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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,
Rpyw =B(B — DWrv)/B(B — D™ (v) 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)r@U (1) p—r, 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 R ) anomaly and at the same time
allow for a solution to the Ry (., anomalies, related to the decay of B-mesons into
K-mesons and leptons, Ry) = B(B — K®uu)/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
observables 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
provides a moderate breakdown of the custodial SU(2)g symmetry that affects the gauge
bosons only at the loop level. The predictions of the SM are also in agreement with
precision 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 — D% rv)

RD(*) - B(B N D(*)glj) ) (= M, €. (11)

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 Rp anomaly, is strongly
restricted 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 therefore 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 measure-
ments, 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, W}%, and neutral, Zr, 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 SU2), ® 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 R, 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 Ry«
anomalies in the way proposed in Refs. [25-27].

Our study is organized as follows. In Sec. 2 we present the model in some detail. In
Sec. 3 we explain the solution to the Rp. anomaly. In Sec. 4 we discuss the existing
experimental constraints on this model. In Sec. 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 — sup observables, including Ry ). Finally we reserve Sec. 6 for
our conclusions and App. 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(—kYy)nuw, gs5 = —1, in proper coordinates, and two branes,
at the ultraviolet (UV) y = 0, and infrared (IR) y = y;, 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)p ® SU(2)r ® U(1)y, (2.1)

where X = B—L, with 5D gauge bosons (G, W, Wg, X), and 5D couplings (g¢, 9z, 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

'The 5D (g5) and 4D (g4) couplings are related by g4 = g5//71.
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gauge fields (W§, Wg, X) define (W}, W}f, B, Zg), with (UV, IR) boundary conditions,
as

Wi (a=1,2,3), (4, +) (2.2)
W3+ grX
p =PRI (+,4) (2.3)
VI9r T 9%
W;{Qv (_a "") (2'4)
9RW3 —gxX
Zn = 98003 (=) 25)
9 T 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 App. A we present some
technical details leading to the wave function, mass and coupling of the nth KK modes for
both (4, +) 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, (+, +)
and (—,4+), 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: (Wf, Wj%t, Zr, 2, A).

The covariant derivative for fermions is
3 2
. a ma b
D=7 gLZWLTL+gRZWRTfB+gYBY+gZRZRQZm] (2.6)
a=1 b=1
where gy and gz, are defined in terms of gr and gx as

9JrRIX
Gy = 54— 92, =\/9rt 9%, (2.7)
VI T 9%

and the hypercharge Y and the charge ()7, are defined by

2 m3 2
9xTh — 9xQx
Y =Ty +Qx, Qz,=
R R 9%34‘93(

(2.8)

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

_( H HY _

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) = v, //2, so that we will introduce the angle 3



as, cos B = vy /vy and sin 8 = vy /vy, with vy = \/v? + v3. We will find it useful to add
an extra Higgs bi-doublet

N i
3 = ( s e ) . Qx=-1 (2.10)
with (X°) = vy /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

. 1 + 4
=0 —ig; | — T +
lD a gL |:\/§ L-L
1 + 1
—1 — WiTE + ———
"R [\/5 riR T cos g
where 0, = 6y is the usual weak mixing angle, the gauge boson Z{ = Z*, and 0y is
defined as

1
cosOr,

Zr (T} — sin’ HRY):| (2.11)

Z: (Tz’ —sin 4y, Q)} —igrsindLAQ

cosfp = sinfp = (2.12)

__9r _9x
Vah+ 9% Vah+ 9%

with Tf’ R = TLl’ rE in} r- Using gg and gy, with gr > gy, as independent parameters we

can write
)
gx = ﬂ, sinfr = g—Y, cosfp = VIR Iy (2.13)
V9% — 9% 9r 9r

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

a=(5). n-() 2.1

where the index i 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
bulk right-handed fermions, that one component of the doublet must be even, under the
orbifold Z, 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) generation

fermions: , , ,
/ /
Ué=(“5),D§=(“R),E§:(”R),<I=1,2> (2.15)
dR dR ER

where only the unprimed fermions have zero modes, while third generation (heavy)
fermions are localized on the IR brane and thus are in SU(2)g doublets as

Q?é:(ZR), L%z(VR) (2.16)
R TR
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Then only the third generation RH fermions interact in a significant way with the field
Wg, and can give rise to a sizable Ry, as we will see.

We define the KK modes for gauge bosons as

Al,y) = f%—y’l) Apu(z) (2.17)

normalized as "
| sz = v, (2.18)
0

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(x,y) and Wy (z,y), while for KK modes of Zg(z,y) and Wg(z,y) the
sum extends from n = 1.

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

Z Glor, W LI+ Z GfRfRfRW;L{f}/% (2.19)
fLny fR fr
where, from now on, we are switching to the notation where ¢; and gr are the 4D

couplings, and G;}LR g are the overlapping integrals of the fermion zero-mode profiles,

fr.r(W)f1r(y), with the gauge boson KK mode ones, W} r(y). On the other hand, the
neutral gauge bosons A, Z; and Zg interact with both chiralities, and we can thus define
the 4D neutral current Lagrangian for KK modes as

Zfo (9207127 + gaps A7) f +

n

Z 9201t GH RS (2.20)

 cos (9 CoS 9

where for snnphmty we have omitted the chirality indeces and G is the overlapping
integral of zero modes fermion profiles, f7 z(y), with the one of the (neutral) gauge boson
KK modes. The 4D coupling of photons with fermions is defined as gass = sinfy, cos 0, @,
the couplings of fermions with Z are given by

1 2

9Zrugur = 5 - g Sin2 GR 9Zrurur = —6 sin2 QR
1 2 .9
9Zrdrdr = _5 + 53111 93 9Zrdrd;, = _6 Sin 93
1 .
9Zpvrvg = 5 9Zrvrvr = 5 sin Or
12 1 .92
YZrerer = 75 + sin” Op 9zrerer = 5 SN Or , (2.21)



and with Z by

9Zrupun = —g sin® 0 9Zrugur = % - ;SiHZ oL
9Z1dpdr = %SiHQ 0 9Zpdpd;, = —% + % sin” 0,
9Zpener = Sin? 0y, Zpeper = —% +sin%6; . (2.22)

The 5D Yukawa couplings for RH quarks localized on the IR brane are
YEQLiHQrs + YEQ1HQrs + hc. (2.23)
where H = 109H* 109, and for the bulk RH quarks

YéIQLiHURI + YélQLz‘,HDRI + }N/éIQLiﬁURI + ?Z{QLZ?'N[DRI + h.C. (2.24)

so that the 4D Yukawa matrices are given by

Y = (SinBYQ — Cosﬂf/Q) F(cuz-L, cu{%),

i

Yis = <sin5 Yo — cos B YQ)iS Fz(cy ), (2.25)
and

i = (cosﬁ Yy — sin 3 YQ>U Flegi ,cqr)

yd = (cos BYy — sin 3 YQ) Flen,) - (2.26)
In the previous expressions the 4D Yukawa matrices Yi?’d contain the 5D Yukawa ma-
trices Yy, fo, YQ, ?Q times the integrals overlapping the 5D profiles of the corresponding
fermions with the profile of the Higgs acquiring vacuum expectation value, h(y) o e®*¥.

2(a—1)(1 — 2¢1)(1 — 2¢R) ela—eL—cr)kyr _

F(CL, CR) = \/

o —cp — CR \/[62(a—1)ky1 — 1] [e(-2e)kyr — 1] [e(1=2cr)byr — 1]

e(a_1/2_CL)kyl
Fs(cr) = /2(a — 1)(1 — 2¢;) [k = 1] [z — 1]

(2.27)

where ¢, g are the fermion bulk mass parameters and we have assumed that a > ¢, + cg.
The parameter o has to be larger than two, to solve the hierarchy problem, and in our
computations we will fix o = 2.



Similarly for RH leptons in the IR brane
YLy HLrs+ Y{*Ly;HLps + h.c. (2.28)

and for bulk RH leptons

YL HNL + Vi L HEL + YL HN + Y’”L P HEL + hec. (2.29)

where we have added the bulk first and second generation right-handed neutrino doublets

NL = ( R )I, I=(1,2). (2.30)

€Rr
The Yukawa couplings for charged leptons are then given by
Y5 = (cos BYy, — sin B?L)igFg(CeiL),
Ve = (cos Y, — sin BEiL)iIF( Cet ; Cel ) (2.31)
and for neutrinos, by

Y= (sinYy — COSﬁyL)zIF( Cui s Cyl, 1)
V5= (sinfY, — COSﬁYL)i:aFg(CVz) (2.32)

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

tan Oy, = U—E, (2.33)

(%4

where v = y/v% + vZ. In the decoupling limit, H; = cos 6y, cos Sh—sin 3H —sin 0y, cos S Hy,
and Hy = cosfysin fh + cos fH — sinfy; sin SHy,, while the neutral component of the
¥ field, X% = sinfsh + cosfsxHy. The SM-like Higgs boson is induced by excitations
of the field h = sin 0s3° + cosfx(cos BH; + sin BH,), 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 X field.

In order to avoid strong constraints from lepton flavor violating processes, as e.g. u —
ey, pu — eee, or i — e conversion, we will assume that for charged leptons the interac-
tion 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].
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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, g, couple in a relevant way to the Higgs and tend to acquire
masses of the same order as the charge 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 mpvyvgr + 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 Hp, transforming

s (1,2,—1/2) under SU(2)p ® SU(2)g ® U(1)x, which spontaneously breaks SU(2)g 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), Sz, which provides the Dirac mass
m',Spvg + h.c., where m), = Ygur/+/2. Finally, we can also write down a Majorana mass
term as M S.Sy. Therefore the mass matrix in the basis (v, v, Sp) can be written as

0 mp 0
M,=1 mp 0 ml (2.34)
0 mp M

In the limit where m/, > mp > M there is a mass eigenstate 1y ~ v, with a mass
my, =~ (mp/m’p)>M (which is obviously massless in the limit where M = 0), and an
approximate Dirac spinor v, = (v, — Sy, —vg+5§)7 /v/2, with a mass m,, ~ \/m2, +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
extreme fine-tuning of the Yukawa couplings. For instance, for mp ~ 1 MeV, m/, ~
100 MeV and M = O(1 KeV), one obtains a mostly left-handed neutrino of mass of
order 0.1 eV, and an additional pseudo-Dirac neutrino, containing vg, of mass of order
100 MeV. Such masses are enough to accommodate the value of R 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 N4 and add two singlets Sf, 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)r, ® U(1)r,, where the lepton number is
defined as L = L.+ L, + L,, in Tab. 1

The quantum numbers in Tab. 1 lead to the off-diagonal entries in Eq. (2.34). In
particular (m/,);;, defined as

(m'y)sr = YL S'HRNL + h.c.
(mhy)is = Yi2S'HR L%, + 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
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L | L | Lu| Lo |
0
1

1 0
Nzl o 0
LAl o] o | 1

Hrp | 1/3 [ 1/3 | 1/3
ST 2/3 [-1/3]-1/3
S2|l-1/3 ] 2/3 | -1/3
S3 |l -1/3 | -1/3 | 2/3

O O O~ N

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

mass matrix for singlets as MijSiS}; which will constitute a soft breakdown of the global
symmetry U(1);, ® U(1), ® U(1)z,, by the small M mass matrix elements, leading to
the neutrino mass matrix [36]

1 1\"
m, = mp—M (mD—,> (2.36)
m m

D D

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 Wg. Then we can write the 4D charged current Lagrangian, Eq. (2.19),
in the mass eigenstate fermion basis as

L= % S~ {ar(V] G Vi) Widr + oW 3G vry ) (3.1)
n=1

where the matrix form has been used. The coupling matrix G™ can be approximated by
G" = diag (G7, Gy, GY) (3.2)

where G7, < G% = fii,.(y1), and fi (y) is the normalized wave-function of the Kaluza-
Klein modes of W} (see App. A). After integration of the KK modes we can write down
the effective Lagrangian

4G
Leps = _TQF b Cr(CrY'OR) (TRYuVrr) (3.3)

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

2 (17t 2 (17t
o IR o U (VUR)23 ~ dr v (VuR)Qg
C, = En:(_Q G3—mn) e s (el ) e (3.4)

11



where G5 = G} 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 — c¢7v; and thus to the ratio

R[)(*)

=1+ |C (3.5)
R

where
RIM =0.300+0.011, RZM =0.310+0.017 (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 [V and

the mass m; given by
1/2
Al
my =~ 0.64 <( uR)23) TeV (3.7)

o sin @ R ‘/cb

so that the element (VJR)23 as a function of sin fz and the mass m, is given in Fig. 1.

In principle the anomaly in the branching ratio B(B — D™ 7z0z) might give rise
to a large contribution to the branching fraction B(Ds — 7)) ~ 0.05 from the process
Sc — Thvg, 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
(Vi )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(D, — 7v) is obtained.

Similarly, in this model one would also expect an excess in the observable
B(Bf — J/¥ ttv,)
B(Bf — J/V uty,)

R(J)W) = (3.8)

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

R(J/¥) = 0.71 +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/V)
R(J/¥)sm
Given the value of R(J/W¥)gy, 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

=1+|C. . (3.10)

2In Ref. [16] the best fit value C; =~ 0.46 is shown to be consistent with the experimental bound
B(B. — 1) < 0.05 [41].
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Figure 1: Contour lines of (VJR)gg in the plane (sin@gr,m1) as fized from the best fit value to

the experimental data for RS).

one should wait for more accurate experimental measurements of R(J/V) before further
discussion of this issue.

4 Constraints

In this section we will examine the main constraints in processes which are related to
Rp, 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 T/VLi and Z; and the KK modes using the effective Lagrangian.

We can easily compute the effective description of the Lagrangian, with mixing terms
WiWT p and Z1,Z] p, generated by the vacuum expectation values of the bulk Higgs bi-
doublets H and ¥ as well as the Higgs doublet Hpy 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

13



5D Lagrangian as
LM = tr | g WeTAH — gRHW,%TI%]Q + tr |g WY — grEWETR — gXXE|2 (4.1)
1
+ lgrHRWRTR — §9XXHR|2 (4.2)

where we are using the fact that 77 acts on the bi-doublets rows and 7' on the bi-doublets
columns.

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

2 2
v g;i v

— W W —= /7 4.3
4 L+00529L8 Lt (4.3)

2
+ —G”frh(a){gi(WLWf + h.c.) — ke grgr(WLWg + h.c.)}

V2

02 2
+ —Ggrm){ngLeLZng + % [2 sin? 0y — cos? 0] ZLZ,g}
where v? = v? 4+ v2 + v, the first two terms provide the W, and Zp-masses, and we
have introduced the function r,(«) 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, a — oo, one gets 1, ~ 1, while for a Higgs localized towards the UV brane
a < 1 one gets r, >~ 0. For a = 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 in this article,
leading to a factor r, ~ 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

Ojip = (J7" ) (ErYutr) (4.4)
are induced, with Wilson coefficients given by

Gy’ 9i I
Crtn = — Z (_) ry(cy) [m (9asr9atntn + 920519200mt0) + ngRffngthR

’ (4.5)

In the above, we have introduced the function r¢(cs) as
r(er) = Gyler)/ Gy

where G’}(cf) is the overlapping integral of fermion zero mode profiles, for the given value
of the ¢y parameter, and the gauge boson KK mode profile. In particular, for IR localized
fermions, which could be considered as the limiting case where c; — —o0, it turns out
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that lime, oo r¢(cs) = 1. The Wilson coefficients trigger a one-loop modification of the
Zrf f couplings, through a top-quark loop diagram followed by emission of the Z; gauge
boson [46],which in turn induces the modification of the corresponding Z, f f coupling. In
particular, for the relevant cases we will analyze here f = 75, bg, by, i1, are the composite
(br, Tr), or partly composite (b, pur ), fermions.

4.1 The coupling Z71z7r

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; 7xr7r, defined as

gL _
EZTRTR = TRZL (gZLTRTR + 59ZLTRTR)TR7 (46)
cos 0y,

where the term d¢z, .-, is constrained by the global fit to the experimental data of
Ref. [47] as
892, 1mm = (0.42 £0.62) x 1072, (4.7)

The term 69z, rpre in Eq. (4.6) is generated at the tree level by the mixing Z7 pZ;
induced by the Higgs vacuum expectation value, and through radiative corrections using
the effective operator

OTRtR - (%RVMTR> ({R'YutR) (48)

with Wilson coefficient given by Eq. (4.5). Using now the mixing terms from Eq. (4.3)
and the couplings from Egs. (2.21) and (2.22) we can write

2m,, cos?Op

Sh? my (2 ., 1 1 . 9 1 2 5
—log— |= 0 - — 0 - — = 0
+ P og e 13 sin“ 0 + cos2 0 \ 2 sin“ Op 573 sin“ Op ,

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 (4.8). The coupling h; is the SM top-Yukawa coupling, defined by

N 2
69 zrmmn = > (QRUG3) { rn(a) {Sirﬂ fs (1 — 2sin® Og) — %cosz 94 (4.9)

my = ht /U/\/E, (410)
which is therefore related to the Y34 coupling defined in Eq. (2.25) by

hy = cos Oy Ys5. (4.11)

3We have done the calculation using DimReg and the M S renormalization scheme.
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Figure 2: The region between the (brown) solid lines is allowed by the best fit to 69z, rprp for
m1 =3 TeV.

In order to determine the KK-mode contribution we use the condition (3.4) on Rpe)
and get the allowed region in the plane (sin#fy,sinfr) shown in Fig. 2, where we are
assuming m; = 3 TeV. Fig. 2 shows that the constraint on d¢z, -, puts a lower bound
on sin fy,, which is given by

sinfly = == 2 0.67 (4.12)

and in particular excludes the value sinfy = 0, i.e. it requires the introduction of the
Higgs bi-doublet ..

4.2 Oblique observables

In these theories the T-parameter, defined as,

Myw(0)  TIzz(0)
OéEM(mz)T == m%/v - mzz 3 (413)

is protected by the custodial symmetry in the bulk only in the case when tan § = 1 and
sinfs; = 0.
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In general, there may be relevant contributions to the precision electroweak observables
induced by the mixing of the gauge boson zero modes with the K K modes, as given by
Eq. (4.3), as well as loop corrections induced by top loop corrections. In fact in a similar
way as the operator (4.4) is generated by exchange of (A", Z7, Z%) KK modes, the operator

(H'iD,H)(tr7"tr) (4.14)

is generated by the mixing of Z; with KK modes in (4.3) followed by the exchange
of (Z},7%) KK modes coupled to the top quark. The radiative correction to the T
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 K K 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%| = v/2ky;, 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
(4.14). These corrections to the precision electroweak observables are well defined within
our framework, and are strongly correlated with our proposed solution to R .

We can easily compute the contributions to the T-parameter induced by the mixing
of the zero mode gauge bosons with the K K modes by using the effective description of
the Lagrangian, with mixing terms Wy W7 p and Z1,Z} g, from Eq. (4.3), and at one-loop
from the effective operator (4.14). Working to lowest order, O(v*), in Higgs insertions,
we obtain the result

n\ 2 12
B grv GY 9 . 9 sin” Oy,
aT = rp(a) 5 <W) {rh(a) {cos 2 — 4sin” Oy, (1 i~ 0R>

n

+ sin” 23 sin” Oy, (2 — sin” fy,) } (4.15)

3h? mq 2 ., 1 .9 9 1 2
_ﬁlogﬁt —gsm 9R+C0820R (281n fs, — cos QR) §_§Sm Or

where the first two lines is the tree-level result and the third line the radiative correc-
tion induced at one-loop by the mixing between the tree-level (4.3) and one-loop (4.14)
operators.
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Figure 3: The region between the solid lines is allowed by 09z, rprp (brown lines, as obtained in
Fig. 2) and by the 95 % C.L. bound on the T' parameter, for my =3 TeV and tan 8 =1 (black
lines), tan 8 = 3 (blue lines) and tan f =5 (red lines).

Using now the expression fitting the value of R, we can obtain the allowed regions
for the T' parameter in the (sinfy,sinfg) plane, fixing the values of m; and tan . In
Fig. 3, in addition to the d¢z, r,,-, bounds from Fig. 2, we show the regions allowed by
the T' parameter experimental bounds at the 95% confidence level [3]

T =0.07+0.12, (4.16)

for m; = 3 TeV and several values of tan § = 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
should consider values of tan 8 > 1. The intersection of the dgz, -, allowed band with
the T parameter allowed band for tan 8 = 1 (solid brown and black lines, respectively),
define the upper bounds on sin 6z and sin fy, in the regime we are considering as,

sinfr <04, sinfs < 0.75 . (4.17)

As for the S and U parameters, they are defined in our theory as

apy(mz)S = 4sin? 0y, cos® §.117,,(0) (4.18)
apy(mz)(S +U) = 4sin® 0,11y, (0) (4.19)

18



0.80F ‘ -0.0035 ‘ g 0.80fF-

0.78f 1 0.78

0.76 0.76

074k /\ 074"

-0.0028

sin Bs

sin 65

0.72+ 1 0.72+
070 —\ . . O 070 -, |,-0.004 . |,=0.001 . m . J
0.1 0.2 0.3 04 0.5 0.1 0.2 0.3 04 0.5
sin 6r sin Br

Figure 4: Contour lines of S (left panel) and U (right panel) for the case my = 3 TeV and
tan § = 2.

which, using the effective description of Eq. (4.3), can be cast as

. 2
2r2(a) vgrGI\* ., o, |sin?0g  (2sin®6s — cos? Op)
QEM<mz)S = _k;—yl E _— S1n QR COS QL sin2 (9L + COS2 QR

(4.20)
and

_ 277 () vgrGY ‘e 9 4 sinfp  sin?28
apy(mz)(S+U) = ™ Z o sin” 0 cos™ 0y, 070, + o520, cos* Oy | .

(4.21)
where, as their tree level values is so small we are neglecting its crossing with the radiative
corrections induced by the operator (4.14).

After applying the constraint from the Rp) anomaly, fixing the value of the KK mass,
my = 3 TeV, and tan § = 2, the S and U countors are depicted in Fig. 4. It follows from
this figure that the predicted values are consistent with the experimental constraint [3]

S =0.0240.10, U =0.0040.09 (4.22)

in all the parameter region. Similar small values of S and U are obtained for other values
of tan .
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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 = g(Vi] )is(Vig)3j1e@" Gty + g:(Vi] )is(Vay )3y d@" G, (4.23)

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

ﬁeff = C’Sd(gR,yﬂdR)Q + C’cu(éR’}/“uR)2 + de(?)Rv“dR)Q + CbS(Z)R’)/“SR)Q (424)

where the Wilson coefficients are given by

Cog = gg [(VJR)zs(VdR)slr 3 (%)2 (4.25)

Cew = T2 [Vl )s(Vi)ar]’ Z <%) (4.26)
Coa =2 (Vi 3 () (1.27)

Che = gg [(vdTR)QgrnZ <%)2 (4.28)

where (VJR)Qg is constrained by R, see Fig. 1. If, for simplicity, we assume real matrices
Vun and V. (no CP violation in the right-handed sector) the Wilson coefficients Csq, Cey,
Chq and Cy, are constrained from Amyg, Amp, Amp, and Amp,, respectively, as [51,52]

Coqa <9 x 1077 TeV~2, (4.29)
Coy < 5.6 x 1077 TeV 2, (4.30)
Cpa < 2.3 x107% TeV 2 (4.31)
Chps < 5 x 107° TeV 2. (4.32)

Operators involving third generation quarks, although providing weaker bounds on
the Wilson coefficients, are very constraining as they contain the element (‘/JR)gg ~ 1. In
particular the bounds on Cyy and Cps, Eqs. (4.31) and (4.32), provide bounds on (V)31
and (VdTR)QS, respectively, as

my

ViVl <1.1x 1073 (—
( dR)13| ~ X 3 ToV

T < -3 mi
) (V) ) S 52 x 10 (—3 Tev> . (4.33)
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Using now the bounds in Eq. (4.33) we can bound the element Cj,; as

Cpt < 4.5 x 1071 (ﬂ)z TeV—? (4.34)
S 3 TeV ’ '

which is a stronger bound than Eq. (4.29). Moreover, from the definition of C,, in
Eq. (4.26) and the corresponding bound (4.30), we can fix an upper bound on the element
(Viug )31 using the value of (VJR)Qg provided by Rp). The result is plotted in Fig. 5 as a

0.0507

- 0.020/

"z
~ 0.010¢

~—"

0.005¢

0.1 0.2 0.3 0.4 0.5
sinGR

Figure 5: Upper bound on (Vy,,)31 as a function of sinfg from condition (4.30) for mi=3 TeV,
using the value of (VJR)gg provided by Rp).

function of sin p.

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,u/e o B(B — D(*)MDH>

—~ 4.
P& B(B — DWer,) (4.35)

which is constrained by experimental data to be R%/(i) < 1.02 [53]. In our model, the
process I'(b — W}, — clyy) = 0, for £ = (u, e), since only the third generation leptons
couple to Wx. Hence, it follows that R‘Z)/(i) = R‘Z)/(e)

is satisfied .

syv =~ 1 and the experimental bound

The second process is

B(1 — lv,vp) | B(T — vrg) s
B(p — evuve)/B(p — evuie)sm

R/ = (= pe) (4.36)
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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 Wg, B(T —
v.Wp — vALy,) and similarly B(p — v, W}, — v,(0;) 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.

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 = 7, bg,tr. The
production cross-section times branching ratio can be written as

Za(pp - XY x B(X! = ff) = %g% 2ky, f(my) [sin2 Opsin®0.B(Z; — ff)
X
+ COSi 93<3/2 —sin®0g)*B(Zy — ff) + sin® Og cos> 0, B(A" — ff))] (4.37)

where f(m;) is the production cross-section for unit coupling obtained by MadGraph
v5 [54].
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Figure 6: Plot of Y. o xB(X' — ff) as a function of sinOg, formy =3 TeV and f = br (upper
black solid line), f = tr (middle red solid line) and f = TR (lower blue solid line). Horizontal
lines correspond to the 95% CL experimental upper bounds from the ATLAS experiment for
f = br (upper dashed line), for f = tr (middle dot-dashed red line) and f = TR (lower dotted
blue line).

Our model prediction for Y, o(pp — X') x B(X! — ff) is given by the upper,
middle and lower solid lines of Fig. 6 for f = bg, tg, Tr, respectively. We compare them
with the experimental 95% CL upper bounds from the corresponding processes, which are
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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 ¢ x B(Z' — 77) [57]
for my = 3 TeV, respectively. As can be seen from Fig. 6 only the process o x B(Z' — tt)
puts a significant bound on our model, of sinfr = 0.15 for m; = 3 TeV, as we are
assuming.

In a similar way the first charged KK resonance W} can be produced on-shell at
the LHC in the process o(bc — W}), followed by the decays Wr — TgrUr,, 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

2
o(pp = Wh) x B(Wh = 7vry) = SEG (V] )35 g(mn) (4.38)

where g(m;) is the production cross-section for unit coupling obtained by MadGraph
v5 [54] *. Our model prediction for o(pp — Wg) x B(Wg — Tgrv,,) is given in Fig. 7,
from where it follows that the model prediction is below the ATLAS 95% CL experimental
upper bound o(pp — W}) x B(WE = TrUzg)ezp S 0.0035 pb [58] by a factor of order of
a few.

o 5.x107%
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2.x107°t ‘ ‘ ‘ J
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Figure 7: Plot of o(pp — W}) x BIW}L — Trv-,) as a function of sinOg, for my =3 TeV and
the values of (VJR)Q;;) required for the solution to the R(D*) anomaly.

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 . For instance, in the range 0.35 < sinfg < 0.5
the Z] width varies between 0.05 and 0.08, while those of Zj and W}, are generically O(1).
For the case of broad resonances, as is the case of the Z and W} resonances, we expect

4We thank Xiaoping Wang for help in the computation of these cross sections.
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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
Figs. 6 and 7.

Finally there are also strong constraints on the mass of KK gluons G! from the cross-
section o(pp — G') 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. [59,60], 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, 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 Sec. 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 Rp) and all the previously analyzed experimental constraints.
5.1 The forward-backward asymmetry A%,

We shall study the shifts in the couplings gz, s, pb, », Parametrized as

_ SM
9Zbr R R — gZLbL,RbL,R + 5gZLbL,RbL,R' (51)

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

3 9 — 97

b e Zibrb Z1brb

App = 1LR 5 SR (5.2)
97616, T 9Zbrbr
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where

2 2
iR _ (gZLeLeL B gZLCReR) (5 3)
2 2 :
gZLeLeL + ngeReR

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

§AY, = —0.0038 £ 0.0016, (5.4)

and hence A%.5 exhibits a ~2.3 o anomalous departure with respect to the SM predic-
tion [61].

In our model the values of 0gz,p,5, and dgz, ., are induced by the Z1Z7 p mixing, in
turn induced by the electroweak breaking, followed by the corresponding coupling gz, 4,5,
OT Gzpbrbr > and by one-loop radiative corrections induced by the operators in Eq. (4.4).
An analysis similar to that done in Sec. 4.1 yields the expressions

vGN\? | o . 2 . 1
097, bpbr = Z (ggmn3> {cohsg 9)3 |:Sln2 Oy, (1 —3 sin? 93> ~ 5 cos? 93} (5.5)

Sh? my |2 ., 1 1 1., 1 2 .,
—log — | = 0 - — = 0 - — = 0
+47r2 og oy [9 sin R+COSQHR 5 3sm R 5 3sm R

and

Ga\° , 1 1 sin%f
09Z1b by = Z (gRU—?’) 7¢(cp, ) sin? GR{Th(a) [— + sm—g} (5.6)

2m,, 2sin% 6, 2 3cos? Or

S mi [ 11 12,
—log— |—=+——— = — =sin
a2 8 179 6eos?h, \2 3 R

where, again, the first lines in Egs. (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

Opprtn = (brLY'bRL)(ERVutR) -

Finally, the modification of the left-handed and right-handed bottom couplings to the

Z gauge boson induce a modification of A%, which, at linear order in 89z, b, , i given
by

§A%p = —0.183092, 4,0, — 0.033092,6,, - (5.7)

The shift dgz,5,, is constrained by electroweak precision data, to be [47]

5A related analysis of the bottom forward-backward asymmetry in models with custodial symmetry
in warped extra dimensions has been performed in Ref. [62]
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Figure 8: Left panel: Contour lines of 69z, p,p, in the plane (sinfg,cp, ) where we have fized
sinfy; = 0.72. The white region is allowed by electroweak precision data at the 95% CL. Right
panel: The same for 097, ;-

697,b,6, = (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 Fig. 8,
where we have fixed sin 6y, = 0.72 and where the shaded area is excluded at the 95% CL.

After fixing the condition to fit Ry, and using e.g. the value ¢,, = 0.35, for which
897,66, == 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 Fig. 9, implying that the anomalous value of A%
remains consistent with the explanation of the Ry anomaly, and the rest of electroweak
and LHC constraints, for the parameter region near tan 8 = 2 + 1, sinfz ~ 0.32 £ 0.08
and sinfy, ~ 0.72 £ 0.02. Observe, however, that tan S close to one demands large values
of the top-quark Yukawa coupling. As it is clear from Fig. 9, for somewhat larger values
of tan 8 the corrections to the right-handed bottom coupling allow to reduce the current
2.3 o anomaly on A%, into a value that is about 1 o 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 [63].
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Figure 9: The region between the solid lines is allowed by 09z, rpry (brown lines) and by T for
mi =3 TeV and tan § =1 (black lines) tan § = 3 (blue lines) and tan § =5 (red lines). Region
between dashed (dot-dashed) lines encompasses the 1 o (2 o) interval for the anomaly in A% 5.

5.2 The processes B — Kvv and BT — K77~

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

i.e. b — s, mainly induced by the RH neutral current Lagrangian ©
dr = W m o
L= CcOSs GR ; {(‘/JR)Z?’ 9Zrdrdr G3 (SR ZRbR> + 9Zrvrvr G3 (VRZRVR)} (59)

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

%% 1 gr Gy ? — -
eff = —Y9Zgdrdr 9ZrvRvr M(VJR)Q?) Z < m ° ) (SRVHbR)(VFyN(l + 75)V>

n
n

AG
P YVt SEM O (5 bR) (97, (1 + 75)v) (5.10)

VR

where we are normalizing B(B — Kvgvg) to the SM value of >, B(B — Kuvy), and

6Notice that 9Zivrve = Javgevr = 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
(VJR)gg = 0.005 obtained by the condition given in Eq. (4.33) . Right panel: Contour lines of
RY for mqy =3 TeV.

the Wilson coefficient C,, is given by

1 1 1. 4 1 grvGT\°
Cp=——(=—Zsin?0p ) — (VI )ps— =3 5.11
2 cos?0p (2 3 St R) apy ( dR)23Vcb ; ( 2m., ( )
and where we have used that in the Wolfenstein parametrization Vy, = —V,; = A\, and
Vi = 1.
Now we can write the ratio
B(B — Kvv) 1 |C)? 5
RY = =1+4- ~ 1+ 0.008 |C,,|%, 5.12
K B(B — Kvv)sy T3 |CSM |2 * o (5.12)

where we have used the SM prediction C5M ~ —6.4 [64]. Using the experimental bound
R < 5.2 at the 95% CL [14], one finds the bound |C,,| < 23. However, after imposing
the constraints coming from the flavor condition (4.33) on the matrix element (@R)gg,
one easily obtains values that are well below the experimental bound, particularly for
values of sin gz > 0.2. This is shown in the left panel of Fig. 10, where we plot contours
of constant R% in the plane (sinfg,m;) after using the bound for (VdTR>23 in Eq. (4.33).
Lower values of R7Y may be obtained for smaller values of sinfy by using the freedom
on the value of (VdTR)gg, as shown in the right panel of Fig. 10, where we plot R} in the

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

BT B(Bt — K*r7)

= 1
K7 B(BT = K+77)su (5.13)

In our model this observable is dominated by the Wilson coefficient C' such that

2

C’T
Rje ~ 1+ | =&k (5.14)

CiL

where
T
87 grvGY 2(VdR)23 1., 1 1., T,
R = — - 0 - — = 0 - — 0

Chn aEMzn:< 2my, Ve 3o R+cos293 o gt R g TR R
(5.15)

Contour lines of constant R} are presented in Fig. 11 for m; = 3 TeV. The results are
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0001 o] [o]  ATs] 2
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Figure 11: Contour lines of R}, in the plane [sinfpg, ](VJR)ggH, for values of (VJR)Qg consistent
with the flavor constraints.

widely consistent with present experimental bounds from the BaBar Collaboration [65]
which yield the 90% CL upper bound, R} < 10
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One of the general applications of our theory is that it generically predicts a value of Ry

BR(B — K®putu™)
BR(B — K®ete™)’

which can easily differ from its SM prediction [66,67]. The general effective operator

Lagangian is written as
A4Gr apm

Lejy = —2—2

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

ViV Y GO, (5.17)

Oy = (570 ) (G yulyr) (5.18)
with chiralities x, x' = {L, R}, have Wilson coefficients defined as Cﬁx’ = C’;fy + AC’;;X, .
The SM predictions are given by

OM 84, CPM ~ CIM ~ O ~ (5.19)

while ACf;X, are the contributions to the Wilson coefficients coming from New Physics.
The prediction of Ry is given by
Crp + CrLr £ Chy £ Cppl? +|CLg — CFp £ Cpp F Chel’

K |Cf + CipE Chy £ Cppl? +|Cig — Cfp £ Chp F Cpy 2 ( )

where the upper signs correspond to Rx and the lower signs to R~ and we have assumed
that the polarization of the K* is close to p = 1, what is a good approximation in
the relevant ¢? region associated with the Ry« measurement [69]. The above equation,
Eq. (5.20), shows the well known correlation (anti-correlation) of the corrections to Ry
and Ry associated to the left- (right-) handed currents. Therefore, considering the fact
that both Rx 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 [70] by
around 2.5 0. Moreover global fits [71-77] to a number of observables, including the
branching ratios for B — K*0{, By — ¢uu, and By — puu, favor a solution where
ACT;, < 0 while ACR, ~ ACT, ~ ACh, ~ 0, and ACY |, ~ 0 for x, X' = {L, R}.

In fact, in our model, for

Cern 2 1/2, Cup 2 1/2 (5.21)

"The relation with the usual non-chiral basis, ng:)lm [68] is given by: Cr; = C9—Cig, CrLr = Co+Cho,
Crr = Cé — Cio and Crgr = Cé + C{O
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it turns out that C¢ , ~ C2Y and ACY, ~ AC%, ~ 0®. On the other hand the prediction
for ACY, is given by

81 grvGY 2
ACZL - Z < 3) 7ﬁf(ch)rf@ML)'

qEM an

1 1 1 1 1 sin®6
in% 6 —  —~ ) (= —sin%0 “cos?f, — —— R 5.22
SEUR I 9 gin? 0. 3/ \2 oL ) 3 VLTS cos? Or’ (5.22)

where the first, second and third terms inside the square bracket comes from the con-
tribution of the Z}, A™ and Z} KK modes, respectively, and we are assuming [78] that
Vi, ~ 1 and Vy, ~ V, the CKM matrix. Similarly, the prediction for ACY%, is given by

8m grvG\ .
A, =~ S () o) [ (523)
: 1 1 . 1 1 1 1.
SlH2 HR |:§ (—5 + Sln2 QL> + g COS2 9[, + m (—§ + gsm2 QR)} .

Observe that the combined contribution to ACY, from the Z} and A" KK modes is con-
siderably larger than the one from the Z3 KK modes. Recent global fits to experimental
data [75] yield the 1 o (2 o) prediction

AC!, C [-1.66,—1.04)1,, [—1.98,—0.76]y, (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 [75]

ACY, € [—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 Fig. 12 shows the 1 o (solid lines) and 2 o contours of ACY; in the
plane (¢, , ¢, ), where we have fixed sin g = 0.35. The values of ¢;, and ¢, are mainly
constrained from 6¢z,5,5,, as given in Eq. (5.6), and plotted in the left panel of Fig. 8,
and from 09z, ,, ., as given by

gRUG” 2 1 1 sin2 92
— _3 in2 S
09Zpuppp, = ; ( om,, ) rf(Cuy) sin OR{Th(a) {251112 0, T 9T cos? 0
1 3}7% mq
= T o — 5.26
12 cos? O 472 ©8 my | ( )

80r, in the usual basis language, AC§ = —ACY; and ACY", ~ 0.
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Figure 12: Left panel: Contour lines of constant ACY, in the plane (cp, ,cu,) using Vg, ~V, at
1 o (solid lines) and 2 o (dashed lines) level as defined in Eq. (5.24). The value of sinfr = 0.35
has been fized. Right panel: Contour lines of constant AC', in the plane (sinfr,c,,) after

selecting the upper bound on |(VJR)23| ~ 0.005 obtained in Eq. (4.33). In both panels the shaded
yellow area corresponds to the excluded area obtained in Fig. 8.

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 cor-
rections induced by the operators

Opptn = (e pr) Ervutr) -

The prediction for 09z, ., ., is plotted in the right panel of Fig. 8, where we also have
fixed sin Ay, = 0.72, and where the white region is allowed at the 95% CL given the fitted
value to experimental data [47]

892,00, = (0.1 £1.2) x 1072 (5.27)

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

The prediction for C%, is shown in the right panel of Fig. 12 in the plane (sinfg, c,, )
where we are already using the upper bound on (VJR)% from flavor observables, while the
shaded region is excluded by 69z, ,,,,. We see that the values of ACY, in the region
defined by Eq. (5.20) are always < ((0.1) and hence in accordance with the global fits,
Eq. (5.25).
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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_r, 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)r gauge boson KK-modes provide the necessary contribution
to Ry, 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%,
as implied by LEP data, driven by the Zbgrbp 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
mi‘fA + (6_21/]6,4). =0. (Al)

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

ff’ﬂ(y) = Ot ehy [Jl(eky—kylm) + C£+7+)y1(eky—ky1m)] , (A.2)
where Jo(e— i)
(+4+) _ _ Jole”™1m) A
N (G A

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 M1k,

By the same way, the boundary conditions (—, +) lead to

flglfﬂr)(y) _ Cé*#)eky [Jl (eRvkvipn) 4 Cl(*’Jr)Yl(eky*kylm)] , (A.4)
where I K A )
(—+) _ _Sile7™m) A
T i) )



guarantees the Dirichlet boundary condition in the UV brane. In these expressions Cé+’+)
and C’(()_’+) are arbitrary constants. Notice that a constant f4(y) fulfills the (+, +) 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

R s R 1
0 = Jo(rigs) + §Y0(m++)k,—y1 +O(1/ky) (A.6)
0 = Jo(i_) + %mim(m_ge—%w + O(e ) (A7)

for (4, +) and (—, +) boundary conditions respectively. Taking into account the expansion
of the Bessel function Jy (1 + dmn) = Jo (1) — Ji(m)drm + O(6m?), one finds the following
eigenvalues

- (n)
. (n) (), TYo(ry ) 1 2 2
= + = —+ O(1/k%yy), A8
++ 0 2 Jl(m((]”)) ky]_ < / 1) < )
Y, ~ (n)
= )+ T2 ) st oty (A.9)
4 J1 (g

where Th(()") is the n-th zero of the Jy(rn) 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(1072%) —
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

5 (1)
~ (n) A (n) 7 Yo(1y ) 1 2, 2
- =220 J - 4 o1 Al
iy — Ml =g Jl(m(()")) o O(1/k*y7) (A.10)

of order 0.045 for all the modes. This difference will be neglected throughout this paper.

Let us now compute the value of the coupling fy, (ky1) = flgf’ﬂ’"(kyl), where we are
normalizing the wave functions such that, Eq. (2.18),

A“@ﬁ@ﬁwL (A11)

The function f4(y) grows with y, so that this integral is dominated by the regime close
to y ~ y;. In this regime the dominant contribution to the wave function is the term
~ M Jy (e =Rm) in Eqgs. (A.2) and (A.4), i.e.

faly) =~ Coe Jy (e . (A.12)

35



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

Y1
wo= () [T aye e

0

_ u 1d
~ (C{)y? / dy e**v ([Jl(ekykylm)]2+J1(e’fykylm)E@Jl(ekykylm))
0

1 (—+)2/y1 d[% ky—ky1 » 2}
= —(C; dy— [e”™ | J (e "m

55 (Co ) Wy BA )]

1, .
~ (O P () . (A.13)

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

d d |1

R T (MR — Ty (P TRm) = — | =M J (e TR Jy (eM ) | (A.14)
dy dy |2

This implies that after integrating this term in foyl dy, the result is o Jy(rn), which is

vanishing °. From Eqgs. (A.12) and (A.13) one finally finds

‘fﬁx_ﬂn(yl)‘ ~ \/2ky; . (A.15)

This result is valid for any eigenvalue, in the approximation where we are neglecting
corrections 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
| f£1++)’"(y1)| ~ +/2ky, for the non-vanishing modes. Therefore in this paper we will use
the approximation where

S )] = £ ()| = 2k (A.16)
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