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The scenario predicts two sub-eV neutrino masses based on a decoupled heavy Majorana
neutrino and two nearly degenerate Majorana neutrinos with mass around the electroweak
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1 Introduction

Flavor physics is one of the most powerful probes of physics beyond the Standard Model
(SM) [1, 2]. Recently, several discrepancies between the SM predictions and the experi-
mental measurements have been observed in b — ¢ and b — s semi-leptonic transitions.
The measured observables that can be used to test the lepton-flavor universality (LFU) are
theoretically rather clean, because the involved hadronic uncertainties are cancelled to a
large extent. Thus, the anomalies observed in these decays would suggest intriguing hints
for LFU violating New Physics (NP) beyond the SM.

The LFU violating observables we first consider are the ratios Rp.), which are de-
fined as

(1.1)

B(B — D1

B(B - DOin)’

with £ = e or u, and have been measured by the BaBar [3, 4], Belle [5-8], and LHCb [9-11]
collaborations. The latest world-averaged results compiled by the Heavy Flavor Aver-
aging Group (HFLAV) [12] read: Rp+« = 0.306 £ 0.013(stat) = 0.007(syst) and Rp =
0.407 £ 0.039(stat) & 0.024(syst), which indicate a combined deviation from the SM values
R ~ 0.26 [13-16] and RFM ~ 0.30 [14, 16-19] at the level of 40. Thus far, feasible NP
scenarios based on model-independent analyses [13, 20-32] as well as model-dependent con-
structions such as leptoquarks [33-42] and two-Higgs-doublet models (2HDM) [35, 43-46]



have been extensively studied towards an explanation of the R .) anomalies. In particular,
the general 2HDM of type-111 (2HDM-III) with tree-level flavor-changing neutral current
(FCNC) can address the Rp.) anomalies [44-46], but suffers severe constraint from the
B lifetime [38, 47-49].

On the other hand, the LFU violating observables R (., which are defined as

B(B = KM utp)
B(B — K®ete™)’

Ry = (1.2)
have also been reported by the LHCb collaboration, giving Ry = 0.745J_r8:8$2(stat) +
0.036(syst) in 1 < ¢ < 6 GeV? [50], Rr+ = 0.6670 5 (stat) £ 0.03(syst) in 0.045 <
¢> < 1.1 GeV? and 0.6970 0 (stat) 4 0.05(syst) in 1.1 < ¢ < 6.0 GeV? [51], where ¢? is
the dilepton invariant mass squared. The Ry result deviates from the SM value R%M =
1.00 4 0.01 [52-54] in the same ¢ region at the level of 2.60, while the Ry« measurements
deviate from the SM predictions® by 2.1 ~ 2.3¢ for the first and 2.4 ~ 2.50 for the second
q? region, depending on the theoretical predictions used [51]. The Ry (+) deficits stir up
both model-independent global analyses [53, 55-68] and model-dependent NP constructions
such as the Z' models [69-80] and the leptoquark models [33-37, 81-84]. It is generally
found that reasonable explanations for the Ry (., anomalies at the second ¢? region can
be achieved, while the resolution to the Rg~ deficit at the first ¢? region requires more
involved NP scenario [64, 66]. Therefore, we will not consider the latter in this paper.
While the Rp) anomalies can be improved in the 2HDM-III with a particular up-quark
Yukawa texture [46], the same scenario cannot address the Ry(.) deficits, because the
resulting Wilson coefficients C’QQE(]]DM (see egs. (50), (51) in ref. [46]) are universal for all

lepton flavors. However, keeping further the electron and/or neutrino Yukawa couplings of

2HDM
Coi0

and hence provide a viable resolution to the R(. anomalies, as shown for example in
ref. [85].
Besides the above two intriguing anomalies, there is another clear NP signature ob-

both Higgs doublets in a general 2HDM-III can lead to lepton-flavor non-universal

served in neutrino oscillations that indicates nonzero neutrino masses [86]. The massive
neutrinos, no matter how small their masses are, cannot be generated in the SM due to the
absence of right-handed neutrino states as well as the requirement of renormalizability. In
neutrino physics, there exist many interesting models that can address the neutrino mass
problem, such as the type I-III seesaw models,? the inverse seesaw (ISS) model [87-89],
as well as the low-scale type-I seesaw (LSS-I) model [90-95]. Given that the 2HDM-III
considered in ref. [46] has the potential to accommodate the R (.) anomalies, while the res-
olution to the Ry (., deficits based on the same framework requires new degrees of freedom,
we will consider in this paper a unified scenario where the LSS-I mechanism is embedded
into the 2HDM-III and discuss the compatibility of neutrino mass generation along with
the explanation towards the R (., deficits.

Our paper is organized as follows. We begin in section 2 with a brief overview of the
2HDM-III, and then revisit the R ) anomalies, demonstrating that the current world-

!The theoretical predictions for the ratio R+ can be found in ref. [51] and references therein.
*We refer to the review [86] and references therein for these three different seesaw models.



averaged results can be addressed at 20 level without violating the bound B(B, — 77 7) <
30%. In section 3, we combine the 2HDM-III with the LSS-I mechanism, and discuss
the relevant neutrino mass problem and the lepton-flavor violating constraints from the
processes ¢; — f;7v. In section 4, we determine the Wilson coefficients in the direction
C’gLP = —C%E < 0, providing therefore an explanation for the R(.) deficits at 1o level.
Finally, our conclusions are made in section 5.

2 General 2HDM-IIT and R anomalies

2.1 Framework of general 2HDM-III

In the 2HDM [96, 97], an additional scalar doublet with hypercharge +1 is introduced to
the SM field content. The most general scalar potential with a softly-broken Z, symmetry
can be written as

A A
V = mi®{®1 +mi®dy — (miy®]®s + He) + T (B]01)° + T (By2)°
A
+ A3BT 0BT Dy + NI DD D) + ?5(@{@)2 +Hel. (2.1)

If CP conservation is imposed further on the potential, the parameters m%z and A5 would
be real. The two scalar doublets are usually parametrized as

o

1 .
ﬁ(va + ¢a + ZXa)

P, = , (2.2)

and the two vacuum expectation values satisfy v = \/v? + v = 246 GeV. The physical
mass eigenstates are obtained from rotations of the weak-interaction basis in the follow-

H\ [ cosa sina o1
<h>_<—sina cosoz) ((;52)7 23)
G(GF)\ _ [ cosp sinf [ xi(ey)
(A(Hi)> - (—sinﬁ cosﬂ) (m(ﬁ)) ’ 2y

with tan 8 = vg/v1. Here G and G* denote the Goldstone bosons, and H*, H(h) and A
are the physical charged, scalar and pseudoscalar Higgs bosons, respectively.

ing way:

The generic Yukawa Lagrangian in the 2HDM-III is given by

—Lint = Qp(Y*®) + Yo ug + Qp (Y101 + Yii®o)dg + Er(Y{®) + Y{®s)er + H.c..
(2.5)

Here, ®; = iT9®; with 7 being the Pauli matrix; 7, and Er, denote the left-handed quark
and lepton doublets, respectively; ur, dg and egr are the right-handed singlets. The physical
eigenstates of fermions are obtained by performing the rotations f r = VLf R fj’:’ r» Where



the primed fields denote the weak eigenstates. After transforming to the mass-eigenstate
basis, the Lagrangian in eq. (2.5) gives rise to the tree-level scalar-mediated FCNCs.
A common way to parametrize these scalar-mediated FCNC effects is to define:

x/ = \}5 vivivit, (2.6)
where for i = 1, f = v and for i = 2, f = £,d. A systematic analysis for the effective
couplings Xif has been given in ref. [98]. It is found that all entries of Xg * are severely
constrained by various flavor processes. For X}‘, on the other hand, there are only tight
constraints on the first two generations, while O(1) X{'3, and Xj'35 are still allowed, which
has also been found in refs. [85, 99]. Based on these observations, we will show in the
subsequent sections that Xj'sy and Xj'ss3 are crucial for accommodating the Rp) and
Ry (+) anomalies, respectively.

2.2 Revisiting the R resolution in the 2HDM-III

In the 2HDM-III, new scalar and pseudoscalar operators generated by the exchanges of
charged Higgs bosons H* will contribute to the tree-level b — ¢77 transitions.®> The
corresponding effective Hamiltonian is given by

4GV,
Heff: \}/Té b

(Cs1,O0sr, + CsrOsR) , (2.7)
with
Osr, = (¢Prb) (TPrv), Osr = (¢Pgb) (TPLv) , (2.8)

where Pp 1, = (1 £ v5)/2 are the chiral projection operators.
Under the 2HDM-III, the ratios Rp and Rp+ can be expressed in terms of their SM
counterparts, respectively, as [13, 45, 100, 101]:

Rp = RP'[1+ 1.5 Re(Csg + Cs1) + 1.0|Csr + Cs*]
Rp« = RP![140.12 Re (Csp — Csz) + 0.05|Csg — Csr)?] - (2.9)

The pseudoscalar operator, with the corresponding coefficient Cp = Csg—Cgr,, contributes
also to the purely leptonic decay B, — 7 v, with the corresponding branching ratio

given by
2 2
G|V |Pmp m2 f2 2 m2
B(BS — 7)) =15, Vol msm: [, () ) 4 ——BCpl, (210)
87 mp_ (mp + me)m,

where fp, is the B, decay constant, 75, the B, lifetime, and my, . the MS quark masses.
The constraint from the B lifetime [38, 47-49] requires B(B. — 7~ 7) < 30%,* which is

3 As the Wilson coefficients of these operators are proportional to the mass of the final-state lepton, we
will assume that only the tauonic modes are affected significantly by these operators.

“Here, to be more conservative, we do not adopt the more stringent constraint B(B, — 7 7) <
10% obtained in ref. [49], because this bound depends on the widespread theoretical values used for

B(B; — J/yip).



obtained as follows [47, 48]: as the total width of the B, meson is distributed among modes
induced by the partonic transitions ¢ — sud (47%), ¢ — stv (17%), b — cud (16%), b —
clv (8%) and b — cés (7%) [102], one can infer that only < 5% of the experimentally mea-
sured width is attributed to the tauonic mode, including the scalar NP contribution. How-
ever, due to the sizable theory uncertainties in this estimate, 0.4 ps < 75, < 0.7 ps [102],
such a constraint can be relaxed up to a < 30% of the total width if the longer lifetime
7B, = 0.7 ps is taken as an input for the SM calculation, as suggested firstly in ref. [47].
This results in the conservative bound B(B. — 7v) < 30%, as is now commonly used in
the literature.

Based on the allowed regions for the couplings Xif [98], a particular texture of X{ was
first considered in ref. [45] to address the R, anomalies:

. 00 0
Xt = \ﬁvg‘yluvg* =100 0 |. (2.11)
0 €te €n

Recently, such a scenario is re-analyzed more thoroughly in ref. [46], concluding that it is
possible (impossible) to accommodate the 1o region of R ., suggested by Belle (HFLAV)
under the constraint B(B, — 7~ 7) < 30%. However, we will show explicitly that, under
the same constraint, the current world-averaged results for R ) [12] could be addressed
at 20 level, based on the above X7 texture.

At this point, it is interesting to mention that the measured differential distributions
dl'(B — DWri)/dg*> by BaBar [4] and Belle [5, 103] can also provide complementary
information to distinguish different NP models; see for example refs. [48, 104]. However,
as pointed out in refs. [46, 48], both of the two collaborations’ results still have large
uncertainties and rely on the theoretical models. Therefore, we will not consider these ¢
distributions as a further constraint throughout this paper.

To demonstrate that the current world-averaged () results can be accommodated at
20 level under the constraint from B(B, — 7~ 7) < 30%, we calculate the relevant Wilson
coefficients in a particular 2HDM-III framework where Yld =0, YQE = 0 and the up-quark
FCNC is determined by eq. (2.11). In this case, only the coefficient Cgy, is significant in
the large tan 8 regime, with its size being given by

Csr(Mpy+) ~ “E)Jj\jgﬁva €tes (2.12)
evaluated at the NP scale pugy = Mpg+. Evolving it down to the b-quark mass scale, we
get [35]:

ag(my)] %% ag(My+) —4/7
aS(mb)} [ as(my) } Csr(Mp=). (2.13)

When considering the SM predictions for Rj.), it should be pointed out that the soft-
photon corrections to the decays BY — Dt7~ 7 and B~ — D77 relative to the ones with

muon final state can lead to 4.4% and 3.1% enhancements in R%l\f{ and R%l\é[, respectively,

Csp(my) = [

which are larger than the current lattice-QCD uncertainty of R?M [105]. Bearing this in
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Figure 1. The allowed regions of €. obtained from a 2o-level fit of the current world-averaged
Rp(+ results, under the constraint B(B, — 7~ 7) < 30%, with three different charged-Higgs boson
masses and tan 5 = 50.

SM

mind, we will adopt therefore the 20 ranges of the arithmetic averages for R},

, from
ref. [12] in our analysis.

To fit the 20 ranges of the current world-averaged Rp.) results, we choose €, as a
free complex parameter and vary the charged-Higgs boson masses while fix tan 5 = 50.
The SM parameters, if not stated otherwise, are taken from ref. [106] as follows: Gp =
1.166 x 107° GeV =2, as(Myz) = 0.118, m; = 173.21 GeV, my(my) = 4.18 GeV, me(m,) =
1.27 GeV, m, = 1.78 GeV, Mp, = 6.275 GeV, 75, = 0.507 ps, fp, = 0.434 GeV [107],
|V = 0.041, and |Vip| = 0.999. The result is shown in figure 1. We can see that the
constraint on €, becomes more severe with smaller My+. Note that a negative Re(e.) is
required, because only Cgy, plays the significant role in the fit and the dominant contribu-
tion to Rp« comes from the interference term (see eq. (2.9)). Generically, the magnitude
l€tc| is bounded at 0.1 — 0.2.

We conclude therefore that the R anomalies can be addressed at 20 level without
violating the bound from B(B; — 7 v) < 30% in the 2HDM-III. In the remaining
sections, we will turn our attention to the neutrino mass as well as the R, (.) anomalies in
the same framework but with the LSS-I mechanism embedded into it.

3 2HDM-III embedded with the LSS-I mechanism

3.1 Review of the LSS-I model

The ISS [87-89] and LSS-I [90-95] models are the two popular candidates which allow for
the low-scale heavy neutrino mass and the sizeable light-heavy neutrino mixing. In both of
the two cases, the tiny neutrino mass is accounted for by a softly U(1)-symmetric breaking



term. From the consideration of minimality, we will only discuss the LSS-I model, as the
ISS model requires three more fermion singlets.

In the LSS-T model, at least two right-handed neutrino singlets should be introduced
beyond the SM field content, to generate the phenomenologically viable pattern of neutrino
masses. Such a minimal scenario with two right-handed neutrino singlets can be found e.g.
in refs. [92, 108]. Here we will consider the three-generation case. The neutrino Yukawa
interaction is now given by

_ - 1
EYYHNg + 51\721\4}2]\73 +H.c., (3.1)

where H is the SM Higgs doublet and Npg the right-handed neutrino singlet accompanied
by a Majorana mass matrix Mp. After the spontaneous symmetry breaking, it leads to a
full 6 x 6 neutrino mass matrix:

1
—5 nr M, n7 + H.c.. (3.2)

Here ny, = (v, NE)T. The mass matrix M, can be block-diagonalized by a 6 x 6 unitary
matrix U defined in the following way [94]:

UT UT 0 MD U, UN m 0
u'Tym,uv = vy TNy v ~ v , 3.3
(UVTN UJEN) <Mg MR) (UNV Unn 0 Mg (3.3)

with the Dirac neutrino mass matrix Mp = vY"”/y/2. The light neutrino mass matrix
my, =~ —MDMﬁlMg and the heavy Majorana neutrino mass matrix Mp can be further
diagonalized by the 3 x 3 unitary matrices Up and Vg, respectively; i.e.,

iy, =U0Lm, Up, My = V) MgV, (3.4)

where 7, = diag(mq,mg, m3) and My = diag(M;i, Ma, M3) denote the light and heavy
neutrino mass eigenvalues, respectively.

As pointed out in ref. [91], the tiny neutrino mass can be induced by nearly degenerate
heavy neutrinos with mass around TeV scale. Earlier in ref. [90], another scenario where
three heavy neutrinos are nearly degenerate due to a softly SO(3)-symmetric breaking
term was proposed to realize the electroweak-scale resonant leptogenesis and the small
neutrino mass. In both of these two cases, however, the light-heavy neutrino mixing which
is encoded in Uy ~ MpMp 1 [94] cannot reach O(1) due to the indirect constraints from
the low-energy precision data, such as the electroweak precision observables and the LFU
tests [109-112]. As a consequence, the severely restricted U,y cannot provide a solution to
the Ry« anomalies via the neutrino-mediated box diagrams [113]. Therefore, we have to
introduce additional neutrino Yukawa interactions so as to provide an explanation for the
Ry deficits. In the next two subsections, we will illustrate that the additional neutrino
Yukawa couplings can reach O(1) in the 2HDM-III framework.



3.2 2HDM-III with electroweak-scale heavy neutrinos
In the same spirit of ref. [91], we consider the following Yukawa Lagrangian added to
eq. (2.5):
_ - - 1__
—Ln = Ep(Y/®, + Yy ®y)Np + 5z\f;MRz\fR +Hec. (3.5)

In the basis where the charged-lepton mass matrix is diagonal, we assume that the two
Yukawa matrices Y7’; and the right-handed neutrino mass matrix Mp have respectively
the following textures:

z1 00 00y 0 M 0
lel/: xT9 00 y YQV: 00y2 5 MR: M 1% 0 . (3.6)
$300 00y3 0 OMg

From the group-theoretical perspective, these textures manifest a global U(1) symmetry
under the charge assignments: L(N;) = —L(Ny) =1, L(N3) =0, L(EL) =1, L(®;) =0
and L(®3) = —1. To avoid the scalar-mediated FCNC in the charged-lepton sector, we
can assign to the right-handed charged leptons the U(1) charges as: L(egr) = L(ugr) =
L(tr) = 1. On the other hand, we do not consider explicit U(1) charge assignments for the
quarks, because the explicit flavor-symmetry construction should now not only generate the
needed FCNC texture given by eq. (2.11), but also produce the already-known pattern of
the Cabibbo-Kobayashi-Maskawa mixing matrix [114, 115], which would become extremely
nontrivial. Instead, we will assume that the Yukawa interactions in the quark sector are
U(1) invariant. In this case, the parameters y in eq. (3.6) and m?, in eq. (2.1) (with A5 = 0)
become the only sources to break softly the U(1) symmetry.
The light neutrino mass matrix is now given by

ABC
m, ~ -MpMp'Mh=| BDE |, (3.7)
CEF
with
. v2z? i cos? B _ v2y? sin? B v2x 29 pucos? _ v2y1ya sin? 8
2M? 2M3 2M? 2M3 ’
C_ v2x 3 pcos? B B v2y1y3 sin? B D_ v2a3 pcos? B B v2y3 sin? B
2M? 2M3 ' 2M? 2Ms3
B v2xox3 pcos? B B v2yoy3 sin? ﬁ7 Ja vzxg pcos? 3 B v2y§ sin? 8 (3.8)
2M? 2M3 2M? 2M3

As the above neutrino mass matrix is of rank two, only two massive neutrinos are predicted
in the considered scenario. Under the conditions that (i) tan 8 > 1, (ii) the parameter pu
is small, and (iii) M3 > M ~ O(v), the sub-eV neutrino mass can be easily produced,
without tuning the Yukawa couplings x; and y; to be extremely small. Explicitly, we find
that the following set of parameters

Ly~ 0(1)7 Yi ~ 0(10_2)’ tan f ~ 0(50)7

M ~ O(10%) GeV, Mz~ O(10*) GeV, p~ O(1077) GeV, (3.9)



would induce m,, ~ 0.1eV.? Furthermore, the heavy Majorana neutrinos have mass eigen-
values My = diag(M — /2, M + p/2, M3). This indicates that the first two generations
form a pseudo-Dirac neutrino [91, 117] with mass splitting proportional to p, while the third
one is considered to decouple from the 2HDM-III field content when M3 > M ~ O(v).

We now make remarks on the choice of the parameter set given by eq. (3.9). The non-
decoupled heavy neutrinos are assumed to reside at the electroweak scale, so that they can
be produced directly at the high-energy colliders, providing therefore experimental tests
for the LSS-I mechanism [118-127]. One of the intriguing properties of the parameter u in
our case is that it is not necessary to be extremely small,® because it is now accompanied
by cos? 3, the value of which is preferred to be small in light of the R resolution
within the 2HDM-III. Therefore, the hierarchy issue (u < M) can be relaxed to a large
extent [128, 129].

For the couplings z;, as will be discussed in section 4, an O(1) x5 is required to address
the Ry () anomalies. Such a muon-philic coupling also receives the indirect constraints
studied in refs. [109-112] for the light-heavy neutrino mixing parameters, but its contribu-
tions to the one-loop self-energy corrections of the W/Z bosons were found to be negligible
with electroweak-scale heavy neutrinos [111]. Following the analysis made in ref. [112], we
find that the contributions up to the one-loop order can be formally expressed as

4]

WSG(MvMHivMH,A)a (310)

Ne +

where 7y represent the tree-level light-heavy neutrino mixing parameters, which are con-
strained to be of O(1072) [112], while So(M, M+, My _4) denote the one-loop scalar func-
tions. One can see that large x; may still be possible as their contributions are suppressed
by the loop factor 1/(47)2. At the same time, without any cancellations between the tree-
level and one-loop contributions,” we find that S,(M, My=, M m,4) cannot exceed O(1)
for |z;| ~ O(1), which can be readily satisfied with electroweak-scale neutrinos and Higgs
bosons, say, M ~ O(100 GeV) and My ~ My ~ My+ ~ O(200 GeV).

As stressed in ref. [112], the lepton-flavor violating transitions ¢; — ¢;v give one of
the most severe constraints on the light-heavy neutrino mixing parameters. Thus, we will
consider such constraints on the x; parameters with zo ~ O(1) in the next subsection.
Specifically, we will analyze the process 7 — py, while the more severe constraint from
p — ey that sets bound on the product z1z2 can be simply avoided if z; — 0 [112, 132].

®Realistic neutrino mass generation via the seesaw mechanism within the 2HDM framework has also
been considered e.g. in ref. [116].

In the ISS and LSS-I models, the scale of u usually depends on the preference for the non-decoupled
heavy neutrinos as well as the neutrino Yukawa couplings.

7If there exists cancellations to some extent, the constraints on x; can be further diluted. The cancellation
scenario in which the light-heavy neutrino mixing parameters are allowed to be enhanced can be found e.g.
in refs. [110, 111, 130, 131].
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Figure 2. Constraint from the ratio Z(r — pv) defined by eq. (3.11). Left: (Mpy+,|z3|) contours
with different heavy neutrino masses. Right: (M, |x3]) contours with different charged-Higgs boson
masses. The regions below the curves are allowed by the current data.

3.3 T — w7y constraint

In our scenario, the ratio between the decay width of 7 — py with respect to that of
T — pvv is given by

L(r = )

I(r — pwo)

_ swo My
38473 tem M.

B(T — )

2)3 4+ 3A2 — 6A2log(\) — 6A + 177
(A—-1) ’

|zpa3]? (3.11)

where A = MQ/MIQ#, sw = sin Ay with Oy being the weak mixing angle, and a.y, is the
fine-structure constant. In the above result, we have neglected the small Yukawa couplings
in the charged-lepton part.

Fixing x2 = 1, we show in figure 2 the contours in the (Mpg+,|xs|) (left) and
(M, |z3|) (right) planes, respectively. The regions below the curves are allowed by the
experimental data with the inputs taken from ref. [106] as follows: sin?@y = 0.2315,
My = 80.385 GeV, B(t — wy) < 4.4 x 1078 and B(r — pvv) = 0.17. We can see from
figure 2 that |z3| is required to be small in order to comply with the 7 — py constraint.
However, |z3| can still increase when M or Mpy+ becomes larger.

Finally, we discuss the neutrino mixing parameters observed in the neutrino oscillation
experiments. It was noticed that viable neutrino mixing pattern can be reproduced with
zy = 0 [91]. In this limit, the well-known tri-bimaximal mixing pattern (see e.g. the
review [133]) with an inverted mass hierarchy ms > m; > m3 = 0 can be obtained if
xo = w3, y2 = y3 and D = (A + B)/2 (see egs. (3.7) and (3.8)), which is motivated by the
analysis made in ref. [92]. Certainly, the tri-bimaximal mixing pattern should be modified
in order to generate nonzero reactor angle (see e.g. the updated global fit for the neutrino

~10 -



oscillation data [134]), which, however, cannot be realized in the x1 = x3 = 0 limit.® For
specific parameter choices, we refer to ref. [91] for details.

4 Ry deficits in the 2HDM-III embedded with the LSS-I mechanism

4.1 Theoretical Ry («) explanation

In our analysis, we will focus only on the following subsets of operators which are directly
responsible for the transition b — su™p~ [135]:

e _ v € _ v
O7 =162 (80, Prb) ', 07 T2 (S0, PLb) FH, (4.1)
Qe ,_ _ Qe _
Oy = 4; (57, PLb) (") Oy = 4(; (57uPrb) ("), (4.2)
Qem _ Qem ,_ _
O1o = (87 PLb) (py 1) 10 = (59uPrb) (17" y511) - (4.3)

Thus far, there are extensively model-independent analyses on the Wilson coefficients
C%,lo by fitting to the R, deficits as well as the various available data on b — s¢*¢~
and b — sv transitions, such as the (differential) branching ratios B(B — K utu~)
and B(Bs — ¢ut ™), the (optimised) angular observables in BY — K*9u*u~ and By —
¢ptp~, and the branching ratio of the inclusive decay B — X u™pu~ [53, 55-59, 61-68]. It
is consistently found that the NP in the muon sector is preferred, whereas no preference for
the NP in the electron mode was favored [53, 55-59, 61-68]. Through the one-dimensional
fits, it is found that the most preferred scenarios fall into the following three directions: (I)
C’gﬂf’ < 0, (IT) Cgl\LP = —C%Z < 0, and (III) Cé\g) = —C’gﬁp < 0. However, the scenario (III)
predicts Rix = 1 and hence cannot explain the Ry (. deficits simultaneously. In ref. [66],
it is further found that the scenario (II) can provide a better fit in light of the LHCb
measurement of R~ [51]. Accordingly, we will investigate if this interesting scenario could
be reproduced in our framework.

In our scenario, the Wilson coefficients C§79710 will receive a suppression factor 1/ tan 3,
which can be also seen from refs. [46, 98]. Although a sizeable C7 can be generated in our
scenario, it is severely constrained by the inclusive decay B — X v.? Hence only Cy,10 are
relevant to our discussion for the R, anomalies. We find that the Feynman diagrams
depicted in figure 3 can give sizeable contributions to C&P = —C%l; < 0, which is favored
by the scenario (II). The dominant contribution comes from the third diagram with two
charged Higgs bosons running in the loop, because the vertex HE*NuT allows a sizeable
coupling (O(1)) while the W*NuT coupling is constrained to be O(1072) [109-112]. To
this end, for simplicity, we will consider only the contribution coming from this diagram.

After a direct calculation, the corresponding Wilson coefficients are given by

Z leti‘Q‘x2’2‘[(m7y7 Z’i)v (44)

1=c,t

?)4

Cgla\IP _ _C%P _
a a 325%VM{}V

8We thank the referee for pointing out this unrealistic limit.

°In ref. [136], we have shown explicitly that Cr can be significantly reduced due to a destructive can-
cellation if a nonzero e is introduced in eq. (2.11), especially in the case for a relatively light charged
Higgs boson.
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b—>—T---- —kuf b+w+/¢_ b—>—T---- > U b—k/\/\/\/v\/—k,uf
Uy AN u; y AN} u; y AN Uy AN
nNANANAN + S —4¢—— - ~-~7 T o5l + nNANANAN +
§ —4— W U Hi(Gi) K Hi(Gi) K § —— Wt .

Figure 3. Box diagrams contributing to b — su*u~ transition in the 2HDM-IIT embedded with
the LSS-I mechanism.

with €; given by eq. (2.11). The scalar function I(z,y, 2;) is defined as

L yPlog(x/y) zlog(x/zi) x
leya) = oy "y @ne—m) Y

where x = MIQ{i/MI%V, y = M2/M§V, and z; = mf/M%, Here we have neglected the
mass splitting between the two non-decoupled heavy Majorana neutrinos. The decoupled

Majorana neutrino, on the other hand, does not play any role in the box diagrams because
its couplings to the 2HDM fields are suppressed by the inverse of its mass.

Finally, we need to mention that there are also contributions from the Z- and y-penguin
diagrams, giving rise to the lepton-flavor universal Wilson coefficients C’é\IKP and C%Pg, with
¢ =e, u, or 7. However, using the formulae given in ref. [46], we have checked numerically
that these contributions are small for My+ ~ 500 GeV, |e| < 0.5, and |ey| < 1. Hence we
will not consider these contributions in the following numerical analysis.

4.2 Numerical Ry () analysis

The free parameters in eq. (4.4) are €, and xg, together with the heavy neutrino mass
M and the charged-Higgs boson mass My+. However, as shown in figure 1, there exists a
strong correlation between €;. and Mp+ stemming from the R, fits. Therefore, we choose
three typical values of (|es|, Mpy+): (0.08,300 GeV), (0.14,400 GeV), and (0.21,500 GeV)
with tan 8 = 50 in our numerical analysis.

In figure 4, we plot the (x9, €4) plane (assuming xo > 0) by using the 1o range of the
Wilson coefficients C’é\LP = —C%I; < 0 obtained through a global fit to the R (., deficits
as well as the various available data on b — s¢™¢~ and b — sv transitions. Here we have
fixed M = 200 GeV as the scalar function (eq. (4.5)) is insensitive to the neutrino mass
around the electroweak scale. As can be seen from figure 4, O(1) x2 and |ex| are required
to account for the Ry (.) deficits. When the other eight box diagrams depicted in figure 3
are also taken into account with a sizeable W*NuF coupling [112], the required sizes of x5
and |ex| can both be reduced. However, these contributions are not explicitly taken into
account when making the plots in figure 4, because in this case more parameters would
be involved.

It should be pointed out that the parameters ¢;; and My+ are also tightly constrained
by the B, — B, mixing and the b — s transitions, with the findings that e; < 1 for Mpy+ <
500 GeV [98, 137], which are compatible with the ones required for explaining the Ry (.
deficits. Thus, our scenario can provide an explanation for the R, and Ry~ anomalies,
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Figure 4. Constraint on the parameters zo and €; using the 1o range of the Wilson coefficients
Cgﬂ) = fC%E < 0 obtained through a global fit to the Ry (.) deficits as well as the various available
data on b — s¢*¢~ and b — sy transitions [67].

while complying with these tight constraints. On the other hand, the O(1) coupling z»,
besides its contribution to Ry (), also contributes to the muon g —2 dominantly at the one-
loop level. However, this contribution is only of O(10710) for My+ > 100 GeV [138], which
is smaller than the current experimental data [106] by an order of magnitude. It is therefore
difficult to provide a resolution to the muon g—2 excess in the same scenario. In a follow-on
paper [136], we will show that large contributions to the muon g — 2 can come from the
two-loop Barr-Zee type diagrams. If the muon g — 2 excess is attributed to these two-loop
Barr-Zee contributions, large e;; and relatively light charged Higgs boson would be required.
In this case, the constraints from B, — B, mixing and b — sv transitions would become
very severe. However, with a nonzero e.; introduced to X7 (see eq. (2.11)) [85, 98, 99, 139],
the muon g — 2 anomaly can still be addressed while the constraints from these processes
are satisfied at the same time [136].

Finally, it should be mentioned that, due to the presence of O(1) parameters zy and
€4, the decay modes Ht — tb and H* — pN can have large branching ratios, depending
on the explicit mass spectrum of heavy neutrino, top quark and charged Higgs boson.
For the HT — tb decay, a recent search performed at the LHC has put upper limits
on the cross section times branching ratio o(pp — tbH') x B(HT — tb) for Mpy+ =
200 — 2000 GeV [140]. As for the H™ — uN decay, the detection of the final states relies
on the decay products of the heavy neutrinos and hence would involve the free light-
heavy neutrino mixing parameters. If this decay mode dominates the charged Higgs boson
decays, it can provide a new way to test the low-scale seesaw mechanism [118-127]. On
the other hand, the branching ratio of HT — 77v can also be large for tan 8 ~ O(50).
If the decay H™ — 77 dominates the charged Higgs boson decays, a lower limit on the
charged Higgs boson mass applies with My« > 80GeV [141]. Upper limits on o(pp —
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tbH™) x B(H* — 7%v) have also been obtained for My+ = 90 — 2000 GeV [142] and
Mpy+ = 180 — 600 GeV [143], respectively. Following the discussions made explicitly in
refs. [46, 85, 144], which are sufficient for the current purpose, we have found that all these
experimental bounds can be satisfied by the parameter regions allowed by the Rp) and
Ry (+) anomalies. As a further nonzero €. needs to be introduced to X{' in order to provide
a resolution to the muon g — 2 excess while complying with the tight constraints from
the B-physics observables [136], we plan to perform a detailed study of the direct LHC
constraints on the charged and neutral scalars at nonzero values of €, €. and €., as well
as the neutrino Yukawa couplings in an upcoming paper.

5 Conclusions

Based on the structure of the 2HDM-III that has been proposed to address the Ry
anomalies, we have considered a unified scenario where right-handed heavy neutrinos are
introduced to the model, so as to generate small neutrino masses and, at the same time,
provide reasonable explanation for the (. anomalies.

Our main conclusions can be summarized as follows: within the 2HDM-III, the current
world-averaged results for the ratios R can be accommodated at 20 level, under the
constraint from B(B; — 7 v) < 30%. For the light neutrino mass problem, only two
massive neutrinos are produced with the sub-eV scale being accounted for by (i) two nearly
degenerate Majorana neutrinos with mass around the electroweak scale, (ii) a decoupled
heavy Majorana neutrino with mass around 10'° GeV, and (iii) a large tan 8 with value
around O(50). For the Ry(., anomalies, we found that a muon-philic neutrino Yukawa
coupling as well as a new top-quark Yukawa coupling, with both of their sizes being of
O(1), are required to reproduce the 1o range of the Wilson coefficients in the direction
C’gLP = —C%i < 0. Such a large neutrino Yukawa coupling indicates that the coupling
in the electron channel should be largely suppressed so as to comply with the constraint
from p — ey while the coupling in the tauonic channel is less constrained from 7 — uv,
particularly for heavier charged Higgs boson and right-handed neutrinos.
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