators the expressions are similar with
L < R. In the above we assumed that the up-sector quark
are in the mass-diagonal basis and down quark rotation
matrices are Dy g ~ Vegy. We now discuss the following
two 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. The doublets are chosen to have
to have universal bulk wavefunction with ¢ > 0.5. This
choice is particularly helpful in obtaining an anarchic neu-

trino mixing matrix which is roughly given as U} PMNS ™
fie)

(c1)

! LThe contributions to ACj |, are made consistent with
zero by assuming that the right handed down quarks cou-
ple similarly to the NP. Numerically this implies ¢, 5.5, >
0.55. The ranges chosen for ¢ parameter scan are cho-
sen to be: cg, € [0,0.5], ¢, = ¢ € [0.51,0.6] and
¢y, € [0.45,0.55]. Further by choosing the ¢ parameters
for the first two quark generations cg,, > 0.55 ensures a
universality of their coupling to the NP states. Fig. 1 gives
the results of the scan: The top plot gives the correlation
between AC’; —AC§ while the bottom gives the correlation
between AC’I‘O — ACY,,. The 2-0 regions for a 4D fit to the
datais [11]

€[-0.33,0.06] C§ e [-2.23,0.74]
C’]'0 €[-0.29,0.14] Cf, € [-2.60,0.60] ©))

The non-negligible values of the AC¢ is due to left
doublets having ¢ ~ 0.5 thereby resulting in a mildly
larger coupling to the NP states than would be expected of
states having ¢ > 0.55. For these choices of ¢ parameters
corresponding to the values in Fig.1, fitting the muon
mass requires choosing the O(1) Yukawa ~ 0.03. Though
slightly fine tuned with regards to the fit to the muon
mass, this scenario is more favorable with regards to an
anarchic neutrino mixing matrix but also in suppressing
FCNC in the lepton sector through the implementation of
5D MFV.

2) Scenario B: In this case 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 uni-
versal. Further, without loss of generality we assume that
the 7 doublets are closer to the IR brane than the u doublets
(¢r, < ¢y, ). All the lepton singlets and the electron doublet
satisfy ¢ > 0.55. This results in ACg |, much smaller than
AC9 10» With its magnitude being at most ~ 0.2. For most
of the region, it effectively reduces this to a 2-D fit where
the value of Cg | is an order of magnitude less,

Top left plot of Fig.2 gives the correlation in the
AC‘9‘ AC’{O plane which correspond to points which sat-
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Figure 1. Scenario A: Plot show the correlation in the Cy and
Cyo parameter plane for both the electron and the muon. We use
M KK = 3TeV

isfy 0.36 < IACﬁ;’lOI < 0.87. There also exist solutions
for which ACy = —ACY further reducing it to a 1-D fit
as discussed in [18, 19]. The only two relevant parame-
ters for the fits to the B-anomalies are cg, — ¢,, and the
correlation is shown in right plot of Fig. 2.

3 Kaon decays

In this section we use rare K decays to differentiate be-
tween the two scenarios considered earlier. K* — ntvy
and K; — n°vv are likely to constitute the next probe to-
wards the possible existence of NP. They correspond to
s — dvv form of transitions and are likely to be correlated
to b — sll transitions in most NP scenarios. The SM value

for the K* — n*vv and K; — 7% is [12, 13, 21]:

B(K* - ntvy) =83+03+03x 107!

B(K, — n'v9) =29+02+0.0x 107" (10)
where the first error is due to the uncertainty in the param-
eters of Vg mixing matrix and the second one is due to
the remaining theoretical uncertainties. The current exper-
imental bound is [22]

BKY —= ntvw)

BK;, — 'vy) <

17.3*03x 107!
26x107% (90% C.L.) (11)

These measurements are likely to be significantly im-
proved in the future. The NA62 experiment at CERN
[14, 15] is pursuing to reach a precision of 15% com-
pared to the SM in 2018. while 5% accuracy will be

CQ;

Figure 2. Scenario B: Top plot gives the distribution for ACy
and ACyy. The corresponding ¢ parameters ranges are given in
the bottom plot.

achieved with more time. With regards to the K; —
7%, the KOTO experiment at J-PARC aims at measur-
ing B(K;, — %) around the SM sensitivity in the first
instance [16, 17]. Moreover, the KOTO-step2 experiment
will aim at 100 events for the SM branching ratio. This
implies a precision of 10% of this measurement.

These processes can be described by the following ef-
fective Lagrangian parameterizing for s — dvv transi-
tions:

4GFC¥

L= 2\/_77 thdCdsl(SL')’ydL)(Vl')’”Vl) (12)

The Wilson co-efficient Cy; in the SM is given as:
1 ViVea
Cant = (X g Xi) (13)
sgw V th

where X, and X' are the loop functions for the top and
charm contribution respectively and given as: X; = 1.481+

0.009 and % > f—i = 0.365+0.012 [20] the branching ratio
for K* — ntvyv is given as:

B(K* - ntvy) =

K+(1+Aem) Z th
1= e,u'r‘

Vc*sVCd Xc [ 2

+ I F+6Pc

K, Im( th )
-t T

BK, — 1vv) ) (14)

Iepr
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where k; = 2.231 +0.013 x 1071°(1/0.225), k, = 5.173 +
0.025 x 10711(1/0.225), A., = —0.003 [23] and 5Pi,,u =
0.04+0.02 [24]. The individual values of X! were obtained
from Table 1 of [25]: X = 11.18x1074, X7 = 7.63x107*.

We now consider the NP contributions to the process
s — dll given in Eq. 12. In the bulk custodial model under
consideration, the effective lagrangian for the process is

given as

Lo = [0 GrydL) + @ (Sry"dp) | (v17,0)a, (15)

In general this includes both the left handed and the right
handed current in the quark sector signaling a possible de-
viation from the (V — A)(V — A) structure given in Eq. 12.
This aspect was explored in great detail in [7]. We discuss
this process in the context of the two scenarios discussed
in Section 2. It is worth stressing at this point that the
s — dvv transitions only depend on the left handed ¢, pa-
rameters for the leptons, while both c(, and ¢;,, play arole.
However, since we assumed only the third generation dou-
blets to have cp, < 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 X; in Eq. 13:

V2271 (X)) (X)
4Gfa M%(K

X — X +
X=Zx uy®

(16)

where as earlier the contribution due to Zy is suppressed.
The SM limit is computed in the limit Mgg — oo.

We consider the following ratio for both the decays
B B, fori = K;,K* and evaluate it for the two
scenarios discussed earlier:
1) Scenario A: This case is characterized by the univer-
sality in the left handed lepton sector. Since neutrinos
in the final state are left handed, only c¢; (parameter for
the lepton doublets) will play a 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 : ¢,, ~ 0.48 for the muon singlet while
cr ~ 0.51 for all three generations. Fig. 3 gives plot of
B! .1/B5y computed as a function of g, and evaluated
for ¢, = 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 cy, lesser than O at the
cost of increasing its compositeness and possible tension
with Z — bb 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.
4 gives the ratio B! /B, for both the kaon decays as
a function of ¢,, and cp,. We note that for this scenario
where ¢,, < 0.5, the region consistent with the b — sll
leads to enhancement of ~ 1.2 — 1.6, depending on the
value of ¢,, and cg,. This is an useful example where a
more accurate measurement of certain process may help
in narrowing down the NP parameter space.

cr =051

BK " v) By

BEKT =t v By

Figure 3. Scenario A: Plots depicting the excess over the SM
expectation for the K decays modes. The ¢ parameters for the
doublets is universal and chosen to be ¢; = 0.51.

Process Experimental(Upper Bound)
Bu — ey) 42 %1071 [27]
B(u — eee) 1.1 x 10712[28]
B(u — e) Conv(Ti) 6.1 x 10713 [29]

Table 1. Experimental upper bound for the branching fraction
of leptonic flavour observables in the 1-2 sector.

4 Leptonic MFV

The localization of the fermions at different points in the
bulk leads to their non-universal coupling to the gauge KK
states, These typically give rise to additional contributions
to different to FCNC processes at tree level. Thus this is
an example of a scenario where lepton non-universality
leads to flavour violation. In minimal setup and for KK
scales within the reach of LHC, these contributions can
be particularly large in the lepton sector. This is mainly
due to the strong upper bounds on processes in the 1-2
sector 4 — ey, 4 — eee, u — e conversion [26]. The
current experimental upper bounds on these processes are
given in Table 1. The large contributions can be attributed
to the misalignment between the Yukawa coupling matrix
and the bulk mass parameters which determine the nature
of the fermionic profiles in the bulk. A complete model
explaining anomalies in B sector with a relatively low NP
scale must also satisfy constraints given in Table 1.
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Figure 4. Scenario B: Plots depicting the excess over the SM
expectation for the K decays modes. ¢;, = 0.4 and ¢,, = 0.6 are
fixed for the computation while ¢, is varied.

One possibility to alleviate these constraints is to con-
sider the implementation of MFV in 5D [30]. The large
contributions to FCNC are primarily due to the misalign-
ment between the flavour violating combination YY" and
the mass-squared matrix m? ~ (F(c)YYTF(c)). Here F(c)
is the diagonal matrix of bulk profiles given as F(c) =
Diag(f(c.), f(cu), f(cr)). Since Y and F(c) do not com-
mute in general, diagonalization of m? does not necessar-
ily imply diagonalization of Y¥. This misalignment can
be reduced by making the specific choice where the 5D
Yukawa parameters are written in terms of the bulk mass
parameters as follows:

cr, = (,Z]‘I-i-bLYEYZj +dLYNY;:/
cg = agl+ bEYzYE
ecv = ay+byY) Yy (17)

where a;,b; € R. We also assume the presence of a
bulk flavour symmetry group in the leptonic sector as
SUB), xSUQB)g x SUB)y. Using the flavour symme-
try we can work in a basis in which Y is diagonal. Thus

flavour violations are embedded in Yy which transforms
under the flavour group as Yy — VsYy where Vs is the
anarchic mixing matrix. Without loss of generality we can
choose Vs = Vpyns. To enable the explanation of the B
anomalies, we assume that the corresponding bulk flavour
symmetry in the hadronic sector is broken with the corre-
sponding ¢ parameters not satisfying to similar relations
like Eq. 17 in the hadronic sector. We now discuss its im-
plementation for the two scenarios discussed in Section 2.
a) Scenario A: In this scenario the lepton doublets are lo-
calized closer to the UV brane and are assumed to have
universal coupling to NP. The p is relatively closer to the
IR brane We assume c¢; =~ 0.51 for all three generations.
The ¢ values for the charged lepton singlets are chosen as
cg = {0.4,0.48,0.764} and corresponding O(1) Yukawa
couplings are Yg = {0.77,0.03,0.32}. The cg are written
in terms of Yg by choosing ag = 0.49,bg = —0.84 in Eq.
17. For ¢ we choose a;, > by, d; to preserve the univer-
sality for the left handed doublets.

To fit the neutrino mass date we make choices for
cy and Yy as: ¢y = {1.17,1.17,1.21} and Diag(Yy) =
{0.1,0.1,0.134} leading to the following fit for the neutrino
oscillation data:

Am?, =77x107° eV? Am2,, =198 x 1072 eV? (18)

atm

which corresponds to an inverted hierarchy spectrum.
Corresponding to these choices, the B(u — ey) is
given as [31]:

5 3TeV

B — ey) =4x 108 x (YyY)L,—— (19
Mgk
where
0.0823679  0.0548227 0.0194184
Yy = [-0.0477093  0.0531867 0.0937521| (20)
0.0306488  —0.0645418 0.0937521

leading to B(u — ey) ~ 2.5 x 1074, Similarly the other
1 — 2 transitions are also within the experimental bounds
quoted in Table 1 for Mgg = 3 TeV.

b) Scenario B: In the earlier case we saw that the univer-
sality of the lepton doublet parameters c; was essential to
implement the MFV ansatz and obtain satisfactory fits to
the neutrino mases. Universality ensures that the values of

the rotation matrix U;; ~ % ~ O(1) which roughly corre-
spond to the elements of the PMNS rotation matrix. Since
the ¢, is not universal in this scenario, fits to the neutrino
data also require hierarchical choices in cy. This makes
the implementation of cy proportional to Y;,YN in 17 ex-
tremely challenging and difficult to achieve. This possibly
requires a more complicated parameter scan and will not
be discussed here.

5 Randall Sundrum model at the GUT
scale

Given these strong constraints on the RS set up at the weak
scale, one can ask the question whether RS is suitable to
be a theory of flavour as well as a solution to the hierarchy
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problem simultaneously. It might be that RS as a theory
of a flavour might be better suited at the GUT scale rather
than at the weak scale. The Froggatt-Nielsen models are
typically defined at scales closer to the Planck scale, so
perhaps flavour physics might have its origins at the Planck
scale. With this point of view, we will now consider RS to
span between the Planck and the GUT scales. As a result
the lowest lying KK scales are O(Mgyr) and are decou-
pled from the low energy theory. Introducing bulk super-
symmetry serves as a solution to the hierarchy problem at
the weak scale. The supersymmetric case has the added
advantage that it could lead to observable signatures at the
weak scale and will be the focus of attention in this section
[35].

In addition to the matter fields, we consider the the
case with bulk Higgs doublets (H, ) and a SUSY break-
ing spurion X. The Kéhler terms, leading to non-negative
contributions to the scalar masses are given as [32, 33]

600

200

PN

K = Z e~ 20W) Sy — yo,nR)C—i{ XXMt m 1) Figure 5. Lightest stau eigenstate a a function of M, »
M=Q,U,D,LE pl

Replacing X = (F’), leads to the non-tachyonic soft masses

as of flavour violating in the theory. Fig. 6 gives the running
N f ¢ in the 1 i .
mlzj _ m§/2r2mij (fuv(ci)é"Uv(Cj)f%;v(Cs) of ¢ in the leptonic setor
1
- —zg:,R(ci)sz(cj)f%R(cs)) T ' ' '
€ 1)y
T ,
and where .
Oy
1-2¢ 1-2c = 0001k
Suv(c) = \/m Er(0) = 4/ - 23) =
and where the dimensionless parameter r is defined as i
r= MLS with M5 being the fundamental 5D Planck scale. 0y
Typically r < 1 so that the assumption of a classical grav-
ity is valid. The gravitino mass ms;,; = % is the ratio of 1077 L. — _—
the vacuum expectation value of the F-term of the SUSY o 3 10 15
breaking field X to the Planck scale. In addition to this, Log,,(Energy)
the theory also leads to tachyonic masses at My and are 10F 5 ' ' '
given as [34] 12
)
Miegonic(Cms €)= =2m3 5 (1 + 2as) (24)
: : &
_ (1=2ew)Q2-2cy) ([ _(1=xm)(1-&%) 01E Ex
whére L+ 2ams = 55000 (52(17'51*2%)(1751*2%) - ) =
Owing to the presence of these tachyonic terms, which are =
more prominent for the third generation quarks and less 00ty
mildly for the thrid generation lepton, large values of M3
are required so as to drive the masses to positive values by 0.001
RGE effects. Further, owing to the tachynic masses of 7,
M, must be greater that M, to avoid the presence of tachy- 107 e P

onic staus in the model. This can be seen from Fig. 5
Which predominantly prefers M, > M,. This figure was
obtained using analytic expressions for one-loop RGE in
the limit Y, — 0.

The flavoured masses in Eq. 22 has interesting phe-
nomenological implications. It leads to mixing between
different fermionic generations possibly leading to new Though O(1) at the high scale, it runs down to accept-

contributions to FCNC. Defining the flavour violating pa- ably small values leading to possible signatures of these
i scenarios through FCNC processes. For instance Fig. 7

gives the correlation between T — uy, u — ey and

Log,,(Energy)

Figure 6. Running of ¢ for the leptonic sector.

rameter as 6;; = i i # J, which controls the extent

2 702
mimj
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BR(u->ep)x 1071

Figure 7. Correlation between u — ey and u — eee (left) and
pu—eyand Tt — uy

u — eee. Since the squarks are decoupled from the theory,
there are no observable FCNC effects in the squark sector.

6 Conclusions

Custodial RS models offers an interesting perspective to
explore the recently observed anomlies in the decays of
the B mesons. We considered two scenarios which differ
in the relative localization (compositeness) of the lepton
doublets and singlets in the bulk. For Scenario A, char-
acterized by universal lepton doublet wavefunction, the
implementation of anarchic neutrino mixing and bulk lep-
tonic MFV is simpler. Thereby the flavour violation in the
lepton sector are under control thereby paving the way for
a more complete setup. The rare K decays are however
consistent with the SM expectation. Finally we discuss a
scenario with GUT RS where the model serves a theory
of flavour while the effective low energy theory is MSSM.
This has interesting implications for flavour in the lepton
sector.
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