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Abstract We investigate Rp and Rp+ anomalies in a
low scale left-right symmetric model based on SU(3)¢ x
SUR)L x SUQ2)g x U(1)p—r with a simplified Higgs sec-
tor consisting of only one bidoublet and one SU (2) g doublet.
The Wilson coefficients relevant to the transition b — ctv
are derived by integrating out the charged Higgs H* boson,
which gives the dominant contributions. We emphasize that
the charged Higgs effects, with the complex right-handed
quark mixing matrix, can account for both Rp and Rp-=
anomalies simultaneously, while adhering to a set of signif-
icant constraints including, for instance, BR(B, — 77 V)
and Byg) — Bs(d) mixing. In relation to this, we show that
the predicted values of the D*, T longitudinal polarizations
and P (D) can be affected for the set of the parameters of
the model resolving the Rp p+ anomalies.

1 Introduction

In flavor physics, the two ratios Rp and Rp+ are among
several long-term tensions between the Standard Model (SM)
and the related experimental measurements. These ratios are
defined by

B(B; — {D*, D}tv)
B(B; — {D*, D}lv)’

ey

Rp+p =

where [ = e, u. The processes B, — {D*, D}{v with
¢ = [, 1 arise at tree-level from the four fermion tran-
sition b — ctv. Upon combining different experimental
data by BaBar Collaboration [1,2], Belle Collaboration [3-6]
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and LHCD Collaboration [7-9], the Heavy Flavor Averaging
Group (HFLAV) obtained the average of Rp and Rp+ for
2021 as [10],

Rp =0.339 +£0.026 + 0.014, 2)
Rp+ =10.295+£0.010 £ 0.010. 3)

Recently, with the announcement of the LHCb collaboration
new results of Rp and Rp+ in autumn 2022 using the Run 1
data sample of a luminosity of 2 fb~!, the HFLAV obtained
a new averages of Rp and Rp+ for 2023 as [11],

Rp = 0.356 £ 0.029, “)
Rp+ =10.284 £ 0.013. 4)

The corresponding averages of SM predictions as reported
by HFLAV [10] based on the predictions obtained in Refs.
[12-14] are given by

RIM = 0.298 4 0.003, (6)
RIM = 0.254 4 0.005. (7

Clearly, the listed results of Rp and R p+ in Egs. (2, 3) exceed
the SM predictions given above, by 1.40 and 2.90 respec-
tively. Moreover, as reported by HFLAV [10], the difference
with the SM predictions reported above, corresponds to about
3.40[Rp — Rp+] combination. In Ref. [15], the authors used
all the available experimental data and took the higher deriva-
tive QCDSR constraints on HQET parameters into account
to fit B, — {D*, D} form factors, and gave the accurate SM
prediction of Rp+ and Rp. The result of their investigation
indicated a 40 discrepancy in Rp+ and Rp. All this may
serve as a hint for a violation of lepton-flavor universality.
In the literature, many theoretical models have been inves-
tigated aiming to explain the Rp and Rp+ anomalies. Based
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on the remark that the measured ratio Rp+ is higher than
its value in the SM, attempts in many models have focused
on enhancing the rate of » — ctv transition through extra
contributions arising from the new particles mediating the
transition. This turns to be much easier than reducing the
rate of b — c(e, u)v transitions, given the much more severe
restraints on the couplings of new physics to muons and elec-
trons [16].

The new particles mediating the » — ctv can be spin-0
or spin-1. In addition, they can either carry baryon and lepton
number (leptoquarks) or be B/L neutral (charged Higgs and
W’). As reported in Ref. [16], the existing models can be
classified into three main categories:

e Models with charged Higgs [17-22]. In these class of
models, integrating out the charged Higgs, that medi-
ates b — ctv transition at tree-level results in scalar—
scalar operators contributing to decay rates. The con-
tributions of these additional operators can be con-
strained using the measured B, lifetime. This leads
to the upper limits BR(B, — t7v;) < 40% [23],
BR(B; — 17 v;) < 30% [24] and a much stronger
bound BR(B. — t7v;) < 10% was obtained from
the LEP data taken at the Z peak [25]. Later on, the
bounds using the measured B, lifetime had been critically
investigated and relaxed upper limit of < 39% [26] and
< 60% [27,28] were obtained. An analysis of the LHC
sensitivity of the charged Higgs that can explain Rp and
R p+ anomalies showed that the bound 400 GeV < m g+
is more stringent than B, lifetime bound [29]. Based
on the finding of Ref. [29] and other investigations car-
ried out later in Refs. [30,31], the available charged
Higgs mass range for the explanation of the Rp and
Rp+ anomalies within 1o range is bounded from the
above as my+ < 400 GeV. It should be remarked that
mpy= > 400 GeV is ruled out by the Tv resonance search
at the LHC [29,32], the low-mass bottom flavored di-jet
search [33,34] and a conventional search for tau slep-
tons [35] set constraint on the available parameter region.
Recently, the analysis has been extended to cover the
mass range 180 GeV < mpy+ < 400 GeV [30,36].
Experimentally, searches for charged Higgs bosons at
high-energy colliders such as the Large Hadron Col-
lider (LHC) have set model-dependent limits on their
masses. ATLAS and CMS collaborators have searched
for charged Higgs bosons that have large couplings only
to the third generation, looking for multijet events with
one lepton and at least 2 b-jets. They have carried out
dedicated searches only for charged Higgses that domi-
nantly couple to tb quarks. In addition, there is no dedi-
cated searches looking for a charged Higgs with sizable
couplings to both g b and t b quarks [37].

@ Springer

The production of charged Higgs bosons is influenced
by the particle’s mass and its couplings to other parti-
cles, which are determined by the specific beyond the
Standard Model (BSM) scenario being considered. When
the charged Higgs boson is heavier than the top quark,
the experimental constraints on its mass become weaker.
Certain regions of the charged Higgs boson mass param-
eter space have been excluded by experimental searches,
even for masses higher than the top quark mass. How-
ever, these constraints depend on the couplings to other
particles, particularly top and bottom quarks. We have
ensured that our coupling parameter, g, is below the
limits obtained from previous model-independent analy-
ses in Ref. [37]. Therefore, the mass of the charged Higgs
boson can fall within the range of 200 GeV to 1 TeV.

e Models with heavy charged vector bosons [38,39]. In
such class of models, integrating out W'’s yields new
contributions to the vector-vector operators. Simultane-
ous explanation of both Rp and Rp+ with left-handed
neutrinos requires non zero values for the associated new
contributions. It should be noted that, these class of mod-
els are subjected to constraints originating from the pres-
ence of an accompanying Z’ mediator. Thus, the vertex
Z'by sy, can be inferred from the W/by ¢y, vertex through
the SU (2) invariance. The Z'by sy term in the Lagrangian
can lead to tree-level flavor-changing neutral currents
(FCNCs) and hence there is a need to some mechanism
to subdue the contributions of this term. One way to do
that is to assume minimal flavor violation (MFV) as con-
sidered in Refs. [40,41]. However, adopting this choice
in general can not suppress Z'bb and Z't T vertices. Con-
sequently, LHC direct searches for Z' — Tt resonances
can result in stringent restraints on the related parame-
ters of the models. However, as shown in Refs. [41,42],
selecting unnaturally high Z” widths helps to avoid these
severe constraints.

e Models with leptoquarks [18,43]. Either scalar and vec-
tor leptoquarks can be potentially favored as an expla-
nations for the Rpe anomaly [42,44]. These models
are subjected also to many important constraints includ-
ing those from b — svv restraints [42], searches at the
LHC for Tt resonances [41,42], and the measured B,
life-time [24,25]. However, these constraints turn to be
weaker compared to the corresponding ones imposed on
the alternative models described above [16].

In this study, we aim to derive the effective Hamiltonian
resulting from the four fermion transition & — ctv in the
minimal left-right model with an inverse-seesaw (LRIS). At
tree-level, the transition is mediated by the exchanging of
the charged Higgs boson in the model. The large neutrino
Yukawa, which measures the strength of the charged Higgs—
lepton interaction, and the charged Higgs—quark interaction,
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which is proportional to right-handed mixing matrix V5 XM,
are notable features of this class of left-right model with an
inverse seesaw mechanism that motivate it to solve Rp and
Rp+.

Having the effective Hamiltonian, we will proceed to
show the dominant Wilson coefficients contributing to the
ratios Rp and Rp=. Consequently, we will display the depen-
dency of the ratios on the parameters of the model to deter-
mine the most relevant ones. Moreover, we reexamine the
relation between the observable Rp+ and BR(B, — tv;),
reported in Refs. [24,25], in light of Belle combination [6]
and LHCD [8] experimental results, and the projection at
Belle II experiment with an integrated luminosity of 50 ab~!
[45]. This turns to be very important because the constraint
on BR(B, — tv;) affects substantially the contributions
from scalar operators [26-28]. The By ) — B (4) Mixing can
lead to possible constraints on the parameter space related to
the the ratios Rp and R p+. These constraints will be investi-
gated in this study also. Finally, we will also investigate the
possibility of resolving the anomalies after including the new
contributions to the Wilson coefficients of the total effective
Hamiltonian in the presence of the LRIS model and give
predictions of the D* and 7 longitudinal polarizations.

This paper is organized as follows. In Sect. 2, we give a
brief review of the left-right model with inverse seesaw. In
the review, we discuss the gauge structure and the particle
content of the model. We also discuss the fermion interac-
tions with charged Higgs and with the charged W, W’ gauge
bosons. These interactions are required to derive the effective
Hamiltonian governs the processes contributing to Rp and
Rp+. Then, in Sect. 3, we present the effective Hamiltonian
describing b — ctv transition in the presence of a general
New Physics (NP) beyond the SM. Particularly, we derive the
analytic expressions of the Wilson coefficients up to one loop
level originating from the charged Higgs mediation in LRIS
model under study in this paper. Based on the Hamiltonian,
we show the total expressions of Rp and Rp=. In Sect. 4, we
give our estimation of Rp, Rp+, the D* and 7 longitudinal
polarizations and their dependency on the parameter space.
Finally, in Sect. 5, we give our conclusion.

2 Left-right model with inverse seesaw (LRIS)

The gauge sector of the minimal left-right model with an
inverse-seesaw (LRIS) is based on the symmetry SU (3)¢ X
SUQ2)L x SUR)g x U(1)p—r. The particle content of the
model includes the usual particles in the SM in addition
to extra fermions, scalars and gauge bosons. Regarding the
fermion content of the model, it is the same as its coun-
terpart in the conventional left—right models [46-53]. The
scalar sector consists of only one Bidoublet ¢ and one dou-
blet xr, which is more minimal and able to circumvent the

stringent FCNC constraints placed on the conventional left—
right model. Additionally, we abandon using the left-handed
doublet in order to prevent the severe fine tuning in the VEV
of the neutral component of the left-handed doublet scalar,
vr, caused by light neutrino masses. As a result, our model
is SU(2)r x SU(2)r gauge invariant but not symmetric in
left-right parity.

The implementation of the IS mechanism for neutrino
masses can be carried out via introducing three SM sin-
glet fermions 7 with B — L charge = —2 and three singlet
fermions S> with B — L charge = +-2. It should be remarked
that, this particular choice of the B — L charges of the pair
S1,2 assures that the U (1) p—1 anomaly is free.

The scalar sector of the LRIS model contains SU (2) g
scalar doublet xg with B — L charge equals -1, and a scalar
bidoublet ¢ with zero B — L charge. The extra doublet and
bidoublet are essential for breaking the symmetries of the
model upon having nonvanishing VEVs. We define (xr) =
vR/ /2 and assume that v g of an order TeV to break the right-
handed electroweak sector together with B — L. Regarding
the VEV of the scalar bidoublet ¢, we use the parametrization
(¢) = diag(k1/~/2, k2/~/2) where ki = vsg, ko = vcg and
hence v? = k% + k% with v of an order O(100) GeV to
break the electroweak symmetry of the SM. Here and after
we use the definitions s, = sinx, ¢, = Ccosx, f, = tanx
and ct, = cotx.

The scalar—fermion interactions in the LRIS model can be
inferred from the left-right symmetric Yukawa Lagrangian
which can be generally expressed as

3
Ly = Z YiLLidLgj + S5 LLidLR) + y,»? QLi¢Orj
i j=1

+§§ 0LidQrj + ¥, LriXrS5; + H.c., ®)

here i and j are family indices that run from 1. ..3, y¢ and
7€ represent the quark Yukawa couplings while y% and 7%
stand for the lepton Yukawa couplings. It should be noted that
a Z4 discrete symmetry is implemented in order to forbid a
mixing mass term M 3:;'82 and thus preserving the IS mech-
anism in a way similar to imposing Z, symmetry discussed
in [54]. Under this discrete Z, symmetry, S1 has a charge —1
and all other fields have a charge +1. The fields in Eq. (8)
are defined as

+ 0 4+
_ (Xr _ (% ¢1)

& (x,%)’ ¢ <¢; 9

QA=<Zj), LAz(:’Af), for A=L.R. (9

The dual bidoublet 5 and doublet X are defined as 5 =
T¢*rp and Xr = i1y} respectively. Clearly, from the scalar
sector of the model and before symmetry breaking, there are
12 scalar degrees of freedom: 4 of xg and 8 of ¢. After

@ Springer



731 Page 4 of 19

Eur. Phys. J. C (2023) 83:731

symmetry breaking, six scalars out of these 12 degrees of
freedom remain as physical Higgs bosons while the other
degrees of freedom are eaten by the neutral gauge bosons:
Z, and Z and the charged gauge bosons: WMjE and Wl’f
to acquire their masses. The physical Higgs bosons are two
charged Higgs bosons, one pseudoscalar Higgs boson, and
the remaining three are C P-even neutral Higgs bosons. For a
detailed discussion about the Higgs sector of the LRIS model
we refer to Ref. [55].

We turn now to the neutrino sector of LRIS model. After
breaking the B — L symmetry, one finds that the neu-
trino Yukawa interaction terms lead to the following mass
terms[54]:

L) =mpirvg + Mri$Sy + h.c., (10)

where Mp and Mp are 3 x 3 matrices related to vg and
Dirac neutrino masses respectively via Mg = ySvg/+/2 and
Mp = v(yLs,g + chﬂ)/ﬁ. In addition one may generate
very small Majorana masses for S » fermion through possi-
ble non-renormalizable terms. This tiny mass is required in
the standard inverse seesaw mechanism for generating light
neutrino masses [56-59]. Thus, the Lagrangian of neutrino
masses can be expressed as

_ _ | —
[::1 ZMDVLVR“‘MRV;SZ‘FEILSZSESZ“‘Hf-, (11)

where i1y < 1079 GeV, as it is suppressed by high non-
renormalizable scale. The inverse seesaw mechanism actu-
ally depends on small mass scale 2, which violates the resid-
ual Lepton number symmetry after breaking the LR symme-
try. The light neutrino masses vanish identically in the limit
of upy — 0, and the lepton number is restored. According
to 't Hooft criteria, such a small scale is natural. We demon-
strated that this mass parameter can be generated using a
non-renormalizable dimension 7 operator [54], and despite
its small size, it plays an important role in generating very
small neutrino masses in this mechanism. In this context,
the neutrino mass matrix can be written as M, ¥y with
Y = (v§, Vg, S$2) and M, is given by

0 Mp 0
ML 0 Mg]. (12)
0 M} g

M]}:

Note that in order to avoid a possible large mass term
mS1 S, in the Lagrangian (8), that would spoil the above
inverse seesaw structure, one assumes that Lg, xg, and S
are even under a Z;-symmetry, while S; is an odd particle.
Furthermore, similar to S, the fermion S can acquire a mass
via another renormalizable term. As discussed in Ref. [60],
S1 can be a natural candidate for warm dark matter. It is a

@ Springer

kind of sterile neutrino that has no mixing with active neu-
trinos and hence can only interact with Z’ gauge boson. As
a consequence, S is not subjected to all constraints imposed
on sterile neutrinos due to their mixing with the active neu-
trinos. On the the hand, the mass of S; has to be of order
O (10keV) to satisfy the combined constraints from Lyman-
« forest data [61] and phase space arguments for fermionic
dark matter [62]. This can be accommodated by choosing
s, = O(10keV) without any conflict with the mass param-
eter jis, contributing to the neutrino mass matrix given below
which is required in our analysis. Moreover, for S; being hot
dark matter, any related expected constraints will be set on
its mass g, and its couplings to the Z’ gauge boson which
have no effects on the tau couplings to neutrinos or neutrino
masses or neutrino mixings needed in this study.

Following the standard procedure, the diagonalization of
M, results in the light and heavy neutrino mass eigen states
ve;, vp; with the mass eigenvalues given by:

my, = MpMp' e, (MR)™'Mpy, i=1..3, (13)
m2 =My +M>p, j=1...6. (14)

V.
h_/

The light neutrino mass matrix in Eq. (13) must be diagonal-
ized by the physical neutrino mixing matrix Uys [63], i.e.,

U,gNSmw[ Uyns = mgei = diag{m,,, my,, m,_}. (15)

Thus, one can easily show that the Dirac neutrino mass matrix
can be defined as:

Mp = Unns \/m, R/ i, M. (16)

where R is an arbitrary orthogonal matrix. Clearly, for Mg
at TeV scale and gy, < Mp the light neutrino masses can
be of order eV. The 9 x 9 neutrino mass matrix M,,, can
be diagonalized with the help of the matrix V satisfying
VIM,V = Mﬂ“‘g. The matrix can be expressed as [64]

Vex3 Vexe

V= (V3><3 V3><6) . a7

As a good approximation, the matrix V343 can be given a
1 T
Vixz > (1 — EFF Umns - (18)

where F = M DMEI. Generally F, as one can see from
the expression of V343, is not unitary matrix. This unitarity
violation, i.e., the deviation from the standard Uy,ys matrix,
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depends on the size of 1 F FT [65]. The matrix Vsxg is given
by
Vixe = (03x3, F) Voxe- (19)
In addition, Vg3 = (V3X6)T. Finally, the matrix Vg is the
one that diagonalize the {vg, S»} mass matrix.

The neutral scalar fields and their masses can be obtained

if one expands the neutral components of the bidoublet ¢ and
the doublet x g around their vacua as follows

1
0 OR | : 0]
¢; = —ﬁ(vi+¢i +ig;), (20)
where ¢; = @12, xg and v; = k2, vg. In this case, the

symmetric mass matrix of the C P-odd Higgs bosons in the
basis (¢, ¢(2)1, X,%I) is given as

1
2
MA:§<

which can be diagonlized by a unitary matrix in the form

2

c% spc

vhas) B ’izﬂ
B

0
o, @n
02/3 O

— 402 (20 — ,\3))

0 01
—Sﬁ Cﬁ 0 B
Cﬁ Sﬁo

ZA

(22)

leading to ZAM3ZAT = diag(0, 0, m?%) with the physical
mass of the pseudoscalar boson A, mi, given by

mi = 21)2()»182 + )»236‘2 + A4s2pg) + l L +1 Ol321)%,
p p 4 \ c2p
(24)
1
miy = may = v3((A1 + A23)s2p + 2h4) — Zot?av%gtzﬁ,
(25)
mi3 = m31 = VuR(a135g + oacp), (26)
moy = 21)2()»16‘2 + )»23S2 + A4s28) + l L —1 Ol321)2
p p p 4 \ c2p ke
27
mp3 = m3 = vugr(a12cg + a4sp), (28)
m33 = 2p1vg, (29)
where the potential parameter «;; = o] + o, | = 2,3

and A3 = 2A7 + A3. This matrix can be diagonalized by a
unitary transformation matrix Z such that Z# M3, 1T =
diag(m%i1 s m%,z, m%_,g). For more details, we refer to Ref. [55].

The process under study can receive dominant contribu-
tions from the charged Higgs mediation at tree level as we
will show in the following. Thus, below, we list the relevant
charged Higgs couplings related to our study following Ref.
[55]. In the flavor basis (q)f, ¢2i, X,:gt), the charged Higgs
bosons symmetric mass matrix takes the form

2.2 2
VRSB VRS28

—UURS

5 C(32 €2 226‘2’% R ﬁ
Mpys = —= B _yoge 30)

2 2p RCB

U2C2ﬁ

5 1 v% 5 The above matrix can be diagonalized by the unitary matrix,
my == —az3 —4v°2ry —A3) | . (23)
A
2 28
chﬁ O URSﬁ
/vzc%ﬂ+v§s§ . ”255/3""”%?&[5
ZHE _ | _ VRS2 v2cy+uRsy VURCpC2p G1)
= 2.2 1,2
\/(vzcgﬁ+U%S§)(UZC%ﬁ+U%) vyt \/(vzc%ﬂ+v%s§)(vzc§ﬂ+v%)
URSB VRCB V2B

/1)zc§/3+1112Q

\/vzc%ﬂ-‘rv,ze

\/vzc%ﬂ +v3

Similar to the C P-odd Higgs bosons, the elements of the
(3 x 3) symmetric mass matrix of the C P-even Higgs bosons
are given by

The mass eigenstates basis can be obtained using the rota-
. +
tion (¢, 95, xi)T = zH'T(GF,GF, H*)T such that

@ Springer
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ZHiMiiZHiT = diag(0, 0, m?,.). Here Gf and G2i rep-
resent the massless charged Goldstone bosons and H* is a
massive physical charged Higgs boson. The massless Gold-
stone bosons are eaten by the charged gauge bosons W, and
W’ to acquire their masses via the familiar Higgs mechanism.
On the other hand, the mass of the charged Higgs boson H*
is given by:

2
o v
m%,;t =2 (—R + U2625> s (32)
2 28
where o3y = a3 — ap is a potential parameter Ref. [55].

Clearly, the charged Higgs boson mass can be of the order of
hundreds GeV if we pick out the values vg ~ O(TeV) and

~ O(1072). It is clear to see that, the physical charged
Higgs boson is a linear combination of the flavor basis fields

¢F, ¢35, X, namely given as
+ + +
H* = 27 gF 4+ 205 g% + 217 4k (33)

The effective Lagrangian, in the LRIS model, describing the
charged Higgs and the charged gauge bosons W and W’ cou-
plings to quarks and leptons can be expressed as

'H*
Losy = LU

Ly ey (34
=gt -

The Lagrangians EZ}IfH and EZ;}{ * can be obtained from

expanding Ly, given in Eq. (8), and rotating the fields to their

corresponding ones in the mass eigenstates basis. It is direct

to obtain

EZ?fH* F LReffP d; HE
+uirgdeLeffPLd,Hi +h.c., (35)
where
H* LReff
La d; ¢ Z(VCKM) ayzaZ32

Hj:
+ Z(VCKM)/ayza

a=1

3
H* RL eff
Fu,dj ¢ Z(VCKM)jayaz Z
a=1
+
+Z(VCKM)]ayat H ' (36)
a=1

In the LRIS model and after electroweak symmetry breaking,
quarks and charged leptons acquire their masses via Higgs
mechanism. Consequently, we can express the quark Yukawa

@ Springer

couplings in terms of the quark masses and CKM matrices
in the left and right sectors as

dzag R L diag
yQ — ! ( VCKM VekmMa )
(tg — ctg) Vg Uy
d R L diag
50 _ 1 mgVCKM VermMy 37
y , (37
(Ctﬂ — tﬂ) Uy Vg
with v = 246 GeV, v, = %, Vg = %. In the above

equation, M7 (Mgmg) is the diagonal up (down) quark
mass matrix, VCLKM and VgKM are the CKM matrices in the
left and right sectors respectively. The mixing matrices for
left and right quarks result in the CKM matrices in the left and
right sectors VCkad = VfTR VLd’ r- We can choose the bases
where Vi’ = I and as a result, in this basis, VCLKM = Vf .
Turning now to the right sector, we follow Ref. [66], where
the matrix VCRKM can be written as a unitary matrix similar
to VC x > but with new mixing angles 91.1; and a new Dirac

phase SR as follows:
Vém = K Vm (91R2’ 055015, 5R) KT, (38)

here the diagonal matrices K and K contain five of six non-
removable phases in VCRKM. It was emphasized that CP vio-
lation and FCNC in the right-handed sector can be under
control if the VCRKM is of the form

10 0

V&om = O cor sore™ |, (39)

0 s, —Cyre'®
O3 7053

where Cor = cos(913) and SpR = sm(@ 3) and as we will
see that, in the following, the phase « in the third column
plays an important role in increasing the values of Rp«. It
is also possible to have a non-vanishing phase in the second
column, which turns out to be irrelevant and has no effect on
the Rp or Rp+ results. Therefore, we set it to zero. We work
in the bases where Vg = [ and thus VCRKM = V¥4, similar to
the left-handed quark sector.

We proceed now to the lepton-neutrinio charged Higgs
interactions in the model under study. These interactions con-
tribute to the effective Lagrangian E:ﬁ;’ and generally, can
be written as

+\7,-I‘lfijLeffPLEjHi +h.c., (40)
with
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H* LReff _
L = Zya] ViaZi

3
L H*
=2 Vi ViaZ3
a=1
3

RES H*
- Z Yia Vie+aZ33

a=1

HERLeff _
Fvl 17 - Z i3+aYja Z31

+ Z Az (41)

The lepton Yukawa couplings y~ and $* can be expressed
as

\/zvu ¢
= Mp —tgM, ), (43)
y «/EUM B

where M, is charged lepton diagonal mass matrix. Finally, the
leptons and quarks gauge interactions related to our processes
at tree-level can be deduced from the effective Lagrangian

C:V’fw/ given by

, 1
w.W Wi
Lofr = ﬁgz cos pw (Véiew)ij Wit vy Prd,

—%gR sin gw (V) §: Wit v Prd
—I—%gz sin gw (Véiw)ij Wy iti v PLd;
—%gR cos pw (Vien) i W, iti vy Prd
+%g2 cospw VijWyuviy, Pre;
_%g,g sin pw Vi34 ; Wiubiyu Pre;

1 . _
+—=g2sinpw Vi; W, biy, Pre;

V2

1
———grcosowV, 3+]W ViyuPrej +h.c., (44)

V2

where ¢w is the mixing angle between Wy and Wg, which
is of order 10~3. We have now all the ingredient required for
deriving the effective Hamiltonian contributing to the tran-
sition b — ctv. In next section, we derive this Hamilto-
nian and list the expressions of the Wilson coefficients cor-
responding to this Hamiltonian.

3 The effective Hamiltonian relevant to the processes in
the LRIS

In the presence of NP beyond SM, the effective Hamilto-
nian governs |[Ac| = 1 B decays transition relevant to our
processes up to one-loop level derived from the diagrams in
Fig. 1, can be expressed as

Heff = ——nr Vcb((l + g55) @y PLb) €y PLv;)

G
N
+g 3R (Eyu PRD) (L™ PRv;)
+guR @y PLb) (€ y" PRv;)
+88E @y PrDY Ly PLv;)
+g5(EPLb) (L PLvy)
+8§ (@ PrD)(L; Prvi) + g§ R (€PLb) (L Prvi)
+g 8L (EPrb) (€, PLvy)
+grl (€0, PLb) (£ ;o™ Prv;)

+gRR (o, PRD)(Lj0 " PR v,-)>, (45)

where V,, is the cb Cabibbo—Kobayashi-Maskawa (CKM)
matrix element, Pp g = %(1 F¥5) O = %[yﬂ, v] and
as mentioned in Ref. [43] the tensor operator with chirality
(Couy PRb)(Z_jo“” P v;) vanishes. In case of £ = t we find
that the Wilson coefficients at the high energy scale u = m g+
can be expressed as

2
L(M) —sm ¢WZM13’
W/
RR L /.5 my Rk v
gy (u) = —| sin ¢W+TCOS ow (VCKM)SZZM i6
Vcb mW/ ,

2

m .

e = =(1+ 28 )23 cospu s,
W/

1 2
P = - b (1 + )(VCKM)3ZZM i3 COS @ sin gy,
Ci W/
LL(y)y = — V2 FHZ RLeff(l—-Hei LReff)x
4GFVCbm%_Ii #2643 vit3 ’
RR V2 HE LReff . ~H* RL eff
gs (n) = —mrum T
oMy
LR V2 H* RLeff RL eff \
n)==————-7T (F )
s AGpVpm?e B
RL V2 H*E LReff jnHE LR eff %
g5~ () = _4G1erm2iFu2d3 ) (th & R
cbMy
LL(y) = — V2 rH= RLeff(l—wHi LReff)
r = 967TGFVCbm2 n uadsy vits
H

1 .
(f(xc, xe) + 5 f (. x») + AR A7
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Fig. 1 Diagrams contributing to sz, in Eq. (45) up to one loop-level
due to charged Higgs mediation with V can be Z or y or both of them
depending on the fermion lines connecting them. In the figure when A
and B represent b and ¢ quarks the other two external lines will repre-

V2ag H* LReff ([ H* RLeff

RR
gr (W) = —————5— )
T 967G Vepm3y 2 vits

1 ,
<f(xc, xe) + 5 f (. xr)> + AgRREZ . (46)

2
. . m
where i refers to the neutrino flavor, x; = —&, f(x;, x i) =
m
H

m ( 1fix,- logxi —(x; <> x j)) and we set the energy scale
u = 1 TeV. In our numerical analysis, where all results are
evaluated at the bottom scale m; = 4.2 GeV, the evolution
down of the Wilson coefficients from the scale u = 1 TeV
to the bottom scale can be inferred from the renormalization
group evolution (RGE). It should be noted that in Eq. (46),
the tensor contributions to the Wilson coefficients g%L(u)
and g?R(,u) are generated from the one-loop diagrams in
the figure. Moreover, in the same equation, we kept only
the dominant contributions to the scalar Wilson coefficients
géB, with A, B run over L, R, which originate from tree-
level diagrams in Fig. 1. As we will show below, only these
tree-level scalar contributions will have sizable effects on
the ratios Rp p+ and other observables under concern in this
work.

As can be seen from Eq. (46), the coefficients gé" () and

gg L) have the same lepton vertex (Fg Z LReffyx There-

fore, they are expected to have different values due to receiv-

. . . . . +
ing different contributions of the quark vertices I')! deL eff

and Fg;jLReff expressed in Eq. (36) in terms of y¢ and

7€. Furthermore, Eq. (37) shows that the contributions from
the terms proportional to VCLK  to both y€ and 79 are sup-

@ Springer
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Y%
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sent v and 7. In the case that A and B represent v; and t, the other
two external lines should be understood as representing b and ¢ quarks
respectively

pressed by the small down quark masses appear in the matrix
s

In the processes under consideration, the corresponding
Wilson coefficient gé‘L(u) (gé“(,u)) receives contributions
only from the elements in the second column (row) of the
matrix Mg VR, which are present in both of y and
7€. With the texture of VCRKM given previously, we find that

my 0 0

mliasy R 0 mesgr | A7)

— me C
CKM = <o ,
—l

0 my;syre™* mycyre
13 13

In this regard, one can show that Rp, Rp+ and BR(B, —
T~ V) receive contributions from the terms proportional to
My $gR e~ which originate from géL (u) only and not from
ggl‘ (w). The other contributions generated from the Wilson
coefficient g § L () are proportional to the charm quark mass
which is small compared to the top quark mass.

. . . LL(RR)Z,Z’
Finally in Eq. (46), the quantities Agy refer
to the suppressed contributions, comparing to photon ones,
originating from Z and Z’' mediating the diagrams. Upon
neglecting the small contributions Ag;L’RR 22" \ye find the

following relations

247w 2
afE
247w

1

gk = —“—E<f(xc, x0) 4 = f (xp, xr)>g§L(M),
1

efR(p) = — <f(xc,xf) + Eﬂxb,xf))g?’?(m. (48)

For a charged Higgs of a mass 300 GeV we find that
gkl () ~ 1.4x1073 gk () and gRR ~ 1.4x 1073 g RR ().
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Clearly the tensor contributions to the processes under study
can be safely neglected. This is the case also regarding the
vector Wilson coefficients géB (n), where AB can be any
combination of the L and R chiralities, as they are suppressed
by either ::4 < 6.4 x 1073 for my ~ O(1TeV) or by
W

singw =~ ¢w ~ O(1073) or both of them. Consequently,
we are left only with contributions of the scalar Wilson coef-
ficients.

In the given expressions below, the quantities ggL,
ggl‘ , gé‘R and g?R refer to the Wilson coefficients at the bot-
tom scale ;© = my. In terms of these quantities, the ratios Ry
(M = D, D*) are given as [16,67,68]:

Rp = RS[1+ 1.49 Re(ef” + g§")
+1.02(1gf" + g5 P + 1685 + 855 P)]. @9
Rp+ = R%}f‘[l +0.11 Re(gRF — gkl

+0.04(1g 5" — gt 1P + 185 - nglz)]- (50)

It should be noted that in the above expressions of Rp, p+
we assumed that NP effects are only present in the third
generation of leptons (t, v;). This assumption is motivated
by the absence of deviations from the SM for light lepton
modes £ = e or u.

The D* and 7 longitudinal polarizations depend on the
same Wilson coefficients affecting the Rp p+ ratios. Thus, it
is relevant to our investigation to show their predicted values
for the set of the parameters of the model resolving the Rp p~
anomalies. The two observables have been measured at Belle
experiment. Their expressions can be written as [16,67,68]

FL(D*) = F?M(D*) rg,}[l +0.24 Re(gRF — gkl
+0.08(|gRE — ghL P 4 |gkR — gRR12)] (51)

P.(D) = PM(D) ' [1 +4.65 Re(gK" + gkh)
+3.18(1gKE + g5 P + 1g5% + ¢FF )] 52

P.(D*) = PPM(D*) rp! [1 — 0.22 Re(gRE — gkL)

g§h 1P+ 1gs% — gfR )| (53)

—0.07(1g&" -

: _ SM
with I'pe = RD(*)/RD(*)'
sured values of the D* and t longitudinal polarizations

reported by Belle collaborations namely, F f *PL(D*)

0.60 & 0.08 + 0.035 [69] and PEP'(D*) = —0.38 +
0.51J_r8:fé [4,5,70]. On the other hand their SM predictions
are estimated as FpM(D*) = 0.464 £ 0.010, PSM(D) =
0.321 4 0.003 and P3M(D*) = —0.496 + 0.015 [14].
Although the tau polarization observable P;(D) is known
to be a good discriminator of scalar contributions originated
in many beyond SM physics, (for instances the leptoquark

In our analysis we use the mea-

(LQ) scenarios [71] ) there is no available experimental mea-
surements of this observable so far. However, it is important
to show its prediction in the model under study.

The tree-level charged Higgs boson exchange also modi-
fies the branching ratio of the tauonic decay B, — 7~ v, as
follows [16,67,68]

BR(B, — 1 ;) = BR(B. — 7 i;)sm

m3, 2
< | 11+ c (gRL — gLLy
[ me(mp +me) S §
2 2
mp LR _RR
——(g5" —gs )| |- (54)
‘mf(mb +me) O3 5

where m3, /m.(mp +m.) = 4.065 and

BR(B, — t 7 Vr)sm

G2 m? \2
= w5 o= Vel mp (1= 2 ), (55)
8w my.

where V., stands for the CKM matrix element, tp. and
fB, denote the B meson lifetime and decay constant,
respectively. The SM prediction of BR(B, — t7v;)sm =
(2.25 £ 0.21) x 1072 [72]. Unfortunately, no direct con-
straints from upper bounds on the leptonic B, branching
ratios are available from the LHC. In view of this, an esti-
mate of abound on BR(B, — 77 ;) has been derived from
LEP data at the Z peak in Ref. [25]. The bound turns to be
strong BR(B, — 17 v;) < 10%. Later on, the bounds using
the measured B, lifetime had been critically investigated and
relaxed upper limit of < 39% [26] and < 60% [27,28] were
obtained. Thus we will follow Ref. [72] and take in our anal-
ysis the bound: BR(B, — t71;) < 60%.

The processes By — ZXEZ, where £, denotes a charged
lepton, can be used to derive constraints on the parameter
space on the model under concern in this work as we discuss
in the following. These processes are mediated at tree-level
by the neutral Higgs (H/9 = HO° h¥, A®) exchange. Their
branching ratios, including tree-level neutral Higgs contri-
butions, can be written as

GpMy r—— o
803 1—4x,'MBSfBSmlA‘L’BS

2

BB — t5t;] =

3 (¢l - )

X s _ Cbs _ C/bs)
2my, (ms + mp) ( A 4

2
2 (b 'bs
M, (Csv —Cs Y)

2my, (mg + mp)

x [1 —4x§] , (56)

my. _ .
where x; = 37, 7p, and fp, stand for the By meson life-

time and decay constant, respectively. In the above equation,
the neutral Higgs non-vanishing Wilson coefficients only

@ Springer
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include Cf,f s C;é’fs. Their expressions are listed in Eq. (69)
in Appendix A.l. On the other hand and within SM, up to
one loop-level, we have le’,s = C},’s = C/fs = 0[73] and

2 2
ClS = —VAV,Y (m—;> % Ve Y ( c ) : (57)
MW MW

The function ¥ = nyYy is defined in a way that the NLO
QCD effects are included in ny = 1.0113 [74].The expres-
sion of the one loop Inami-Lim function Yy is given as [75]

Yo(x) = = 4_x+ SR ) (58)
8 (1 —x)?

It should be remarked that, the SM Wilson coefficient Cff
is scale independent as its corresponding effective opera-
tor corresponds to conserved vector current with vanishing
anomalous dimensions [73].

In our analysis we use the numerical values of the CKM
matrix elements reported in Ref. [76]. Moreover, the numer-
ical values of the mass and life time of By are taken from
Ref. [77] and we take the value fp, = 0.230 GeV [78].
Setting the neutral Higgs Wilson coefficients to zero in Eq.
(56), we find that Bsy (B — utp™) = 4.1 x 107 and
Bsy(BY — tFt7) = 8.7 x 1077, We note that the SM
prediction for the process B? — ptu~ obtained here is
larger than the well known one by Misiak et al. (2013) read-
ing Bgy(BY — utp™) = (3.65+£0.23) x 1072 [79]. This
can be attributed to the fact that the authors of Ref. [79]
performed extensive study and included O (c,,) and 0(0[3)
corrections to the amplitude of the process. Experimen-
tally, from the non observation of the decay BSO — tt77,
we have the upper limit B(B? - ttt7) < 6.8 x 1073
[77]. This result allows new physics to have large contri-
butions to B(B? — t717) and hence one obtains very
loose constraints. This is not the case regarding the pro-
cess B? — 't~ for which the experimental measurements
B(Bs = w7 ey = (3.0970355010) x 1079 [80]. We
refer to Ref. [10] for the results reported by the CMS, ATLAS
and CDF collaborations. Using the 2o range of the HFLAV
average B (B, — T ) g ay = (345 £0.29) x 10~°
[11] and with the help of Eq. (56), we can derive the required
constraints on our parameter space

In the model under consideration in this work, the B4y —
By(4) neutral meson mixing receives new contributions from
tree-level diagrams mediated by the exchange of neutral
Higgs bosons, box diagrams mediated by the charged Higgs
only, the W’ bosons only, both charged Higgs and W’ or W+
together and finally both W’ and W¥ together. In Appendix
A.1.1, we list the set of the operators contributing to the
effective Hamiltonian governing the Bj(s) — By(q) mixing
and their corresponding Wilson coefficients. Following the

@ Springer

analysis in Ref. [81], we can use the reported experimen-
tal and SM values of AMp, , and AMIS;E’fJ respectively to

impose the constraints 0.85 < AMSMJrHi/AMSM < 1.10

and 0.81 < AMS]:/HH /AM?;M < 1.03 up to 20 level.

The b — sy can lead to constraints on the parameter
space of the model under consideration. In our investigation
of these constraints, we work in leading logarithmic (LL)
precision. Charged Higgs can mediate a loop diagram similar
to the one in the SM but with replacing the charged W bosons
with the charged Higgs. On the other hand, the contributions
of the neutral Higgs boson to b — sy are suppressed and
thus can be neglected. This can be explained as the flavor
off-diagonal elements in the down sector can be stringently
constrained from the tree-level decays. Thus, we are left with
the contributions originating from charged Higgs mediating
the loop diagram.

In the small #g and a3, scheme adopted in this study, we
find that the effective couplings ng LReff and ng LR eff
appearing in Eq. (36) are so tiny, regardless the values of the
parameters « and 613. This is not the case if one considers
I‘gi RLeff gpg Fg)i RLeff which can be of order O(10~2)
or larger than that. Consequently, in our analysis, we keep
only the dominant contributions to b — sy in the following.
Upon, neglecting the operators with mass dimension higher
than six, one obtains the same effective Hamiltonian as in the
case of the SM [82]

_4Gr

b—> s
H =Sy _ th

off Z Ci 0;. (59)

In the approximation we adopted above, charged Higgs, prop-
agatlng inthe loop, contributes only to the Wilson coefficients

C; H* and C8 correspondmg to the operators
07 = 62 VPRbFM,);
Og = %mbsa““T“PRbG (60)

. . + + .
The Wilson coefficients ¥~ and C{™ are given as

2 3 0 )
cH* ~ YU NT pRLH*« pRLH* Cyy ()
T = A ujds ujds m2 s
' j,l uj

H*
C8

| 2

0 .

Z pRLHE pRLHE Gy O7)

; ujdy ujd3 mz% ’
J

where y; = mu/,/mHJr and A; = Vy, V. The expressions of

CYyy and CJ , read [82];
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Fig. 2 Left (right) Rp+ (Rp)

variation with géL where the 0.301 0.6f ]
shaded green regions represent ' 050
the allowed 20 region of their ’
experimental values . 0.28¢
Q
iy

0.26¢
0.24} 02
-10 -05 00 0.5 1.0 -10 -05 00 0.5 1.0
LL LL
gs gs
0.50
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C7,YY(y_j) . ) ) «, 040
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o L 0.30¢ - Rp”
Cgyy(vj)
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My
From [83-85] we have
Fig. 3 Rp and Rp~ as function of the charged Higgs mass where the
B*P (b — sy) 1=_287 [CHi +0.19 CHi:I parameters as stated in the text are chosen as follows: ¢4z € [—1, 1],
BM(b — sy) - 7 o8 a € [0, 7], a3y € [0.00166, 0.00716] and 74 € [0.15,0.25]
= (—0.7+£8.2) x 1072, (62)
leading to [83] Furthermore, we have checked that gX% is about one
. . order of magnitude smaller than ggL; thus for real ggL (.e.,
ICH™ +0.19CH71 <006 (o). (63)  Re(ghl) = gkL), one finds

Here, we used C7Hgi at a matching scale of 1 TeV as input.
Again, these constraints are so stringent that the effect of
C{I; on the flavour anomalies can be mostly neglected.
Finally, It is worth to recall that, due to the requirement
of having light neutrino masses we found that the contribu-
tions of the right neutrino sector to the corresponding Wilson
coefficients g § R(w) and géR (w) are very small and thus can
be safely ignored, leaving us with only g5%(w) and g&% ().

4 Numerical results and analysis

Having discussed all relevant constraints related to the ratios
Rp.p+, we are ready now to estimate their predictions in
the model under concern in this investigation. To proceed,
we need first to show, numerically, the RGE running effect
of g&= "t (w) from o = 1 TeV to mj, = 4.2 GeV scale.
According to the estimation carried out in Refs. [86,87], we
have

gRL 1.71 0 gR(u=1TeV)
e )=\ o L, _ . (64)
g5 71 g5 (u=1TeV)

Rp ~ RSDM[l +1.49g5F 4 1.02|g§L|2], (65)
Rpr ~ Rg¥[1 —0.11gkL + 0.o4|g§L|2]. (66)

This expression clearly shows that enhancing the values of
R p+ to be in the range of the given experimental results, while
keeping the limit —1 < géL < 1 in mind is possible for a
range of negative values of ggL as can be seen from the left
plot in Fig.2. However, as can be remarked from the right
plot in Fig.2, these negative values reduce Rp below their
allowed 20 region of the experimental results shown by the
shaded green region in the plot. Clearly, we deduce that the
phase « of the mixing matrix VCRK 18 crucial to solve the
concerned anomalies for the processes under consideration.

The attainable values of the Wilson coefficients géL and
ggL are affected by the charged Higgs mass. As a result,
to enhance these coefficients and thus the values of Rp and
Rp+ while adhering to direct search constraints, the charged
Higgs masses should not be too heavy, namely of the order
of hundreds GeV. According to Eq. (32), this can be accom-
plished by considering vg ~ O(TeV), a3y ~ O(1072) and
1 less than one. Remarkably, from the pre factor 1/(tg —ctg)
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Fig. 4 Rp and Rp+ as function of the sin of mixing angle 91R3 left and the phase « of the VCRK  Matrix right and other parameters are fixed as in

the previous figure

in Eq. (37), itis direct to see that small zg values can enhance
also the quark Yukawa couplings and hence together with the
angle 0{% and the complex phase « of the right-quark mixing
VCRK - defined in Eq. (39), play crucial roles in increas-
ing the values of Rp and Rp+, and allow them to take val-
ues that are compatible with the limit of the experiments
at the same time. In our scan of the parameter space we
take a3p € [0.007,0.016], 15 € [0.15, 0.25], Cox € [—1,1],
o € [0,7] and vg = 6400 GeV. With this in hand, we
show below our results corresponding to the scanned points
in the parameter space respecting all the bounds discussed in
the previous section. It should be noted that, in these results
we only select the points that lead to values of Fr(D*) and
P, (D*) within their 20 range of the corresponding exper-
imental results. Moreover, we have checked that, for these
parameters in the chosen ranges and values, the contribu-
tion of the ggu are irrelevant and can be safely neglected.
This confirms our previous conclusion that only the Wilson
coefficient géL plays the major role through the terms pro-
portional to m; s, K e~'% In the following, we present a set of
elucidative plots of Rp and Rp+ versus some selected rele-
vant parameters of the model. It should be noted that these
plots were generated through a random scan and therefore do
not reflect any specific correlations with the chosen parame-
ter.

In Fig. 3, we display the variation of Rp and Rp+ with the
charged Higgs mass. As can be seen from the figure, it is pos-
sible to account for the experimental results of Rp and R p+
within 20 range, while respecting the the mentioned con-
straints in the previous section and the 20 range of F (D*)
and P; (D*) mentioned in the previous section, with charged
Higgs masses m y+ can be chosen of order 300 GeV. On the
other hand, the dependence of Rp and Rp+ on the sin of
the mixing angle 91R3 and the phase « of the VCRK )y Matrix is
depicted in Fig. 4. It is clear from left plot in the figure that,
moderate and large values of s,z are preferable to satisfy the
experimental results of Rp and Rp+ within 20 range while
respecting the bounds and the requirements considered in the

@ Springer
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Fig. 5 Allowed region in the (9{‘;, «) plane by all considered con-
straints in green color. The red region satisfies the 2o experimental
results of Rp+ and Rp together for 15 =~ 0.2074, a3 = 0.00416 which
resultin m y= = 305 GeV and the other parameters are fixed as before

scan. On the other hand, regarding the phase «, large phases
are favored as can be seen from the right plot in the figure.
The explicit dependence of Rp and Rp+ on the parameters
a»3, which determines the mass of the charged Higgs M=,
013, and the phase «, can be understood through the following
approximate analytical expressions:

HE .
Rp =0.298 + L sin(613)

8.854 x 10~4TH* sin(6;3)
x ( Lo 27175 39

(a23)?

_2 e—iot
x 1079
23

R} = 0.254+ T/ sin(63)

(67)
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Table 1 A set of selective benchmarks of the parameters and intended predictions resulting from the scan after taking into account the constraints
discussed in the previous section and requirements stated in the beginning of this section

Parameter r,{'j ok« o mi; AMp, AMg, BR(B; — Rp Rp+ FL(D*) P:(D*) P:(D) BY — |C§‘1i +
T70r) nru 0.19CH"|
BP1 0.03 1.5 24 0.00186 204 0.6 1.0 50% 0.296 0.285 0.51 —-03 2.1 3.56 x 1079 0.027
BP2 0.03 1.7 22 0.00216 220 0.7 1.0 40% 031 027 05 —-037 1.8 4.1 %1077 0.02
BP3 0.08 2.55 2.0 0.00366 286 0.94 1 37% 0.373 0.274 0.49 - 04 1.3 3.89 x 1072 0.019
BP4 0.18 2.1 23 0.00476 327 0.89 099 42% 0.33  0.283 0.50 —-033 1.7 372 x 1072 0.027
BP5 0.16 23 2.2 0.00616 371 0.93 0.996 40% 0.35 0.284 0.51 —0.347 1.0 3.98 x 107 0.019
BP6 0.14 23 21 0.00716 400 0.99 097 34% 032 027 048 - 04 1.4 3.54 x 1072 0.027
2.936 x 107°T'/1" sin(613) . ‘ ‘ ‘ P ‘
X : + 1.496 32t =1.0 contours A
(023)?
23 L
e i@ [ Avarage
X 10—3m< > (68) 0.30r g 1
23 r .
. ,
q? ,
0.28 1
We can obtain the regions in the (91R3, o) parameter space I
in which the anomalies are satisfied through varying 91R3 » SRR AT
and o while assigning fixed values of the other parameters. 026: T T ]
As an example, we take the fixed values g ~ 0.2074 and
a3y = 0.00416 which result in mgy+ = 305 GeV and the

other parameters are fixed as before. In Fig. 5, we show the
experimentally allowed 2o region in the (01R3, «) plane sat-
isfying Rp+ and Rp together in red color. In the same plot,
the regions in green color are the allowed regions, in the
(91R3, a) plane for the set of the input parameters we use,
by all constraints discussed above in the previous section.
Clearly, the imposed constraints have a sensible effect on the
parameter space as large part of this space is excluded by the
constraints. Moreover, as shown in the plot, their is a small
region in the parameter space which is allowed by all the
aforementioned constraints in which R p+ and Rp anomalies
are satisfied together. Specifically, this region is the intersec-
tion region of the two colored regions in the plot. It should
be noted that this conclusion corresponds to our particular
example of the input parameters stated above. Taking other
values of the input parameters #g, o3> and vg may lead to
another regions in (91R3, «) plane that respect all constraints
and satisfy Rp+ and Rp anomalies together. For instances, in
Table 1, we list several benchmarks obtained upon variation
of w3y while keeping other input parameters as before.

In Fig. 6, we present the correlation between Rp and R p=
for the same set of the parameter space considered in the scan
over the values and ranges mentioned in the beginning of this
section. Only points that satisfy all the bounds discussed in
Sect. 3 and the 20 range of F (D*) and P, (D*) are included
here. It is remarkable from this figure that both Rp and Rp+
are satisfied for a lot of points in the parameter space, thanks
to the complex mixing of right-handed quarks.

0.24"“‘1“"1““1““1““1““1
025 030 035 040 045 050 0.55

Rp

Fig. 6 The correlation between Rp and R p+ for the same set of param-
eter space considered in Fig.3. The dashed red line represents the
A x2 = 1.0 contour, which is consistent with the 2023 latest results
from HFLAV [11]

It should be noted that, if the tbH™ Yukawa coupling
is non-negligible (célf13 is non-zero), there will be non-
negligible 7¢1¢ couplings thanks to the SU(2) invariance
where ¢ stands for the neutral extra scalars: H and A. As a
consequence, gg — ¢ — 7t would also impose constraints
on the parameter space. To consider this possibility, we have
analyzed the processes gg — ¢ — tr. We have found that
the corresponding cross-sections are less than 10~8 Pb, indi-
cating that they do not impose any significant constraints on
our analysis.

We turn now to the discussion of our predictions of the D*
and t longitudinal polarizations and tau polarization observ-
able P, (D). For this purpose we list in Table 1 a selective
set of 6 benchmarks representing part of our results. Recall
that the corresponding measurements, reported by Belle col-
laborations, are FLEXPZ(D*) = 0.60 £+ 0.08 £+ 0.035 [69]

and PP (D*) = —0.38 4 0.5179°2! [4,5,70]. Clearly, the

uncertainty in the measurement of P,E *PL(D*)is so large and
thus we only restrict ourselves to Fz (D*). The SM prediction

@ Springer
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Table 2 Re(CQI\LP )/ Cgli” and Re(C%i) / Cf(% for the set of benchmark points considered in Table 1

Parameter

HE
Fl,v

R
013

o

+

Re(cgl’j’ )/cg,y

RE(CNP)/CSM

as my 10u)7 10
BP1 0.03 1.5 24 0.00186 204 0.07 0.02
BP2 0.03 1.7 2.2 0.00216 220 0.08 0.02
BP3 0.08 2.55 2.0 0.00366 286 —0.039 —0.01
BP4 0.18 2.1 2.3 0.00476 327 0.04 0.01
BP5 0.16 2.3 2.2 0.00616 371 0.01 0.017
BP6 0.14 2.3 2.1 0.00716 400 0.03 0.009

is estimated to be FE’M(D*) = 0.464 £+ 0.010 [14]. Clearly
from Table 1, the new contributions of the model under con-
cern can increase the central value of the SM by about 11%
for the listed set of the benchmarks. We also noted there are
points in our scan that imply a larger enhancement which
makes our predictions closer to the experimentally measured
central value. On the other hand, the enhancement in the tau
polarization P; (D) can reach 6 times its SM predicted value
as can be noted from the same table. This can serve as test of
the model under consideration once this observable is mea-
sured.

Searching for new physics via B meson exclusive decays
originating at the quark level from the b — s€7 £~ tran-
sitions has gained a lot of attention in the last decades.
In the framework of the SM, these transitions take place
only at loop-level. Consequently, their amplitudes are sup-
pressed, for instances, by factors accounting for the inte-
gration over the momenta running in the loop. This in turn
leads to deviations of the measured branching ratios of
B— Kutu=,B— K*utu~,and By — ¢ut ™ decays.
from their SM predictions. Also, the angular observable P/
in the B — K*0u+u_ decay, [88,89], has shown tension
with the SM values. For instance, ATLAS [90], and LHCb
[91,92], measured the value of PS/ in the kinematical region
4.0 < ¢g®> < 6.0 GeV? and found departure from the SM
value to be more than 3o [93]. Furthermore Belle [94,95] and
CMS [96] measured the value of P/ for the same decay mode
in g2 bin 4.0 < ¢ < 8.0 GeV? and 6.0 < ¢> < 8.68 GeV?
respectively. Belle measurement shows the deviation of 2.60
from the SM prediction and CMS measurement shows a dis-
crimination of 1o from the SM value. Their is a possibility
that the tensions between the measurements and the SM pre-
dictions of all these observables can be relaxed if one consid-
ers NP models affecting the b — s¢* £~ transitions. In the lit-
erature, various performed model independent global fit anal-
yses [97-114] based on the assumption that NP present only
in the muon sector revealed that two simple one-dimensional
(1D) NP scenarios (S1) c;jf or (S2) cgf = —cﬁ\gj‘, that give
better fit to all the data, with preferences reaching ~ 5 — 60
compared to the SM [115].

@ Springer

The observable P: is sensitive to the real parts of Cylf

and C%‘L. On the other hand, the ratios Rg, defined as

B(B*)K(*)/L+/L7) ope NP NP
BB KD eFe are also sensitive to C9u and ClOu'

Recently the updated measurements of Ry ,[116,117] have
put stringent constraints on the NP couplings and the NP
models. This in turn lead to a strong constraints on the Wil-
son coefficients Cgllf and C%IL which affect the aforemen-
tioned observables. In the model under concern we found
that it is not possible to accommodate Pg and other observ-
ablesrelated tothe b — s£T ¢ transitions through Re(Cé\IZP )
and Re(C%ﬁ). To make it more clear, we show in Table 2
Re(Cé\l’LP)/Cgli” and Re(C%i)/Cf(% for the set of bench-
mark points in Table 1. As can be seen from the table there is
no sizable enhancement due to the new contributions of the
model under consideration compared to the corresponding
SM Wilson coefficients.

RK(*) ==

5 Conclusion

In this work we have explored the possibility of resolving
the tension between the SM prediction and the experimental
results of the Rp and Rp-« ratios using a low scale left-right
symmetric model based on SU(3)¢c x SU(2);, x SU2)r X
U (1)p—r. The scalar sector of the model contains charged
Higgs boson with masses that can be chosen in the order
of hundreds GeV without any conflict with direct search
constraints. We have shown that integrating out the charged
Higgs mediating the tree-level diagrams generates a set of
non vanishing scalar Wilson coefficients contributing to the
effective Hamiltonian governing the transition » — ctv and
hence to the ratios Rp+ and Rp and the D* and t polariza-
tions.

The dependency of the scalar Wilson coefficients on the
matrix elements of the quark mixing angle in the right sec-
tor turns to be important. We emphasized that the mixing
element (V(,EK 11)23 should be complex in order to satisfy
both Rp and Rp+. We have also shown the complex phase
associated with this mixing element is essential to accommo-
date the experimental results of the ratios for charged Higgs
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masses of order 300 GeV while respecting the constraints
from BR(B. — t7V¢), By(g) — Bs(q) mixing and other rel-
evant constraints discussed above.
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Appendix
A.1 Wilaon coefficients relevant to the process By — EXEAT

Following Ref. [73], the neutral Higgs non-vanishing Wilson
coefficients can be expressed as

2 31 0 0 0
. LRH] L RLH{\ RLH
cg = Z Lo Lyt Lps
2G2 M — 2 AtA AtA
=10
bs _ n? 301 <FLRHk RE Hk> pREH
P 2172 2 at Loae bs
2G 2M2, 2 lmHo Al Al
P S (FLR HO RL H") LR HY
s = eat . b
ZG%M‘%V k=1 mi{ Ata Ata s
2 3 0
s _ T 1 (FeLRer fLKHk> F;R H
P 2 142 2 s ’
Ye 2M2 lmHo Ala ala
(69)

with vertex

A0
[‘RL = ﬁ Z(VCKM)% Z(VCKM)Zayab Z32

a=1

+ Z(VCISKM);}) Z(VéKM)Myab Z5 (70)
b=1 a=1
N
A 0 A
rpfA = 7 DD Vexmsaya,(VEmm 25
b=1a=1

303
+ YN WVeesad S VEGDwZE ) D
b=1a=1
. | 3 3
RLK . R L 0* 7 H
L™ = 17 - Z(VCKM)§h Z(VCKM);ayab %

b=1 a=1

2
+ Z(VCKM)Sb Z(VCKM)Zayab zh (72)
b=1

a=1

~

303

LR h* 1 L Q /R H

S 7—(‘ 2 :2 :(VCKM)3uyab(VCKM)2bZk2
b=1

=1 a=1

2
3
t2

(VExn3a75 (VD ZE (73)

b=1 a=1
rREA = %( — YkaZ4h + Fia Zé‘l) (74)
rifa = —%( — YiaZ%h + T Zé‘]) (75)
PRLM = —i % (yﬁl} z4 + &ﬁZZﬁ) (76)
FERIE = i % (yﬁA Z8 + 55 Zﬁ) (77)

can be found in Ref. [55]. The

Wilson coefficients at low energy scale oy, Cg’)ff (Miow),
can be obtaining from their corresponding ones listed in Eq.
(69) using the relation [73]

The expressions of Z;}’H

g (Kiow) (/)bs

(/)bs
p (Hiow) =
mgy (Mhigh)

(,U« zgh) (78)

here m represents the running quark mass with the appro-
priate number of active flavors. Finally, it should be noted
that since the Wilson coefficients are given at the matching
scale, mj; and m; must be evaluated at this scale [73].

A.ll B, — Bq mixing

The contributions of the NP to the effective hamiltonian gen-
erating AB = 2 transitions, q = d, s, can be written as

5 3
_ 4G - -
=2 F
Het =——ﬁ|v,bV:;,|2 > NP+ CNP O
i=1 i=1

(79)

The four-quark operators are given as
Q1 = (qy" Pb) (GyuPLb)

02 = (quPLba) (qp PLDB)

03 = (gaPLbﬂ) (éﬁPLboz)

Q4 = (4o Prbo) (G PrDB)

@ Springer
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0s = (GuPLbp) (45 Prbe) (80)

The operators Q1,2,3 can be obtained from the operators

Q1,23 by the replacement L <> R. At tree-level, we have

contributions to HeAfo:z from only neutral Higgs bosons

0

mediation. Denoting these contributions by CiH k. we find
that their expressions can be written as

H R HO*
Ck k*\2

2 ) = 4GF|v,b e Z 2, :
c H (o) = Z LR H,?)z

0
2 4GF|vb o £ Lo
3

HY V2 1 _LRH) LR HO
C, (o) = r F

OIS AG RV Vi P ,; m

(81

The quantities Fgf & are defined as before. We remark from
the above expressions that, the neutral Higgs bosons con-
tributes only to the scalar color singlet four-quark operators
in Eq. (80). In Ref. [81], it was pointed out that the contri-
butions of the operators that contains scalar and tensor Dirac
structures are highly disfavored by the fits to b — s data
and hence their contributions can be neglected. The charged
Higgs contributions to Hﬁfozz originate at one loop-level
and can be expressed as

1
256+/212G pm3,, (Vip Viiy)?

+ + *
XZFH RLeff( rH RLeff)

*
|:FH RL eff(rgli RLeff) G1(xk, x¢)

+
Cf (ugs) = -

4g2m m
—#V b Vg G2 (X, Xe, Xw)
H+
g2mu, m
+kangqG3(Xk X¢, XW)i| (82)
mW

where the loop functions G; fori = 1, 2, 3 are given as

Gi(x,y)
1 x2log x 1 yZlogy 1
B 1-x2 1-x (1-y2 1-y
(83)
Ga(x,y,2)
B 1
(x =y -2
y
o | Flogx  ylogy xlogy  ylogg | (84)
1—x 1—y ZI—X z—Yy

@ Springer

G3(x,y,2)
B 1 1 xlogx ylogy
 ox—y|[l—-z\1—x 1—y

N xlog % B ylog % 85)
l—-z\z—x 77—y '

and xy = m%[,/mirr and x; = mgk/mi”. The next step is
to calculate the matrix elements of the operators Q; at the
scale @ = up and to run the Wilson coefficients from the
electroweak scale to the scale © = up. The contribution to
the B, — éq mixing amplitudes induced by a given NP scale
coefficient C;(u = unp), denoted by (BqIHé‘ffBzzléq),-, as
a function of o5 (v p) and the scale u = p is given as [118]
(see also [119])

(By |HAB *|By)i
5 . .
3 ()
j=lr=1
B -
xCi(unp) B; " (Bs|Qr|By), (86)
where n = ag(unp))/as(m;), aj, b;r”) and c( D are magic

numbers given in [118] and Bgs are the B parameters that
can be found in Table 9 in Ref. [120]. It should be noted
that the magic numbers for the evolution of the Wilson coef-
ficients C 1—3 are the same as the ones for the evolution of
C1_3 [119]. Moreover, in the basis Qi, the BI.B‘I parameters
and the hadronic matrix elements (By| Q,|Bq) are equal to
their corresponding ones in the basis Q; [121]. The matrix
elements are given by

(B41Q11Bg) = > M5, f3 .
B 10uE) =Ny (M5 Y vy g2 87
< q|Qr| q> = Nr m quBq’ ( )

with N, = (=5/24,1/24,1/4,1/12) for r = (2,3,4,5).
With all this in hand, it is direct to calculate the quantity
AM, [122,123] and thus derive the bounds on the parameter
space using the measured value of AM,,.

The K — K mixing can be studied in a similar way used
above in the B, — Bq mixing. In fact, it is possible to have
a non-vanishing phase in the second column of the VCRKM
matrix, which turns out to be irrelevant and has no effect on
the Rp and R7, result. However, this imaginary phase can
affect the bound from other flavor observables e.g. €x. In
particular, through the contributions from the neutral Higgs
mediating the tree-level diagrams. In order to provide the
ingredient required for the estimation of €x, we define

_ Im (KO THET?IKO)
CT Im (KOHAS2 1K)

(88)
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where HfAulslzz HSAhﬁzz + Hﬁgzz. The calculation of
(KOIHfAulSIZZHZO)i can be done in a similar manner to
(By IHQF =2|1§q> ; with the replacement of bs < sd in the
Wilson coefficients listed above. The K — K mixing can be
evaluated using [118]

(KIHES=21K);i

5 5 ) )
=3 (e o
j=1r=1

xC3(w) BF (K10}|K),

as before a;, b;r’i) and cy’i)

[124] and B% are the B parameters collected in Table 8. The
matrix elements are given by

(89)

are “magic numbers” listed in

- 1
(KIQYIK) = M fi.

Mg

— 90
pey— (90)

2
(K10 |K) = N, ( ) My f2,

with N, = (—5/24,1/24,1/4,1/12) forr = (2,3,4,5).In
the next step, the Wilson coefficients are evolved down from
the mass scale of the Higgs scalars to the scale u = 2 GeV
at which the hadronic matrix elements are evaluated using
the RG equations in [124]. Doing so, it is quite forward and
direct to compute the constraint on the non-vanishing phase
in the second column of the VgKM matrix using the bound
from eg .
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