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We study lepton flavor violating (LFV) B decays in a general two Higgs doublet model with sub-TeV
exotic scalars. Two different parameter spaces are explored: one dominated by extra top Yukawa coupling
ρtt, the other by LFV couplings relevant for the muon g − 2 anomaly. In the first case, flavor constraints
such as l → l0γ, h → ll0 imply LFV B decays are far below experimental sensitivities. The second case
needs to be close to the alignment limit, but Bq → τμ and B → ðK; πÞτμ rates can lie within the sensitivities
of Belle II and LHCb Upgrade II. Neutral B meson mixings and B;K; π → lν decays provide important
flavor constraints on parameter space. B decays involving e–τ violation are constrained by μ → e
processes.
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I. INTRODUCTION

Flavor changing neutral couplings (FCNCs) in the
Standard Model (SM) occur only beyond tree-level and
the corresponding rates are small due to suppression from
GIM mechanism [1] and vanishing neutrino masses. But
new physics (NP) beyond SM could have interactions that
allow for sizable FCNC processes. Therefore, the precise
measurements of rare FCNC decays serve as powerful
probes of physics beyond SM. In this context, rare B decays
offer excellent opportunities as, in addition to loop factors,
these are suppressed further by small CKM factors, while
the b quark mass is sufficiently large so long- and short-
distance effects can be separated and extracted with
reasonable precision.
Rare leptonic decays of B mesons are advantageous for

study, as all hadronic effects are contained in the decay
constant, calculable by lattice QCD [2], hence the decay
rates can be predicted with great precision. On the
experimental front, there has been excellent progress with
ever increasing precision. One example is the helicity-
suppressed rare Bs → μþμ− decay, which provides one of
the most sensitive probes of scalar NP interactions.
Based on full Run 1 and Run 2 data with 9 fb−1

luminosity, LHCb [3,4] reported the branching ratio,

BðBs → μμÞ ¼ ð3.09þ0.46þ0.15
−0.43−0.11 Þ × 10−9; ½LHCb� ð1Þ

Subsequently, CMS [5] announced their Run 2 result,

BðBs→μμÞ¼ð3.83þ0.38þ0.19þ0.14
−0.36−0.16−0.13 Þ×10−9; ½CMS� ð2Þ

based on 2016-2018 data with 140 fb−1 integrated
luminosity. The central values of LHCb and CMS
results differ by 1.2σ, and lie on opposite sides of SM
expectation, BðBs→μþμ−ÞSM¼ð3.66�0.14Þ×10−9 [6,7];
but within errors, both measurements agree with SM,
thereby provide strong bounds on NP interactions.
The CKM suppressed Bd → μþμ− is not measured yet.
The current 95% C.L. upper limit BðBd → μþμ−Þ < 1.9 ×
10−10 [5] is still above the SM prediction at BðBd →
μþμ−ÞSM ¼ ð1.03� 0.05Þ × 10−10 [7].
A more exquisite probe to hunt for NP is provided by

lepton flavor violating (LFV) decays of B mesons. Since
LFV phenomena is practically absent in SM, any exper-
imental detection will be unambiguous signals for NP.
BABAR, Belle, and more recently LHCb have searched for
LFV B decays; no evidence so far has been observed,
which provide stringent limits. In Table I we list current
bounds, together with projected sensitivities in the near
future on promising LFV B decays.1

In this article, we explore the possible size of LFV B
decays associated with b → qll0ðq ¼ s; dÞ in one of the
simplest extensions of SM, the general two Higgs doublet
model (g2HDM) [21] (for a review of 2HDMs, see [22]),
sometimes denoted as 2HDM Type III [23], where the
Lagrangian itself contains flavor changing neutral cou-
plings of exotic scalar bosons, denoted as ρij (which are
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1We note in passing that in certain NP scenarios (e.g., those
considered in Refs. [8–10]) lepton flavor nonuniversality can also
lead to lepton flavor violation in B decays. However, LHCb
recently reported [11,12] measurements concerning the latter,
finding no evidence of lepton universality breaking in b →
slþl− decays.
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defined in Eq. (3) later). In our study, we investigate two
very different parameter space choices motivated by differ-
ent phenomenological reasons. In the first case, the NP
Yukawa matrices are somewhat SM-like in strength; the
largest coupling, just as in SM, is the top-related diagonal
coupling ρtt ≲ λt, where λt ¼

ffiffiffi
2

p
mt=v is the SM top

Yukawa coupling. Another assumption, supported by
experiment [24], is of small but finite mixing, denoted
as cγð≡ cos γ), between CP even scalars in the model
(alignment). It was shown [25] that lepton-related NP
couplings ρll0 are constrained to be small, due to bounds
from h → ll0 decay and μ → e, τ → μ LFV processes.
Driven by ρtt (or ρtc), this scenario can realize electroweak
baryogenesis (EWBG) for explaining the baryon asymme-
try of the Universe (BAU) [26,27], providing strong
motivation for experimental exploration.
In the second case, we adopt the alignment limit of

cγ → 0, which then allows for sizable NP lepton Yukawa
couplings related to μ–τ sector. This scenario is usually
invoked for NP explanation of the anomalous magnetic
moment of muon, ðg − 2Þμ, recently affirmed by Muon g-2
collaboration [28]. In this scenario, as opposed to the first
case, in order to satisfy bounds from LHC direct search for
gg → ϕ → τμ and the flavor bound of τ → μγ [29], the ρtt
coupling cannot be substantial. After evaluating constraints
from neutral Bq mixing andHþ-induced leptonic decays of
B, K, π, we identify parameter space that can lead to
significantly large rates of LFV B decays, which are within
reach of upcoming measurements. Though we mostly focus
on flavor violation in the μ–τ sector, we will present
g2HDM expectations for flavor violation in μ–e and τ–e
sectors as well.
This article is organized as follows. In Sec. II we

introduce the g2HDM Lagrangian and set up our notation.
In Sec. III, we discuss Case I; after discussing bounds on ρtt
from Bq → μμ and Bq mixing, we present our results for
LFV B decays. In Sec. IV, we discuss Case II by first
revisiting the one-loop solution to ðg − 2Þμ in g2HDM;
after discussing the main constraints on relevant couplings,
we present our results for LFV B decays. Finally, in Sec. V,
we present our conclusions.

II. NEW YUKAWA INTERACTIONS

Adding a second Higgs doublet to the SM gives four new
Higgs bosons, the neutral scalars H, A, and charged Higgs
boson H� in mass basis. In the limit of CP conserving
scalar potential, the HðAÞ boson is CP-even (odd). Due to
absence of discrete Z2 symmetry on Yukawa sector, it is not
possible to diagonalize simultaneously the Yukawa matri-
ces associated with the two Higgs doublets. As a result, the
Yukawa Lagrangian of g2HDM contains Higgs FCNCs,
giving rise to flavor violation at tree-level. Working in the
so-called Higgs basis [30–32], the Yukawa Lagrangian in
g2HDM is given by [33,34],

L ¼ −
1ffiffiffi
2

p
X

f¼u;d;l

f̄i½ðλfi δijsγ þ ρfijcγÞh

þ ðλfi δijcγ − ρfijsγÞH − isgnðQfÞρfijA�Rfj
− ūi½ðVρdÞijR − ðρu†VÞijL�djHþ

− ν̄iρ
l
ijRljHþ þ H:c:; ð3Þ

where indices i, j denote the generation of fermion f, Qf

the corresponding electric charge, and RðLÞ ¼ ð1� γ5Þ=2
are chiral projections. Note that NP Yukawa matrices ρf are
in general not Hermitian, hence elements ρij can have
arbitrary complex phases.
The presence of tree-level Higgs FCNCs lead to poten-

tially dangerous flavor violating decays of SM Higgs
boson, h → fifjði ≠ jÞ, which are severely bound by
experiments. To evade such constraints, usually some Z2

symmetry is imposed on NP Yukawa sector to enforce the
natural flavor conservation condition [35]. However, the
vertex hfifj in g2HDM is proportional to the mixing angle
cγ , therefore with suppression due to sufficiently small cγ ,
as hinted by current Higgs data [24], the mere existence of
Higgs FCNCs in g2HDM is not directly a cause of concern.
But, of course, the strength of Higgs FCNC couplings will
be determined by data.
The scalar potential can be found, e.g., in Ref. [36]. For

our study, besides Eq. (3), we only need physicalH, A, and
Hþ masses as benchmarks. We focus on sub-TeV masses in
range of [300, 500] GeV and take mA ¼ mHþ , usually
adopted2 to evade constraint from T parameter (constraints
from S and U parameters are easily satisfied [42,43]),
where the formula for T in g2HDM is given in Appendix.
In addition to oblique parameters, the parameter space
considered in Secs. III and IV satisfy [29,44] perturbativity,
unitarity, and positivity.

III. CASE I: TOP YUKAWA DOMINANCE

We assume that NP top coupling ρtt ∼ λt is the largest
coupling. This assumption finds support also from the
Cheng-Sher ansatz [45], ρij ∝

ffiffiffiffiffiffiffiffiffiffiffimimj
p =v, frequently

employed to control tree-level Higgs FCNC. But as
mentioned in the preceding section, small cγ can tackle
the issue of Higgs FCNC, so we do not quite follow the
ansatz. We take cγ ∼ 0.1 as sample value, but note that due
to ρtt being the dominant quark coupling, the main g2HDM
contribution to b → qllð0Þ processes are induced by Hþ

2Recent MW measurement by CDF [37] shows significant
tension with SM, as well as measurements by other experiments.
The CDF value can be explained in g2HDM (see, for example,
Refs. [38–41]) by inducing NP contribution to T parameter. This,
however, would necessarily require the masses of exotic scalars to
be nondegenerate. Given the current situation is unclear, we do
not consider accounting for the CDF result.
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interactions that do not depend on cγ. The cγ value is
relevant for constraints from h → ll0.
The leading flavor constraints on ρtt are from B physics

discussed later in detail. For LFV B decays, we also need
to determine the strength of lepton couplings ρll0 . We
have discussed previously [25] the allowed strength of ρl

for large ρtt, so let us give a brief summary. For finite cγ ,
h → ll0 provide important constraints on ρll0 , independent
of ρtt. For example, the current upper limit on h → τμ from
CMS, based on full Run 2 data [46],

Bðh → τμÞ < 0.15% ð95% C:L:Þ ð4Þ

implies jρτμcγj < 0.1λτ for ρτμ ¼ ρμτ, giving ρτμ ∼ λτ for
cγ ¼ 0.1 (see Appendix for expressions in g2HDM).
Even if cγ ∼ 0 so the h → τμ bound of Eq. (4) can be
evaded, μ–τ couplings together with sizable ρtt unavoidably
generate τ → μγ at two-loop via Barr-Zee diagrams [47].
The recently updated bound of τ → μγ < 4.2 × 10−8 [48]
from Belle again gives ρτμ ∼OðλτÞ for ρtt ∼ λt and
mH;A ∼ 300 GeV.
The current upper limits on the τ–e sector, e.g.

h → τe [46] and τ → eγ [49] give relatively weak bounds,
but couplings related to e–μ are strongly constrained
by μ → eγ. The MEG bound μ → eγ < 4.2 × 10−13 [50]
gives ρμeρtt ≲ 0.4λeλt formH;A ∼ 300 GeV [51]. This again
suggest that for ρtt ∼ λt, strengths of μ–e flavor violating
couplings are similar to SM electron Yukawa, λe.
Concerning flavor conserving ρll, measurements related
to h → μμ [52,53] and h → ττ [54] imply that, for cγ ∼ 0.1,
strengths of ρμμ and ρττ are close to OðλμÞ and OðλτÞ,
respectively [55]. A very important insight concerning the
strength of ρee came in Ref. [27], where it was uncovered
that, to evade constraints from electric dipole moment of
electron measured by ACME [56,57], ρtt and ρee should
follow the pattern of jρee=ρttj ∝ λe=λt, again echoing
SM-like strength for ρee.
With discussion as delineated above, we take the

following structure for NP lepton Yukawa matrix ρl [25],

ρll≲OðλlÞ; ρel≲OðλeÞ; ρτl0 ≲OðλτÞ ðl0≠eÞ; ð5Þ

which will be our working assumption in estimating rates
of LFV B decays in Case I.
The NP contribution to b → qllð0Þ due to ρtt arise from

one-loop diagrams shown in Fig. 1, where the Z-penguin
diagram dominates. The diagrams generate the following
effective Hamiltonian,

−Heff ¼ CV ½q̄γμLb�½l̄γμlð0Þ� þ CA½q̄γμLb�½l̄γμγ5lð0Þ�; ð6Þ

contributing to both axial and vector coefficients,

CZ
A¼

V�
tqVtbjρttj2
16π2v2

GZðxtÞ; CZ
V ¼−ð1−4s2WÞCZ

A; ð7Þ

while γ-penguin contributes only to vector coefficient,

Cγ
V ¼ −

e2V�
tqVtbjρttj2

16π2m2
Hþ

GγðxtÞ; ð8Þ

where xt ¼ m2
t =m2

Hþ , sW is Weinberg angle andGγ;ZðxÞ are
t −Hþ loop functions given in Appendix. Note that
contributions in Eq. (7) and (8) are universal to all lepton
flavors due to SM vertex on lepton end, and therefore only
affect lepton flavor conserving B decays.
The box diagram in Fig. 1, however, does depend on

lepton flavor and will contribute to LFV B decays (box
diagram with Wþ −Hþ in the loop depends on the down-
type couplings and therefore does not contribute). The
corresponding Wilson coefficients are given by [58],

Cbox
V ¼ Cbox

A ¼ −V�
tqVtbjρttj2ρ�ilρil0
128π2m2

Hþ
½1þ 2GZðxtÞ�: ð9Þ

Before discussing numerical results, let us discuss
briefly constraints on ρtt from the flavor conserving decays
Bq → μμ and neutral Bq mixings, which will help us
determine the upper limit of ρtt from data for a given
value of mHþ . For numerical analysis, we use the
open-source packages FLAVIO [59] and WILSON [60] for
calculating flavor observables and QCD running of
Wilson coefficients from NP scale to physical low-energy
processes.
In Fig. 2, we give the region ruled out at 95% C.L. in

ρtt–mHþ plane for both LHCb [3,4] (orange) and CMS [5]
(green) measurements of Bs → μμ. It is interesting to note
that, though the central value of the latest CMSmeasurement
is closer to the SM prediction of ð3.66� 0.14Þ × 10−9,
the resulting constraint on ρtt is weaker compared to that
from LHCb. This is because only the axial vector coefficient
CZ
A modifies Bs → μμ (see Appendix) with the following

correction,

BðBs → llÞ
BðBs → llÞSM

≈ ½1 − 1.2jρttj2GZðxtÞ�2; ð10Þ

withGZðxÞ < 0. Since there is no sensitivity to arg ρtt,Bs →
μμ rate can only be enhanced, so the central value of CMS

FIG. 1. Hþ-induced Feynman diagrams for b → sll.
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being on the higher side of SM allows for relaxed constraint
on ρtt. Note also that, since Eq. (10) does not depend on
CKM elements, the result holds true for Bd → ll as well.
The current measurements for Bq → ee; ττ [24] are rather
poor, therefore no improved constraint can be obtained. For
ρtt ∼ 0.5 and mHþ ¼ 300 GeV, Eq. (10) implies that the
rates of all Bq → ll get enhanced by ∼10% over their SM
value, which fits the rising experimental trend.
A better constraint can be obtained from neutral Bq

mixings. The ΔB ¼ ΔS ¼ 2 transitions arise from Hþ box
diagrams of Fig. 3, which generate [58],

Heff ¼ ðCHH
1 þ CWH

1 Þ½s̄γμLb�½s̄γμLb� þ H:c:; ð11Þ

where CHH
1 is from Hþ–H− diagrams,

CHH
1 ¼ −

V�2
ts V2

tbjρttj4
128π2m2

Hþ
fðxtÞ; ð12Þ

and CWH
1 from Wþ–H− diagrams,

CWH
1 ¼ V�2

ts V2
tbm

2
t jρttj2

32π2v2m2
W

gðy; xtÞ; ð13Þ

with y ¼ m2
W=m

2
Hþ , and loop functions fðxÞ, gðxÞ are given

in Appendix. Similar expressions for B0 mixing are
obtained by replacing s → d in Eqs. (12) and (13). The
current values of mass differences ΔMq are [24],

ΔMBs
¼ ð17.741� 0.020Þ ps−1; ð14Þ

ΔMBd
¼ ð0.5065� 0.0019Þ ps−1; ð15Þ

whereas SM predictions are ΔMBs
¼ ð18.4þ0.7

−1.2Þ ps−1 and
ΔMBd

¼ ð0.533þ0.022
−0.036Þ ps−1 [61].

In Fig. 2, the ΔMs constraint (light purple) is shown in
ρtt–mHþ plane, which gives the leading constraint on ρtt.
The constraints from B0 mixing, as well as from b → sγ
(see Appendix for relevant NP contribution), are relatively
weak and not shown. Note also that, after replacing external
fermion lines fbsg → fsdg in Fig. 3, these box diagrams
will contribute to neutral kaon mixing and modify
mixing parameters ΔMK and εK [24], but the resulting
constraints [62] on ρtt are not competitive with Bs mixing.
We find that ρtt ∼ 0.5 is a reasonable choice with scalar

mass spectrum in [300, 500] GeV range. With lepton
couplings from Eq. (5), we can now estimate various LFV
B branching ratios. As discussed, both Z- and γ-penguins
preserve lepton flavor, and only box diagrams of Fig. 1
contribute. But this contribution is rather suppressed by
small ρll0 . For ρtt ¼ 0.5 and mHþ ¼ 300 GeV, we find,

BðBs → μτÞ ≃ 3 × 10−18; BðBd → τμÞ ≃ 10−19; ð16Þ

with Bq → eτ; eμ further suppressed due to smaller elec-
tron Yukawa couplings. We therefore find that LFV B
decays will be far below future sensitivities in Table I in
g2HDM for Case I, with semileptonic decays B →
ðK; πÞll0 analogously suppressed.

IV. CASE II: μ–τ YUKAWA DOMINANCE

The weakness of ρll0 in Eq. (5), together with GIM
suppression, do not allow large LFV effects in Case I, but
instead constrains ρtt through Bs → μμ and Bs mixing.
Now we explore a scenario where the LFV μ–τ couplings
can be sizable. One motivation for such parameter space is
to address the disagreement between SM prediction and
experimental measurement of the anomalous magnetic
moment of the muon, aμ ¼ ðg − 2Þμ=2.
Recently, the Fermilab Muon g-2 experiment [28]

reported its first measurement of aμ. Combined with the
previous result of Brookhaven [63], the result of aExpμ ¼
116592061ð41Þ × 10−11 [28] compared to the theory con-
sensus value of aSMμ ¼ 116591810ð43Þ × 10−11 [64–85] is
larger by more than 4σ [28]3

Δaμ ¼ aExpμ − aSMμ ¼ ð251� 59Þ × 10−11: ð17Þ

FIG. 2. Constraints in ρtt −mHþ plane from B physics.

FIG. 3. Hþ-induced Feynman diagrams for neutral B mixing.

3The SM prediction of ðg − 2Þμ based on the recent lattice
results [86–90] is closer to the experimental value. However, the
low energy data on σðeþe− → hadronsÞ [91–93] show tension
with these lattice results, which calls for further investigation. In
this paper we will take Eq. (17) as evidence of NP.
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The difference can be explained in g2HDM via one-loop
diagram4 given in Fig. 4, which in the limit of cγ → 0 gives
the following NP correction [43,96,97],

Δaμjϕ ≃
mμmτReðρτμρμτÞ

16π2m2
ϕ

�
log

m2
ϕ

m2
τ
−
3

2

�
; ð18Þ

for each ϕ ¼ H, A. The total contribution is Δaμ ¼
ðΔaμÞH − ðΔaμÞA as H and A effects are opposite in sign.
Therefore, to obtain a finite Δaμ, H and A must be
nondegenerate: Δm ¼ mA −mH ≠ 0.
To present our numerical results, we follow Ref. [29] and

assume H to be lighter, setting mH ¼ 300 GeV. For Δm,
we take two choices for illustration: 40 and 200 GeV. The
small Δm ¼ 40 GeV implies large cancellation between H
and A contributions, and therefore a larger value of ρτμ ∼
30λτ (we implicitly assume ρτμ ¼ ρμτ) is required to
account for difference in Eq. (17) within 1σ solution.
For largerΔm case, cancellation betweenH and A becomes
mute since effect of heavy A starts to decouple, and one
only needs a smaller ρτμ ¼ ρμτ ∼ 20λτ.
With strength of ρτμ more than an order larger than Case I

[compare Eq. (5)], the experimental bound of Eq. (4)
implies cγ ∼ 0.005 or smaller. We therefore set cγ ¼ 0 to
simplify (which would demand some yet unknown sym-
metry). Another important implication of large ρτμ is
smallness of ρtt [29], because of bound from τ → μγ [48].
In fact, a more stringent constraint on ρtt can be set [29] by
the collider search for gg → H;A → τμ [98]. Therefore, if
muon g − 2 arises from one-loop in g2HDM, ρtt is
unavoidably small.
One possibility for enhancing LFV B decays in g2HDM

is to allow the ρd Yukawa matrix to be nondiagonal.
Explicitly, if one allows for finite ρbq and ρqb for q ¼ s,
d, b → qllð0Þ is at tree level while Bq → ll do not suffer
helicity suppression. The effective Hamiltonian is,

Heff ¼ −ðCSOS þ CPOP þ C0
SO

0
S þ C0

PO
0
PÞ; ð19Þ

where OS ¼ ðs̄RbÞðl̄l0Þ, OP ¼ ðs̄RbÞðl̄γ5l0Þ, and O0
S;P

are obtained by exchanging L ↔ R. The scalar Wilson
coefficients at NP scale in alignment limit are given by,

CS;P ¼ ρsb
4

�
ρll0 � ρ�l0l

m2
H

−
ρll0 ∓ ρ�l0l

m2
A

�
; ð20Þ

C0
S;P ¼ ρ�bs

4

�
ρll0 � ρ�l0l

m2
H

þ ρll0 ∓ ρ�l0l
m2

A

�
: ð21Þ

Note that under ρll0 ¼ ρl0l condition, for each Cð0Þ
S;P the H

and A contributions are not simultaneously present.
That down-type couplings ρbq, ρqb can be finite and

allowed from various flavor and collider constraints has
been discussed [99] for h → bq decays in g2HDM.
The most important constraints on ρbq couplings come
from neutral Bq mixings, which are now induced at tree-
level. Ref. [99] pointed out an effective mechanism
where if one imposes the conditions ρbqρqb ¼ 0 and

mA ¼ mhmH=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

hs
2
γ þm2

Hc
2
γ

q
, NP effects in Bq mixing

can be easily evaded. However, note that the latter con-
dition in the alignment limit implies mA ¼ mH, which
would rule out the possibility to explain the muon g − 2
anomaly [Eq. (17)]. Therefore, one must confront Bq

mixing constraints in scenarios with Δm ≠ 0.
The couplings ρbq, ρqb via tree-level H=A exchange

generate the effective Hamiltonian,

−Heff ¼ C2O2 þ C0
2O

0
2 þ C4O4; ð22Þ

where theWilson coefficients at NP scale in alignment limit
are given by,

C2¼
ρ�2bs
4

�
1

m2
H
−

1

m2
A

�
; C4¼

ρ�bsρsb
2

�
1

m2
H
þ 1

m2
A

�
; ð23Þ

with C0
2 obtained after substituting ρ�bs → ρsb in C2.

In Fig. 5, we show the 95% C.L. allowed region by ΔMs
measurement [Eq. (14)] for Δm ¼ 40 GeV (blue) and
200 GeV (orange). One sees that, so long the product
ρbsρsb is very small (but finite), constraints on individual
couplings ρbs or ρsb can be evaded (similar results follow
for ρbd, ρdb from Bd mixing). Note, however, that if either
ρbs or ρsb is zero, i.e. with ρbsρsb exactly zero, then the size
of the other coupling is severely constrained and cannot be
larger than Oð10−3Þ.
Another important probe for Case II comes from Hþ-

induced processes. With lepton couplings fixed by 1σ
solution to muon g − 2, ρqb and ρbq couplings contribute
to leptonic decays such as Mþ → lþν via tree-level Hþ
exchange, where M ¼ B, K, π, described by the effective
Hamiltonian,

FIG. 4. One-loop diagram for ðg − 2Þμ.

4In Case I, ρtt together with ρμμ can contribute to aμ at two-
loop, but the contribution to Δaμ is small [29], due to constraint
from gg → H=A → μμ [94,95] direct search.
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Heff ¼ −
ρ�l0lρ

d
kjVik

m2
H�

ðūiRdjÞðl̄Lνl0 Þ þ H:c:; ð24Þ

which modifies the branching ratios as follows [100],

BðM → lν̄Þ
BðM → lν̄ÞSM

¼
X
l0

����δll0 − m2
Mv

2ρ�l0lρ
d
kjVik

2Vuidjðmui þmdjÞmlm2
H�

����
2

;

ð25Þ

where mM is the mass of meson M, and quark masses are
evaluated at NP scale to account for renormalization group
running. In Eq. (25), neutrino species are summed over,
since neutrino flavor is not detected by experiment (the
earlier work of Ref. [101] contains an error here).
Decays B → μν and B → τν provide important con-

straints on the coupling products ρqbρτμ and ρqbρμτ,
respectively. Adapting Eq. (25) for B → μν, one notes that
the SM-NP interference term (for l0 ¼ μ) involves the
coupling ρμμ, which is strongly constrained by τ → μμμ
[51]. Similarly, in case of B → τν, the SM-interference
term involves the coupling ρττ, which gets constrained by
τ → μγ [51]. We therefore ignore the SM-NP interference
term and focus on contributions of the coupling product
ρqbρτμ (ρqbρμτ), which contribute through the incoherent
term in B → μν (B → τν).
With current values of BðB→ μν̄Þ ¼ ð5.3� 2.0� 0.9Þ×

10−7 [102] and BðB→ τν̄Þ¼ð1.09�0.24Þ×10−4 [24],
we find the ratio Rμτ

B ¼ BðB → μνÞ=BðB → τνÞ provides
a better probe compared to individual branching ratios,
as it is free from parametric uncertainties such
as CKM elements and decay constant. In SM, one has
Rμτ
B ðSMÞ ≃ 0.0045 with negligible errors, and using

measured branching ratios, we obtain Rμτ
B ðexpÞ ¼

0.0049� 0.0023. This value for mHþ ¼ 340 GeV gives
jρsbρτμj≲ 6.8 × 10−4, and jρdbρτμj≲ 1.55 × 10−4. With
ρτμ ¼ ρμτ ¼ 0.3 needed for 1σ solution to Δaμ, the

coupling ρqb is strongly constrained. But note that ρbq
remains unconstrained by B → lν. Since Bq mixing is
ambivalent about which couplings, ρqb or ρbq, is large, B →
lν helps remove this ambiguity. That is, the coupling ρbq,
compared to ρqb, is better suited for enhancing LFV B
decays.
It is worth mentioning that the ratio Rμτ

B in 2HDM Type-
II (such as in minimal supersymmetric models) is lepton
flavor independent and therefore remains the same as in
SM. Therefore, the ratio Rμτ

B is one of the most important
observables to probe genuine NP effects of g2HDM
couplings [100]. We mention in passing that constraints
from other decays such as K;D → μν and τ → ðK; πÞν do
not impose any significant bounds.
Before presenting our results, we mention few important

collider probes of Scenario II. As noted in Ref. [99], if
quark coupling ρbs is large then pseudoscalar A produced
via strange-quark sea, i.e., sg → bA, followed by A → bs
is one of the best channel to search for. However, ρbs ∼
Oð10−3Þ is very small in our setup. But lepton couplings
ρτμ ¼ ρμτ are quite large. Then exotic scalars H, A can be
probed with 4-lepton final state (especially, the same-sign
dimuon and same-sign ditau) via electroweak scalar pair
production: qq → AH → μ�μ�τ∓τ∓, as pointed out in
Ref. [103]. If the scalar pair is HHþ; AHþ (or HþH−)
then 3-lepton plus neutrino (2-lepton plus 2 neutrinos) are
also channels to search for (see Ref. [103] for detail).
Another potential channel could be bs → H;A → μτ.
Due to very small ρbs the production cross-section of H,
A at LHC is expected to be small, but given that strange
quark is involved, and that we also have sizable ρτμ ¼ ρμτ,
it is not clear if this constraint can be ignored. We leave a
detailed analysis of collider signatures of scenario II as
future work.
In Fig. 6, we present various LFV B decays as functions

of ρτμ for a range of ρbq values, while setting ρqb ¼ 0. The
upper (lower) row shows results for b → sτμðb → dτμÞ
related decays. Note that decays Bq → ll0 depend on the
difference Ci − C0

i, i ¼ S; P scalar Wilson coefficients,
while semileptonic decays B → ðK; πÞll0 depend on the
sum Ci þ C0

i (see Appendix). But since CS;P vanish
because ρqb ¼ 0, only C0

S;P contribute. Thus, Bq → ll0

and B → ðK; πÞll0 rates are correlated, as reflected in
Fig. 6, where both modes are indicated for the y axis.
The dark green band in each plot corresponds to the region
ruled out by current leptonic bounds. The light green region
will be probed in the near future, according to Table I.5

We have not shown experimental sensitivity of
semileptonic decays as leptonic modes appear to be the
leading probe. The plots show that, for ρbq ∼Oð10−3Þ and

FIG. 5. Constraints from Bs mixing.

5For Bs → τ�μ∓, due to lack of public results, we have
conservatively assumed that future measurements can improve
current limit at least by a factor of 2.
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ρτμ ∼Oð20Þλτ as motivated by the muon g − 2 anomaly,
large rates of LFV B decays are possible and within reach
of future searches. One also notes from Fig. 6 that scenarios
with smaller mass splitting Δm < 200 GeV have better
prospects for discovery, although the needed ρτμ value is
larger, hence somewhat less attractive.

Let us now briefly comment on τ–e and μ–e sectors. The
B decays with τ − e flavor violation involve ρτe and ρeτ
couplings, but μ → eγ puts a strong bound on them. The
corresponding contribution to μ → eγ is generated by a
diagram similar to Fig. 4, but with outgoing fermion
replaced by electron. For values of ρτμ; ρμτ that explain

FIG. 6. Prediction for branching ratio of various LFV B decays.

TABLE I. Summary of current experimental data on LFV B decays considered in our analysis.

Decay mode 90% C.L. Upper Limit Future sensitivity

Bs → τ�μ∓ 3.4 × 10−5 (LHCb [13]) � � �
Bd → τ�μ∓ 1.2 × 10−5 (LHCb [13]) 3 × 10−6 (LHCb II [14])
Bþ → Kþτþμ− 2.8 × 10−5 (BABAR [15]) ∼3 × 10−6 (Belle II [16])
Bþ → πþτþμ− 4.5 × 10−5 (BABAR [15]) � � �
Bd → τ�e∓ 1.6 × 10−5 (Belle [17]) � � �
Bþ → Kþτþe− 1.5 × 10−5 (BABAR [15]) ∼2 × 10−6 (Belle II [16])
Bþ → πþτþe− 2.0 × 10−5 (BABAR [15]) � � �
Bs → μ�e∓ 5.4 × 10−9 (LHCb [18]) 3 × 10−10 (LHCb II [14])
Bd → μ�e∓ 1.0 × 10−9 (LHCb [18]) 9 × 10−11 (LHCb II [14])
Bþ → Kþμþe− 6.4 × 10−9 (LHCb [19]) � � �
Bþ → πþe�μ∓ 1.7 × 10−7 (BABAR [20]) � � �
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the ðg − 2Þμ anomaly, the MEG bound of μ → eγ < 4.2 ×
10−13 [50] would imply ρτe ¼ ρeτ ≲OðλeÞ [51], which is
quite severe. Therefore, to avoid the charged LFV con-
straint, we take ρτe ¼ ρeτ ∼ λe. Then predictions with ρbq ¼
10−3, mH¼300GeV, mA ¼ 340 GeV are BðBs → τeÞ∼
5 × 10−16, BðB → KτeÞ ∼ 10−17 and BðBd → τeÞ∼
3 × 10−16, BðB → πτeÞ ∼ 10−17, which are far below
future sensitivities.
We find the coupling of the μ − e sector only weakly

constrained in Case II by charged LFV processes.
The couplings ρμτ, ρτμ together with ρμe, ρeμ contribute
to τ → eγ via diagrams similar to Fig. 4, after replacing
initial and final fermions by τ and e and internal fermion by
μ. But the diagram is chirally suppressed by small mμ.
Taking same mass as before and ρeμ ¼ ρμe, the current
measurement of Bðτ → eγÞ ¼ 3.3 × 10−8 [49] sets the
bound ρτμρμe ≲ ð5 × 105Þλτλe, which is quite poor. Note
that τ− → μ−eþμ− gives better constraint, as this decay is
mediated by tree-levelH, A exchange hence does not suffer
chiral suppression. Adapting the formula of τ− → μ−μþμ−
given in Ref. [101] to τ− → μ−eþμ−, we find an order of
magnitude improvement in constraint on ρτμρμe compared
to τ → eγ. Then taking ρeμ ¼ ρμe ∼ 103λeð≃0.003Þ and
ρbq ¼ 10−3 with mH ¼ 300 GeV and mA ¼ 340 GeV, we
find BðBs → μeÞ ∼ 6 × 10−10, BðB → KμeÞ ∼ 3 × 10−11

and BðBd → μeÞ ∼ 4 × 10−10, BðB → πμeÞ ∼ 3 × 10−11.
These values can be probed in the near future.

V. SUMMARY

We have explored prospects of enhanced lepton flavor
violation in B decays in g2HDM with sub-TeV exotic
scalars. We focus on two different cases of parameter space.
For Case I, we assume the top Yukawa coupling ρtt is the
dominant quark coupling and take cγ ∼ 0.1. Then charged
LFV processes τ → μγ and μ → eγ constrain ρll0 to
Eq. (5). Even with Oð1Þ strength of ρtt, LFV B decay
rates are highly suppressed by small ρll0 , and are far from
the sensitivities of upcoming LHCb Upgrade II and
Belle II. For Case II where μ–τ flavor violating lepton
couplings are motivated to be about 20-30 times larger than
SMYukawa λτ ≃ 0.01. Contrary to Case I, one finds that ρtt
has to be small due to bounds from τ → μγ and gg →
H;A → τμ direct search at LHC. However, together with
ρbs; ρbd as small as Oð10−3Þ, we find that Case II allows
substantial rates of μ–τ flavor violation in B decays, with B
mixing and B → μν being the leading, but forgiving, flavor
constraints.
Concerning τ–e flavor violation in B decays, we find that

μ → eγ would make it difficult to have simultaneously
large ρτe, making Bq → τe and B → ðK; πÞτe rates too
small to be probed at upcoming experiments. Furthermore,

we find that current constraints on μ–e flavor violating
coupling are not that severe. The future measurements of
LFV B decays related to b → qμe will provide crucial
constraint on g2HDM.
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APPENDIX: USEFUL FORMULAS

1. The T-parameter

The parameter in g2HDM is defined as [42,43]

T¼ 1

16πs2Wm
2
W
fFðm2

A;m
2
HþÞþc2γ ½Fðm2

Hþ ;m2
h−Fðm2

A;m
2
hÞ�

þs2γ ½Fðm2
Hþ ;m2

HÞ−Fðm2
A;m

2
HÞ�

−3c2γ ½Fðm2
Z;m

2
hÞ−Fðm2

W;m
2
hÞ

þFðm2
W;m

2
HÞ−Fðm2

Z;m
2
HÞ�g; ðA1Þ

where function Fða; bÞ is given by

Fða; bÞ ¼ aþ b
2

−
ab

a − b
log

1

b
; ðA2Þ

which vanishes in the limit a → b.

2. h → llð0Þ

The tree-level decay rate for h → ll0 ðl ≠ l0Þ is,

Γðh → ll0Þ ¼ Γðh → lþl0−Þ þ Γðh → l−l0þÞ

≈
c2γmh

16π
ðjρll0 j2 þ jρl0lj2Þ; ðA3Þ

and for flavor conserving case,

Γðh → llÞ
Γðh → llÞSM

≈
����sγ þ cγRe

ρll
λl

����
2

þ
����cγIm ρll

λl

����
2

: ðA4Þ

3. B → llð0Þ, B → Mllð0Þ (M =K;π)

The effective Hamiltonian for b → qllð0Þ is,

Heff ¼ −
4GFffiffiffi

2
p V�

tqVtb
e2

16π2
X

ðCiOi þ C0
iO

0
iÞ; ðA5Þ

with relevant operators,
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O7 ¼
mb

e
ðs̄σμνRbÞFμν; O8 ¼

g2s
e2

mbðs̄σμνTaRbÞGa
μν;

O9 ¼ ðs̄γμLbÞðl̄γμlÞ; O10 ¼ ðs̄γμLbÞðl̄γμγ5lÞ;
OS ¼ ðs̄RbÞðl̄lÞ; OP ¼ ðs̄RbÞðl̄γ5lÞ; ðA6Þ

where primed counterparts are obtained by L → R
exchange. The full b → qll operator basis can be found,
e.g., in Refs. [104–106]. One should take note
of the normalization used in Heff in Eq. (A5) when
comparing with Heff defined in Eqs. (6) and (19) in the
main text.
With NP operators of Eq. (A6), BðBs → ll0Þ with

respect to SM is given by [107]

BðBq→llð0ÞÞ¼
G2

Fα
2jV�

tqVtbj2f2Bq
τBq

64π3m3
Bq

λ
1
2ðmBq

;ml;ml0 Þ

×

�
ðm2

Bq
−m2þÞjΔC9m−þΔCS

m2
Bq

mbþmq
j2

þðm2
Bq
−m2

−ÞjΔC10mþþΔCP

m2
Bq

mbþmq
j2
	
;

ðA7Þ
where λða; b; cÞ ¼ ½a2 − ðb − cÞ2�½a2 − ðbþ cÞ2�, and
m� ¼ ml �ml0 , ΔCi ¼ Ci − C0

i. For l ¼ l0, C9 vanishes
due to Ward identity for on-shell leptons.
The differential branching ratio of B → ðK; πÞllð0Þ is

dBðB → Mllð0ÞÞ=dq2

¼ jNMðq2Þj2
�X

i

φiðq2ÞjCi þ C0
ij2

þ
X
ði;jÞ

φijðq2ÞRe½ðCi þ C0
iÞðCj þ C0

jÞ��
	
; ðA8Þ

where q is the B to M momentum transfer, and i and ði; jÞ
run over f7; 9; 10; S; Pg and fð7; 9Þ; ð9; SÞ; ð10; PÞg,
respectively. The functionsNMðq2Þ and φiðjÞðq2Þ are given
in Ref. [107] (also see Ref. [108] for a general formalism of
semileptonic B decays).

4. b → sγ

TheHþ induced dipole coefficientsC7 and C8 mediating
b → sγ and b → sg in g2HDM are given by,

δC7ð8ÞðxtÞ ¼
jρttj2
3jλtj2

Fð1Þ
7ð8ÞðxtÞ; ðA9Þ

where the loop functions Fð1Þ
7ð8ÞðxÞ are in the notation of

Ref. [109] (originally calculated in Ref. [110]) and pro-
vided in the next appendix.

5. Loop functions

Loop functions related to ΔB ¼ 1 decays [111] and
jΔBj ¼ 2 processes are [25,58] are listed below.

GZðaÞ ¼
að1 − aþ log aÞ

2ð1 − aÞ2 ;

GγðaÞ ¼ −
2ð16 − 45aþ 36a2 − 7a3 þ 6ð2 − 3aÞ log aÞ

108ð1 − aÞ4 −
2 − 9aþ 18a2 − 11a3 þ 6a3 log a

36ð1 − aÞ4 ; ðA10Þ

Fð1Þ
7 ðaÞ ¼ að7 − 5a − 8a2Þ

24ða − 1Þ3 þ a2ð3a − 2Þ
4ða − 1Þ4 log a; ðA11Þ

Fð1Þ
8 ðaÞ ¼ að2þ 5a − a2Þ

8ða − 1Þ3 −
3a2

4ða − 1Þ4 log a; ðA12Þ

fðaÞ ¼ −
1þ a

ða − 1Þ2 þ
2a log a
ða − 1Þ3 ; ðA13Þ

gða; bÞ ¼ 1

ða − bÞ2
�
−
3a2 log a
a − 1

þ ðb − 4aÞðb − aÞ
b − 1

þ ð−4a2 þ 3ab2 þ 2ab − b2Þ log b
ðb − 1Þ2

�
: ðA14Þ
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