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1 Introduction

We live in an era enriched with many experimental breakthroughs and results. The recent
discovery of the 125 GeV Higgs boson at the Large Hadron Collider (LHC) has marked
the completion of the Standard Model (SM). However, physics beyond the SM (BSM)
is certain to exist, and would be needed to explain observations like neutrino masses and
mixings, matter-antimatter asymmetry, and dark matter. Although the direct searches
performed by the two LHC-based experiments, viz. ATLAS and CMS, have not yet found
any new particle, indirect hints of new physics (NP) may still be hidden in the data.
Recently, the LHCDb collaboration has reported some indirect hints of BSM physics in
the b — s¢¢ flavour observables. Major among these are the measurements of Ry, defined



as the ratio of branching fractions of BT — K*u™pu~ and BT — KTeTe™ in the low
dilepton mass-squared bin [1]:

BR(B — Kpupu)
BR(B — Kee) |21 ¢ gov?

RK = (1.1)
and the angular observable P! [2] in the decays of the B mesons in B — K*up [3, 4]. The
BELLE collaboration has also reported an anomaly in P/ [5] which is compatible with the
one observed in [3, 4]. The branching ratio measurements of B — K*up [6] and B —
o [7] also show slight deviations from the SM predictions. While the latter anomalies
could be accounted for by form factor uncertainties, the Rx measurement should be free
from strong interaction effects, since the form factors cancel in the ratio. Therefore, if the
Ry anomaly is confirmed, it would signal a clear lepton flavour universality violation [8, 9].

The anomalies in Rx and P measurements can be addressed by invoking additional
NP contributions to some of the Wilson coefficients C;(u) appearing in the effective Hamil-
tonian for b — s¢¢. In the SM, the effective Hamiltonian for this process is [10]
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where O;’s are the effective operators, and ’ indicates currents with opposite chirality. The
values of C;(myp) have been calculated in [11]. At the leading order, the additional NP
contributions may contribute to the operators which are already present in the SM:
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or may enhance the effects of the operators whose contributions are normally suppressed
by the lepton mass in the SM:

Os= " [sPrb| [00] . Op =" [sPb] [((] .
Qe (_ = Qe
O = =sPebl [0, Op = = [sPLbl [fst] | (1.4)

or may generate new operators which are absent in SM [12]:
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Simultaneous explanation of the Rx and Pf anomalies is possible if the NP effects are
present in Og, Of, 01 or O} operators [13]. The global fits [14-18] prefer NP effects in O,
i.e. additional contributions to C¥. Since the observed value of Ry (obs) = 0'745418:8291 =+

0.036 [1] is less than the SM prediction, which gives R to be unity within an accuracy



of 1% [8, 9], the new physics contribution must interfere destructively with the SM, i.e.
opposite to that of C5M(my) = 4.2 [11]. This indicates that the sign of Cgp’“ is negative.
The best-fit value of Cj""* is ~ —1 [13-18]. In addition Cg'" * = —CN"* also gives a good
fit to data [15-18]. Motivated by these results, many explanations of the anomaly using
Z' [19-39] and leptoquark [13, 39-60] models have been given in the literature.

Since the flavour anomalies mentioned above mostly involve muons, and there is no
clear hint of new physics effects in the electron sector apart from Ry measurement, most of
the analysis have been performed assuming new physics effects in muons only. However, NP
contributions in the electron sector, Cé)\l P’e, of the same order as those in the muon sector,
are still consistent with all b — s measurements within 20 [15-18]. The comparisons among

two dimensional global fits also prefer (Cy *, Co" ) over other combinations like (Cg" ",
O and (Cyt*, € NP, with the best fit point favouring dominant contributions to

CoPH 18],

In this work, we build our analysis around the choice where NP contributes via the Og
operator. We allow both Cg)\] P and C’g P2 £60 be present. Since these two contributions have
to be different, the NP must violate lepton flavour universality. This may be implemented
in a minimalistic way through an abelian symmetry U(1) x, under which the leptons have
different charges. In particular, greater NP contribution to C’é\l P than C’é\l Pie may be
achieved by a higher magnitude of the X-charge for muons than for electrons. Substantial
NP contributions to the flavour anomalies also require tree-level flavour-changing neutral
currents (FCNC) in the quark sector. These can be implemented through different X-
charges for the quark generations as well, which should still allow for quark mixing, and
be consistent with the flavour physics data.

A horizontal U(1)x symmetry in the lepton sector would also determine the possible
textures in the mass matrix of the right-handed neutrinos. In turn, the mixing pattern of
the left-handed neutrinos [61, 62] will be affected through the Type-I seesaw mechanism.
The possible textures of the right-handed neutrino mass matrix and the lepton flavour
universality violation required for the flavour anomalies can thus have a common origin.
Scenarios like an L, — L, symmetry with X-charges given to the SM quarks [23, 35] or
additional vector-like quarks [22, 30], have been considered in the literature in this context.
Other models with Z’ also have their own X-charge assignments [24, 25, 27, 29, 34], however
their connection with the neutrino mass matrix has not been explored. We build our model
in the bottom-up approach, where we do not assign the X-charges a priori, but look for
the X-charge assignments that satisfy the data in the quark and lepton sectors. As a
guiding principle, we introduce a minimal number of additional particles, and ensure that
the model is free of any gauge anomalies. Finally, we identify the horizontal symmetries
that are compatible with the observed neutrino mixing pattern, and at the same time are
able to generate C}; P and C}; Pt that explain the flavour anomalies.

The paper is organized as follows. In section 2, we describe the construction of the
U(1)x models from a bottom-up approach. In section 3, we explore the allowed ranges of
the parameters that are consistent with the experimental constraints like neutral meson
mixings, rare B decays, and direct collider searches for Z’. In section 4, we present the
predictions for the CP-violating phases in the lepton sectors for specific horizontal symme-



tries, and project the reach of the LHC for detecting the corresponding Z’. In section 5,
we summarize our results and present our concluding remarks. Further in appendix A,
we present the generation of the Z’ mass and Z—Z’ mixing. In appendix B, we discuss
the constraints on the flavour changing neutral interactions from the scalar sector and in
appendix C, we calculate the effects of our model on b — svv transitions.

2 Constructing the U(1)x class of models

We construct a class of models wherein, in addition to the SM fields, we also have three
right-handed neutrinos that would be instrumental in giving mass to the left-handed neu-
trinos through the seesaw mechanism. We extend the SM gauge symmetry group by an
additional symmetry, U(1)x, which corresponds to an additional gauge boson, Z’, with
mass My and gauge coupling gz/. To start with, we denote the X-charge for a SM field ¢
by X;. In this section, we shall determine the values of X;’s in a bottom-up approach.

2.1 Preliminary constraints on the X-charges

Since we wish to build up the model by introducing NP effects only in the Og opera-
tor, we have to make sure that the NP contribution to all the other operators listed in
egs. (1.3), (1.4), and (1.5) should vanish. We first consider the interactions of Z’ with
charged leptons, £, in the mass basis:

LY = g2 "V X0, Vo, 00 Z), + 920 TRA"V] X Vi (R 2, (2.1)
where Xy, = diag (X.,, Xy, , X7, ) and Xy, = diag (Xep, Xpup, Xrg), while Vy, and V,, are
the rotation matrices diagonalizing the Yukawa matrix for charged leptons. Note that the
SU(2), gauge invariance of the SM ensures X, = X, .
The Lagrangian in eq. (2.1) may be rewritten as

1 -
‘CZZ’ = 5 gz " (VZTLXZLV@L + VKL,XZRVZR) Elet

1 -
5 920755 (Vi X0, Ve, = Vi Xea Vi) €2, (2.2)

The second term in eq. (2.2) would contribute to Q19 and O}. Since we do not desire such
a contribution, we require

V) X Ve, =V X, Ve, (2.3)

A straight forward solution to the eq. (2.3) yields Vy, = I and V;, = I and further
Xy, = Xp,. In such a case a non-zero Yukawa matrix would need the Higgs field, ®, to
be a singlet under U(1)x. Note that with unequal vector-like charge assignments in the
lepton sector, the Yukawa matrix will naturally be diagonal. This therefore is a minimal
and consistent solution and we proceed with this in our analysis.

Now we turn to the Z’ interactions with the d-type quarks:

LY =gz @V“VJL Xay Va dp Z,, + gz %WVJR Xip Vap dr Z,,, (2.4)



Fields Ql QQ Qg L1 LQ L3 P
U(l)X o] 1 T3 | Ye | Yu | Y7 0

Table 1. Vector-like X-charge assignments after applying preliminary constraints from the van-
ishing of NP contributions to Of, O1¢ and O, operators, and constraints from K—K mixing. Here
Q; and L; represent the i*" generations of quarks and leptons, respectively.

where X;, = diag (X4, , Xs,,Xp, ), X4, = diag (Xa,, Xep, Xpy), while Vy, and Vg, are the
rotation matrices which diagonalize the Yukawa matrix for d-type quarks. Note that the
SU(2)r, gauge invariance of the SM ensures X;, = &, .

Substantial NP effects require the X-charges to be non-universal, thereby generat-
ing both by y*s LZL and bryHs RZL transitions. The presence of ZV“EZL interactions from
eq. (2.2) will potentially generate both Og and O operators. We would like the NP con-
tributions to Of operator to be vanishing, which can be ensured if the 2-3 element of
VJRXdR Vay vanishes. Indeed, we would demand a stricter condition to ensure no tree-level
FCNC interactions in the right handed d-type sector, i.e. VdTRXdRVdR is diagonal. This can
be ensured if

Vip~=1 or Xy, <I. (2.5)

The non-universal charge assignments in the quark sector will also be constrained by
the observed neutral meson mixings. In particular, the constraints in the K—K oscillations
are by far the most stringent, and severely constrain the flavour changing Z’ interaction
with the first two generation quarks. This can be accounted if we choose [23, 29]

Xg, =X, Xap = Xap - (2.6)

R

Another extremely important constraint stems from the requirement that the theory
be free of any gauge anomalies. If the charge assignments are vector-like, i.e.

Ny =Xy =Xy =Xy, = X, Xy =4,

LL

ViR

= XL y (27)
and are related by the condition
TI"[3XQ—|—XL]:O, (2.8)

the theory is free of all gauge anomalies. The X-charge assignments can then be written
in a simplified notation as given in table 1. In terms of this notation, the anomaly-free
condition is

3(2x1+x3)+ye+yu+yT:0. (2.9)

We are now in a position to select the correct alternative in eq. (2.5). The NP con-
tribution to the Oy operator would require x; and x3 to be unequal (see section 2.3), i.e.
Xy, # 1. The vector-like charge assignments then imply &y, # I, and the only possibility
remaining from eq. (2.5) is Vg, ~ I. This condition need not be automatically satisfied
in our model. In addition, X;, = X, # I could create problems in generating the struc-
ture of the quark mixing matrix. We shall discuss the way to overcome these issues in
section 2.2.1.



2.2 Enlarging the scalar sector
2.2.1 Additional doublet Higgs to generate the CKM matrix
The Yukawa interactions of quarks with the Higgs doublet ® are

Lyue = QL V" 0°uly + QF Y oy, (2.10)

where the superscript “f” indicates flavour eigenstates. The X-charge assignments given
in table 1 govern the structure of the Yukawa matrices (J* and Y?) as

x x 0 x x 0
Ve=|xx0]|, Yi=[xxo0], (2.11)
00 x 00 x

where X denote nonzero values. Quarks masses are obtained by diagonalizing the above
V¥ and V% matrices using the bi-unitary transformations VJL:))“VUR and VdTLdedR, re-
spectively. Clearly, the rotations would be only in 1-2 sector. Therefore the quark mixing
matrix, i.e. Voxm = VJL Va, also would have non-trivial rotations only in the 1-2 sector,
however this cannot be a complete picture as we know that all the elements of Voxwm
are non-zero.

The correct form of Vg can be obtained if mixings between 1-3 and 2-3 generations
are generated. This can be achieved by enlarging the scalar sector of SM through an
addition of one more SM-like doublet, ®1, with X-charge equal to +d where d = (x; —x3).
We choose X¢, = +d, similar to that in [23].

We first show how the 1-3 and 2-3 mixings are generated with the addition of this new
Higgs doublet. The generic representations for these doublets ®; and &9 = ¢ are

. ot . o
P\ J5Re(¢) + ilm(en) + 1] |0 * 7\ J5[Re(¢2) + ilm(¢s) +va] )

where v; and vy are vacuum expectation values of the two doublets. There are related by
v1 = vcos and vy = vsin B, where v is the electroweak vacuum expectation value. With
this addition the Lagrangian in eq. (2.10) gets modified to

Ly = QY (y% ¢+ ng)u; +Qf (yfq>1 + yd¢>2> dt, | (2.12)
where
000 00 x
Ye=lo0o00|, Yi=]o0ox]. (2.13)
X X 0 000

The bi-unitary transformations would now diagonalize the quark mass matrices as

Mdiae — %VJL (Vi'cos B+ Y¥sinB) Vi, , (2.14)
Mg \%VJL (yf cos B+ Y¥sin 5) Vi, - (2.15)



From egs. (2.11), (2.12) and (2.13), it may be seen that rotations in 1-2, 1-3 as well as
2-3 sector will now be needed to diagonalize the Yukawa matrices. Appropriate choice of
parameters can then reproduce the correct form of Voxy. We choose V,,, = I, so that
Vi, = Vekwm, which ensures that Z’ does not introduce any new source of CP violation in
B-B mixing.

Having fixed V,,, and Vg, , we now turn to V,, and Vy,. The solution to eq. (2.14)
yields [V}'];; = 0, implying the mixing angle between the 2-3 and 1-3 generation for up
type quark is zero. The solution does not constrain the rotation angle between the first
and the second generation, which we choose to be vanishing for simplicity. Hence, V,,, in
our model is [.

Note that eq. (2.5) and subsequent discussion near the end of section 2.1 led to the
requirement Vy, ~ I. We shall now see that this requirement is easily satisfied in this
framework. With V;, = Vokwm, eq. (2.15) may be written in the form

X X X
VCKMMjiagVJR =|xxx]|. (2.16)
0 0 x

It may be seen that Vj;,, with small rotation angles, parametrized as

1 Odriz  Odpas et
Vg = _Hdmg 1 Od o ’ (2.17)
—bap, €’ o —0d0q 1
can lead to the above form, with
9dR23 ~ A)\zms/mb, 9dR13 ~ —A)\3md/mb, (2.18)

where A and X are the Wolfenstein parameters and my, ms and my, are the quark masses.
Note that similar observation has been made in [23]. The value of 64,,,, is not constrained,
and can be chosen to be vanishing. Thus, the requirement Vg, ~ 1 is satisfied.

Note that since Vg, is only approximately equal to I, small NP contributions to
C§ are present, However as we shall see in section 2.3, these contributions are roughly
(AN2my)/(myp Vi Vi) times the NP contributions to Cy, and hence can be safely neglected.

2.2.2 Singlet scalar for generating neutrino masses and mixing pattern
Our model has three right handed neutrinos, vp’s. The Dirac and the Majorana mass
terms for neutrinos are

1—
L) = —Urmprr — §V%MR1/R + h.c., (2.19)

where the basis chosen for vy, is such that the charged lepton mass matrix is diagonal. The
active neutrinos would then get their masses through the Type-I seesaw mechanism. The
net mass matrix being

M, = —mp Mpz*m}, . (2.20)



Since the neutrinos are charged under U(1)x with charges (ye,y, and y;), the (o, 3) ele-
ments of the Dirac mass matrix mp would be nonzero only when y, = yg, while the («, 3)
elements of the Majorana mass matrix Mg would be nonzero only when y, +yg = 0. Since
the X-charges of neutrinos are non-universal and vector-like, the former condition implies
that mp is diagonal. (It can have off-diagonal elements if two of the y,’s are identical.
However we can always choose the vg basis such that mp is diagonal.) The allowed el-
ements of Mg are also severely restricted, and it will not be possible to have a sufficient
number of nonzero elements in Mg to be able to generate the neutrino mixing pattern.

To generate the required mixing pattern, we introduce a scalar .S, which is a SM-
singlet, and has an X-charge Xg = a, as a minimal extension of our model. With the
addition of this scalar, the Lagrangian in eq. (2.19) modifies to

Y e eV Rlaslvals S + huc. . (2.21)

(£ ap = [£5™as — 5

The conditions for mp, Mgk and Vg elements to be non zero are

[mplas #0 if ya—ys=0, (2.22)
[MR],s #0 if ya+ys=0,
Vrlas 0 if ya +ys = +a. (2.23)

When S gets a vacuum expectation value vg, it contributes to the Majorana mass term for
right handed neutrinos which now becomes

[M§]as = [MRlag + —=[yRlas - (2.24)

V2

Thus an element of [Mg] 5 will be non-zero if,
Ya+ys=0,%a. (2.25)

The textures in the neutrino mass matrix, i.e. the number and location of vanishing
elements therein, hold clues to the internal flavour symmetries. Only some specific textures
of Mg are allowed. While no three-zero textures are consistent with data, specific two-zero
textures are allowed [63—66]. In addition, most one-zero textures [67], and naturally, all
no-zero textures, are also permitted. Among the allowed textures, we identify those that
can be generated by a U(1)x symmetry with a singlet scalar, i.e. those for which values of
Yo and a satisfying eq. (2.25) may be found. These combinations are listed in table 2, and
categorized according to the ratio y./y,. Note that by the leptonic symmetry combination
PeLe + puLly + prLy, we refer to all U(1)x charge combinations, where pe/ye = pu/yu =
pr/yr (for non zero values y, and p, respectively). It is to be noted that part of the list
was already derived in [65, 66]. Later in section 2.3, we shall examine the consistency of
these symmetries with the flavour data.

Note that we would like all the elements of right handed neutrino mass matrix to have
similar magnitudes, so it would be natural to have [M g]aﬂ ~ O(vg). Our scenario is thus
close to a TeV-scale seesaw mechanism [68].



Category | ye/a | yu/a | yr/a Symmetries
A 0o | -1 0,1 Ly, Ly — L,
B 3 | -3 +3 Le—3L,+ L,
C -3 -3 i Le+3L,— L,
D | -t |+ 3 L-L,+L;, Le—L,+3L;
E : 3 | -3, -5 |Le+L,—L;, Le+L,—3L,
F 3] -3 -3 3L.—L,— L,
G 1 0 0 L.

Table 2. The X-charges (in units of a) along with the symmetry combinations that are consistent
with the neutrino oscillation data [61, 62]. Note that by the leptonic symmetry combination p.L. +
Puly + prLy, we refer to all U(1)x charge combinations, where pe/ye = pu/y, = p+/y- (for non
zero values y, and p, respectively). In the list we have dropped the cases with lepton flavour
universality and the one where y. =y, = 0.

2.2.3 Relating X-charges of doublet and singlet scalars

The scalar sector of our model consists of two SU(2); doublets ®; and ® = &5, and a
SM-singlet S, with X-charges d, 0, a, respectively. The scalar potential that respects the
SU(2)r, x U(1)y x U(1)x symmetry is

A A2

Va,ap5 = —m3 @10 + 25 (<1>T<I>1) — m3, I 0y + 22 (qﬁq>2)
As
—m2sts+ 22 (STS) + A3 010, Bl o,
+ M\ Dy <I>2cb1 + </\151<I>1<I>1 + A25<1>;c1>2> sts. (2.26)

The U(1)x symmetry is broken spontaneously by the vacuum expectation values of ®; and
S, and consequently Z’ obtains a mass (see appendix A). Since the collider bounds indicate
My = TeV, we expect vs 2 TeV (since v1 < electroweak scale).

Therefore, before electroweak symmetry breaking, U(1)x symmetry gets broken spon-
taneously and the singlet, S, gets decoupled. The effective potential for the doublets after

U(1)x symmetry breaking

A A1 A
Voo, = — (m% - 5t 2) P[Py + T (B]01)* - (m%2 - fv%) 2},
L2 gt i i i i
(‘I) <I)2) + A3(P1P1)(DyP2) + Ay (P P2) (25 Py ). (2.27)
The potential, Vg, &,, is invariant under the global transformation U(1)y x U(1) 4 such that

Uy xU(L)g: & — 004, &y - O H)p,, (2.28)

Out of U(1)y and U(1) 4, only U(1)y can be gauged and identified as U(1)y since both the
doublets should have the same hypercharge. After electro-weak symmetry breaking, along



with the gauge symmetries, U(1)4 would also be broken spontaneously and would result
in a Goldstone boson. This problem would not arise if the potential were not symmetric
under U(1)4 to begin with, i.e. if it were broken explicitly by a term

AVp, 0, = —m%yﬂ% + h.c.. (2.29)

Note that this can happen naturally in our scenario: the term above can be generated by
spontaneously breaking of U(1) x if Xg is equal to Xg,, i.e., if a = d, we can have

AV 0,5 = =12 [S oo, + STalo, |, (2.30)

with .
miy = —=Mi2vs - (2.31)

V2

Thus the identification Xg = X¢, = @ naturally avoids a massless scalar in our model by
modifying the potential as

Vo, 8,5 = Vao,8,5 + AVo 0,5 (2.32)

2.3 Selection of the desirable symmetry combinations

In this section, we combine the U(1)x symmetries identified in section 2.2.2 with the NP
contribution to Oy needed to account for the flavour anomalies. The Lagrangian describing
the Z’ interactions with d-type quarks and charged leptons is

Lz = gz diy" Vign Xo Voxmdr Z), + gz dry"' V), Xq Vay, dr Z),
9z I XL Z, (2.33)

Here X = diag(z1,z1,23) and X, = diag(ye, yu, y-). Using the above Lagrangian, the Z’
contributions to the effective Hamiltonian for b — s¢ processes at My scale is
(1 — 23) ye g%

HY = —M—QthV{; (sz"br) (Oyul) +
Z/

(1 — 23) Yo g3 _ -
M—QZGC%RQ?, (5RY"bR) ((1uf) -
Z/
(2.34)

Comparing it with the standard definition of Heg as given in eq. (1.2), we obtain the NP

contribution to the Wilson coefficients C’é\l Pl and C’éNP’Z as

_ V2r(z1 — x3) yeg2
GFM%,ae

B V21 — 23) yegy 07,
GrMZ oV Vi

Cy T (M7 , O (M) = (2.35)

The smallness of Opa3, as shown in eq. (2.18), makes the NP contribution to O} small in
comparison to the corresponding contribution to Og:

92
Cy (M) = —7‘/2?/21 Cy " (M)
ts

~ —0.025 Cy (M) . (2.36)

~10 -
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Figure 1. Allowed 1o regions in (Cy " ¢,Co" ") plane using the global fit data: red contour is

obtained from [16], blue from [17] and green from [18]. Lines for various U(1)x symmetries using
eq. (2.37) have also been plotted. We do not show 7 charge explicitly in the plot.

The flavour anomalies like Ri and P depend crucially on C’g P and C’é\l Pu , and not on
C’é\l P:T A negative value of C’g P1is preferred [14-18] as a solution to these anomalies which

can be easily obtained if, (x1 — x3) y, < 0. The values of Cg P and ng P are related by
NP NP
C’9 7e/C’Q = ye/y,u . (2.37)

This ratio stays the same at all scales between My and my, since the Og operator does
not mix with any other operator at one loop in QCD. This ratio is represented in figure 1
by lines corresponding to different symmetries in table 2.

In figure 1, we also show the 1o contours in the Cg Pu —Cg Pie

plane obtained from the
global fits [16-18]. For further analysis, we select only those combinations (categories A, B,
C, D) which pass through the 1o regions of any of these global fit contours. Among these
possibilities, L,— L, has already been considered in the context of R [22, 23, 30, 35], where
the NP contribution to C§ is absent. We shall explore the phenomenological consequences
of these symmetries in section 3.

Note that although we refer to the symmetries by their lepton combinations, quarks
are also charged under the U(1) x. These charges can be easily obtained from the anomaly
eq. (2.9), and have been given in table 3, in terms of the parameter a. Further, note
that all the X-charges are proportional to a. As a result, a and gz always appear in the

combination agz/. We therefore absorb a in the definition of gz::

gz —agz, (238)

and consider @ = 1 without loss of generality for our further analysis. The interactions
of Z' then can be expressed in terms of two unknown parameters, gz and Myz/. In the
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Category | Symmetry/Charges | x1/a | x2/a | x3/a | ye/a | yu/a | y-/a
A L,—-L: 3 3 210 | 1| 1
L, AEEE RN

B L.—3L,+ L, =L x| -4 1 _3 L
oante | 3|3 |y 9]

¢ [ nvsnot |3 | 4[4[ 4]}
D | L-Lesle | 4| b |5 % | k] 8
Lon-ste | 3|3 b ||
L-no+le | & | & |-B| 4|48
Lotk | & | & |-B[ 4[]

Table 3. Charges of the fermion fields in units of a. It can be seen that for all the allowed
symmetries we have (21 — z3)y, < 0.

next section, we shall subject all the symmetry combinations in table 3 to tests from

experimental constraints.

3 Experimental constraints

Our class of models will be constrained from flavour data and direct searches at the colliders.
We choose to work in the decoupling regime where the additional scalars are heavy and
do not play any significant role in the phenomenology. This is easily possible by suitable
choice of the parameters in eq. (2.32). This framework naturally induces Z — Z’ mixing at
tree level, which can also be minimized by the choice of these parameters (appendix A).
The two parameters that are strongly constrained from the data are the mass and gauge
coupling of the new vector boson, Z’. In this section, we explore the constraints on M
and gz from neutral meson mixings, rare B decays, and direct Z’ searches at colliders.

3.1 Constraints from neutral meson mixings and rare B decays

The FCNC couplings of Z’ to dp-type quarks (note that Vy, = Voxwm) will lead to neutral
meson mixings as well as b — d and b — s transitions at the tree level, and hence may be
expected to give significant BSM contributions to these processes.

The effective Hamiltonian in SM [69] that leads to K — K, By — By and Bs — By

mixing is

G? 3 -
Hgé\c/[ - 1671:2 M‘%VCIS(M(H) [5'}/#(1 - 75)(1] [S’m(l — ’y5)d]
G2 . _ B
+ 1671:2 MI%V (thv;fd)Q CL%IZI(N) [b’y“(l — ’Y5)d] [b’m(l — ’Ys)d]
G2 . _
* 1671:2 Mgy (Vo Vi) CEY (1) [0y (1 = 35)s] [Byu(L = 35)s] (3.1)
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where C3M () are the Wilson coefficients at the scale u for P = K, By, Bs and the CKM
factors for K—K mixing are absorbed in CM(p) itself.

Contributions due the Z’ exchange will have the same operator form as in the SM
since (i) The FCNC contributions to dp;v*dgr;Z ,, operator are small as shown in egs. (2.18)
and (2.36), and (ii) we are working in the decoupling limit, where the contributions due to
the exchanges of scalars H?, A and H™T are negligible (see appendix B). As a result, the
total effective Hamiltonian can simply be written with the replacement

CPM (1) = CF" (1) = C3¥ (1) + CF" (), (3.2)
with the Wilson coefficients CRF at the My scale given by

_2n% (21— 23)° g3 (ViaV3s)?

CRY (M) ,
M2,G% M2,
272 (z1 — 23)% 92
CRP (M) = 2 where,q = d,s. 3.3
B, (Mz) MZGEME, AT e (3:3)

These Wilson coefficients at one loop in QCD run down to the My, scale as [69]

OB (My) = [ ()

Since the form of operators corresponding to CNF () and CFM(y) is the same, the ratio
CBP (1) /C3M () stays the same for all scales below My . Since only this ratio is relevant
for the constraints from P—P mixing, we work in terms of CXF (My)/C3M(Myy).

The constraints from P—P measurements are generally parametrized in terms of the
following quantities [70]:

Im [<K0|Hgf¥‘K0>] 2idp, _ <Bq|H£%t’B_q>
SM| 77\’ Cp,e”"P1 = SM| 5 \ °
Im [<K0‘Heff |K0>] <Bq’7‘[eff |Bq>

Cex = (3.5)

Note that the quantity Cam, = Re [(Ko|H|Ko)] /Re [{Ko|HEM|Ko)] is also a relevant
observable, however since it receives large long distance corrections, we do not consider it
in our analysis. Since Vp, = Vkw, there is no new phase contributions to B, —Fq mixing
and ¢p, = 0.

We combine the above measurements and show the allowed 20 regions in the gz My
plane in figure 2. Note that constraints from neutral meson mixings depends on gz, Mz
and (z1 — x3). Since (x; — x3) = a, therefore the P—P constraints are the same in all the
categories in table 3 (and hence for all the four panels of figure 2).

Figure 2 also shows the 20 allowed regions that correspond to the constraints from a
global fit [18] incorporating the b — s¢¢ and b — sy data. Note that these constraints have
already been used in shortlisting the lepton symmetries in table 3, Here we find the allowed
regions in the gz—My plane using eq. (2.35). The constraints depend on the X-charges of
the electron and muon, but are independent of the charge of 7. Therefore we have displayed
them in four panels, that correspond to the categories A, B, C, D, respectively.
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Figure 2. The constraints in the gz —Mz: plane, from neutral meson mixings, rare B decays,
and collider searches for Z’, for the symmetry categories in table 3. The 20 regions allowed by
the neutral meson mixings are shaded pink, while the 20 regions allowed by the global fit [18] to
b — sll and b — s7v is shaded blue. Purple is the overlap of these two constraints. The dotted
and dashed lines correspond to the collider bounds — the regions above them are allowed at 95%
C. L.. The net allowed region for a given symmetry is therefore the purple region lying above the
dotted / dashed line corresponding to that symmetry.

Our model receives no constraints from By — pup and By — pp since these decays
depend on Ojg, and our charge assignments do not introduce any NP contribution to
this operator. The NP contribution will affect b — svv decays, however the current
upper limits [71] are 4-5 times larger than the SM predictions, whereas in the region
that is consistent with the neutral meson mixing and global fits for the rare decays, the
enhancement of this decay rate in our model is not more than 10%. See appendix C for
further details.

3.2 Direct constraints from collider searches for Z’

In figure 2 we also show the bounds in the gz—My plane from the 95% upper limits on
the o x BR for the process pp — Z' — ¢¢ [72, 73]. The bounds coming from di-jet final
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state [74, 75] are relatively weaker than those coming from di-leptons, hence we neglect
the di-jet bounds in our analysis. The total cross-section pp — Z’ — £¢ depends not only
on My and g7, but also on the X-charges of quarks and leptons, therefore the bounds
obtained differ for all the nine symmetries in table 3.

Note that the experimental limits in [72, 73] are given in the narrow width approxima-
tion, whereas the Z’ for masses above 2 TeV has broad width for all the symmetry cases
which we have considered. The constraints in the broad width case are generally weaker,
therefore even lighter Z’ values than those shown in the figure are allowed.

4 Predictions for neutrino mixing and collider signals

4.1 Neutrino mass ordering and CP-violating phases

The categories A, B, C and D, in table 3 correspond to different texture-zero symmetries
in the right-handed neutrino mass matrix Mp. Through eq. (2.24), these predict the
light neutrino mass matrix M, which can be related to the neutrino masses and mixing
parameters via

M, = —Upnins M8 Udyins (4.1)

where Upyng is the neutrino mixing matrix parametrized by three mixing angles 612, 613,
023, and the Dirac phase d.,. The diagonal mass matrix Mgiag = (2 my, e?*2my, m3)
incorporates the Majorana phases a1 and «s, in addition to the magnitudes of the masses,
m1,meo and mg. Since the symmetries restrict the form of Mg, they are expected to restrict
the possible values of neutrino mixing parameters. While the neutrino mixing angles are
reasonable well-measured, the values of unknown parameters like a1, as and dcp may be
restricted in each of the scenario. In addition, whether the neutrino mass ordering is
normal (m3 < m3) or inverted (m3 > m3) is also an open question, and some of the
symmetries may have strong preference for one or the other ordering. The symmetries in
table 3 that yield two-zero textures for Mg, viz. L, — L, L — 3L, — L, L + 3L, — L
and L. — L, &= 3L; have already been explored in this context and the allowed parameter
values determined [23, 63-65, 76].

We exemplify the point in the context of the symmetries that yield one-zero texture for
Mpg, viz. L, and L, — 3L, + L;. These two also happen to be the ones that are consistent
with all the global fits [15-18] to the b — sf¢ and b — sy data to within 1o. Both of
these symmetries lead to [Mpg]22 = 0. Equation (2.24) then leads to the condition of one
vanishing minor in the M, mass matrix [77], i.e. [M,]11[M,]33 — [M,]?3 = 0. In terms of
masses and elements of the Upyng matrix,

(U13Usg — U1aUs3)? mamze®®2 = — (UyaUsy — Uy1Usg)? mymage(@1+a2)
— (U13U31 — Uy1Us3)? mymgze® @ | (4.2)
where U;; are elements of the Upying matrix. Requiring the neutrino masses and mixings to
satisfy the above relation, we show the allowed values of the CP-violating phases a1, as and

dcp in figure 3, for two fixed values of the lightest neutrino mass mijgnt (i.e. m; for normal
ordering and mg for inverted ordering). We let the other neutrino parameters (mixing
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Figure 3. The scatter plots of allowed values of the CP phases a5 and dcp with the those of «;.
The left (right) panel shows the results for normal (inverted) mass ordering. The yellow (red) points
correspond to (2a, 2cp) values for miighe = 0.05(0.2) eV, while the blue (green) points correspond
to (201, dcp) values for mighe = 0.05(0.2) eV.

angles and mass squared differences) to vary within their 30 ranges [61, 62]. The figure
shows that the allowed value of ap with the L, or L, — 3L, + L, symmetry is restricted
to be rather close to 7/2. For lower myignt values, as is more severely restricted and for
inverted ordering, the value of «; also is restricted to be close to 7 /2.

Another set of predictions may be obtained by relating the lightest neutrino mass mygns
to the effective mass measured by the neutrinoless double beta decay experiments [78] if
the neutrinos are Majorana, i.e.

(Mee) = m1e2®1 cos® 015 cos® 013 + mae?®? sin® 05 cos? 013 + mse ™ 29P sin? Oy . (4.3)

We show the allowed region (with mixing angles and mass squared differences varied within
their 30 ranges [61, 62]) in the Mmijght—(Mee) plane in figure 4. Bounds from the non-
observation of neutrinoless double beta decay [78] and conservative limits coming from
cosmology (>_m, < 0.6eV) [79] have also been shown. The figure shows that the symme-
tries L, or Lo — 3L, + L restrict the allowed values of mijgnt and (me.) significantly in the
case of inverted ordering: mijgne 2 0.045eV and (mee) 2 0.055eV. With the cosmological
bounds on the sum of neutrino masses becoming stronger, the inverted hierarchy in these

scenarios would get strongly disfavoured.

The symmetries in table 3 that do not lead to a zero-texture in Mg, i.e. Le — L, 4+ L;,
will not give any predictions for the neutrino mass ordering or CP-violating phases; model
parameters can always be tuned to satisfy the data.
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Figure 4. The scatter plots of allowed values of mighe and (mee). The red (blue) points cor-
respond to the allowed values with (without) the symmetry (L, or L. — 3L, + L;). The left
(right) panel shows the results for normal (inverted) mass ordering. The regions disallowed by the
non-observations of neutrinoless double beta decay (0vS8) and cosmological constraints have also
been shown.

4.2 Prospects of detecting Z’ at the LHC

In our model apart from Z’, there are additional scalars and three heavy majorana neu-
trinos. Note that the parameters in our model have been chosen such that we are in the
decoupling limit, i.e. the additional scalars H, A, H*, S are too heavy to affect any predic-
tions in the model. The three right handed neutrinos in our model have masses of the order
of a TeV and hence can be looked at the collider-based experiments. The recent analyses for
the detection of the heavy right handed neutrinos can be found in [80]. We however choose
Mp 2 My /2, hence do not consider the phenomenology of the right handed neutrinos.

We shall now explore the possibility of a direct detection of the Z’ gauge boson in the
13 TeV LHC run. The cleanest probe for this search is pp — Z’ — ¢¢ [72, 73]. In such a
search, one looks for a peak in the invariant mass spectrum of the dilepton pair.

As an example, we choose the L. — 3L, + L, symmetry. We use FeynRules [81]
to generate the model files and then interface the Madgraph [82] output of the model
with PYTHIA 6.4 [83] for showering and hadronisation with parton distribution function
CTEQ-6 [84]. The output is then fed into Delphes 3.3 [85, 86] which gives the output in
the ROOT [87] format for a semi-realistic detector simulation while using the default ATLAS
card. In our detector analysis jets are constructed from particle flow algorithm using the
anti-kr jet algorithm with R = 0.5 and p?in = 50 GeV. We retain events only with a pair
of isolated opposite-sign muons with highest pr in each event. Care has been taken to
reject any isolated electron in the event sample. A rough pr cut on the muons is set at
p'5 > 25 GeV which roughly matches the ATLAS cuts [72]. The dominant SM background
for this di-muon channel comes from the Drell-Yann process. Other factors contributing
to the SM background are diboson and top quarks in the final state. In the left panel of
figure 5 we show the dimuon invariant mass distribution of the SM backgrounds as well as
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Figure 5. The left panel shows the dimuon invariant mass distribution for the signal originating
from Z' (with Mz = 4TeV and gz = 0.36) and the various SM backgrounds at 13 TeV, with
L = 100fb~!. The right panel shows the discovery significance S/v/S + B as a function of Mz
(with gz, = 0.36) and integrated luminosity. The 5 ¢ and 3 o contours are also shown explicitly.

the signal for a fixed benchmark scenario satisfying all the flavour and collider constraints
(see figure 2) with Mz = 4TeV and gz = 0.36. Although the production cross section for
such a heavy Z’' gauge boson is small, close to 1.49 fb, the SM background is also minuscule
in that regime. Therefore, the Z' — pp is a natural probe to look for BSM signals. We
note in passing that a Z’ associated with a hard jet in the final state should increase the
signal significance further [88]. However, we only select events with opposite sign di-muon
pair and a hard jet veto.

To further calculate the reach of the LHC for the Z’ discovery via Z' — uu, we use
a signal specific cut on the dimuon invariant mass m,, > 700 GeV which renders all the
SM backgrounds to be very small whereas the signal hardly gets affected. We keep the
coupling gz fixed at 0.36, and illustrate in the right panel of figure 5, the reach of the
LHC in the My — integrated luminosity (£) plane, in the form of a density plot of the
significance S/v/S + B [89]. (Here S, B are the number of signal and background events
after the cut, respectively.) The figure indicates that detecting a Z’ of mass 4000 GeV at
3 o (5 o) significance requires an integrated luminosity close to 400 fb=! (1000 fb—1) in the
13 TeV run of the LHC.

5 Summary and concluding remarks

In this paper, we have looked for a class of models with an additional possible U(1)x
symmetry that can explain the flavour anomalies (Rx and Pf) and neutrino mixing pattern.
The models are built around the phenomenological choice where NP effects are dominant
only in the Og operator, as indicated by the global fits to the b — s data. One salient
feature of our analysis is that the assignment of X-charges of fields is done in a bottom-
up approach. I.e., we do not start with a pre-visioned symmetry, but look for symmetry
combinations consistent with both the flavour data and neutrino mixing.
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In order to generate neutrino masses through the Type-I seesaw mechanism, we add
three right-handed neutrinos to the SM field content. This also allows us to assign vector-
like X-charges to the SM fermions, so that the anomaly cancellation can be easily achieved.
This choice also makes NP contributions to Q19 and O], vanish. While the different X-
charge assignments to the SM generations introduce the desired element of lepton flavour
non-universality at tree level, it also introduces the problem of generating mixings in both
quark and lepton sector. This is alleviated by adding an additional doublet Higgs ®; that
generates the required quark mixing, and a scalar S that generates lepton mixing. The
choice of rotation matrices V,,, = Vi,

the NP contribution to Oj is negligible. The scalar S also helps in avoiding the possible

=1, V4, = Vekm and Vg, = 1 also ensures that

problem of a Goldstone boson appearing from the breaking of a symmetry in the doublet
Higgs sector.

Our model is thus rather parsimonious, with the introduction of only the two additional
scalar fields ®; and S. The symmetry breaking due to the vacuum expectation values of
these scalars gives mass to the new gauge boson Z’, at the same time keeping its mixing
with the SM Z boson under control.

With the X-charges of quark and lepton generations connected through anomaly can-
cellation, the X-charge assignments may be referred to in terms of the corresponding
symmetries in the lepton sector. We identify those leptonic symmetries that would give
rise to the required structure in the neutrino mass matrix, at the same time are consistent
with the global fits to the b — s data. We find nine such symmetries, viz. L, — L;, L,
L.—-3L,+L;, Lc+3L,—L;, Lc—L,£3L,, and L.— L, £ L;. We find the allowed regions
in the gz —M, parameter space that satisfy the bounds from neutral meson mixings, rare
B decays, and direct Z’ collider searches.

The lepton symmetries give rise to specific textures in the right-handed neutrino mass
matrix Mg, and hence, through seesaw, to patterns in the light neutrino mass matrix. The
consequent neutrino masses and mixing parameters are hence restricted by these symme-
tries. In order to exemplify this, we have focussed on the symmetries L, and L, —3L,+ L,
that give rise to one zero-texture in Mg, and are also the most favoured symmetries accord-
ing to all the b — s global fits. We have analyzed the correlations among the CP-violating
phases a1, as, dop, and also explored the allowed region in the parameter space of the light-
est neutrino mass mi;gn; and the effective neutrino mass (me.) measured in the neutrinoless
double beta decay. For L. — 3L, + L;, we also calculate the reach of the LHC for direct
detection of Z’ through the di-muon channel. We find that discovery of Z’ with the re-
quired mass and gauge coupling is possible with a few hundred fb~! integrated luminosity
at the 13 TeV run.

Note that the parameters in our minimal model have been chosen such that we are
in the decoupling limit, i.e. the additional scalars H, A, H*, S, and the three right-handed
neutrinos are too heavy to affect any predictions in the model. Our model thus does not
try to account for the flavour anomalies indicated in the semileptonic b — ¢ decays [90].
These anomalies may be addressed in the extensions of this minimal model to include non-
decoupling scenarios (for example, where the charged Higgs is light), or additional charged
W'+ gauge bosons. While the former scenario needs to satisfy additional constraints from
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flavour and collider data, the latter will need mechanisms for giving masses to the new
gauge bosons.

In this paper we have presented a class of symmetries that are consistent with the
current data, and not applied any aesthetic biases among them. As more data come along,
some of these symmetries are sure to be further chosen or discarded. We have chosen the
symmetries in the bottom-up approach, and have not tried to explore their possible origins.
A curious pattern applicable for some of the symmetries (L, Le—3L,+L, and Lc—L,+L;)
is that the non-universality of X-charges is displayed only by the third generation quarks
and the second generation leptons. Such patterns may provide further hints in the search
for the more fundamental theory governing the mass generation of quarks and leptons.
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A  Mass of Z’ and Z—Z’ mixing

Our model has three scalar fields: two SU(2)r, doublets ®;, & = ¥, and one singlet S.
The Lagrangian describing the kinetic terms of the scalar fields is

scalars

L5 = @1 (8, — 1D Wyo — 2 By — g X, Bay)
%
(0" + iZwho+iZ Bl + ig2 Xa, B ) @1
%
+ ) (9, — i Wuo —iLBy,) (7 + il wro +iZ By ) o,
+ (8, — 19z X5Bay) ST (0" + gy XsBY) S. (A1)

With the X-charge assignments of scalars as X¢ = 0, X¢, = Xs = a (see section 2.2.3),
the spontaneous symmetry breaking leads to the following mass term:

1 W;
£ = = (W Buy Boy) M3 | BY | (4.2)
By
where
1 gh? — 2 g1 go? —1ag1gzv?cos? B
M‘2/ = —% g1 g2’U2 % 95’02 % ago gZ/’U2 COS2 /8 . (A3)

—% a g1 gz v? cos? % agogpv’cos? B a? g%, (v% + v2 cos? B)
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Since v ~ the electroweak scale, and vg 2 TeV, we can approximate the mass eigenstates
v, Z,Z" in the limit vg > v as [91]

v = sin Oy W3, + cos 0w By, (A.4)

Z = cos By (cos Ow W3, —sin by By,) — sinfz By, , (A.5)

Z' = sinfyz (cos Oy Ws, — sin by By,) + cos 0z By, (A.6)

with masses
M, =0, (A7)
1
Mz~ 5 (91 +02)v" = A, (A-8)
M3, =~ a’gy (v +v?cos® B) + A. (A.9)

Here tan Oy = g2/g1,

a? (g% + 93) g% v* cos’ B

1
A== A.10
1 G2+ oo ) 1 (0 + D)7 -
Sine , o~ _1 a g%_‘_g%gzlvzcosgﬁ (A 11)
R (v e ) 3 (] '

Note that since v < vg, we have A ~ v2(g? + g3)(v/vg)? cos* B < v?, and therefore
MZ’ ~ agz'vs (A12)
Also, the Z—Z' mixing angle 6 is given by

/o2 202 o2 M
91+ 907 cos S _ Zicos2ﬁ. (A.13)

2agZ/v% N My vg

sin HZ’ ~

Thus, the Z-Z' mixing is automatically suppressed: 67 ~ O(1073). Therefore, it would
not affect our model.

B Controlling flavour changing neutral currents mediated by scalars

When the singlet S is heavy and effectively decoupled, the scalar doublets &1 and ®5 can
be parameterized as [92]

Hi =cosBP| +sinf®Py, Hy=—sinfP; + cosf[ Py, (B.1)

where

0
o ( [h sin(a—ﬁ)—HCOS(Q_B)+iGO+U]> ’

Sl

—_

Ht
Hz = (‘ [h cos(a—ﬁ)+Hsin(a—B)—iA]> ’ (B.2)

S
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such that only the combination H; gets a vacuum expectation value. Here h is the SM-like
Higgs with mass equal to 125GeV, and H, A and H* are the heavy Higgs, psuedo-scalar
Higgs and the charged Higgs, respectively. The Lagrangian in eq. (2.12) expressed in terms
of Hy and Hs is

Lyvuk = QifL [(y% cos B+ Y'sinB) HY — (Y{'sin f — V" cos 3) HQC] uf
+ QifL [ (;Vfl cos B + e sinﬁ) Hi — (yf sin B — yl cosﬁ) H2:| d%. (B.3)

This Lagrangian can be expanded to obtain the flavour changing neutral current (FCNC)
interactions mediated by the Higgs bosons. Since the up-type quark mass matrix has been
chosen to be flavour diagonal (see section 2.2.1), there are no tree-level FCNC’s in the up
sector. The tree-level FCNC’s of d-type quarks hence can be written as

LEONG _ \}QdLVéKM [(yf sin 8 — Y cosﬂ) <Hsin (= ) + hcos(a— ) — ZA)] dR .
(B.4)

From the above Lagrangian, it can be seen that the FCNC contributions of H and A have
opposite signs and hence they tend to cancel if « — 3 ~ § and M ~ Mpg. The FCNC
contribution of the light Higgs h also vanishes for « — 8 ~ 7. Such limits naturally appear
in the decoupling scenarios for two-Higgs doublet models, and can be easily incorporated
by the suitable choice of parameters in the eq. (2.32). The scalar spectrum in our model
is Mp < Mg, Ma, Mg+ < Mg.

Note that though the charged Higgs H* will not contribute to tree-level FCNC, it will
have contributions through the penguin and box diagrams. In the decoupling scenario,

such contributions would be miniscule and may be ignored.

C Enhancement or suppression of b — svv

The effective Hamiltonian for b — svyry in SM is [69, 71]

4GF Qe

V2 4

where CPM = — X, /5%, with X; = 1.469 £ 0.017 [71]. The Z’ mediation also generates the
contribution to the same operator. The combined SM and NP effect is

Hop' = thV}s CM 5Ty, b1 ] [Ty (1 — s)ve] (C.1)

4GF (07

tot _
Heogr \[ =

Vi Vi (CEM + C17) [527 b1 [Pau(1 = v5)wa] 4 (C2)

with CNP ¢ = (21— 23)myeg% /(V2M% Gra.) The right handed current operator contribu-
tions are small (see arguments leading to eq. (2.36)) and are neglected. NP can enhance
the rate of an individual lepton channel b — svpvp if (21 — 23)ye < 0. In experiments, the
branching ratios and the decay widths corresponding to b — sy has to summed over all
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Figure 6. Predictions for R,, with different symmetries from table 3.

the three generations of neutrinos. We consider the quantity R,, which gives us a measure
of NP effects

M4 O 4 [CBM 4 P T2 4 [C3M 4 P TP

R,, = C.3
e (©3)

The enhancement or suppression of the branching ratio crucially depends on the combined
effects of (x1 — x3)y, for the three generations.

In figure 6 we show the value of R,, as a function of My for all the symmetries
in table 3, where the coupling has been fixed to gz = 0.4. It is observed that the net
increment is not more than 10% for all symmetries. (Note that for some symmetries,
the lower values of masses may not be allowed, as shown in figure 2, in which case the
deviation would be further reduced.) The enhancement and suppression is thus too small
for the current experiments to be sensitive to — The current bounds on BR(B — K*)vp)
are 4-5 times higher than the SM prediction [71], while Belle2 experiment is expected to
reach a sensitivity close 30% from SM by 2023 [93].
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