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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
pu» the other by LFV couplings relevant for the muon g — 2 anomaly. In the first case, flavor constraints
such as £ — ¢'y, h - £¢' imply LFV B decays are far below experimental sensitivities. The second case
needs to be close to the alignment limit, but B, — zu and B — (K, z)zu rates can lie within the sensitivities
of Belle I and LHCb Upgrade II. Neutral B meson mixings and B, K,z — £v decays provide important
flavor constraints on parameter space. B decays involving e—z violation are constrained by u — 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 B, — utu~ 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~!
luminosity, LHCb [3.4] reported the branching ratio,

BB, — uu) = (309°08015) x 10, [LHCb] (1)

Subsequently, CMS [5] announced their Run 2 result,
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B(B, — ) = (3.83 1536 516 015 ) x 107, [CMS]  (2)
based on 2016-2018 data with 140 fb~! integrated
luminosity. The central values of LHCb and CMS
results differ by 1.26, and lie on opposite sides of SM
expectation, B(B; — utu~)gy = (3.66+0.14) x 107 [6,7];
but within errors, both measurements agree with SM,
thereby provide strong bounds on NP interactions.
The CKM suppressed B; — utu~ is not measured yet.
The current 95% C.L. upper limit 5(B; — u"p~) < 1.9 x
10710 [5] is still above the SM prediction at B(B; —
wu )y = (1.03 £ 0.05) x 10710 [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 — q£¢'(q = s,d) 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 p;; (which are

'We 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 —
s€¢™ 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 p, < A,, where 1, =+2m,/v is the SM top
Yukawa coupling. Another assumption, supported by
experiment [24], is of small but finite mixing, denoted
as c},(s cosy), between CP even scalars in the model
(alignment). It was shown [25] that lepton-related NP
couplings p,, are constrained to be small, due to bounds
from h — £¢' decay and u — e, 7 — u LFV processes.
Driven by p,; (or p,.), 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
¢, = 0, which then allows for sizable NP lepton Yukawa
couplings related to u—z sector. This scenario is usually
invoked for NP explanation of the anomalous magnetic
moment of muon, (g — 2),,, 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 — ¢ — tu and the flavor bound of 7 — uy [29], the p,,
coupling cannot be substantial. After evaluating constraints
from neutral B, mixing and H"-induced leptonic decays of
B, K, n, 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 p—7 sector, we will present
g2HDM expectations for flavor violation in py—e and 7—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. 111, we discuss Case I; after discussing bounds on p,,
from B, — uu and B, mixing, we present our results for
LFV B decays. In Sec. IV, we discuss Case II by first
revisiting the one-loop solution to (g—2), 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 H(A) boson is CP-even (odd). Due to
absence of discrete Z, 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 g2ZHDM 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],

| . :

r—__L . Afé,--s + ol e
\/Ef;ff [( i %ijSy T Pij 7)

+ (/Iféijcy — p{jsy)H - isgn(Qf)P{jA]Rfj

= w[(Vp?) ;R = (p"'V);L]d;H*

where indices i, j denote the generation of fermion f, Q
the corresponding electric charge, and R(L) = (1 +y5)/2
are chiral projections. Note that NP Yukawa matrices p/ are
in general not Hermitian, hence elements p;; 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 — f,f;(i # j), which are severely bound by
experiments. To evade such constraints, usually some Z,
symmetry is imposed on NP Yukawa sector to enforce the
natural flavor conservation condition [35]. However, the
vertex hf;f; in g22HDM is proportional to the mixing angle
¢, therefore with suppression due to sufficiently small ¢,
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 physical H, A, and
H™ masses as benchmarks. We focus on sub-TeV masses in
range of [300, 500] GeV and take m, = mpy+, usually
adopted2 to evade constraint from 7" parameter (constraints
from S and U parameters are easily satisfied [42,43]),
where the formula for 7 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 p,, ~ 4, is the largest
coupling. This assumption finds support also from the
Cheng-Sher ansatz [45], p;; o /mym;/v, frequently
employed to control tree-level Higgs FCNC. But as
mentioned in the preceding section, small ¢, can tackle
the issue of Higgs FCNC, so we do not quite follow the
ansatz. We take cy~ 0.1 as sample value, but note that due
to p,; being the dominant quark coupling, the main g22HDM
contribution to b — g#£") processes are induced by H+t

*Recent M w measurement by CDF [37] shows significant
tension with SM, as well as measurements by other experiments.
The CDF value can be explained in g22HDM (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 c¢,. The ¢, value is
relevant for constraints from h — £¢".

The leading flavor constraints on p,, are from B physics
discussed later in detail. For LFV B decays, we also need
to determine the strength of lepton couplings p,.. We
have discussed previously [25] the allowed strength of p*
for large p;, so let us give a brief summary. For finite c,,
h — ¢¢' provide important constraints on p,,., independent
of p,,. For example, the current upper limit on 2 — 7y from
CMS, based on full Run 2 data [46],

B(h - 1) <0.15%  (95% C.L.) (4)

implies |p,,c,| < 0.1, for p,, = p,., giving p,, ~ 1, for
¢, =0.1 (see Appendix for expressions in g2HDM).
Even if ¢, ~0 so the 4 — zu bound of Eq. (4) can be
evaded, y—7 couplings together with sizable p,, unavoidably
generate 7 — uy at two-loop via Barr-Zee diagrams [47].
The recently updated bound of 7 — uy < 4.2 x 1073 [48]
from Belle again gives p,, ~O(4,) for p,~4, and
mga~ 300 GeV.

The current upper limits on the 7—e sector, e.g.
h — e [46] and 7 — ey [49] give relatively weak bounds,
but couplings related to e—u are strongly constrained
by u — ey. The MEG bound p — ey < 4.2 x 10713 [50]
gives p,py < 0.44,4, for my 4 ~ 300 GeV [51]. This again
suggest that for p,, ~ 4,, strengths of p—e flavor violating
couplings are similar to SM electron Yukawa, A4,.
Concerning flavor conserving p,,, measurements related
to h — pp [52,53] and h — 77 [54] imply that, for ¢, ~ 0.1,
strengths of p,, and p,, are close to O(4,) and O(4,),
respectively [55]. A very important insight concerning the
strength of p,, came in Ref. [27], where it was uncovered
that, to evade constraints from electric dipole moment of
electron measured by ACME [56,57], p,; and p,, should
follow the pattern of |p,./py| < 4./4,, again echoing
SM-like strength for p,,.

With discussion as delineated above, we take the
following structure for NP lepton Yukawa matrix p? [25],

Pee SOWs); per SOAe); P SO:) ('#e), (5)

which will be our working assumption in estimating rates
of LFV B decays in Case I.

The NP contribution to b — ¢#£"") due to p,, arise from
one-loop diagrams shown in Fig. 1, where the Z-penguin

diagram dominates. The diagrams generate the following
effective Hamiltonian,

—Hesr = Cy[qy,LD] [y "] + Cy [qy,Lb] [2rtyse)], (6)

contributing to both axial and vector coefficients,

s b H- I
o
t v
s H* 4
— L

FIG. 1.

H-induced Feynman diagrams for b — s£¢.

V;Fq Vi |ptt|2

Ci= 1672202

Gz(x,). Ci=-(1-4s})C%. (7)

while y-penguin contributes only to vector coefficient,

e? V;Fq Vi |ptt |2

Ccl =—
v 1671'2111%1+

G,(x), (8)

— 22 - :
where x, = m; /my,., sy is Weinberg angle and G, z(x) are

t—H?" 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 W — H* in the loop depends on the down-
type couplings and therefore does not contribute). The
corresponding Wilson coefficients are given by [58],

_V?q vtb|ptt|2p7fpif’
1287%m3,.,

Cips = cir — [1+2G,(x)). - ©)

Before discussing numerical results, let us discuss
briefly constraints on p,, from the flavor conserving decays
B, — pp and neutral B, mixings, which will help us
determine the upper limit of p, from data for a given
value of mpy+. 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
pu—my+ plane for both LHCb [3,4] (orange) and CMS [5]
(green) measurements of B, — uu. It is interesting to note
that, though the central value of the latest CMS measurement
is closer to the SM prediction of (3.66 +0.14) x 107,
the resulting constraint on p,, is weaker compared to that
from LHCD. This is because only the axial vector coefficient
C% modifies By — pup (see Appendix) with the following
correction,

B(B, — ¢7¢) . ) )
B(B, — £€)gy ~ [1 = 1.2|p,|*Gz(x,))", (10)

with G, (x) < 0. Since there is no sensitivity to arg p,,, B, —
uu rate can only be enhanced, so the central value of CMS
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FIG. 2. Constraints in p,, — my+ plane from B physics.

being on the higher side of SM allows for relaxed constraint
on p,. Note also that, since Eq. (10) does not depend on
CKM elements, the result holds true for B; — £¢ as well.
The current measurements for B, — ee, 77 [24] are rather
poor, therefore no improved constraint can be obtained. For
pi ~ 0.5 and my+ =300 GeV, Eq. (10) implies that the
rates of all B, — £¢ get enhanced by ~10% over their SM
value, which fits the rising experimental trend.

A better constraint can be obtained from neutral B,
mixings. The AB = AS = 2 transitions arise from H" box
diagrams of Fig. 3, which generate [58],

Heff = (C{IH + CYVH)[E]/”Lb] [S‘]/MLb] + H.c., (11)
where Ci# is from H*-H~ diagrams,

V;:Z szb |plt |4

CHH — _
! 12871'2111%1+

f(xo). (12)

and C)'# from WT-H~ diagrams,

V;sz Vtzbmt2|ptt|2

CWH —
: 32n%v*my,

9(v.x,), (13)

with y = m3,/m3,,, and loop functions f(x), g(x) are given
in Appendix. Similar expressions for B’ mixing are
obtained by replacing s — d in Eqgs. (12) and (13). The
current values of mass differences AM, are [24],

b H- s b W~ s
—_— - - .
t t t t
s H* b s H* b
- S B
FIG. 3. H"-induced Feynman diagrams for neutral B mixing.

AMj = (17.741 4 0.020) ps~!, (14)
AM, = (0.5065 + 0.0019) ps~', (15)

whereas SM predictions are AMp = (18.4197) ps~! and
AMp, = (0.533150:2) ps~! [61].

In Fig. 2, the AM| constraint (light purple) is shown in
pu—mpy+ plane, which gives the leading constraint on p,,.
The constraints from B® mixing, as well as from b — sy
(see Appendix for relevant NP contribution), are relatively
weak and not shown. Note also that, after replacing external
fermion lines {bs} — {sd} in Fig. 3, these box diagrams
will contribute to neutral kaon mixing and modify
mixing parameters AMy and &g [24], but the resulting
constraints [62] on p,, are not competitive with B, mixing.

We find that p,, ~ 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 y-penguins
preserve lepton flavor, and only box diagrams of Fig. 1
contribute. But this contribution is rather suppressed by
small p,.. For p,, = 0.5 and mg+ = 300 GeV, we find,
B(B, — ut) ~3 x 10718, B(B; — i) ~ 1071, (16)
with B, — ez, eu 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 —
(K, 7)¢¢" analogously suppressed.

IV. CASE II: p—7 YUKAWA DOMINANCE

The weakness of p,» in Eq. (5), together with GIM
suppression, do not allow large LFV effects in Case I, but
instead constrains p,, through B, — pu and B, mixing.
Now we explore a scenario where the LFV p—7 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, a, = (g9 -2),/2.

Recently, the Fermilab Muon g-2 experiment [28]
reported its first measurement of a,. Combined with the

previous result of Brookhaven [63], the result of a,];:Xp =
116592061(41) x 107! [28] compared to the theory con-
sensus value of 3™ = 116591810(43) x 107" [64-85] is
larger by more than 4o [28]°

Aa, = a;® —aM = (251 £59) x 10711, (17)

i

The SM prediction of (g — 2), based on the recent lattice
results [86-90] is closer to the experimental value. However, the
low energy data on o(e*e” — hadrons) [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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Prp

Put

FIG. 4. One-loop diagram for (g —2),.

The difference can be explained in g2HDM via one-loop
diagram4 given in Fig. 4, which in the limit of ¢, — 0 gives
the following NP correction [43,96,97],

m,mRe(pyp) [ my 3
o MR [0 3 (1)

for each ¢ = H, A. The total contribution is Aaﬂ =
(Aa,)y — (Aa,), as H and A effects are opposite in sign.
Therefore, to obtain a finite Aa,, H and A must be
nondegenerate: Am = my, —my # 0.

To present our numerical results, we follow Ref. [29] and
assume H to be lighter, setting my = 300 GeV. For Am,
we take two choices for illustration: 40 and 200 GeV. The
small Am = 40 GeV implies large cancellation between H
and A contributions, and therefore a larger value of p,, ~
304, (we implicitly assume p,, = p,,) is required to
account for difference in Eq. (17) within lo solution.
For larger Am case, cancellation between H and A becomes
mute since effect of heavy A starts to decouple, and one
only needs a smaller p,, = p,, ~204,.

With strength of p,,, more than an order larger than Case I
[compare Eq. (5)], the experimental bound of Eq. (4)
implies ¢, ~ 0.005 or smaller. We therefore set ¢, =0 to
simplify (which would demand some yet unknown sym-
metry). Another important implication of large p,, is
smallness of p,, [29], because of bound from 7 — uy [48].
In fact, a more stringent constraint on p,; can be set [29] by
the collider search for gg —» H, A — zu [98]. Therefore, if
muon ¢g—2 arises from one-loop in g2HDM, p,, is
unavoidably small.

One possibility for enhancing LFV B decays in g2 HDM
is to allow the p? Yukawa matrix to be nondiagonal.
Explicitly, if one allows for finite p;, and p,;, for g = s,
d, b — qt¢") is at tree level while B, — ¢¢ do not suffer
helicity suppression. The effective Hamiltonian is,

Heie = —=(CsO05 + CpOp + C505 + Cp0p),  (19)

*“In Case 1, pu together with p,, can contribute to a, at two-
loop, but the contribution to Aa,, is small [29], due to constraint
from gg —» H/A — up [94,95] direct search.

where Og = (5Rb)(¢¢), Op = (5Rb)(¢yst"), and Ofp
are obtained by exchanging L <> R. The scalar Wilson
coefficients at NP scale in alignment limit are given by,

Psb (Pee £Ppp  Pee F Py
Cop =1 (Lo LC RS o
My ny

4

Phs (Pee £Ppy  Pec F Py
Cg,P: bs< - ff+ - fz/”). (21)

my mj

Note that under p,» = p,, condition, for each Cg’),, the H
and A contributions are not simultaneously present.

That down-type couplings p;,, py, can be finite and
allowed from various flavor and collider constraints has
been discussed [99] for h — bg decays in g2HDM.
The most important constraints on p;, couplings come
from neutral B, mixings, which are now induced at tree-
level. Ref. [99] pointed out an effective mechanism
where if one imposes the conditions pp.p,, =0 and

my = mympy/\/mis; + mic;, NP effects in B, mixing
can be easily evaded. However, note that the latter con-
dition in the alignment limit implies m, = my, which
would rule out the possibility to explain the muon g — 2
anomaly [Eq. (17)]. Therefore, one must confront B,
mixing constraints in scenarios with Am # 0.

The couplings p;,, pg via tree-level H/A exchange
generate the effective Hamiltonian,

—Hegr = C20, + CL04 + C4 04, (22)

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

*2 *
Pps (1 1 PrsPsb [ ] 1
C =" ——-——), Ci="2=—5+—], 23
: 4<mz mi) = <mz+mi 29

with C obtained after substituting pj — py, in C,.

In Fig. 5, we show the 95% C.L. allowed region by AM
measurement [Eq. (14)] for Am =40 GeV (blue) and
200 GeV (orange). One sees that, so long the product
PrsPsp 18 very small (but finite), constraints on individual
couplings p,, or py, can be evaded (similar results follow
for p,4, pap from B, mixing). Note, however, that if either
Pps OF Py, 18 Zero, 1.e. with ppep,;, exactly zero, then the size
of the other coupling is severely constrained and cannot be
larger than O(1073).

Another important probe for Case II comes from H™'-
induced processes. With lepton couplings fixed by lo
solution to muon g —2, p,;, and p,, couplings contribute
to leptonic decays such as M+t — #Tu via tree-level H
exchange, where M = B, K, n, described by the effective
Hamiltonian,
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FIG. 5. Constraints from B, mixing.

d
P;/fpkjvik
Heff =T 2

- (4;Rd;)(¢Lvy) +He., (24)
Hi

which modifies the branching ratios as follows [100],

BM—¢v) Z Sup — my 00 iV ik 2
BM— ¢D)sy 4 2V, (my, +mg ymemy,. |

(25)

where m,, 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 — uv and B — tv provide important con-
straints on the coupling products pgup., and pgpPues
respectively. Adapting Eq. (25) for B — pv, one notes that
the SM-NP interference term (for £/ = u) involves the
coupling p,,, which is strongly constrained by 7 — uuu
[51]. Similarly, in case of B — 7v, the SM-interference
term involves the coupling p,,, which gets constrained by
7 — py [51]. We therefore ignore the SM-NP interference
term and focus on contributions of the coupling product
PavPru (PgpPuz)» Which contribute through the incoherent
term in B — uv (B — 1v).

With current values of B(B — pv) = (5.3 +2.0£0.9) x
1077 [102] and B(B—10)=(1.0940.24) x 10~ [24],
we find the ratio Ry = B(B — uv)/B(B — ) 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
R (SM) ~0.0045 with negligible errors, and using
measured branching ratios, we obtain R (exp) =
0.0049 + 0.0023. This value for mgy+ = 340 GeV gives
psppeu| S6.8 %1074, and |pgpp,,| < 1.55 x 1074, With
Py = Pur = 0.3 mneeded for lo solution to Aa,, the

coupling p,, is strongly constrained. But note that p;,
remains unconstrained by B — £v. Since B, mixing is
ambivalent about which couplings, p, or py,, is large, B —
Zv helps remove this ambiguity. That is, the coupling p,,,,
compared to p,p, is better suited for enhancing LFV B
decays.

It is worth mentioning that the ratio R}y’ in 2HDM Type-
IT (such as in minimal supersymmetric models) is lepton
flavor independent and therefore remains the same as in
SM. Therefore, the ratio Ry 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 — puv and 7 — (K, z)v 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 p;, 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, pp, ~
O(1073) is very small in our setup. But lepton couplings
P = Pyr 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: gg — AH — pu*u*t77T, as pointed out in
Ref. [103]. If the scalar pair is HHT,AH" (or HTH™)
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 — uz.
Due to very small p,, 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 p,, = p,.,
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 p,, for a range of p;, values, while setting p,, = 0. The
upper (lower) row shows results for b — stu(b — dru)
related decays. Note that decays B, — ¢’ depend on the
difference C; — C}, i =S, P scalar Wilson coefficients,
while semileptonic decays B — (K, z)£¢" depend on the
sum C;+ C; (see Appendix). But since Cgp vanish
because p,, =0, only C§, contribute. Thus, B, — £¢’
and B — (K,7)¢¢ 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 1’

We have not shown experimental sensitivity of
semileptonic decays as leptonic modes appear to be the
leading probe. The plots show that, for p,, ~ O(10~%) and

>For B, — t*uT, 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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P~ O(20)4, 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 Am < 200 GeV have better
prospects for discovery, although the needed p,, value is

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

larger, hence somewhat less attractive.

TABLE 1.

(M13] < g)g

Let us now briefly comment on 7—e and p—e sectors. The
B decays with 7 — e flavor violation involve p,, and p,,
couplings, but 4 — ey puts a strong bound on them. The
corresponding contribution to u — ey is generated by a
diagram similar to Fig. 4, but with outgoing fermion

replaced by electron. For values of p,,,p,. that explain

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

Decay mode

90% C.L. Upper Limit

Future sensitivity

B, — ttuT
B, — ttuT
BT - Kttty

BT - ety

B, — tteT
BT - Ktrte™

Bt = atrte”

B, — ute¥
B, — pte¥
Bt - KTute™
Bt = ntetuT

3.4 x 1075 (LHCb [13])
1.2 x 1075 (LHCb [13])
2.8 x 10~5 (BABAR [15])
4.5 x 10~5 (BABAR [15])

1.6 x 1075 (Belle [17])
1.5 x 107 (BABAR [15])
2.0 x 107 (BABAR [15])

5.4 x 107 (LHCb [18])
1.0 x 10~° (LHCb [18])
6.4 x 107 (LHCb [19])
1.7 x 1077 (BABAR [20])

3 x 107 (LHCb II [14])
~3 % 107¢ (Belle 1T [16])

~2 x 107° (Belle II [16])

3 x 10710 (LHCb I [14])
9 x 10~ (LHCb 1II [14])
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the (g —2), anomaly, the MEG bound of y — ey < 4.2 x
10~13 [50] would imply p,, = p,, < O(4,) [51], which is
quite severe. Therefore, to avoid the charged LFV con-
straint, we take p,, = p,, ~ 4,. Then predictions with p,,, =
1073, my=300GeV, m, = 340 GeV are B(B, — 1e)~
5x107'%,  B(B — Kze) ~107"7 and B(B,; — te)~
3x 107'%, B(B — nre) ~ 1077, which are far below
future sensitivities.

We find the coupling of the y — e sector only weakly
constrained in Case II by charged LFV processes.
The couplings p,., p,, together with p,,, p,, contribute
to 7 — ey via diagrams similar to Fig. 4, after replacing
initial and final fermions by 7 and e and internal fermion by
u. But the diagram is chirally suppressed by small m,,.
Taking same mass as before and p,, = p,., the current
measurement of B(t — ey) =3.3 x 1078 [49] sets the
bound p,,p,. < (5% 10°),4,, which is quite poor. Note
that 7= — u~e*u~ gives better constraint, as this decay is
mediated by tree-level H, A exchange hence does not suffer
chiral suppression. Adapting the formula of 7= — y~pu"pu~
given in Ref. [101] to 7= = u~etu~, we find an order of
magnitude improvement in constraint on p,,p,, compared
to 7 — ey. Then taking p,, = p,, ~ 10°2,(~0.003) and
Pbg = 1073 with my = 300 GeV and m, = 340 GeV, we
find B(By; — pe) ~6x 1071 B(B — Kue) ~3 x 1071
and B(B, — pe) ~4 x1071° B(B — mue) ~3 x 107!,
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 p,, is the
dominant quark coupling and take ¢, ~ 0.1. Then charged
LFV processes 7 — puy and u — ey constrain pgp to
Eq. (5). Even with O(1) strength of p,, LFV B decay
rates are highly suppressed by small p,., and are far from
the sensitivities of upcoming LHCb Upgrade II and
Belle II. For Case II where p—7 flavor violating lepton
couplings are motivated to be about 20-30 times larger than
SM Yukawa 4, ~ 0.01. Contrary to Case I, one finds that p,,
has to be small due to bounds from 7 — uy and gg —
H,A — tu direct search at LHC. However, together with
Piss Pra as small as O(107%), we find that Case 11 allows
substantial rates of y—7 flavor violation in B decays, with B
mixing and B — uv being the leading, but forgiving, flavor
constraints.

Concerning 7—e flavor violation in B decays, we find that
u — ey would make it difficult to have simultaneously
large p,,, making B, — ze and B — (K, 7)re rates too
small to be probed at upcoming experiments. Furthermore,

we find that current constraints on u—e flavor violating
coupling are not that severe. The future measurements of
LFV B decays related to b — gue 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]

1
_ 2 2 2 2 2 2 2
_16”S%Vm%V{F(mA’mH+)+Cy[F(mH+’mh_F(mA’mh)]
- S2F (2 .m3y) = F (33

=3¢7[F(m7.mj) = F(mi,.mj)

+F(miymyy) = F(mz.mg)] . (A1)
where function F(a, b) is given by
b b 1
Flab) =212 9% joq_ (A2)

2 a—-b °b’

which vanishes in the limit a — b.

2.h— eV
The tree-level decay rate for h — £¢' (£ # ¢') is,

L(h—=¢0)=T(h—> ¢~ )+T(h- ¢ ¢7)

2
C},mh

167

~

(lpeer)? + lpoel?). (A3)

and for flavor conserving case,

I(h = £¢) 2

s, + cyRe[ﬂ

2
m?e)
Ag

+ |c,Im

14 /11/0 (A4)

~
~

3.B—¢¢"), B> Mee") M=K,
The effective Hamiltonian for b — ¢£7#") is,

4GF " 62 /A
Hesr = _thqvtb@Z(ciOi + Ci0)).

with relevant operators,
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92
08 = —2mb(so"‘”T“Rb)
e

010 = (57,Lb)(£7"7s?).
Op = (SRB)(Frat),

HU> Y%

0, = "% (56 Rb)F
e

Oy = (57,Lb)(£y"¢),

Og = (5Rb)(¢¢), (A6)
where primed counterparts are obtained by L — R
exchange. The full b — g£¢ operator basis can be found,
e.g., in Refs. [104-106]. One should take note
of the normalization used in H.; in Eq. (AS) when
comparing with H.; defined in Eqgs. (6) and (19) in the
main text.

With NP operators of Eq. (A6), B(B, — ¢¢') with
respect to SM is given by [107]

GzFa2|V th|2fB B

6473 m; B,

B(Bq_’ff(/)): (mB M, M)

2
mpy
x % —m2)|ACom_+ACs———|?
{(mBq m)laCom-+ ACs ]

2
mg, |2
my,+my

(A7)

—m%) |AC10m+ +ACP

+(mj,

where  A(a,b,c) = [a*> = (b—c)?][a* = (b+¢)?], and
my =myxmp, AC; = C; — Cj. For £ = ¢, Cy vanishes
due to Ward identity for on-shell leptons.

The differential branching ratio of B — (K, z)¢¢") is

a(l —a+log a)

dB(B — M¢££") ] dg?

= Wl @R{ nanc+
+ Z(p,, )JRe[(C; + CH)(C; + c;)*}}, (A8)

where ¢ is the B to M momentum transfer, and i and (i, j)
run over {7,9,10,S,P} and {(7.9).(9.5).(10,P)},
respectively. The functions Ny, (¢*) and ¢;;)(¢*) are given
in Ref. [107] (also see Ref. [108] for a general formalism of
semileptonic B decays).

4. b — sy

The H* induced dipole coefficients C; and Cg mediating
b — sy and b — sg in g2HDM are given by,

5C7(8)(xr) =

2
P
pulp) (x,), (49)

314/

where the loop functions F (x) 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 AB =1 decays [111] and
|AB| = 2 processes are [25,58] are listed below.

Gola) == ap
G (a) 2(16 — 45a + 364> — 7a® + 6(2 —3a)log a) 2—9a+ 184> — 11a° + 6a®log a (A10)
a) = - - ,
! 108(1 — a)* 36(1 —a)*
(1) a(7-5a-8da*>) a*(Ba-2)
F = 1 All
R e yTp y TS I (All)
1) a(2 +5a — a?) 3a®
F = - 1 , Al2
T ERTp (A12)
1+a 2a log a
—_ , Al3
f(a) (a_1)2+ (a_1)3 ( )
1 3a’loga (b—4a)(b—a) (—4d®+ 3ab* + 2ab — b*)log b
b) = - . Al4
9ab) = o " a1 b—1 (b—1)? (A14)
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