PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: September 24, 2018

REVISED: November 18, 2018
ACCEPTED: November 18, 2018
PUBLISHED: December 7, 2018

R+ in custodial warped space

d,e

Marcela Carena,’ Eugenio Megias,® Mariano Quirés®® and Carlos Wagner”/

@ Fermi National Accelerator Laboratory,
P.O. Boz 500, Batavia, IL 60510, U.S.A.

bEnrico Fermi Institute and Kavli Institute for Cosmological Physics,
University of Chicago, Chicago, IL 60637, U.S.A.

¢ Departamento de Fisica Atdmica, Molecular y Nuclear
and Instituto Carlos I de Fisica Teorica y Computacional, Universidad de Granada,
Avenida de Fuente Nueva s/n, 18071 Granada, Spain

dInstitut de Fisica d’Altes Energies (IFAE) and BIST,
Campus UAB, 08193, Bellaterra, Barcelona, Spain

¢ Department of Physics, University of Notre Dame,
225 Nieuwland Hall, Notre Dame, IN 46556, U.S.A.

fHEP Division, Argonne National Laboratory,
9700 Cass Ave., Argonne, IL 60439, U.S.A.
E-mail: carena@fnal.gov, emegias@ugr.es, quiros@ifae.es,
cwagner@anl.gov

ABSTRACT: Flavor physics experiments allow to probe the accuracy of the Standard Model
(SM) description at low energies, and are sensitive to new heavy gauge bosons that couple
to quarks and leptons in a relevant way. The apparent anomaly in the ratios of the decay
of B-mesons into D-mesons and different lepton flavors, Ry = B(B — D")7v)/B(B —
D(*)EV) is particularly intriguing, since these decay processes occur at tree-level in the
SM. Recently, it has been suggested that this anomaly may be explained by new gauge
bosons coupled to right-handed currents of quarks and leptons, involving light right-handed
neutrinos. In this work we present a well-motivated ultraviolet complete realization of this
idea, embedding the SM in a warped space with an SU(2); ® SU(2)g®@U(1) 1, bulk gauge
symmetry. Besides providing a solution to the hierarchy problem, we show that this model,
which has an explicit custodial symmetry, can explain the Rp.) anomaly and at the same
time allow for a solution to the R(. anomalies, related to the decay of B-mesons into
K-mesons and leptons, Ry = B(B — K®pupu)/B(B — K®ee). In addition, a model
prediction is an anomalous value of the forward-backward asymmetry A%B, driven by the
Zbrbg coupling, in agreement with LEP data.
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1 Introduction

The Standard Model (SM) of particle physics provides an excellent description of all ob-
servables measured at collider experiments. The discovery of the Higgs boson [1, 2] is
an evidence of the realization of the simplest electroweak symmetry breaking mechanism,
based on the vacuum expectation value (VEV) of a Higgs doublet. This mechanism pro-
vides a moderate breakdown of the custodial SU(2)r symmetry that affects the gauge
bosons only at the loop level. The predictions of the SM are also in agreement with pre-
cision electroweak observables, which show only loop-size departures from the tree-level
gauge predictions [3].

Flavor physics experiments allow to further probe the accuracy of the SM predictions.
While studying SM rare processes, these experiments become sensitive to heavy new physics
coupled in a relevant way to quarks and leptons. Recently, the BABAR [4, 5], BELLE [6—
10] and LHCb [11] experiments have measured the ratio of the decay of B-mesons into
D-mesons and different lepton flavors,

B(B — DWrv)
B(B — D®¢v)’

Ry = = p,e. (1.1)



These decay processes occur at tree-level in the SM, and therefore can only be affected in
a relevant way by either light charged gauge bosons, or heavy ones strongly coupled to the
SM fermion fields. Currently, the measurements of these experiments seem to suggest a
deviation of a few tens of percent from the SM predictions, a somewhat surprising result
in view of the absence of any clear LHC new physics signatures, or other similar deviations
in other flavor physics experiment.

In particular, the presence of new SU(2) gauge interactions affecting the left-handed
neutrinos, which could provide an explanation of the new R, anomaly, is strongly re-
stricted by the measurement of the branching ratio of the decay of B-mesons into K-mesons
plus invisible signatures by the BELLE collaboration B(B — Kwvv) [12-14]. Recently, it
was proposed that a possible way of avoiding these constraints was to assume that the
new gauge interactions were coupled to right-handed currents and the neutrinos are there-
fore right handed neutrinos [15, 16]. The right-handed neutral currents are then affected
by right-handed quark mixing angles that are not restricted by current measurements,
and provide the freedom to adjust the invisible decays to values consistent with current
measurements.

In this work, we propose a well-motivated, ultraviolet complete, realization of the new
gauge interactions coupled to the right handed currents, by embedding the SM in warped
space, with a bulk gauge symmetry SU(2), ® SU(2) g ® U(1) p—r, [17-20]. This symmetry is
broken to SU(2);, ® U(1)y in the ultraviolet brane, implying the absence of charged, Wi,
and neutral, Zg, gauge boson zero modes. Third generation quark and leptons are localized
in the infrared-brane, where a Higgs bi-doublet provides the necessary breakdown of the SM
gauge symmetry, giving masses to quarks and leptons. Although there have been previous
works on the flavor structure of warped extra dimensions with a SU(2), ® SU(2)r x U(1)x
bulk gauge symmetry (see, for example, refs. [21, 22]), those works put emphasis on rare
Kaon and B-meson decays unrelated to Rp), that will also be analyzed in our work
whenever relevant. Moreover, in the context of warped extra-dimensions, there has also
been a recent analysis in ref. [23] where lepto-quarks are introduced, and general results in
composite Higgs models in ref. [24].

In this work, similarly to the previous proposal by the authors of refs. [15, 16], the new
SU(2)r gauge bosons provide an explanation of the R ) anomaly, and the freedom in
the right-handed mixing angles allows to avoid the invisible B decay and B-meson mixing
constraints. On the other hand, our model depicts unique, attractive special features such
as having an explicit custodial symmetry that protects it from large deviations in precision
electroweak observables, and providing a solution of the hierarchy problem through the
usual warped space embedding. Finally, although it is not the main aim of this article, the
left-handed KK gauge bosons may be used to provide an explanation of the R+ anomalies
in the way proposed in refs. [25-27].

Our study is organized as follows. In section 2 we present the model in some detail. In
section 3 we explain the solution to the R ) anomaly. In section 4 we discuss the existing
experimental constraints on this model. In section 5 we study the predictions of our model,
including the forward-backward bottom asymmetry, the invisible decay of B mesons into
K mesons, and the b — s observables, including R(.). Finally we reserve section 6 for
our conclusions and appendix A for some technical details on the KK modes.



2 The model

Our setup will be a five dimensional (5D) model with metric (with the mostly minus signs
convention) g, = exp(—ky)nuw, gs5 = —1, in proper coordinates, and two branes, at the
ultraviolet (UV) y = 0, and infrared (IR) y = y1, regions, respectively [28]. The parameter
k, close to the Planck scale, is related to the Anti de Sitter (AdSs) curvature, and ky; has
to be fixed by the stabilizing Goldberger-Wise (GW) mechanism [29] to a value of O(35),
in order to solve the hierarchy problem.

The custodial model is based on the bulk gauge group [17-20]

SU(3). ® SU(2)r, ® SU(2)r ® U(1)x, (2.1)

where X = B—L, with 5D gauge bosons (G, Wy, Wg, X), and 5D couplings (g., 91, 9r, 9x),"
respectively.

The breaking SU(2)r ® U(1)x — U(1)y, where Y is the SM hypercharge with gauge
boson B and coupling gy, is done in the UV brane by boundary conditions. Therefore the
gauge fields (W, Wg, X) define (W7, Wég, B, ZR), with (UV, IR) boundary conditions, as

Wi (a=1,2,3), (+,+) (2.2)
W3 4+ gpX
B— M, (+,4) (2.3)
V9% + 9%
Wy, (= +) (2.4)
W3 — gx X
Zp = I8 R IXA (=, +) (2.5)
Ir+ 9%

The SU(2);, ® SU(2)g symmetry is unbroken in the IR brane, where all composite states
are localized, such that the custodial symmetry is exact. In appendix A we present some
technical details leading to the wave function, mass and coupling of the nth KK modes for
both (+,+) and (—,+) boundary conditions. It is shown there that the difference for the
KK mode masses m,,, and couplings, is tiny for the different boundary conditions, (4, +)
and (—,+), and different electroweak symmetry breaking masses, and we will neglect it
throughout this paper. In particular we will use the notation m; for the first KK mode
mass of the different 5D gauge bosons after electroweak breaking: (WLi, Wf%, Zr, 21, A).
The covariant derivative for fermions is

3 2
. b
D=d—i [gL S WITE+9r Y WrTh+gvBY + gz, Zx QZR,] (2.6)
a=1 b=1
where gy and gz, are defined in terms of gr and gx as

9JRrRIX
gy = ————, 9zp = \ 9%+ 9% > (2.7)
\/9R+9X

!The 5D (gs) and 4D (g4) couplings are related by g4 = 95/\/Y1-



and the hypercharge Y and the charge @)z, are defined by

92Th — g% Qx

Y:T3+QX7 QZ =
) T Rtk

(2.8)

with Qx = (B —L)/2.
Electroweak symmetry breaking is triggered in the IR brane by the bulk Higgs

bi-doublet
HS H1+
— Qx =0 2.9

" (HQ_ H? ’ X (2.9)

where the rows transform under SU(2); and the columns under SU(2)g. We will denote
their VEVs as (HY) = vy/v/2 and (HY) = v1/4/2, so that we will introduce the angle 3 as,
cos B = v /vy and sin 8 = ve /vy, with vg = /v} +v3. We will find it useful to add an

extra Higgs bi-doublet

ST g (2.10)

_ C OQx=-1 2.10
»TT -2 /2

with (3°) = vs/v/2, whose usefulness will be justified later on in this paper.

After electroweak breaking, and rotating to the gauge boson mass eigenstates, one can
re-write the covariant derivative as

D=0 ign | 5 WETE + 102, (1} - 500, Q)] — i gusin0:40Q
—igR [\f WRTi + osleRZR (T — sin® eRY)} (2.11)

where 6, = Oy is the usual weak mixing angle, the gauge boson Z} = ZF, and 0p is

defined as
dRr ax

\ 9% + 9% \/ 9%+ 9%

with TLf R= Ti, = z'Ta p- Using gg and gy, with gr > gy, as independent parameters we

\ 9% — 9%
gx = ﬂ, sinfg = g—Y, cosfp = +—— . (2.13)
2 _ 2 9dRr dr
9r — 9y

As for fermions, left-handed (LH) ones are in SU(2)y, bulk doublets as in the SM

QiL:(gL), Z‘Lz(ﬂ (2.14)
L €r

where the index ¢ runs over the three generations. On the other hand, as SU(2)g is a
symmetry of the bulk, right-handed (RH) fermions should appear in doublets of SU(2)g.
However, as SU(2)g is broken by the orbifold conditions on the UV brane it means, for

cosOp = sinfp = (2.12)

can write

bulk right-handed fermions, that one component of the doublet must be even, under the



orbifold Zs parity, and has a zero mode, while the other component of the doublet must
be odd, and thus without any zero mode. We thus have to double the SM right-handed
fermions in the bulk.

The natural assignment is to assume in the bulk first and second (light) genera-

I N N
Ué=<;fR> ,Dé=<23> ,E1=<”R> L (I=1,2) (2.15)
R R €R

where only the untilded fermions have zero modes, while third generation (heavy) fermions

tion fermions:

are localized on the IR brane and thus are in SU(2) g doublets as

Q%=<2R>, L%=<VR> . (2.16)
R TR

Then only the third generation RH fermions interact in a significant way with the field
Wg, and can give rise to a sizable Rp ., as we will see.
We define the KK modes for gauge bosons as

Ay =S L 5%) A, (x) (2.17)
n=0

normalized as "

and such that the factor 1/,/y1 in eq. (2.17) is absorbed by the 5D gauge coupling in
eq. (2.11) to become the corresponding 4D gauge coupling. Similar definitions hold for KK
modes of Zp(z,y) and W (z,y), while for KK modes of Zr(z,y) and Wgr(z,y) the sum
extends from n = 1.

From the covariant derivative (2.11) it is clear that the charged bosons ch only
interact with left-handed fermions, while Wét only interact with right handed fermions.
The corresponding 4D Lagrangian can be written as

% S G WL+ 97’; > Gl Wik (2.19)
fr.fy, fr.fg
where, from now on, we are switching to the notation where g; and gr are the 4D
couplings, and G?LR I are the overlapping integrals of the fermion zero-mode profiles,
fL,R(y)fi,R(y), with the gauge boson KK mode ones, WﬁR(y). On the other hand, the
neutral gauge bosons A, Z; and Zp interact with both chiralities, and we can thus define
the 4D neutral current Lagrangian for KK modes as

T P ... g8 o
En = ondy 22 Ol s Bt aag A0+ 0 D oy G ZRS - (220

where for simplicity we have omitted the chirality indices and G;% is the overlapping integral
of zero modes fermion profiles, f]%? r(y), with the one of the (neutral) gauge boson KK



modes. The 4D coupling of photons with fermions is defined as gasy = sinfy, cos 7, @, the
couplings of fermions with Zg are given by

1 2 . 1 .
9Zrurur = 273 sin” Or 9Zrurur = % sin? Or
1. 1.
9Zprdrdr = _5 + g sin® Or 9Zrdrd;, = _6 sin” Or
1.,
gZRl/Rl/R = 5 gZRVLl/L = 5 s GR
1 : 1.
YZreren = 5 +sin? fp 9Zperer = 5 sin® g, (2.21)
and with Zj, by
2 . 1 2.
9Zrurur = _g San HL 9Zrurpur, = 5 — gSlH2 HL
1 . 1 1.
9Zrdrdr = g sin” 0L 9Zrdrd, = -3 + g sin? 0r,
1
gZLl/RVR - 0 gZLI/Ll/L - 5
2 1 .2
9Zperer = SIn” 0L 9Zperer = —5 Tsin 0r, . (2.22)

The 5D Yukawa couplings for RH quarks localized on the IR brane are
YEQLMQrs + Y5 QL HQprs + hc. (2.23)
where H = io09H*i09, and for the bulk RH quarks
Y3 QuitUn, + V3 QriMDp, + Y3 QuifiUn, + Y QuiHDp, + hc. (2.24)
so that the 4D Yukawa matrices are given by

Y4 = (sinﬁ Yo —cosf YQ)U F(CuiL, cu%),

Y = (sin BYg — cos B?Q)ﬁ Fy(c,). (2.25)

and

YzC]l = (COSﬁY/Q —Sinﬁ?Q)' F(Cdi 7cd1)a
il L R

vd = (cos BYq — sin 5%) Fleay) - (2.26)

[

In the previous expressions the 4D Yukawa matrices Y;j’d contain the 5D Yukawa matrices

Yo, ?Q, YQ, }7@ times the integrals overlapping the 5D profiles of the corresponding fermions



ky

)

with the profile of the Higgs acquiring vacuum expectation value, h(y) o e*

V2(a —1)(1 = 2¢1)(1 — 2cR)
« — CJ, — CR
ela—cL—cr)kyr _ |

\/[eQ(a—l)kyl _ 1] [e(l—%L)kw _ 1] [8(1_20R)k311 _ 1] ’
ela=1/2—cp)ky

\/[62(04*1)1%/1 — 1] [e(=2eL)kyr — 1]

F(cr,cr) =

X

Fs(er) = /2(a — 1)(1 — 2¢y) : (2.27)

where cr, g are the fermion bulk mass parameters and we have assumed that o > cr, + cpg.
The parameter « has to be larger than (or equal to) two, to solve the hierarchy problem,
and in our computations we will fix o = 2.

Similarly for RH leptons in the IR brane

Y{3LpiHLrs + Y{*Ly,/HLrs + h.c. (2.28)
and for bulk RH leptons
il Ti I | il i I | il fi al o il i 47l
YL HNE + VL HEL + VI L HNE + YL HEY, + hec. (2.29)

where we have added the bulk first and second generation right-handed neutrino doublets
I
NL = (”F) I =(1,2). (2.30)
€R

The Yukawa couplings for charged leptons are then given by
% = (cos BYL, — sin ﬁ?L)igFg(CeiL),
5 = (cos BV, — sin BYL)irF(cey ot ) (2.31)
and for neutrinos, by

Y/ = (sin Y — cos 8 1~/L)UF(CV2, c1) s
i = (sinf Yz —cos BY1)iaFa(c,y ) - (2.32)

In the presence of a non-zero vacuum expectation value of the X field, we shall define

tan Oy, = :—E, (2.33)
H

where v = 4 /v%, + v%. In the decoupling limit, Hy = cos 0y, cos Bh—sin SH —sin 0y, cos SHy,
and Hy = cos Oy sin Sh + cos BH — sin 0y, sin SHy,, while the neutral component of the X
field, X0 = sinfsh + cosfsHys. The SM-like Higgs boson is induced by excitations of
the field h = sin 050 + cos fx(cos BH; + sin BH3), while the excitations induced by the
orthogonal combinations H and Hy, are supposed to lead to heavy neutral states, decoupled



from the low energy theory. Since quarks and leptons only couple to the field H, the masses
are proportional to vy and therefore the Yukawa couplings must be enhanced by a factor
(cos fs)~! with respect to the value they would obtain in the absence of the ¥ field.

In order to avoid strong constraints from lepton flavor violating processes, as e.g. u —
ey, i — eee, or pu — e conversion, we will assume that for charged leptons the interaction
and mass eigenstate bases coincide, and therefore, hereafter, that the matrix Y¢ is diagonal.
This can be obtained by imposing a U(1)? flavor symmetry in the lepton sector broken only
by the tiny effects due to the neutrino masses [30].

For neutrinos propagating in the bulk, one can obtain realistic values of their masses by
adopting one of the proposed solutions for theories with warped extra dimensions [31-35].
In our scenario, however, neutrinos localized on the IR brane, as is the case with the right-
handed neutrinos v,,, couple in a relevant way to the Higgs and tend to acquire masses
of the same order as the charged lepton masses. This can be seen from the fact that the
Yukawa couplings in eq. (2.32) will provide a Dirac mass to the third generation neutrinos
mpvrvr+h.c.. Therefore, in order to obtain realistic masses we will assume a double seesaw
scenario [36]. We shall first concentrate on the example of third generation neutrinos. In
order to realize this mechanism, we will introduce a Higgs Hpg, transforming as (1,2, —1/2)
under SU(2);, ® SU(2)r ® U(1) x, which spontaneously breaks SU(2)r x U(1)x — U(1)y,
when its neutral, hyperchargeless, component gets a vacuum expectation value vg, as well
as a localized fermion singlet (1,1,0), S, which provides the Dirac mass m/,Spvg + h.c.,
where m’D = Ygrvr/ V2. Finally, we can also write down a Majorana mass term as M Sy ST
Therefore the mass matrix in the basis (vr, v, Si) can be written as

0 mp 0
My,=|mp 0 mp |. (2.34)
0 mpy M

In the limit where m’D > mp > M there is a mass eigenstate vy ~ vy with a mass
my, =~ (mp/m’y)?>M (which is obviously massless in the limit where M = 0), and an ap-
proximate Dirac spinor v = (v, — Sr, —vg + S5)7 /v/2, with a mass m,, ~ \/m?% +m/2.
This mechanism has been dubbed in the literature, double seesaw [36]. The double seesaw
mechanism allows for acceptable masses for the left- and right-handed neutrinos without ex-
treme fine-tuning of the Yukawa couplings. For instance, for mp ~ 1MeV, m/, ~ 100 MeV
and M = O(1 KeV), one obtains a mostly left-handed neutrino of mass of order 0.1eV, and
an additional pseudo-Dirac neutrino, containing vg, of mass of order 100 MeV. Such masses
are enough to accommodate the value of Rp.) without any sizable kinematic suppression.

The above mechanism can be easily generalized to give mass to the three generations
of neutrinos. As suggested before, we will consider in the bulk the two RH neutrino
doublets N II% and add two singlets ST, while the third generation right-handed leptons and
the singlet S? are as before localized in the IR brane. States transform under the flavor
symmetry group U(1)? = U(1);, ® U(1)z, ® U(1)z,, where the lepton number is defined
as L =L¢+ L, + L., in table 1.



h
™

h
=

L,

1 0 0
NZ| 0 1 0
0 0 1

St 2/3 | —1/3| -1/3
S22 —1/3 | 2/3 | —-1/3
S3| —-1/3 | —1/3 | 2/3

L
1
1
1
Hp| 1/3 | 1/3 | 1/3 |1
0
0
0

Table 1. Leptonic quantum numbers of fields involved in neutrino masses.

The quantum numbers in table 1 lead to the off-diagonal entries in eq. (2.34). In

particular (m/,);, defined as

(m'D)Z] = YéISZﬁRNI{E + h.c.

(mlp)iz = Y2 S HR LY, + h.c. (2.35)
is a diagonal matrix, while also the matrix (mp);; is diagonal as the bi-doublet H does
not carry any lepton number. Moreover we will introduce the non-diagonal Majorana
mass matrix for singlets as M;;S% S7 which will constitute a soft breakdown of the global

symmetry U(1)z, ® U(1)r, ® U(1),, by the small M mass matrix elements, leading to the
neutrino mass matrix [36]

1 1\?
my = mp——M <mD ; ) (2.36)
mp mp

which should describe the neutrino masses and PMNS mixing angles [3].

3 Generating R

Only fermion doublets localized on the IR brane, with both non-vanishing components,
will interact with Wx. Then we can write the 4D charged current Lagrangian, eq. (2.19),
in the mass eigenstate fermion basis as

9dRrR > _ n n _ n ~n
L= ;1 {uR(VJRG Vo, ) Whdp + FrW LG VTR} (3.1)

where the matrix form has been used. The coupling matrix G™ can be approximated by
G" = diag (G}, G3, G3) (3.2)

where G7 5 < G5 = fi;, (1), and fj, (y) is the normalized wave-function of the Kaluza-
Klein modes of W} (see appendix A). After integration of the KK modes we can write
down the effective Lagrangian

4GF

Lo = ——F=
N

VchT(ER’VMbR)(%RﬁYHVTR) (3'3)



which has been normalized to the SM contribution, where the Wilson coefficient is given by

T T
=Y (923 Ggﬂf:)Q m ~ 1.45 <923 (;3“)2 % (3.4)

" n Veb mi Veb

where G5 = G4 and m are the coupling and mass of the first KK mode, and the pre-factor
1.45 takes into account the contribution of the whole tower.
The Wilson coefficient C'; contributes to the process b — ¢7r, and thus to the ratio

Rp
RgM =1+ |C, (3.5)
D)
where
RO —=0.300 4+ 0.011, RN =0.254 +0.004 (3.6)

is the SM prediction [37-40], and the best fit value to experimental data is given by
C, ~ 0.46 [16].2 Using this value there is a relation between the ratio <VJR)23 / Ve and
the mass m; given by

1/2
Vil
- V04 ( R)QS TeV (3.7)

1 —=
sm&R Vcb

so that the element (VJR>23 as a function of sin fr and the mass m; is given in figure 1.

In principle the anomaly in the branching ratio B(B — D®)7rig) might give rise
to a large contribution to the branching fraction B(Ds; — 70) ~ 0.05 from the process
sc — TEI/R, which is mediated by the KK modes Wp. However since cg and sg are in the
bulk, and in different SU(2)g doublets, they couple to W only via mixing with the third
generation quarks. This implies that this contribution is further suppressed by a factor
(Vg )32 which, as we will see, is restricted to be small to satisfy the constraints on Amp,.
Thus, no significant contribution to the branching ratio B(Ds — Tv) is obtained.

Similarly, in this model one would also expect an excess in the observable

B(B — J/U t+u;)
B(Bf — J/V uty,)’

R(J/V) = (3.8)
The LHCb experiment has recently provided a result on this observable, showing an excess
of the order of 2 ¢ above the SM expected value, R(J/¥)sm =~ 0.25-0.28, refs. [42, 43],
with large errors

R(J/¥) =0.714+0.25. (3.9)

Theoretical analyses of this observable [44, 45] confirm this anomaly and show it to be
governed by the same operator as the one governing Rp). In our particular model,
we have

R(J/9)
R(J/¥)su

2In ref. [16] the best fit value C, ~ 0.46 is shown to be consistent with the experimental bound B(B. —
T) < 0.05 [41].

=1+|C.7. (3.10)

~10 -
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Figure 1. Contour lines of (V] )23 in the plane (sin g, m1) as fixed from the best fit value to the

experimental data for Rg).

Given the value of R(J/W¥)gm, the measured value of this ratio is about 2.6 + 1. Hence, the
value of C obtained above to explain R .) can only slightly ameliorate this anomaly, and
one should wait for more accurate experimental measurements of R(J/¥) before further
discussion of this issue.

4 Constraints

In this section we will examine the main constraints in processes which are related to Ry,
and where the strong coupling of the third generation RH quarks and leptons to KK modes
plays a significant role. To do that one has to compute the mixing between the electroweak
gauge bosons lef and Z;, and the KK modes using the effective Lagrangian.

We can easily compute the effective description of the Lagrangian, with mixing terms
WiLWp g and ZpZ7 p, generated by the vacuum expectation values of the bulk Higgs bi-
doublets ‘H and ¥ as well as the Higgs doublet Hp in the representation (1,2), with VEV
(Hg) = (vg,0)T, and with Qx = —1/2. These are induced from the kinetic terms in the
5D Lagrangian as

LOM = tr |gp WOTEH — gpHWETE)? + tr|gL WETES — gpEWETSE — gx X 3|

1 2
+ |grHrRWRTE — F9x X Hp (4.1)

where we are using the fact that 77 acts on the bi-doublets rows and T on the bi-
doublets columns.

- 11 -



A straightforward calculation gives for the 4D quadratic Lagrangian for the gauge
boson n-th KK modes

<4121 (4.2)

21}1’02

02

QLQR(VVLVVE'+}LC)}

v’ 9% gLIR
—Gy Z1Z} + ——=——— [2 sin* O5, — cos” 0| Z.Z};
+ G3rh(a){cos20L L L+cos0LcoseR[ sin” @y, — cos® O] Z, R}

20?4l + v%, the first two terms provide the W, and Zj-masses, and we have

where v
introduced the function rp(«) which depends on the localization in the bulk of the h Higgs
direction acquiring a vacuum expectation value. In fact for a Higgs localized in the IR
brane, o — 00, one gets r, ~ 1, while for a Higgs localized towards the UV brane o < 1
one gets rp, ~ 0. For @ = 2 the Higgs is sufficiently localized towards the IR brane to solve
the hierarchy problem, and we shall use this value in the rest of this article, leading to a
factor 7, ~ 0.68.

Another important effect for analyzing the relevant constraints, in the presence of

composite, and partly composite, fermions f, is that in our model the effective operators

Oftr = (f1" F)ErVutR) (4.3)

are induced, with Wilson coefficients given by

GQr 2 92
Crp=— Y <3> ry(cr) [COSZLGL (9Aff9AtRtr + 92017921 tntr)

m
n n
2

R
ngRfngRthR . (44)

In the above, we have introduced the function 7¢(cy) as

ri(er) = Giler) /Gy

where G?(Cf) is the overlapping integral of fermion zero mode profiles, for the given value
of the c; parameter, and the gauge boson KK mode profile. In particular, for IR localized
fermions, which could be considered as the limiting case where ¢y — —oo, it turns out
that lim., o 7f(cy) = 1. The Wilson coefficients trigger a one-loop modification of the
Zrff couplings, through a top-quark loop diagram followed by emission of the Zy gauge
boson [46], which in turn induces the modification of the corresponding Zr f f coupling. In
particular, for the relevant cases we will analyze here f = 7, bg, by, ur, are the composite
(br,TR), or partly composite (b, pr), fermions.

4.1 The coupling ZTrTr

As the 7R lepton is localized on the IR brane, and it couples strongly to the KK modes,
the main constraint will be the modification of the coupling Z;7r7r, defined as

ar  _
ﬁZTRTR = cos 0y TRZL(gZLTRTR + 6gZLTR7'R)TR7 (4'5)
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Figure 2. The region between the (brown) solid lines is allowed by the best fit to dgz,rnrp for
myp = 3TeV.

where the term 0gz, -, is constrained by the global fit to the experimental data of
ref. [47] as

697, rprn = (0.42 £0.62) x 1072

(4.6)
The term 69z, rprp in eq. (4.5) is generated at the tree level by the mixing Z7 27,
induced by the Higgs vacuum expectation value, and through radiative corrections using
the effective operator

OTRtR -

(TRY*7R)(ERVuR) (4.7)
with Wilson coefficient given by eq. (4.4). Using now the mixing terms from eq. (4.2) and
the couplings from eqgs. (2.21) and (2.22) we can write

2
grvGy T4 ()
09 7umin = Z ( 2mn3> {

cos?0p
3h2 . my [2 ., 1
+Rlogﬁt gsln 0R+

1, 1
= ([ _gin%0 -
cos? Op (2 - R) (2

-2
- = 6
3 S R>:| },
where the first line comes from the contribution of the KK gauge bosons through mixing

effects and the second line is the radiative contribution from the top quark loop® induced
by the operator (4.7). The coupling h; is the SM top-Yukawa coupling, defined by

[sin2 O (1 — 2sin? HR) 1 cos? HR] (4.8)

mi = hiv/V?2,
3We have done the calculation using DimReg and the MS renormalization scheme.

(4.9)
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which is therefore related to the Y34 coupling defined in eq. (2.25) by
hi = cos Oy Y55, (4.10)

In order to determine the KK-mode contribution we use the condition (3.4) on R
and get the allowed region in the plane (sinfy,sinfg) shown in figure 2, where we are
assuming m; = 3 TeV. Figure 2 shows that the constraint on gz, -5+, puts a lower bound
on sin Oy, which is given by

sin By, = %E > 0.67, (4.11)

and in particular excludes the value sin fy; = 0, i.e. it requires the introduction of the Higgs
bi-doublet X.
4.2 Oblique observables

In these theories the T-parameter, defined as,

1I 0 I17,(0
apnm(mz)T = Wvg( ) _ ZZQ( ) : (4.12)
My mz

is protected by the custodial symmetry in the bulk only in the case when tan 5 = 1 and
sin 92 =0.

In general, there may be relevant contributions to the precision electroweak observables
induced by the mixing of the gauge boson zero modes with the KK modes, as given by
eq. (4.2), as well as loop corrections induced by top loop corrections. In fact in a similar
way as the operator (4.3) is generated by exchange of (A", Z7, Z}}) KK modes, the operator

(H'iD,H)(try"tr) (4.13)

is generated by the mixing of Z; with KK modes in (4.2) followed by the exchange of
(Z}, Z}) KK modes coupled to the top quark. The radiative correction to the 7' parameter
is obtained after closing the top-loop, and by emission of a Zj-gauge boson from it.

There are also loop contributions involving fermionic KK modes, but in a scenario
in which the right handed third generation fermions are localized on the infrared brane,
they strongly depend on the localization of the left handed third generation quarks (see,
for example, refs. [48-50]). In particular, these loop corrections are strongly suppressed
when the left-handed third generation quarks are localized close to the IR brane, or in the
presence of sizable quark brane kinetic terms. Moreover, unlike the mixing between gauge
KK n-modes and gauge zero modes, which is enhanced for IR brane localized fermions by
~ |G%| = V2ky1, the mixing between fermion KK n-modes and fermion zero modes is ~
G% /\/ky1, so that the loop corrections to the T parameter are not volume-enhanced, while
they are suppressed by the mass of the heavy fermions and by loop factors. Hence, in this
work, we shall concentrate on the relevant corrections to flavor physics observables induced
by the gauge boson mixing, and the inter-generational mixing of the right-handed quarks,
as well as by the top loop corrections we have just described from the operator (4.13). These
corrections to the precision electroweak observables are well defined within our framework,
and are strongly correlated with our proposed solution to ).
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Figure 3. The region between the solid lines is allowed by d¢z, rpr (brown lines, as obtained in
figure 2) and by the 95 % C.L. bound on the T parameter, for m; = 3TeV and tan 8 = 1 (black
lines), tan 8 = 3 (blue lines) and tan 5 =5 (red lines).

We can easily compute the contributions to the T-parameter induced by the mixing
of the zero mode gauge bosons with the KK modes by using the effective description of
the Lagrangian, with mixing terms WLWﬁ rand Z LZE, R» from eq. (4.2), and at one-loop
from the effective operator (4.13). Working to lowest order, O(v%), in Higgs insertions, we
obtain the result

grvGY 2 2 . 9 sin? Oy,
aoT = rp(a) Z () {rh(a) [cos 23 — 4 sin” Oy, (1 — )

2m,, cos? fp
+ sin® 283 sin® O, (2 — sin® Oy)) ] (4.14)
3. ma [ 2 ., 1 9 ) 12 .,
— TﬁlOgE — gsm Or + o2 05 (2sm fs. — cos QR) 3~ gsm Or

where the first two lines is the tree-level result and the third line the radiative correction in-
duced at one-loop by the mixing between the tree-level (4.2) and one-loop (4.13) operators.

Using now the expression fitting the value of Rp.), we can obtain the allowed regions
for the T parameter in the (sinfy,sinfr) plane, fixing the values of m; and tan . In
figure 3, in addition to the dgz, r,r, bounds from figure 2, we show the regions allowed by
the T parameter experimental bounds at the 95% confidence level [3]

T = 0.07 +0.12, (4.15)

for my = 3TeV and several values of tan 5 = 1, 3, 5. The value T" = 0 is a middle line
inside every band. In order to reduce the value of the Yukawa coupling Y34, eq. (2.25), we
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Figure 4. Contour lines of S (left panel) and U (right panel) for the case m; = 3 TeV and tan 5 = 2.

should consider values of tan 8 > 1. The intersection of the dgz, 5, allowed band with

the T parameter allowed band for tan 8 = 1 (solid brown and black lines, respectively),
define the upper bounds on sin gz and sin fy, in the regime we are considering as,

sinfr < 0.4, sinfy S0.75. (4.16)
As for the S and U parameters, they are defined in our theory as

apm(mz)S = 4sin? 0y, cos? 6,11, ,(0)
aEM(mZ)(S + U) = 4sin® GLH/VVW(O)

which, using the effective description of eq. (4.2), can be cast as

aEM(mZ)S — Qri(a)

vgrGY
ki, Z <

sin? O cos? 67,
— 2m,

in? 0 2sin? By, — cos2 6
" [sm R+( b R

)2
sin? 6y, cos? Op ] (4.19)
2rj:(a)
aEM(mZ)(S + U) = —

vgrGY
ki zn: (

4
sin? 0 cos? 0y,
2my,
sinfp  sin?28
X | —— 5, cos Ox|
sin“ 0y  cos?0p,

and

(4.20)
where, as their tree level values are so small, we are neglecting its crossing with the radiative
corrections induced by the operator (4.13).

After applying the constraint from the R ., anomaly, fixing the value of the KK mass,
my1 = 3TeV, and tan § = 2, the S and U contours are depicted in figure 4. It follows from
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this figure that the predicted values are consistent with the experimental constraint [3]
S =0.02£0.10, U =0.00+£0.09 (4.21)

in all the parameter region. Similar small values of S and U are obtained for other values
of tan 3.
4.3 Flavor observables

New physics contribution to AF = 2 observables appears mainly from exchange of KK
gluons. The leading flavor violating couplings of the KK gluons G, involving RH down and
up quarks is given by

Lo = gu(Vl)is(Vup)3jp@" GEuly + go(V,] ia(Vag)3;drd" Gy . (4.22)

After integrating out the gluon KK modes we obtain a set of AF = 2 dimension six
operators. In particular, the most constrained operators are those given by

Leg = Csa(5rY"dR)* + Ceu(Cry"ur)? + Coa(bry"dr)* + Chs(br7"sr)? (4.23)

where the Wilson coefficients are given by

n

Csa = %5 [(VJR)%(VdR)MT > <G3>2 (4.24)

Cou = f (Vi Va)] S <fj>2 (4.25)
Cha = f [(Vag)sa)? D (7?5)2 (4.26)

n

92 [ty 12 B\?

— IS5 9

Chps = 5 [(VdR)zg.] ; <mn> ; (4.27)
where (VJR)gg is constrained by Rp), see figure 1. If, for simplicity, we assume real
matrices V,,, and Vg, (no CP violation in the right-handed sector) the Wilson coefficients
Csds Ceu, Cpqg and Cpg are constrained from Amg, Amp, Amp, and Amp,, respectively,
as [51, 52]

Cog <9 %1077 TeV~2, (4.28)
Coy < 5.6 x 1077 TeV 2, (4.29)
Chag < 2.3 x 1070 TeV—2, (4.30)
Chps < 5x107° TeV 2 (4.31)

Operators involving third generation quarks, although providing weaker bounds on
the Wilson coefficients, are very constraining as they contain the element (VJR)gg ~1. In
particular the bounds on Cpq and Cps, eqgs. (4.30) and (4.31), provide bounds on (Vg )s1
and (VdTR>23, respectively, as

ViVsl <11 x 1073 24 VI Yas| <52x 1073 2L ), 4.32
(Vhal 1.0 1075 () (V] el 52 1078 (STl (4.32)

17 -



0.0507

0.0201

(Vg )31

0.010¢
0.005¢

0.1 0.2 0.3 0.4 0.5
sinGR

Figure 5. Upper bound on (V,,,,)s1 as a function of sin g from condition (4.29) for m;=3TeV,
using the value of (V] )23 provided by Rp.).

Using now the bounds in eq. (4.32) we can bound the element Cy, as

mq

C.. <45 10—11(7
sd < 20X 3 ToV

2 2
) TeV—2, (4.33)
which is a stronger bound than eq. (4.28). Moreover, from the definition of C, in eq. (4.25)
and the corresponding bound (4.29), we can fix an upper bound on the element (V)31
using the value of (VJR)Qg provided by Rp.). The result is plotted in figure 5 as a function
of sin fp.

4.4 Lepton flavor universality tests

There are two processes where lepton flavor universality has been tested to hold with a
high accuracy. The first one is the ratio

R“/e _ B(B — D(*),uﬂ‘u)
D® " B(B — D®ew,)

(4.34)

which is constrained by experimental data to be R%/(i) < 1.02 [53]. In our model, the
process I'(b — cWj — cliy) = 0, for £ = (p,e), since only the third generation leptons
couple to Wg. Hence, it follows that Rg/(i) = Rlz)/(i)\SM ~ 1 and the experimental bound
is satisfied.

The second process is

B(t — tv.y)/B(T — lvrvp)sm

RT/E _
w B(p — evuie)/B(p — evube)sm’

(L= p,e) (4.35)

which is constrained by experimental data to be R;/“ = 1.0022 + 0.0030 and R:/e =
1.0060 £ 0.0030. It turns out that the contribution to these processes from Wgr, B(T —
v.Wi — velpy) and similarly B(p — v, W}, — v,47;) is negligible for the same reason as
before, and hence the deviation of RZ/ ¢ with respect to the SM values is also negligible, in
good agreement with these measurements.
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Figure 6. Plot of " 0 x B(X' — ff) as a function of sin 0, for m; = 3TeV and f = bg (upper
black solid line), f = tg (middle red solid line) and f = 7r (lower blue solid line). Horizontal lines
correspond to the 95% CL experimental upper bounds from the ATLAS experiment for f = bg
(upper dashed line), for f =tg (middle dot-dashed red line) and f = 7 (lower dotted blue line).

4.5 LHC bounds

The first neutral KK resonance X! (X = Z, Zg, A) can be produced on-shell at LHC in
Drell-Yan processes o(bb — X1), followed by decays X! — ff where f = 7p,bg,tg. The
production cross-section times branching ratio can be written as

Za(pp — Xl) X B(X1 — ff) = %g% 2ky1 f(my) [Sin2 0 p, sin® HLB(Zi — ff)

X
1 _
m(3/2 —sin?0R)*B(Zk — ff)
+ sin? O cos® O B(AL — ff))] (4.36)

where f(m1) is the production cross-section for unit coupling obtained by MadGraph v5 [54].

Our model prediction for Yy o(pp — X1) x B(X' — ff) is given by the upper, middle
and lower solid lines of figure 6 for f = bg, tr, Tr, respectively. We compare them with the
experimental 95% CL upper bounds from the corresponding processes, which are given by
the dot-dashed (red), dashed (black) and dotted (blue) horizontal lines from the ATLAS
experiment on o x B(Z' — tt) [55], o x B(Z' — bb) [56] and o x B(Z' — 77) [57] for
my = 3TeV, respectively. As can be seen from figure 6 only the process o x B(Z' — tt)
puts a significant bound on our model, of sin r = 0.15 for m; = 3 TeV, as we are assuming.
These results, when extrapolated to masses of order 3 TeV, are consistent with those of the
collider analysis presented in ref. [58].

In a similar way the first charged KK resonance W}z can be produced on-shell at the
LHC in the process o(bé¢ — W}z), followed by the decays Wg — TRV, trbR, that assuming
that there are no exotic fermions localized in the IR brane, yield branching ratios around
1/4 and 3/4, respectively. In our model the production cross sections times branching-
ratio is )
'
8

a(pp = Wg) x BW§ = Trim,) = "GV )35 9(m) (4.37)
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Figure 7. Plot of o(pp — W}) x B(W}, — Trvry,) as a function of sinfg, for my = 3TeV and the
values of (V] )23) required for the solution to the RS) anomaly.

where g(my) is the production cross-section for unit coupling obtained by MadGraph
v5 [54]. Our model prediction for o(pp — Wg) x B(Wg — Triy,) is given in figure 7,
from where it follows that the model prediction is below the ATLAS 95% CL experimental
upper bound o(pp — W}) x BWhL — Trvz)esp S 0.0035 pb [59] by a factor of order
of a few.

In the previous analyses we did not take into account the width of resonances. While
the width (with respect to its mass m1) of the KK photon A! is around ~0.24, those of the
other resonances depend on the angle sin fg. For instance, in the range 0.35 < sinfg < 0.5
the Z] width varies between 0.05 and 0.08, while those of Z} and W}% are generically
O(1). For the case of broad resonances, as is the case of the Z} and W} resonances, we
expect that the effect of the width can affect the production cross-section (due to possible
KK mode superpositions) as well as the experimental bounds (due to the absence of a
clear resonance). Recent ATLAS studies [55] show that bounds on the cross-sections for
the case of broad resonances are affected by factors of order a few, while the cross-section
predictions are also affected by similar factors. Hence, although a detailed experimental
and theoretical analysis would be necessary to determine the precise bounds on the gauge
boson KK mode masses, they are expected to be of the same order as the ones shown in
figures 6 and 7. These conclusions are consistent with the results presented in ref. [60] for
the case of a 3 TeV vector resonance of sizable width.

Finally there are also strong constraints on the mass of KK gluons G! from the cross-
section o(pp — G1) x B(G! — #t) from the ATLAS experimental analysis in ref. [55]. As the
resonance G' is a broad one, both the experimental results and the theoretical calculation
of the production cross sections should be re-analyzed to get reliable bounds on the mass of
the KK gluons. However, a simple way of relaxing the bounds is introducing brane kinetic
terms for the SU(3) gauge bosons, in particular in the IR brane. This theory has been
analyzed in refs. [61, 62], where it is shown that, even for small coefficients in front of the
brane kinetic terms, the coupling of the KK modes G™ to IR localized fermions decreases
very fast while the mass of the modes m,, increases. Both facts going in the same directions,

4We thank Xiaoping Wang for help in the computation of these cross sections.
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the bounds on KK gluons can be easily avoided. As the strong sector does not interfere
with the electroweak one SU(2), ® SU(2) r®U(1) x, the presence of brane kinetic terms will
not affect our mechanism for reproducing the R, anomaly. Moreover in the presence
of brane kinetic terms for SU(3) gauge bosons the flavor bounds in section 4.3 should
be subsequently softened, an analysis that, to be conservative, we are not considering in
this paper.

5 Predictions

In this section we will present some predictions of our theory consistent with the experi-
mental value of R .) and all the previously analyzed experimental constraints.

5.1 The forward-backward asymmetry A%B
We shall study the shifts in the couplings gz, b, xb, r, Parametrized as
SM
9Zpbr rbL.r = 9Z1br gbr R + 5gZLbL,RbL,R' (5'1)

The shift of these couplings induce an anomalous modification of the forward-backward
bottom asymmetry, conventionally defined as

2 2

3 97 brby, — 971 bgb

b 3

App = § IR QLLL+ (5.2)
9Zrbrbr T 9Zbrbr

where

2 2

e _ [ 9Zperer ~ 9Ziener

= 1|3 5 . (5.3)
gZLeLeL +ngeReR

The currently measured value of 5A%B = A%B}exp — A%B‘SM is given by,

§Abs = —0.0038 + 0.0016, (5.4)

and hence A%y exhibits a ~2.3 o anomalous departure with respect to the SM prediction [3].

In our model the values of 69z, 4,5, and 09z, b, are induced by the Z1Z} p mixing, in
turn induced by the electroweak breaking, followed by the corresponding coupling gz, 5,5,
O gzpbrbs, and by one-loop radiative corrections induced by the operators in eq. (4.3).
An analysis similar to that done in section 4.1 yields the expressions

grvGY 2 orp(e) [ 2 .5 1,
097, brbr = zn: =2 sin“ Oy, 1—§sm Or — 5 ¢os Or (5.5)

2my, cos? Og

3h? mi |2 . 4 1 1 1., 1 2 .,
An? 8 my |9 SR cos?fp \2 3 SR J g T g R

5A related analysis of the bottom forward-backward asymmetry in models with custodial symmetry in

warped extra dimensions has been performed in ref. [63].
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Figure 8. Left panel: contour lines of dgz, 4,5, in the plane (sinfg, ¢y, ) where we have fixed
sinfly, = 0.72. The white region is allowed by electroweak precision data at the 95% CL. Right
panel: the same for 09z, ., u. -

and

m\ 2 102
grvGY . 9 1 1 sin® Oy,
5 =5 (T 0 R :
9Zrbrbr ~ < 2my, > 7(cp,) sin R{Th(a) [2 sin?6; 2 + 3cos?0p (5.6)

+3h§10 mi [ 11 L 2.9,
—log— |-—=+——-— [ = — =sin
472 %0, 179 " 6eos?lp \2 3 R

where, again, the first lines in eqgs. (5.5) and (5.6) are the contributions from the gauge
bosons KK modes through mixing effects, and the second lines come from the contribution
of the radiative corrections induced by the operators

Obp 1t = (OrR,LY"OR,L) (ERVUER) -
Finally, the modification of the left-handed and right-handed bottom couplings to the
Z gauge boson induce a modification of A%B which, at linear order in dgzp, b, 5 is given by
5Abg = —0.183 697, bpbp — 0.033092,1,5, - (5.7)
The shift dgz, 5,5, is constrained by electroweak precision data, to be [47]
697, 00b, = (3.3 4+ 1.7) x 1073. (5.8)

The region (5.8) constrains the available values of ¢, , as shown in the left panel of figure 8,
where we have fixed sin 0y, = 0.72 and where the shaded area is excluded at the 95% CL.
After fixing the condition to fit Rj), and using e.g. the value ¢;, = 0.35, for which
897, 6,6, =~ 4.7 x 1073, we find that the 1 o (2 o) experimental value (5.4) is obtained
between the dashed (dot-dashed) lines in figure 9, implying that the anomalous value of A%B
remains consistent with the explanation of the R, anomaly, and the rest of electroweak
and LHC constraints, for the parameter region near tan § = 241, sinfr ~ 0.32+0.08 and
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Figure 9. The region between the solid lines is allowed by dgz, rprr (brown lines) and by T for
my = 3TeV and tan 8 = 1 (black lines) tan 5 = 3 (blue lines) and tan 8 = 5 (red lines). Region
between dashed (dot-dashed) lines encompasses the 1 o (2 o) interval for the anomaly in Abg.

sinfy, ~ 0.72 + 0.02. Observe, however, that tan 5 close to one demands large values of
the top-quark Yukawa coupling. As it is clear from figure 9, for somewhat larger values of
tan 3 the corrections to the right-handed bottom coupling allow to reduce the current 2.3 o
anomaly on A%B into a value that is about 1 ¢ away from the central experimental value.

Observe that this custodial symmetry model differs from the results obtained in
an abelian gauge symmetry extension of the SM, where an explanation of the forward-
backward asymmetry demands the extra gauge bosons to be light, with masses below
about 150 GeV, in order to induce small corrections to the 7" parameter [64].

5.2 The processes B —+ Kvv and BT — Ktr+r—

The Rp+) anomaly can in principle induce a large production in the process B — Kvv,

i.e. b — svv, mainly induced by the RH neutral current Lagrangian®

IR - o
~ cosfp Z {(VJR)QS 97ndndn G5 (SR ZRVR) + 9Zpwpn G (VRZRVR)} (5.9)
n=1

where the couplings of Zr to RH quarks and leptons are given in eq. (2.21). After inte-
grating out the KK modes we get the effective Lagrangian

%% 1 9Rr Gy 2 _ _
off = ~YZrdrdr YZrvrvr m(VJRb?’ > <m3> (SrY"bR) (Pyu(1 + 75)v)
n

n

4G « OEM _ _
= —W V;tb‘/;s? Cu (SR’YMbR)(V’Yu(l +75)v) (5-10)

5Notice that 9Zrvpvr = JAvprr = 0 and hence no Z7 or A™ mediated processes occur.
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Figure 10. Left panel: contour lines of constant R%’ where we have used the upper bound on
(VdTR)Q?, = 0.005 obtained by the condition given in eq. (4.32). Right panel: contour lines of R}
for m; = 3TeV.

where we are normalizing B(B — Kvrvg) to the SM value of >, B(B — K1), and the
Wilson coefficient C,,, is given by

1 1 1. drr 1 groG2 2
Cpy=—— (== =sin20p | — (VI )o3— 3 5.11
Y 2cos2 0 <2 3 o R) aEM( dR)23VCb ;( 2my, (5-11)
and where we have used that in the Wolfenstein parametrization V,, = —Vis = AN2,
and V;gb =1.

Now we can write the ratio

B(B = K 1 CVV 2
( w) gy LGl 6008 (02, (5.12)

Ruu — — - ~
K™ B(B — Kvv)sy 3 |CSM|2

where we have used the SM prediction C5M ~ —6.4 [65]. Using the experimental bound
RY < 5.2 at the 95% CL [14], one finds the bound |C,,| < 23. However, after imposing
the constraints coming from the flavor condition (4.32) on the matrix element (VJR)23, one
easily obtains values that are well below the experimental bound, particularly for values
of sinfr > 0.2. This is shown in the left panel of figure 10, where we plot contours of
constant R} in the plane (sinfg,m;) after using the bound for (VJR)Q;), in eq. (4.32).
Lower values of R7Y may be obtained for smaller values of sin by using the freedom on
the value of (VJR)Q{}, as shown in the right panel of figure 10, where we plot R} in the

plane (sin Or, (VJR)Q;J,) after fixing m; = 3 TeV.
This model predicts a strong 77 production in the observable

B(BT — KT
Ry = BB = KTrr) (5.13)
B(B+ — K+TT)SM
In our model this observable is dominated by the Wilson coefficient CF 5 such that
Chr
Ciy

2

Ry ~1+ | (5.14)
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Figure 11. Contour lines of R7. in the plane [sinfg, vi 23]], for values of vi 23 consistent
K dr dr

with the flavor constraints.

where

8 (gm;GQ)Q (VdTR)23

Chn=— -
apM S\ 2mp Vi

1, 111, 1,
X |:3Sln 9R+m <2—3SII’1 93) (2—811’1 (9R>:| . (515)

Contour lines of constant R} are presented in figure 11 for m; = 3'TeV. The results are
widely consistent with present experimental bounds from the BaBar Collaboration [66]
which yield the 90% CL upper bound, R < 10%.

5.3 RK(*)
One of the general applications of our theory is that it generically predicts a value of Ry (+

BR(B — KW putpu~)
BR(B — K®ete™)’

which can easily differ from its SM prediction [67, 68]. The general effective operator

Lagrangian is written as
_ 4G r agMm

V2 Am

We will find it convenient to work in the chiral basis for the operators O; such that operators

Lest ViV Y CiO;. (5.17)

Oxx = (5x7"bx) (b vl (5.18)
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with chiralities x, x’ = {L, R}, have Wilson coefficients defined as C)ix’ = C’%\f + AC’;;XJ
The SM predictions are given by

O~ 84, O ~ CM ~ M ~ 0 (5.19)

while AC;;X, are the contributions to the Wilson coefficients coming from New Physics.
The prediction of R (. is given by

CLL + CLp £ Chy £ Chpl’ +10r — CLp £ Chp F Cry

Cfp + CLp+ Chp £ CRpl + 101 — CLL £ CRp T CRp P

where the upper signs correspond to Ry and the lower signs to Ri~ and we have assumed
that the polarization of the K™ is close to p = 1, what is a good approximation in the rele-
vant ¢? region associated with the Ry~ measurement [70]. The above equation, eq. (5.20),
shows the well known correlation (anti-correlation) of the corrections to Rx and Ry asso-
ciated to the left- (right-) handed currents. Therefore, considering the fact that both Rg
and Ry« are suppressed with respect to the SM values, this leads to a preference of new
physics effects involving left-handed currents.

The experimental value of Ry (.) departs from the SM prediction Ry ) ~ 1 [71] by
around 2.5 0. Moreover global fits [72-78] to a number of observables, including the
branching ratios for B — K*{¢, B; — ¢up, and By — pp, favor a solution where ACY; < 0
while ACh; ~ ACY, ~ AChp ~ 0, and ACY =~ 0 for y, X' ={L,R}.

In fact, in our model, for

Cer R 2 1/2a Cur 2 1/2 (5.21)

it turns out that Cf,, ~ C’Ei\f and ACY'p, ~ AChp ~ 0.8 On the other hand the prediction
for ACY, is given by

8w grvGY 2
no_
ACty =~ m S () e ren)
1 1\ /1 1 1 sin?6
.9 .92 2 R
0|~ — =) (= —sin20, ) + - cos?0, — — 5.22
S OR [<2sin26L 3) <2 i L) T30 Doty 22

where the first, second and third terms inside the square bracket comes from the contribu-
tion of the Z}, A™ and Z}; KK modes, respectively, and we are assuming [79] that V;,, ~ 1
and Vg, ~V, the CKM matrix. Similarly, the prediction for AC’}% s, 1s given by

8w grvGE\ 2 .
ACR, = — oEM 2 ( zmn3> ry(cur) [(VJR)%/VQS} (5.23)

1 1 1 1 1 1
X Sin2 GR |:3 <—2 +Sin2 GL) —+ gCOS2 0L -+ m <—2 + §Sin2 6R>:| .

Observe that the combined contribution to AC’fL from the Z7 and A™ KK modes is
considerably larger than the one from the Z; KK modes. Recent global fits to experimental

"The relation with the usual non-chiral basis, C«;iim [69] is given by: Crr = Cy — C1o, CLr = Co + Cho,
CrL = C{; — C{O and Cgrr = Cé + C{O.
*Or, in the usual basis language, ACY = —ACY, and ACY", ~ 0.
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Figure 12. Left panel: contour lines of constant ACY, in the plane (¢, , ¢y, ) using Vg, ~ V, at
1 o (solid lines) and 2 ¢ (dashed lines) level as defined in eq. (5.24). The value of sin fr = 0.35 has
been fixed. Right panel: contour lines of constant ACY;, in the plane (sinfg,c,, ) after selecting
the upper bound on |(VJR)23| ~ 0.005 obtained in eq. (4.32). In both panels the shaded yellow area
corresponds to the excluded area obtained in figure 8.

data [76] yield the 1 ¢ (2 o) prediction
ACY, C [-1.66,—1.04]1,, [—1.98,—0.76]2, (5.24)

which constitutes a ~ 4.8 ¢ deviation with respect to the SM prediction. On the other
hand C%, has to be small and in fact the global fit yields [76]

ACY, C [~0.04,0.36]1,, [0.24,0.56]2, (5.25)

which only depart ~0.8 ¢ from the SM prediction.

The left panel of figure 12 shows the 1 o (solid lines) and 2 ¢ (dashed lines) contours of
ACY; in the plane (¢, , ¢y, ), where we have fixed sin 0 = 0.35. The values of ¢;, and ¢,
are mainly constrained from 6gz, 4,5, , as given in eq. (5.6), and plotted in the left panel of
figure 8, and from dgz, ,; ., as given by

2
grvGy .
09Zpprps = Z < : ) ri(cus) sin® O

2m
n n

1 1 sin?6yx 1 3h; mi
- - ——=log — 5.26
. {Th(a) [2 sin?@;, 2 cos?fp T T2co? b dn2 %y f (>:20)

where, again, the first line in eq. (5.26) denote the contributions from the gauge bosons KK
modes through the mixing and the second line denote those from the radiative corrections
induced by the operators
OMLtR = (/jLVHNL)(fR’YMtR) .
The prediction for dgz, ., 4, is plotted in the right panel of figure 8, where we also
have fixed sinfy, = 0.72, and where the white region is allowed at the 95% CL given the
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fitted value to experimental data [47]
697, upuy, = (0.1 £1.2) x 1072, (5.27)

Moreover, from figure 8 at 95% CL, ¢, 2 0.28 and ¢, 2 0.38, independently on the value
of sinfg. The forbidden regions in figure 12 are represented by shaded light-yellow areas.

The prediction for CI’%L is shown in the right panel of figure 12 in the plane (sin g, c,, )
where we are already using the upper bound on (VJR)Zg from flavor observables, while the
shaded region is excluded by 6gz,,,,,. We see that the values of AC};, in the region
defined by eq. (5.20) are always < O(0.1) and hence in accordance with the global fits,

eq. (5.25).

6 Conclusions

The experimental measurements of R . show significant deviations from the SM values, a
surprising result due to the tree-level nature of this process in the SM. Possible resolutions
of this anomaly face significant constraints from the excellent agreement of flavor physics
observables with the values predicted within the SM. In this work, we have presented an
explicit realization of the solution to the R ) anomaly based on the contribution of right-
handed currents of quarks and leptons to this process. The model is based on the embedding
of the SM in warped space, with a bulk gauge symmetry SU(2);, ® SU(2)r @ U(1) —p,, with
third-generation right-handed quarks and leptons localized on the infrared-brane, ensuring
a large coupling of these modes to the charged gauge boson W5 KK-modes.

The right-handed SU(2) g gauge boson KK-modes provide the necessary contribution
to Rp(+, due to relevant mixing parameters in the right-handed up-quark sector. This may
be done without inducing large contributions to the B-meson invisible decays, or the B-
meson mixings, since these observables strongly depend on the down-quark right handed
mixing angles, which do not affect R in any significant way within this framework.
The mass of the lightest KK-mode tends to be of about a few TeV, and it is in natural
agreement with current LHC constraints.

An important assumption within this model is that there is no mixing in the lepton
sector. This can be ensured with appropriate symmetries, that must be (softly) broken
in order to allow the proper neutrino mixing. We have presented a scenario, based on
symmetries and a double seesaw mechanism, that allows for a proper description of the
lepton sector of the model. The origin of the new parameters in the lepton sector remains,
however, as one of the most challenging aspects of these (and many) scenarios. Aside of
this question, beyond providing a resolution to the R ) anomaly, this model also provides
a solution of the hierarchy problem, has an explicit custodial symmetry that implies small
corrections to the precision electroweak observables, and allows a solution to the Ry ()
anomalies mainly via the contribution of the SU(2); KK modes. Moreover, the proposed
model naturally predicts an anomalous value of the forward-backward asymmetry A%B, as
implied by LEP data, driven by the Zbrbgr coupling.
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A The KK-modes

The KK-modes of the gauge bosons can be obtained by solving the equation of motion
mAfa+ (efa) =0, (A1)

where we are using the notation f = df /dy. The (+,+) boundary conditions lead to the
following wavefunction

S () = Ol kv [Jl(eky_kylm) " C£+,+)Y1(eky—ky1m)] ’ (A.2)

where N
J()(e_ ylﬁl)
ot — 02 " A3
1 Yo(e_k;yl m) ( )
guarantees the Neumann boundary condition in the UV brane, and J, and Y, correspond
to the Bessel functions of the first and second kind respectively. We have defined here
m=m/p with p = e "1,
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By the same way, the boundary conditions (—, +) lead to

ff(‘—,-s-) (y) = C(()_’+)eky Jl(eky’kwm) + Cl(—,-l-)Yl(ekyfkylm)] , (A4)
where .
(_’+) — _M
Ct — V(o) (A.5)
(++)

guarantees the Dirichlet boundary condition in the UV brane. In these expressions Cj
and C(()_’+) are arbitrary constants. Notice that a constant f4(y) fulfills the (4, +) bound-
ary conditions, and from eq. (A.1) one finds that this corresponds to a zero mode. The
(—,+) boundary conditions, however, do not lead to zero modes.

In the limit of large ky;, the Neumann boundary conditions in the IR brane lead to
the following equations for the eigenvalues

. ™ . 1
0 = Jo(ry) + 5%(”‘**)@1 +O(1/Ky7) (A.6)
0 = Jo(rin_) + 1>, Yo(rn_s)e 2 4 O(e= 1), (A7)

for (+,+) and (—,+) boundary conditions respectively. Taking into account the expan-
sion of the Bessel function Jo(h + 6m) = Jo() — Ji(h)dm + O(dm?), one finds the
following eigenvalues

- (n)

() _ ~(m)  TYo(mny') 1 2.2
my, =my +-——F———+01/k%y7), (A.8)

++ 0 2 Jl(mén)) kyl 1

- (n)

n A~ (N A~ (N Y — —

m(_l = m(() )+ %mé )270(71”?“))6 2kyr L O (e~ My | (A.9)
J1 (1

where mg") is the n-th zero of the Jy(m) function, in particular:

™ = {2.405,5.520,8.654,11.792,14.931, - -+ } .

The second term in the right-hand side of eq. (A.9) leads to corrections of O(10~2) —
O(1073%) for the five lightest eigenvalues when ky; = 35, so that this correction can be
considered negligible. The correction in eq. (A.8) is ~ 0.045, so the difference between the
eigenvalues is then

SO gYo(mé")) 1
Tt = o

— 2+ O(1/k*y3) (A.10)
2 1) ks 1

of order 0.045 for all the modes. This difference will be neglected throughout this paper.
(_7+)7 n

Let us now compute the value of the coupling fyj, (ky1) = f4 (ky1), where we are
normalizing the wave functions such that, eq. (2.18),
Y1 9
| ntiw =m. (A1)
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The function fa(y) grows with y, so that this integral is dominated by the regime close
to y ~ yi. In this regime the dominant contribution to the wave function is the term
~ eM J1 (kY F1m) in eqs. (A.2) and (A.4), i.e.

faly) = Coe™ Ty (e 1mm) . (A.12)

If we focus on the (—+) solution, then one has

Y1
= (OO [Ty
0

_ v 1d
~ ()2 / dy e2kv <[J1(e’fy—ky1m)]2+J1(eky—’fy1m)Jl(e’fy—kylm)>
0

k dy
_ 1= 2/y1 A | oy ky—kyn 23] 2
= 2k(CO ) ; dydy e [Jl(e m)]

1

5 (Co TP ). (A.13)

12

In the second equality we have added a term whose integral is vanishing when m is an
eigenvalue of Jy(72). To see this, let us note that

ST L) | (A14)

e%yjl(eky—kylm)diJl(eky—kylm) _ 4 [ 5

y oy
This implies that after integrating this term in [ dy, the result is o Jo(rn), which is
vanishing.” From eqs. (A.12) and (A.13) one finally finds

S ) = 2k (A.15)

This result is valid for any eigenvalue, in the approximation where we are neglecting cor-
rections of O(e™2*¥1) for the lightest eigenvalues. The wave functions with boundary
conditions (++) have some small deviations with respect to eq. (A.15) but we also find
] fg++)’"(y1)| ~ /2ky; for the non-vanishing modes. Therefore in this paper we will use
the approximation where

S 0l = 155" )] = 2Ry (5:16)
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