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Abstract: Updated measurements from the LHCb and SHOES collaborations have respectively strengthened the de-
viations of the ratio Rk in rare semi-leptonic B-meson decays and the present-day Hubble parameter Hy in the Uni-
verse, implying tantalizing hints of new physics beyond the standard model. In this paper, we consider a simple fla-
vor-specific two-Higgs-doublet model, where long-standing Ry anomalies can be addressed by a one-flavor right-
handed neutrino. An intriguing prediction resulting from the parameter space for the Ry resolution under flavor-
and collider-physics constraints points toward a shift in the effective neutrino number, AN.g = Neff—stl}\./I, as a
favored way to ease the Hj tension. Depending on whether the neutrino is of the Dirac or Majorana type, we show
that the resulting shift is ANeg ~ 1.0 for the former case and ANg =~ 0.5 for the latter case. While the Dirac case is
disfavored by the CMB polarization measurements, the Majorana solution is consistent with recent studies using a
combined dataset from various sources. Consequently, such a simple flavor-specific two-Higgs-doublet model
provides a link between Ry anomalies and Hy tension, which in turn can be readily verified or disproved by up-
coming measurements.
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I. INTRODUCTION

In rare semi-leptonic B-meson decays, there is a series
of long-standing deviations between standard model
(SM) predictions and the LHCb measurements [1-6]. In
particular, the ratios Rk« , which are defined as

BB — K¥u*pu)

Rgeo = .
K B(B — K®ete™)

(M

are predicted to be RSM =1.00+£0.01 in the region
1.1 < 4> <6GeV?, with ¢* as the dilepton invariant mass
squared, within the SM [7—10], whereas the LHCb meas-
urements in both 2017 [3] and 2019 [4] exhibited a devi-
ation at the ~ 2.5¢0 level. Strikingly, the latest update of

the LHCb measurement [5], with

Rg(1.1 < g% <6GeV?) = 0.84670042:0013 - (2)

has pushed the deviation to reach the level of 3.10- owing
to the reduced experimental uncertainties. This strongly
hints at new physics (NP) beyond the SM that violates
lepton-flavor universality (LFU).

Rk anomalies have prompted many NP proposals
under extensive and intensive investigations (see, for ex-
ample, the recent reviews [11, 12] and references
therein). In particular, the two-Higgs-doublet model
(2HDM) extended with right-handed neutrinos [13-16] is
an interesting NP candidate because it can connect the in-
triguing LFU violation with neutrino masses — another
big mystery in contemporary particle physics. Thus far,
either Dirac [13] or Majorana [14— 16] neutrinos have
been considered to address Ry~ anomalies. In these scen-

Received 8 October 2022; Accepted 1 December 2022; Published online 2 December 2022
* Supported by the National Natural Science Foundation of China (12135006, 12075097, 11675061, 11775092), and the Fundamental Research Funds for the Cent-

ral Universities (CCNU20TS007, CCNU19TD012, CCNU22LJ004)
" E-mail: dufewe@mails.ccnu.edu.cn
% E-mail: ShowpingLee@mails.ccnu.edu.cn
¥ E-mail: xqli@mail.ccnu.edu.cn (Corresponding author)
* E-mail: yangyd@mail.ccnu.edu.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP’ and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

033102-1



Wen-Feng Duan, Shao-Ping Li, Xin-Qiang Li et al.

Chin. Phys. C 47, 033102 (2023)

arios, the dominant NP contribution to Rx- anomalies is
assisted by the right-handed neutrinos running in the box
diagrams that are most relevant for the b — su*u~ trans-
ition, and the resulting LFU-violating Wilson coeftfi-
cients are predicted in the direction Cg; =~CJ§, which
implies a left-handed NP effect in the muon sector and is
persistently favored by updated global fits following Eq.
(2) [17-29]. However, as noted in Ref. [15], the LFU-
conserving Wilson coefficient C},, resulting from Z-
penguin diagrams could contribute as much as the LFU-
violating ones. Even though the LFU-conserving contri-
bution CJfj,, cannot explain Rg. anomalies alone, its
comparable contribution can affect how Rk« anomalies
are numerically addressed in the direction Cgl\LP = _Cll\g;'
Therefore, theoretical NP models with comparable
Cy, =—Cly, and CYy,, should match a two-parameter
global fit following Eq. (2) [24], which have unfortu-
nately been neglected in Refs. [13, 14, 30].

Many previous studies have focused on heavy Major-
ana neutrinos for the Rg. resolution. Nevertheless, as
found in Ref. [14], the solution of Rk« anomalies in the
direction CSLP = —CI]\IOIL is insensitive to Majorana neutrino
masses below the electroweak scale. This implies that the
difference between heavy and light Majorana neutrinos
cannot be simply distinguished by the Rk« resolution.
Besides Majorana neutrinos, topics with Dirac neutrinos
have also received increasing attention in recent years, es-
pecially in connection with the phenomenologies [31-36]
of big-bang nucleosynthesis (BBN) and cosmic mi-
crowave background (CMB), as well as the baryon asym-
metry of the Universe [37, 38]. Dirac neutrino effects in
the b — sy~ process have been found, as noted in Ref.
[13]. However, it was found that because O(1) Dirac
neutrino Yukawa couplings are generically required to
explain Rk~ anomalies, thermalized right-handed Dirac
neutrinos with such large couplings in the early Universe
would cause an undesired shift in the effective neutrino
number, ANy =Neg—N5Y, at the BBN and CMB
epochs, where the SM prediction reads Nesf?" = 3.044 -
3.045 [39—45]. Nevertheless, the above conclusion de-
pends crucially on how many right-handed Dirac neutri-
nos are thermalized in the early Universe and the decoup-
ling temperature of thermalized neutrinos, which can res-
ult in different levels of the ANg shift.

In addition to the extensive investigations of the
heavy nature of Majorana neutrinos used to address Rk«
anomalies, it is also interesting to consider situations in
which eV-scale Majorana neutrinos are included. In this
paper, we consider NP effects on Rk anomalies from
either an eV-scale right-handed Majorana or a right-
handed Dirac neutrino. Although the NP effects arising
from these two cases are indistinguishable in terms of the
Rk resolution alone, their impacts on the early Universe
are different in generating an observable ANcg shift ow-

ing to the spinor nature of the neutrinos involved, that is,
the Majorana spinor for the former and the Weyl spinor
for the latter. Therefore, it becomes possible to distin-
guish these two solutions via the observation of different
AN.g shifts in the cosmic regime.

Noticeably, the extra radiation that generates a signi-
ficant AN.g shift is one of the simplest candidates to mit-
igate Hubble (Hp) tension (see, for example, Refs.
[46—50] for the latest reviews), which signifies a notori-
ous discrepancy between the local measurements of the
present-day Hubble parameter from the SHOES collabor-
ation [51-53] (based on the publication years, the three
references are dubbed R18, R19, and R20) and the Planck
CMB inferred value under the standard ACDM baseline
[54],

Hy=(67.4+0.5)km-s~' -Mpc!. 3)

The Hy tension is further worsened by the updated
SHOES measurements (R21) [55], with

Ho = (73.04+1.04) km-s~' -Mpc ™!, 4)

enhancing the deviation from the Planck 2018 data to 5¢-.
A plethora of investigations have introduced a shift in the
effective neutrino number, AN ~ 1.0, to address H ten-
sion [56—59]. As illustrated in Ref. [58], an extra free Neg
beyond the original six ACDM parameters can cause a
genuine shift in the central value of Hy from Planck
measurements, and H, tension can be relieved with
Nesr = 3.95. Here, Neg serves as an NP source to shift the
ACDM predictions inferred from CMB, BAO, and Pan-
theon Supernovae Type-la data so that they are in agree-
ment with the local Hy measurements. As opposed to es-
timating Neg simply by combining the high-redshift
measurements with local H, data (like in many other
studies), the data-analyzing method proposed in Ref. [58]
opens a new avenue to ease Hy tension. However, such a
large shift is disfavored by high-¢ Planck CMB polariza-
tion measurements [54, 60— 62]. More recent analyses
have instead showed that a shift of 0.2 < AN.g <0.6 is
able to ease Hy tension. For instance, Ref. [63] points out
two possible regimes with/without BBN data,

3.22 < N < 3.49 (68%CL) for
CMB-+BAO+Pantheon+R 19, (5)

3.16 < Neg < 3.40 (68%CL) for
CMB+BAO+Pantheon+R19+BBN, (6)

in which the SHOES 2019 measurements (R19) [52] are
included. These patterns are also consistent with that ob-
served in Ref. [64], where an additional electron-type
lepton asymmetry &, in the neutrino sector is introduced,
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giving

Neg =3.46+0.13 (68%CL), &,=0.04
for CMB+BAO+Pantheon+R19+BBN, @)

with a larger central value of Ny than from Eq. (6). In-
triguingly, the introduction of lepton asymmetry is also
supported by the very recently probed anomaly in the he-
lium-4 abundance [65], which results in [65-67]

Neg =3.227033,

& =0.05+0.03. (8)

Note that all the central values of N.g obtained above
are larger than the previous CMB+BBN result [68],
Neg = 2.843 +£0.154. Therefore, it can be inferred from
Egs. (5)—(8) that an increased N.g will be helpful to mit-
igate Hy tension, though an updated analysis of the com-
bined dataset from CMB+BAO+Panthecon+R21+
BBN is currently not available. Other possible patterns,
such as the extra radiation in the presence of additional
non-free-streaming degrees of freedom (d.o.f) [69, 70],
also found that comparable N.g values are favored to ease
H, tension. Recently, the mitigation of Hj tension with
ANeg =~ 0(0.5) has been studied in several explicit mod-
els [62, 71-73].

The results above suggest that a full resolution of Hy
tension could be a result of multidisciplinary interplay, in
which the extra radiation serves a fractional but import-
ant role. In relating the observed anomalies in the particle
physics domain, it is compelling to consider the situation
where the underlying mechanism for the AN.g shift is
naturally provided by the Rk« resolution via an eV-scale
right-handed Majorana or a right-handed Dirac neutrino,
which motivates our present study. In this paper, we show
that such a connection can indeed be realized in a flavor-
specific 2HDM framework, where only one right-handed
Majorana or Dirac neutrino has significant interactions
with the extra Higgs bosons present in the model.

The paper is organized as follows. We begin in Sec. 11
with a description of the framework, dubbed #2HDM,
and then consider in Sec. III the most relevant constraints
from low-energy flavor physics, the perturbative unitar-
ity condition, and LHC direct searches. In Sec. 1V, we
discuss the NP contributions to Rx- anomalies and the
mitigation of Hy tension. Then, we present in Sec. V our
detailed numerical analyses of the viable parameter space
for the Rgo resolution, as well as the correlation between
Rk~ anomalies and H, tension. Conclusions are presen-
ted in Sec. VL.

II. FLAVOR-SPECIFIC TWO-HIGGS-DOUBLET
MODEL

The 2HDM is a simple extension of the SM achieved

by adding a second Higgs doublet to the SM particle con-
tent [74, 75]. Any specific 2HDM framework is charac-
terized by its Yukawa interactions and scalar potential,
both of which can be specified by either symmetry back-
grounds or purely phenomenological considerations. For
our purpose in addressing Rk~ anomalies with a link to
H, tension, we follow a data-driven approach.

A. Quasi-degenerate Higgs mass spectrum

The two Higgs doublets H;, in the model are con-
structed in the so-called Higgs basis [75, 76] as

G+ H+
= ((v+¢1 +iG%)/ \5) 2= (<¢2 +id)/ \5) ©

where the vacuum expectation value v ~ 246 GeV is re-
sponsible for generating the fermion and gauge-boson
masses, and G*¥ are the Goldstone bosons. Here, we as-
sume a CP-conserving Higgs potential [75]. Then, H*
and A are the physical charged and neutral pseudo-scalar
Higgs bosons, respectively, whereas the neutral scalars
¢1. are the superposition of the two mass eigenstates H°
and 4, which can generally be written as

¢ = hcosf+ Hsin#, ¢ = —hsind+ Hcosh, (10)

with the mixing angle 6 determined completely by the
parameters in the Higgs potential. Given that cosd ~ 1 is
favored by current LHC data on various SM-like Higgs
signals (see, for example, Refs. [77, 78] for recent global
fits of the 2HDMs), which corresponds to the so-called
alignment limit, we consider the case where H; is the SM
Higgs doublet such that /4 corresponds to the observed
Higgs boson [79, 80], whereas H; is the NP doublet with
H° corresponding to the extra physical neutral scalar.

In the alignment limit, the Higgs potential V(H;,H;)
can be readily constructed in terms of the free potential
parameters governing the Higgs mass spectrum. In prin-
ciple, these free parameters receive various theoretical
and phenomenological constraints, such as vacuum stabil-
ity, perturbative unitarity, electroweak precision tests, and
collider direct detection [77, 78]. Nevertheless, the mass
spectrum of the physical states H*, H°, and 4 is still un-
determined by current LHC direct searches. In particular,
a quasi-degenerate Higgs mass spectrum,

ms = mpygo =myg =mg-+, (11)

still remains a possible regime and is covered here.

B. Flavor-specific Yukawa structure

To address Rg+ anomalies with a link to H, tension,
we consider the following Yukawa interactions:
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Ly = LMH) + Ly(Hy), (12)

Ly(Hy) = -X, 0 Hyug — X, E Hyvg + hec., (13)

where L3M(H,) denotes the SM Yukawa Lagrangian as-
sociated with the Higgs doublet H,, whereas Ly(H,) en-
codes the NP interactions related to the second Higgs
doublet H,, with A, = ioyH}, and o as the second Pauli
matrix. The left-handed fermion doublets Q; and E; are
specified as

Or = (g, d V"), EL=( U ep), (14)
respectively, where all the chiral fermions fg
(f = u,d,e,v) are physical fields, with V" and U represent-
ing the Cabibbo-Kobayashi-Maskawa (CKM) and Ponte-
corvo-Maki-Nakagawa-Sakata (PMNS) matrices, respect-
ively. For the Yukawa matrices X,,,, we propose the fol-
lowing phenomenologically viable structure:

Xuij = K030 3, X, =Kky00s, (15)
where «;, are the only nonzero real effective couplings,
and the flavor index s characterizes the one-flavor right-
handed neutrino that couples to the muon lepton in the
charged scalar current. It should be noted that the explicit
right-handed neutrino flavor is irrelevant here and will
simply be denoted as v hereafter.

Our proposal of Eq. (15) comes from various data-
driven considerations. In the quark sector, Eq. (13) to-
gether with Eq. (15) would induce only neutral scalar cur-
rents associated with the top quark, and the charged scal-
ar interactions,

d_L,iVZiXu,kjuR,jH7 +h.c., (16)

have only significant effects on the third generation of
quarks owing to the hierarchical structure of the CKM
matrix. These patterns comply with the current observa-
tion that only significant NP contributions are allowed in
the third generation and the flavor-changing neutral scal-
ar currents are severely constrained by experimental data
[81-83]. In the lepton sector, however, Egs. (13) and (15)
would indicate that there are only neutral scalar currents
in the neutrino sector, whereas the charged scalar interac-
tion is only stimulated by the one-flavor right-handed
neutrino ¥ that has a significant coupling to the muon
lepton, namely,

Kyl VRH™ +h.c. (17)

Such particular patterns closely follow the tight

bounds from the charged lepton-flavor violating pro-
cesses ¢; — {;y mediated by the right-handed neutrino at
the loop level [14] and the muon decay u — evv medi-
ated by the charged Higgs at the tree level. Furthermore,
the reason for allowing only one rather than two or three
flavors of right-handed neutrinos to interact with the
muon lepton comes from the observation that if more
than one right-handed neutrino has significant couplings
to account for Rg. anomalies, the resulting parameter
space will readily force them to establish thermal equilib-
rium in the early Universe and thus generate an unaccept-
ably large ANg shift [13, 32], as confirmed later in this
paper. Finally, it should be emphasized that, because we
are interested in the connection between Rg. anomalies
and H, tension via a minimal setup, other couplings not
considered in X,, do not necessarily need to vanish, but
rather they signify the meaning of phenomenological
smallness in their own right. Furthermore, we are not
concerned with the symmetry underlying such a flavor-
specific Yukawa structure given by Eq. (15), though in-
teresting possibilities, such as Branco-Grimus-Lavoura-
based scenarios [84] and mass-powered-like textures
[85], may deserve further exploitation.

The above considerations result in our flavor-specific
2HDM framework that points toward significant NP ef-
fects associated with the top quark ¢ and one-flavor right-
handed neutrino v; and will therefore be dubbed the
tv2HDM hereafter. As mentioned in Sec. I, the neutrino
nature, being of the Majorana or Dirac type, is unspe-
cified by the Rk« resolution alone. However, when v is
an eV-scale Majorana neutrino, its impact on the ANg
shift will be different from that with a Dirac neutrino, es-
pecially when the shift is linked to the mitigation of H
tension. Furthermore, if v¢ is of the Majorana type, it can
be embedded into the seesaw mechanism (see, for ex-
ample, Refs. [86, 87] for recent comprehensive reviews),
where two more right-handed Majorana neutrinos are in-
troduced with the presence of a Majorana mass term,

11—
E(VR)CMRVR +h.c., (18)

where (vg)¢ = Cvg! , and C =iy?)° is the charge conjuga-
tion matrix. Then, the active neutrino masses are gener-
ated via the seesaw formula,

2

Mgk

myij = —

Yv,ika,jk’ (19)

in the basis where the symmetric matrix My, is already di-
agonal. Here, Y, is the neutrino Yukawa matrix from
LM(H)) in Eq. (12), that is,

YVE_Ll:IlvR +h.c., (20)
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encoding active-sterile neutrino mass mixing and mixing-
induced interactions via [88]

. v
WV,ij = va’ij. (21)

An important observation arises if one of the sterile
neutrino eigenstates is at the eV-scale, for example,
Mg, ~0(V). To avoid the constraints on active-sterile
neutrino mixing [89], particularly for an eV-scale sterile
neutrino [90], the first column of ¥, must be strongly
suppressed. Otherwise, W,; would be enhanced by a
factor of v/Mg; ~10'". In the asymptotically safe limit,
Y,;1 =0, the active neutrino mass matrix from Eq. (19)
would be of rank two, making the lightest active neutrino
massless. Therefore, if the eV-scale ¥z belongs to the
lightest sterile neutrino in the seesaw mechanism, the
lightest active neutrino in the 3v oscillation paradigm
[91] is essentially massless. Further constraints on W,;;
are not discussed in the following because the NP effects
under consideration in this paper do not rely on the neut-
rino Yukawa matrix Y,. If 9¢ is of the Dirac type,
however, the Dirac neutrino mass may also be generated
via Eq. (20) but with the absence of the Majorana mass
term given by Eq. (18). In either case, Eq. (13) will en-
code all the NP interactions concerned in this paper.

In the following sections, we consider important con-
straints from flavor and collider physics, as well as per-
turbative unitarity on the rv2HDM framework, which is
only characterized by the three free parameters «;, «,, ms,
and show the viable parameter space in addressing Rge
anomalies. We further show that the resulting favored
parameter space induces the shift AN.g ~ 1.0 in the Dirac
neutrino case and AN.g ~ 0.5 in the Majorana case.

IIT. PHENOMENOLOGICAL AND
THEORETICAL CONSTRAINTS

The tv2HDM framework indicates significant NP ef-
fects associated with the third generation of quarks and
the muon lepton. In this section, we discuss the most rel-
evant constraints on the model from low-energy flavor
physics, the perturbative unitarity condition, and LHC
direct searches.

A. Constraints from low-energy flavor physics

1. B-Xyy

In the framework of low-energy effective field theory,
the effective Hamiltonian governing the radiative b — sy
decay at the scale u;, ~ O(m;,) reads as

Herlb — 57) = - %

+CY ()0 + c(’)(pb)d’)} (22)

6
FVr*thb[ZCi(ﬂb)Oi
i=1

where G = 1/(V2v?) is the Fermi constant, and the terms
proportional to V.V, are neglected in view of
IV Vin/ Vi Vil < 0.02. The explicit expressions of the cur-
rent-current (012) and QCD-penguin (O;-¢) operators
can be found in, for example, Refs. [92—-95], whereas the
magnetic dipole operators are defined, respectively, by

, e
O;}E = 16 I’l’lb(SO'lJ PR(L)b)F#V,

(23)

O(’) = 6 2yn (SO'FVTaPR(L)b)GyV’

8¢ — 1

where Pg; =(1xvys)/2 are the right- and left-handed
chirality projectors.

In the vv2HDM framework, the NP contributions to
the Wilson coefficients Ci_g are absent, and their contri-
butions to the primed dipole coefficients C7, 5, are sup-
pressed by the ratio m,/m;,. As a consequence, the domin-
ant NP influence on the b — sy transition stems from the
unprimed C7, and Cs,. After a direct evaluation of the
one-loop penguin diagrams with the charged Higgs run-
ning in the loop, as shown in Fig. 1, we can obtain the NP
Wilson coefficients at the matching scale us ~ O(ms)
[93-95],

2
N ius) = ‘FK‘ E?f;’, NP(us) = ‘/; SENT. (24

where the scalar functions are defined, respectively, by

o _ T+ 122, + 322 — 820 + 62,(3z, - 2)Inz, 25)
” 72(1 - z)* ’
Eé\IgP _ 23z +622 - zt34— 6z;1nz, , (26)
24(1—-z)

with z, = m?/m2, and m, is the top-quark MS mass.

To evaluate the NP contributions to the branching ra-
tio B(B — X,y), we must run the Wilson coefficients
from the matching scale yug down to the low-energy scale
up [96, 97]. Generically, the Wilson coefficient C7,(up)
can be divided into two parts,

Cry(up) = C () + CRF (), @27

which contributes to B(B — X;y) with a photon-energy
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b

Fig. 1.
cay.

cutoff E, < 1.6 GeV via [96, 97]
B(B - Xy¥)E,<1.6Gev = R Cry (1) (28)

Here, the overall factor reads numerically as R =2.47x
1073, and we neglect the small non-perturbative effect.
The SM contribution C%’I(p;,) has been calculated up to
the next-to-next-to-leading order in QCD [98-100], and
the resulting numerical value reads as [101, 102]

CM(up) = =0.371 £0.009, (29)

whereas the NP part CJ¥ (1) is given by
COY (up) = K7 1 (s ) + ks Cy (s, (30)

where C7Nyp(u5) and ng’(ys) are already given by Eq.
(24), and the magic numbers are evaluated to be
k7 =0.457 and kg = 0.125 at the NP scale ug ~ O(1) TeV.

By comparing the theoretical prediction given by Eq.
(28) with the current world-averaged experimental data
[103],

BB = XY)p o gev = (33220151074, (31)

we can set bounds on the NP Wilson coefficients presen-
ted in Eq. (24), and the allowed parameter space («;,ms)
can therefore be extracted. In Sec. V, we apply the
B(B — X,y) constraint within a 1o~ uncertainty.

0 _ R0 ..
2. B, ,— B, mixings

Next, we turn our attention to the mass differences
AM,; describing the strength of B — B mixings. The
theoretical description of BO —BO mixings can be real-
ized in terms of the low- energy effective Hamiltonian

2

G
7-{eAﬁl’!; ’= 1 6F2 mW(V[b th)2 [ Z Clq(/lh)azq
i=1

3

+ " Cigup)Qig | +hoc., (32)
i=1

Relevant NP photon- (the first two) and gluon-penguin (the last) diagrams contributing to the inclusive radiative B — X,y de-

where my is the W-boson mass, and g = d(s) for the neut-
ral Byy meson. The explicit expressions of the four-
quark operators can be found in, for example, Refs. [104,
105].

In both the SM and v2HDM framework, the only
significant Wilson coefficient responsible for neutral B-
meson mixing originates from C4(u;), which corres-
ponds to the four-quark operator

Q14 = (bayuPLqa) by PLgp), (33)

where the Greek letters a and S denote the quark color in-
dices. The mass difference of neutral B-meson mixing
can be expressed in terms of the off-diagonal matrix ele-
ment, AM, = 2|M{,|, with the latter given by [104, 105]

M| =B
2

= Vi Vi o) BQUIBY.  (34)

Here, the hadronic matrix element (BJ|Q,,|B)) encodes
the non-perturbative QCD effect, whereas the perturbat-
ive contribution is absorbed into the short-distance
Wilson coefficient Cy,4(up). Normalizing NP to the SM
contribution, we can parameterize the theoretical predic-
tion of AM, as

AMy = AMM |1+ AN, (35)

where AMSM denotes the SM contribution. For the NP
scale of O(1)TeV considered in this paper, the correction
A is given by

NP

AP = U () U (g pts) —go—
t t CSM(ll )

(36)

where U (u;,11;) represents the leading-order QCD evol-
ution function from the high-scale y; to low-scale y;
[104], and CIS;VI(uW) is the SM Wilson coefficient evalu-
ated at uwy ~O(my). Here, we take into account the
threshold effect when evolving across the top-quark mass
scale u; ~O(m;) [104]. The NP contribution Cﬁp(us) is
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obtained by evaluating the box diagrams shown in Fig. 2,
leading to

Cly ws) = Clus) + Cl O us) + CF Wips),  (37)

in which the different parts are given, respectively, as

4

Clius) = GZ T (38)

Ci%us) = i ——J @zw), (39)
1 \/_ Fms
2NV26ms

W gy = 220 g, ), (40)
Gem}

where zy = m3,/m}, and we introduce the following scal-
ar functions:

1 _th +2z:Inz,

ts = s 41
Haw) = = @D
_ =
I = G~
zzwln(z/zw) zInz
A—zwm)z—zw)*  zw(l—zw)(1—z)?’
(42)
2t
K = @)
_ zIn(z/zw) zInz
A=zm)z—zw)*  zw(l—zw)(1—z)?
(43)

The current world-averaged experimental measure-
ments are [106]

AMSP =0.5065+0.0019 ps~",

AM® = 17.765+0.006 ps~!, (44)

both of which carry considerably smaller uncertainties
than those of the corresponding theoretical predictions
[107-110]. In particular, based on the bag parameters cal-
culated in full four-flavor lattice QCD for the first time,
the HPQCD collaboration found that [108]

SM _ 0.040
AM; =0.555"7 02 ps,

(45)
AMM  =17.59*9%2 ps~!,

in which the central value of AM;M is larger than the ex-
perimental data. This in turn implies a discrepancy for the
ratio AMy/AM; at ~ 1.70. However, an earlier computa-
tion based on the most accurate numerical inputs at that
time found that [107]

AMSM = (20.01 +1.25) ps!, (46)

the central value of which is ~ 1.80- above the experi-
mental one given by Eq. (44). Such a difference has pro-
found implications for NP models that predict sizable
positive contributions to B — BY mixing [107]. While the
discrepancies observed in AM, are not yet conclusive
owing to the large theoretical uncertainties, it is interest-
ing to note that an excess over the SM predictions cannot
be reconciled with the Rgw resolution in the rv2HDM
framework because NP effects on AM, ; are always posit-
ive, as shown from Eq. (37). Therefore, if confirmed with
more precise experimental measurements and theoretical
predictions, the discrepancy will entail additional NP
sources beyond the minimal setup considered in this
study.

In view of the above observations, we apply in this
study the HPQCD results for AM,, given by Eq. (45) as
constraints but vary the uncertainties within 30~ conser-
vatively. We would like to emphasize again that the con-

1EORE AL

Fig. 2. Relevant NP box diagrams responsible for B - B mixing in the 't Hooft-Feynman gauge.
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straining power from AM, can be highly efficient only
when the theoretical uncertainties from, for example, B-
meson decay constants, bag parameters, and CKM ele-
ments are significantly reduced [107].

3. Ksp— utu decays and K°-K° mixing

Besides the B-meson observables discussed above,
the tv2HDM also has an impact on K-meson observables,
such as the branching ratios of the Ks ; — u*u~ decays as
well as the mass difference AMg and the ex parameter of
K°-K° mixing. However, because kaons are composed of
two light quarks, that is, the up (down) and strange
quarks, whereas NP interactions in the quark sector with-
in our framework always connect with the top quark (see
Eq. (15)), their leading contributions to K decays and
mixing must first stem from one-loop diagrams with the
top quark and charged Higgs running in the loop. This
implies that the impact of NP on K-meson observables is
suppressed by both the loop factor and these heavy
particle masses, as well as the CKM entries involved.

We explicitly evaluate the short-distance NP contri-
butions to the branching ratios of the K, g — u*u~ de-
cays and find that they only result in a negligible effect
on the branching ratios of the K; ¢ — p*u~ decays, espe-
cially when the sign of the long-distance contribution is
chosen to be destructive with the short-distance part
[111-113]. We also check if the resulting parameter
space of the rv2HDM complies with the constraint from
K° — K% mixing. To this end, fixing the free parameters at
a typical benchmark point (k;,ms) ~ (1.0,1000GeV), we
numerically find a significantly weaker impact on
K° - K° mixing compared with that obtained through a
global fit study [81]. Thus, from these observations, we
may safely conclude that K-meson observables do not
place any significant constraints on the rv2HDM com-
pared with those obtained from B-meson observables.

As a consequence, we do not show the constraints
from K-meson observables in the numerical analysis be-
low.

4. LFU tests via Z- and W-boson decays

Let us now consider the constraints from the LFU ra-
tios of the di-lepton decays of Z and W gauge bosons,
I'Z-u'u)/T(Z—-¢¢) and T(W - uv)/T(W — v),
where ¢ = e or 7. For both of these two cases, by encod-
ing one-loop NP corrections into the renormalized effect-
ive vertex in the on-shell scheme, we can readily derive
the NP contributions to these LFU ratios.

For Z-boson decays, the LFU ratio Rit, can be para-
meterized as

gz LZ > p)
M (Z - £+ 67)
I2Re gSM- ’NP*_’_gSM‘g}l’NP*
=RZM |1+ (6t -¢ty "+ 53 017) NCY)

2 2
SM SM
2] +[e3

in the vanishing lepton mass limit. Here, R}ZI%SM is the SM
contribution, and the SM couplings are given by
gy =—1/2+2s}, and g% =-1/2, with s}, =sin’ Oy =
0.23 [114]. It should be noted that the NP contribution to
the electron/tauon mode is absent in view of the flavor-
specific Yukawa structure given by Eq. (15). Given that
the charged Higgs only couples to the left-handed muon
(cf. Eq. (17)), whereas neutral scalars do not interact with
the muon (cf. Eq. (13)), the NP contribution to the LFU
ratio originates solely from the H*-mediated loop dia-
gram, as shown by the left Feynman diagram in Fig. 3.
We explicitly arrive at

2.2
Kymz, Cow

NP _ uNP _
vz =8z = 576m2m?’ 9

where my is the Z-boson mass, and coy = 1 -2s7,. Addi-
tionally, in the quasi-degenerate limit for the Higgs mass
spectrum, as given by Eq. (11), the NP contributions to
the decay Z — p*u~ from the two neutral Higgs bosons H
and 4 cancel out to a large extent, leaving the dominant
NP effect from the left Feynman diagram shown in
Fig. 3.

For the W-boson decays, the NP effect arises from the
right Feynman diagram shown in Fig. 3. The resulting ex-
pression for the LFU ratio RI‘Z, in the vanishing lepton
mass limit can be analogously obtained by replacing Z
with W in Eq. (47). The corresponding effective coup-
lings are now given by g\l = g3, = 1/2, and

2.2
NP _ e Ky
VW T OAW T 2,2

576m=ng

(49)
Note that in deriving the above equation, we make use of
the quasi-degenerate Higgs mass spectrum given by Eq.
(11).

Then, by comparing the theoretical predictions with
the experimental data [114, 115]

'_-—’—,u LT 1%
H™ v H*,
A .vav: AUR w \N\NV: AVR
HJF‘\ . HU/A‘\ _
e cl—w—vp

Fig. 3. NP contributions to the di-lepton decays Z — p*pu~
(left) and W — uv (right).
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RES® = 1.0001 +£0.0024, RIS =0.993+0.020,  (50)

RSP =0.9981+0.0040, RSP =1.008+0.013, (51)

we can extract the bounds on the NP parameter space
(«y,mg). To this end, we take the constraints as the exper-
imental data within 1o~ uncertainties.

B. Constraints from the perturbative unitarity

In addition to the severe constraints from low-energy
flavor physics, theoretical considerations, such as the
bounded-from-below limit on the scalar potential and the
perturbative unitarity condition of high-energy scattering
amplitudes (see, for example, Ref. [75] and references
therein), may also render tight bounds on NP parameter
space. Here, we consider the vital requirement of perturb-
ative unitarity for the Yukawa sector [116].

Generally, the perturbative unitarity bounds can be
derived using the so-called partial wave expansion ap-
proach [117]. For the case of 2 — 2 scattering processes
in the high-energy massless limit, the partial waves aj{.i
with fixed total angular momentum J are explicitly
defined by [117]

1 1
aj{-l.z %deosed;{#/(e)‘rﬂ( Vs, cos6), (52)

where d;{,ﬂf(e) are small Wigner d-functions, with
ui = A; —A;, and py = Ay, — Ay, characterizing the total heli-
cities of the initial and final states, respectively, and
T ri(Vs,cosf) are the invariant scattering amplitudes
QD ((pi, + pi,) = (P, + )T i Vs,c0s0) = (fIS —11i) ,
which are related to the S matrix via § = 1+i7". Here, 6 is
the polar scattering angle in the center-of-mass frame,
and +/s is the center-of-mass energy. By focusing on the
elastic channels, that is, |i) =|f), corresponding to for-
ward scattering with the same spin and internal variables
in the initial- and final-state configurations, and restrict-
ing the sum over the intermediate states only to two-
particle states, we can obtain from the unitarity condition
of the S matrix, 7S = 1, the following reliable bounds on
the tree-level partial-wave scattering matrices [116]:

(33)

which give a reasonable indication of the range of valid-
ity of the perturbative expansion.

To extract the best perturbative unitarity bounds from
Eq. (53), we must then identify the optimal elastic chan-
nels. To this end, we must first obtain concrete expres-
sions for the scattering amplitudes 77;(+/s,cos6), which

depend on the definite Yukawa structure and scalar po-
tential as well as the underlying symmetry properties of
the model under consideration. Using 7 ;(+/s,cos6), it is
then straightforward to obtain the perturbative unitarity
bound for each entry of Eq. (53) by performing the con-
volution with the Wigner d-functions and integration over
the polar angle 6 (cf. Eq.(52)) and then finding the eigen-
values of the partial-wave matrices a;.l.. For generic fer-
mionic Yukawa interactions, owing to the presence of
different spin states in the scattering processes, this can
be most efficiently achieved in the Jacob-Wick formal-
ism [117]. However, the traditional method for calculat-
ing Ti(+/s,cosf) relies on computing all the matrix
entries, which becomes very involved and highly ineffi-
cient when the transition matrix has large dimensions.
Recently, it was noticed that the determination of perturb-
ative unitarity bounds in this case can be simplified by
decomposing each scattering amplitude with different J
into a Lorentz part that depends only on the spin and heli-
city of the fields involved and a group-theoretical part
that depends only on their symmetry quantum numbers
[116]. The only complication in the method is then attrib-
uted to the calculation of the symmetry factors, while the
Lorentz parts are universal for different group structures
[116].

To obtain the perturbative unitarity bounds on the
Yukawa parameters «, and «, of the rv2HDM, we em-
ploy the results derived in Ref. [116]. For the lepton part,
which is characterized by the SM gauge group
SU2)L x U(1)y, the most stringent bound originates from
the P-wave amplitude, that is, J = 1, and imposes an up-
per limit on the muon-related coupling «, .

Ky < (JAnx(V5—1) ~3.94, (54)

For the quark part, however, the constraints are different
because quarks carry an additional color quantum num-
ber under the gauge group SU(3)¢. As a consequence, the
tightest constraint on the top-related coupling «, stems
from the S-wave amplitude with J = 0, which leads to

Ky < /8m/3 ~2.89, (55)

and hence a more stringent bound than on «,.

C. Constraints from LHC direct searches

In the v2HDM framework, as the quasi-degenerate
mass regime in the alignment limit is considered, we can
see that the H° and A4 decay modes H'/A — AZ/H'Z,
H°/A — H*W*, and H® —» AA,H*H~ are all forbidden,
and the tree-level triple couplings H/A -V -V (where V
denotes one of the gauge vector bosons W/Z/y and
gluons) and H°/A —Z(h)—h are absent. This implies that
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for the heavy scalars concerned in this paper, their dom-
inant decay modes are the top-quark and neutrino pair,
whereas the di-boson modes are suppressed by the loop
factor and, more importantly, by the mass ratio m,/mg
[118]. Therefore, the decay width of the neutral scalars is
approximately given by

Ts ~I(S — 1) +T(S — v¥)

, (56)

where ng =3/2 for S = H°, and ng = 1/2 for S = A.

Currently, LHC direct searches for neutral scalar pro-
ductions have been performed by ATLAS with a center-
of-mass energy +/s =8TeV [119] and the CMS collabora-
tion with +/s = 13TeV [120] in the channel pp — S — .
In particular, the CMS results set model-independent con-
straints on the coupling modifiers gg7 between the scalar
S and the top quark:

_ . nmy _
Las = —gHo,—,%ttHO + 18At't7t175[A- (57)

The exclusion limits on ggy can then be translated into
the allowed regions of the v2ZHDM free parameters «;,
and mg. To this end, we must notice that the exclusion
limits set by the CMS collaboration are obtained by as-
suming a fixed decay width s, with I's /mg =[0.5,25]%.
However, as inferred from Eq. (56), for «,, ~O(1) and
mg 2 500GeV, a ratio of I's /ms = (4% —5%) is obtained.
As a consequence, we only apply the two benchmark
points I's /mg =10% and I's /mg =25%, selected in Ref.
[120], to obtain a rough constraint on «,, for a fixed scal-
ar mass.

More significant constraints on the model parameters
have arisen from LHC direct searches for the charged
Higgs performed over the past few years. Both the AT-
LAS and CMS collaborations have covered several de-
cay channels of the charged Higgs, which are dominated
by the v [121, 122] and b [123, 124] final states. Re-
cently, it was noticed in Ref. [125] that the uv final state
can also be an excellent complementary discovery chan-
nel of the charged Higgs. However, a comprehensive
search for such a channel at the LHC is not yet available,
and thus there is no significant bound on NP parameter
space from the decay. Specific to the rv2HDM frame-
work, the decay modes of the charged Higgs are domin-
ated by the b and pv final states, and the 7v mode is sup-
pressed under the flavor-specific Yukawa structure of Eq.
(15), with the total decay width given approximately by

Ty <T(H® = D) +T(H™ = u*v)

2\2

m m

:_wsn [3K,2|v,b|2(1——m;] +K3}, (58)
S

where we neglect the bottom-quark and muon masses.

To obtain the viable parameter space of (x,«,,ms),
we apply the latest results from ATLAS [123] and CMS
[124] with +/s=13TeV, where the model-independent
exclusion limits on the th-associated production cross
section o(pp — H*tb) times the branching fraction
B(H* — tb) are obtained for the charged-Higgs mass at
[0.2, 2] TeV and [0.2, 3] TeV, respectively, although the
constraints from the CMS results are weaker than those
from the ATLAS searches. For the theoretical prediction
in the rv2HDM framework, we calculate the cross sec-
tion o(pp— H*tb) using the computer program
MadGraph5_ aMC@NLO [126], with the charged-Higgs
decay width given by Eq. (58).

IV. MITIGATION OF H, TENSION VIA THE R«
RESOLUTION

A. Two-parameter resolution of Ry anomalies

The right-handed neutrino ¥z with its interaction spe-
cified by Eq. (17) contributes to the b — sé*¢~ process
mainly via the box diagram shown in Fig. 4(a). Its contri-
bution can be described by the effective weak Hamiltoni-
an

Gr «a .
7‘(ng - _7%72‘4[,‘/” (C9O9 + C1901p) +h.c., (59)

where «, = ¢%/(4n) is the fine-structure constant, and the
two effective operators are defined, respectively, as

Og = 5y, PLOYLY"0),  Oig = Gy PLb)(y'ysl), (60)

with the corresponding LFU-violating Wilson coeffi-
cients Cj; and C¢’, given by
N =N = el ol 1-ztalng o

64s€vm%4,m§ (1-2)?

Note that we neglect the neutrino mass in the above
formula, and our result is consistent with that obtained in
Ref. [14] within the vanishing neutrino mass limit.

In addition to the LFU-violating contribution given by
Eq. (61), the flavor-specific Yukawa texture character-
ized by Eq. (15) also renders a considerable LFU-con-
serving effect on the b — sf*¢~ transition via the y/Z-
penguin diagrams shown in Fig. 4(b). However, the res-
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(a): NP box diagram contributing to the b — su*u~ transition, where only one-flavor right-handed neutrino v participates non-

negligibly in the loop. (b): y/Z-mediated NP penguin diagrams contributing to the b — s¢*¢~ transition.

ulting contributions to Cj from the y- and Z-penguin

diagrams are suppressed by the factors e, and 1-4s3,,

respectively. As a result, the dominant LFU-conserving

contribution originates from the axial-vector part of the

Z-boson couplings to fermions in the Z-penguin dia-
grams, with the final result given by

NP kv 7z (1-z+1Inz)

Cioez = 1652m2,  (1-z2 62)

It can be seen from Egs. (61) and (62) that for

Ky ~O(1) and mg ~O(1)TeV, the LFU-violating coeffi-

cients CgNﬂP = —Cll\gz numerically have the same order of

magnitude as the LFU-conserving one CY, ,. Interest-
ingly, this observation is also favored by the two-para-

meter fit for the R resolution [24],

NP _ NP _ NP _
CNP =—CNP =-053x0.10,  CNP ) =-024:0.20,
(63)

obtained at the 1o level. While a negative central value
of the LFU-conserving coefficient C}}, , is, by itself, not
helpful for explaining Rk« anomalies, it can change the

direction of the LFU-violating coefficients C§; = ~CJ"

and, in particular, lift CSLP(z —Cll\g:l) to a larger negative
value compared to the one-parameter fits obtained in
Refs. [18-28]. Translated to the parameter space in the
tv2HDM framework, this requires larger «,, and/or a
lighter scalar mass my to explain the Rk« anomalies.

B. Potential correlation between R+ and H,

As can be inferred from the previous studies in Refs.
[13-16], an O(1) «, is generally required to explain Rk«
anomalies. Specific to the rv2HDM framework, such a
large coupling will readily help the right-handed neutrino
vg establish thermal equilibrium with the SM plasma via
the Higgs doublet portal H,. When the temperature T
drops below the muon mass, the effective four-fermion
interaction governing the right-handed neutrino annihila-
tion rate, Iy, = [(¥gVg — v 7)), mediated by neutral

scalars will determine the decoupling temperature T gec
of V. Because vy is relativistic in the early Universe, its
contribution to Hubble expansion can be parameterized
by a shift in the effective neutrino number [31-35],

AN = N; 52

1075 \*?3
2( 7 ) (64)

& (T gec)

Here, N; =1 denotes the number of thermalized right-
handed neutrino species, and gy = 2 takes into account the
antiparticle state of the right-handed Dirac neutrino, and
g7 =1 for the right-handed Majorana neutrino. The ef-
fective d.o.f for the SM entropy density, gi(T5dec), 1S
evaluated at the decoupling temperature Tjgec Of Vg,
which can be estimated via the instantaneous decoupling
condition Iy, =~ H(Ty4ec), With the Hubble expansion
rate given at the radiation-dominated epoch by

_ 4”3g€(T) 2
H(T) =, /—45M% T-, (65)

where the effective d.o.f for the energy density is taken
approximately as g. = ¢/ ~ g, and the Planck mass is giv-
enby Mp=122x10"GeV.

The annihilation rate of the process vzVg — v, has
the structure

Toyy = g_27<0_ 25-2vVy, — V5,5, (66)

where |v;, — vz, | is the relative velocity of the two incom-
ing particles, gy/2 is introduced to signify the symmetry
factor due to the indistinguishability between the particle
and antiparticle in the initial state, and n; is the thermal
particle number density of Vg, given by

3G) s

42 (67)

ny =

Here, note that the spin d.o.f of the right-handed neut-
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rino v is equal to one for both the chiral Dirac and Ma-
jorana neutrinos. The thermal rate (o2y-2,|vs, —vz,[) in
Eq. (66) is given by

( | ) [dn (py)dng(p2) o29—aulvs, — V5,
T2V, = V5,10 =
e [dnSi(py)dndi(ps)

f 5025y £ Ky (VE/T),
0

(68)
where K;(x) is the modified Bessel function of order one,
and the phase-space factor is defined by

B T
- 327r4n§

d3pi eq
G 5 ). (69)

dns(p) =

Within the rv2HDM framework, the annihilation cross
section 052, 1s simply given by

K4

s, 70
1927m% 70

0292y =

where V§ = E., is the center-of-mass energy. Finally, we
obtain the annihilation rate of the process 7xvg — v ¥y,

o, & & T

Vo2V 2 64’(3)7’[’3 mé ’

(71)

which, together with the instantaneous decoupling condi-
tion I'y;0, = H(T5 4ec) and Eq. (65), leads to the decoup-
ling temperature

Tf/,dec ~4.75 3 13 g*(Tf/,dec) 16
Mev/ g 10.75
3\*3 mg 4/3
— — . 72
X(Kv) (SOOGeV) (72)

It should be mentioned that, to obtain the analytic
thermal rate, as given by Eq. (68), we use the Boltzmann
distribution f;?=e %/T. Because the dependence of the
d.o.f g(T) on the decoupling temperature Ty q4e. is Weak
below the muon mass scale T <m, [127], the effective
neutrino number shift AN.g will also have a weak de-
pendence on Ty g4ec. Therefore, the approximation of ad-
opting the Boltzmann distribution is sufficient to estim-
ate the scale of Tj gec from Eq. (72).

From Eq. (72), one can see that the decoupling tem-
perature Ty 4. Will be solely determined by the free para-
meters «, and mg after inserting the effective d.o.f g.(T)
as a function of the temperature [127]. This in turn im-
plies that the effective d.o.f gf(7y4ec) present in Eq. (64)
and hence the effective neutrino number shift AN g are

also determined by the two parameters «, and myg.
However, given that the parameter «; is severely con-
strained by low-energy flavor physics (especially by the
mass differences AM,), we know that , becomes the key
parameter for the Rk~ resolution. Therefore, we can ex-
pect a potential correlation between the Rk« resolution
and the mitigation of H, tension achieved via the effect-
ive neutrino number shift given by Eq. (64) within the
tv2HDM framework proposed here.

V. NUMERICAL RESULTS AND DISCUSSIONS

A. Viable parameter space for the Rx- resolution

Let us begin with the exploration of the NP paramet-
er space allowed by Rk~ anomalies. By fixing the quasi-
degenerate Higgs mass at mg =500, 700, 900, and
1200 GeV, we show in Fig. 5 the viable parameter re-
gions in the (x,,«;) plane, under the perturbative unitarity
bounds given in Egs. (54) and (55). We also take into ac-
count all the relevant phenomenological constraints dis-
cussed in Sec. IIl. Explicitly, the regions above the vari-
ous curves in Fig. 5 are already excluded by the branch-
ing ratio B(B — X,y) (red), mass differences AM; (or-
ange), and AM, (magenta), as well as by direct searches
for the charged Higgs from ATLAS with 13TeV (blue).
In the upper two plots, we also show the correlation
between «; and «, inferred from the CMS direct searches
for neutral scalars, with the two benchmark points of the
decay width over mass ratio, I's/ms=10% (black
dashed) and T's/ms =25% (black solid). Because the
LFU ratios of the di-lepton decays of Z/W gauge bosons
do not impose any further significant constraints in the
(ky, k) plane under the perturbative unitarity bounds, they
are not displayed in Fig. 5. Finally, the bands colored
from dark to light green represent the regions allowed by
the Ry resolution in the direction of CgLP :—C%}L at
1 -30, whereas the band in yellow denotes the 1o re-
gion of CJf, ,,, as given in Eq. (63).

From Fig. 5, it can be readily seen that the most strin-
gent bound in the quark sector originates from the mass
differences AM, and, in particular, from AM,, which in
turn requires «, =3 for the Rg- resolution. However, as
mentioned in Sec. III.A.2, the AM, constraints may not
be so conclusive owing to the large theoretical uncertain-
ties. It should also be pointed out that if the AM,, discrep-
ancies observed in Sec. III.A.2 are confirmed in the fu-
ture, we will have to introduce extra NP sources beyond
the minimal rv2HDM setup considered here. In such a
special case, the constraints from AM, (orange) and AM,
(magenta) may become irrelevant. However, for
ms =500 and mg =700 GeV, the two black curves in-
ferred from the CMS direct searches for neutral scalars
should be interpreted as the maximal values of «; under
the reference values of «,. For instance, with «, ~2,
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(color online) Viable parameter space in the («,,&,) plane for the Ry resolution, with the Higgs mass fixed at mg =500, 700,

900, and 1200 GeV. The green and yellow bands represent the regions allowed by the two-parameter fits [24] in the direction of

Cyy =—Clg, and Ci

104 lor.z» s given by Eq. (63). We also take into account all the relevant constraints discussed in the previous two sec-

tions; see text for further details.

k> 0.97 will be excluded by the limits set by the CMS
direct searches for the process pp — S — 7 [120]. Fur-
thermore, for the benchmark point I's/mg =10% and
mg = 500 GeV, the constraint on «, from the CMS neut-
ral-scalar searches is tighter than that from the charged-
Higgs bound set by the ATLAS collaboration with
13TeV [123], whereas for I's/ms up to 25% and
ms =700 GeV, the upper limit on «; is still determined by
the CMS neutral-scalar searches. However, we must note
that the CMS constraints are no longer applicable for
mg > 750 GeV [120].

In the next subsection, we show that a large muon-re-
lated coupling «,, as required by the Rk resolution, is
necessary for generating a significant contribution to the
AN shift. In this respect, we conclude that the /v2ZHDM
framework provides us with an opportunity to correlate
the Rk~ resolution with the mitigation of Hy tension.

B. Favored AN.g shift for H, tension

To visualize the potential correlation between the Rg«
resolution and the mitigation of Hy tension achieved via

the AN shift, we start with Eq. (64), where the effect-
ive d.o.f g(T5dec) 1s solely determined by the free para-
meters k, and mg within our approximation. The LFU-vi-
olating Wilson coefficients Cy; = ~C{ in Eq. (61) can
then be expressed in terms of «;, mg, and AN.g. By fix-
ing the scalar mass mg and varying the parameter «, from
zero up to the values allowed by the AM, constraints, we
can finally obtain the numerical dependence of
C;\LP = —CI]\IOIL on AN.g, which is shown in Figs. 6(a) and
6(b) for ms =500 and mg = 1000 GeV, respectively. The
horizontal bands colored from dark to light green corres-
pond to the global-fit results of Cg = ~Cy at the 1 -3¢
level, as given in Eq. (63). The blue (red) region corres-
ponds to the viable parameter space in the Dirac (Major-
ana) neutrino case, in which the peak of Cg; = ~Cjy’ cor-
responds to the upper limit on «,, as required by the per-
turbative unitarity bound (see Eq. (54)).

From Fig. 6, it can be clearly seen that the resolution
of Rkxw anomalies at the 1o level requires the shift
AN ~ 1.0 for a one-flavor right-handed Dirac neutrino
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and AN.g ~0.5 for a one-flavor right-handed Majorana
neutrino, and any large or moderate deviation from the
benchmark points of AN.g, although able to ease Hy ten-
sion, cannot simultaneously resolve the Rk« anomalies.
In both cases, after fixing the Higgs mass, a large effect-
ive AN.g is always required by a value «, ~ 3 that almost
coincides with the perturbative unitarity limit, and vary-
ing the value of «, only influences the Wilson coeffi-
cients Cj,’ = ~C] . Moreover, by comparing the two fig-
ures, we can find that increasing the Higgs mass will en-
large the viable space of AN.g and simultaneously shrink
the range of CgLP = —CII‘IOIL. This indicates a preference of a
lighter Higgs to address Rg~ anomalies while easing H
tension. In addition, such a difference between Dirac and
Majorana neutrinos is expected owing to the different
spinor natures of the neutrinos involved, that is, the Weyl
spinor for the former and the Majorana spinor for the lat-
ter case. In terms of the favored AN.g shifts inferred from
Eqgs. (5)—(8), we can then conclude that the eV-scale Ma-
jorana neutrino embedded in the rv2HDM framework is
able to address Rg- anomalies and simultaneously ease
H, tension, whereas the case with the one-flavor Dirac
neutrino generates too large a ANg shift.

Finally, it can be demonstrated that, if more than one
neutrino contributes to Rx~ anomalies via the box dia-
gram shown in Fig. 4(a), the resulting AN.g shift would
be unacceptably large. As an example, let us consider the
case in which there are two right-handed neutrinos with
significant couplings to the muon lepton in Eq. (13). We
must sum over the two flavors of vg in Eq. (61), that is,
K[> = |ky.1|* + |ky2|*. Assuming that «,; ~ k,» and apply-
ing our previous finding of «, ~ 3 for the Rxo resolution,
as inferred from Fig. 5, we can see that «,; ~ k2 ~
O(3/V?2) are required in this case. This means that the

(=-Cyy) at the 130 level, as given in Eq. (63).

muon-related couplings «, can be reduced by a factor of
1/V2 when explaining Rg. anomalies with two right-
handed neutrinos. However, such a parameter reduction
cannot cause any significant increase in the decoupling
temperature and, more importantly, any significant in-
crease in the effective d.o.f g.(T5 4ec) in Eq. (72). This can
be understood by the fact that enhancing 75 4. by a factor
of 2%/3 can only increase g.(T54ec) by approximately 10%
[127]. From Eq. (64), we can see that the AN.g shift is
basically determined by the number of thermalized right-
handed neutrino species. As a consequence, the correla-
tion shown in Fig. 6 indicates that the Rg. resolution
with more than one thermalized right-handed neutrino
would introduce a large ANg shift beyond that favored
by Egs. (5)—(8). This is the reason why we only intro-
duce the one-flavor thermalized right-handed neutrino vg
into the early Universe within our framework.

VI. CONCLUSION

The latest updated measurements from the LHCb [5]
and SHOES [55] collaborations have respectively
strengthened the deviations of the LFU ratio Rx in rare
semi-leptonic B-meson decays and the present-day Hy
parameter in the Universe. If confirmed with more pre-
cise experimental measurements and theoretical predic-
tions, they could be tantalizing hints of NP beyond the
SM. In this paper, we construct a simple flavor-specific
2HDM, dubbed the ~v2HDM, where significant NP ef-
fects arise only from the one-flavor right-handed neut-
rino and the top quark. Such a framework is only charac-
terized by the three free parameters «;, «,, and mg in the
alignment limit with a quasi-degenerate Higgs mass spec-
trum.
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The tv2HDM can explain the long-standing Rg» an-
omalies via one eV-scale right-handed Majorana neut-
rino or one right-handed Dirac neutrino under the most
relevant constraints from low-energy flavor physics, the
perturbative unitarity condition, and LHC direct searches.
However, in contrast with the three-flavor right-handed
neutrino scenarios considered in Refs. [13—16], an in-
triguing prediction resulting from the parameter space for
the Rk resolution with a one-flavor scenario points to-
ward a moderate shift in the effective neutrino number,
AN = Neg —NSM, at the early BBN and late CMB
epochs. It is then found that while the AN.g shift pre-
dicted in the Dirac neutrino case is still at ANeg ~ 1.0 and
hence disfavored by the CMB polarization measurements,
the shift induced in the Majorana case is AN.g =~ 0.5,
which coincides with the ranges from Egqs. (5) —(8)
favored to ease the notorious Hy tension [63—67]. There
is also a potential correlation between Rk« anomalies and
the Hy tension achieved via the AN g shift with the one-
flavor eV-scale right-handed Majorana neutrino, and such
a correlation can be tested in the future.

In conclusion, the v2HDM provides an interesting
link between Ry« anomalies and H, tension. In addition,
a light right-handed Majorana neutrino embedded in the
2HDM infers a hierarchical Majorana neutrino pattern for
the seesaw generation of the neutrino masses and, in par-
ticular, a nearly massless active neutrino.

As a final comment, we discuss direct searches of
right-handed neutrinos. These right-handed neutrinos,
which are also called heavy neutral leptons with masses

above the eV scale, are often proposed to explain several
puzzles of fundamental physics, a foremost example be-
ing neutrino oscillations. These hypothetical particles can
be of Majorana or Dirac nature. The present generation of
experiments usually focuses on the following three as-
pects: neutrino masses, oscillation parameters, and neutri-
noless double beta decay [128, 129]. Future precise meas-
urements of these parameters may come from many types
of experiments, such as short-baseline, fixed-target, and
collider experiments. With the upcoming precision era of
neutrino physics, these terrestrial experiments are expec-
ted to determine the exact mixing pattern and flavor
structures of heavy neutral leptons [128]. In addition, spe-
cific to the tvv2ZHDM, new interactions in the lepton sec-
tor can lead to the charged-Higgs decaying into right-
handed neutrinos, H* — u*v. These right-handed neutri-
nos can therefore be searched for at the LHC in terms of
SM-like Yukawa interactions with extended neutrinos.
However, such processes have not yet been observed at
the LHC, and only some phenomenological studies exist
in literature [125]. We expect that right-handed neutrinos
will be detected via the channel H* — u*v in future ex-
periments, and the free parameters related to heavy neut-
ral leptons will be determined by forthcoming neutrino
experiments.
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