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In this work, we study the extended Standard Model (SM) with an extra Higgs doublet and right-
handed neutrinos. If the symmetry to distinguish the two Higgs doublets is not assigned, flavor
changing neutral currents (FCNCs) involving the scalars are predicted even at the tree level. We
investigate the constraints on the FCNCs at the one-loop level, and especially study the semilep-
tonic B meson decays, e.g. B — DWty and B — KMI processes, where the SM predictions
are more than 20 away from the experimental results. We also consider the flavor-violating cou-
plings involving right-handed neutrinos and discuss if the parameters to explain the excesses of
the semileptonic B decays can resolve the discrepancy in the anomalous muon magnetic moment.
Based on the analysis, we propose the smoking-gun signal of our model at the LHC.
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1. Introduction

Recently, the Type-III Two Higgs Doublet Model(2HDM) is attracting a lot of attention, since
it is one of the good candidates to accomodate the excesses reported by the BaBar, Belle, and LHCb
collaborations. The semileptonic B decays, B — D) tv, have been measured and their results devi-
ate from the SM predictions [[]. Although it is found that the explanation of B — D*TV contradicts
the leptonic B, decay [H] and the TV resonance search in the LHC [B], the Type-III 2HDM is still
one of the attractive candidates to explain excess in B — Dtv [B, B, B, [@]. Additionally, another
semileptonic B decay, i.e. B— K, is also discussed recently in the 2HDM [R]. In this process,
the LHCb collaboration has reported the deviations from the SM predictions in the measurements
concerned with the angular observables [H] and the lepton universality [[0]. Moreover, it is known
that the Type-III 2HDM can accomplish the explanation of the anomalous muon magnetic moment
((g —2)y) deviated from the SM prediction [[I]. In this work we summarized the possibility of
simultaneous explanation of them and studied an implication for the collider physics.

2. Model: Type-I11 2HDM

We introduce the so-called Type-III 2HDM with right-handed neutrinos. There are two Higgs
doublets in our model. We take the Higgs basis in which only one Higgs doublet obtains the
nonzero VEYV, the fields can be decomposed as [[]

Gt Ht
Hi=| yiovic |, Ho=| ¢1ir | (2.1)
V2 V2

where G and G are Nambu-Goldstone bosons, and H™" and A are a charged Higgs boson and a CP-

odd Higgs boson, respectively. v is the VEV: v ~ 246 GeV. In this base, we write down the Yukawa
couplings with the SM fermions. In the mass basis of the fermions, the Yukawa interactions are
given by

L = Qi Hyyydy — O Hapydf— 0y (V) Hyyjup — O (V) Haplful

—LiHysel — L Hapil e — Ly (W) TH Y vie = L (Vo) "Hopi Vi, 2.2)

where i, j and k are flavor indices, and Q = (Vuz,d;)T, Ly = (Vyvp,er)” are defined. ﬁl,Z denote

Hip = iTszk,za where T, is the Pauli matrix. V is the CKM matrix and V, is the MNS matrix.

Fermions (fz, fr) (f =u, d, e, v) are mass eigenstates, and ylf = \/2my, /v, where my, are the

fermion masses.. p}’ are the Yukawa couplings that are independent of the SM fermion mass
matrices.

There are three types of the scalars: the charged Higgs (H*), the CP-odd scalar (A) and the

two CP-even scalars (¢ ). The CP-even scalars are not mass eigenstates, although the mixing
should be tiny not to disturb the SM prediction. The mixing is defined as

01\ [ cosBpy sinbgy h 2.3)
¢ )\ —sinBpy cosOpy H | '

Py are 3 x 3 matrices and the each element is the free parameter that is constrained by the flavor
physics and the collider experiments. The comprehensive study about the phenomenology in the
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Type-1I1 2HDM has been done in Ref. [[3]. However there are many choices for the matrix align-
ment, actually only a few elements or combinations of them are allowed to be sizable according
to the stringent experimental bounds. The all off-diagonal elements of p, are strongly constrained
by the AF =2 processes. p,/¢ and p;* have to be small to escape from the stringent constraint that
given by the D — D mixing. Moreover, p/ and p[/ are severely constrained by the K-K mixing at
the one-loop level. Thus, it is difficult to expect that the couplings between the light quarks (u, d, s)
and the other quarks are larger than ¢/(0.01). Based on the examination, we consider the case that
|p¢| and/or |plf| are sizable. One of our motivations of this study is to investigate the compatibility
among the explanations of the excesses in the Type-III 2HDM. It is pointed out that the sizable p!¢
can improve the discrepancies in the b — s/l and b — clv processes [H].

We can also find the strong upper bounds on the Yukawa couplings in the lepton sector. The
lepton flavor violating (LFV) processes are predicted by the neutral scalar exchanging, if the off-
diagonal elements of p, are sizable. If the extra Yukawa couplings involving electron are large, the
LEP experiment can easily exclude our model. Interestingly, the authors of Ref. [[] have pointed
out that the large pi'* x p;* can achieve the explanation of the (g —2) u that is largely deviated
from the SM prediction. The explanation, however, requires the other Yukawa couplings to be small
[D]. Eventually, we consider the following simple textures of p; from the phenomenological point

of view:
00 O 00 O
pu |0 0 pd |, Ipjl<6(0.1), p.~| 0 0 pbt]. 2.4)
0 pic pl! 0p 0

In our study, we also consider the contribution of p, to flavor physics. This investigation has
not been done well in the type-III 2HDM. This is because the tiny Dirac neutrino masses predict
small Yukawa couplings so that py is also naively expected to be small. p,, however, does not
contribute to the active neutrino masses, directly. If both p, and p, are sizable, p, would contribute
to the neutrino masses radiatively. Otherwise, py could be large compared to y,, in the bottom-
up approach. The unique texture as in Eq. () may also allow py to be sizable. Based on this
consideration, we study the upper bound on py and discuss the impact on the flavor physics.

3. The possibility of simultaneous explanation

We summarized the possibility of simultaneous explanation of flavor anomalies in Table @. The
Dirac neutrino case predicts N.ss ~ 4 and is in tension with the recent cosmological observation.
The neutrino trident production also excludes the case with p, > 1. We can also introduce the small
Majorana mass term, mg, to decrease Neyf.

4. Implication for the collider physics

In order to explain R(D) and muon g-2 simultaneously, p/¢ needs to be ¢(1). Then the same-
sign top signal is predicted. If the neutral scalars, H and A, are not degenerate, the same-sign top
signal, pp — 1t, is enhanced by p¢’, pl¢ couplings. The current upper bound on the cross section
is 1.2 pb at the LHC with /s = 13 TeV [[@]. When m4 = 200 GeV and my = 250 GeV, the each
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| [ R&®) | PL| RD) | R(DY) | S0y |
| (B) p. #0. py =0 |
pY X X X X O
Pl x O] O
psr X X X X O

X

pl A VAN PSS X X
pi | x O] O
ps A Al X X

Table 1: Summary of the capabilities to explain the excesses. In the each observable, our prediction is
evaluated by the symbols, “()", “A" and “x". The symbol, “()", means that our predictions are within
the 1o regions of the experimental results. In the box with “x", our prediction is out of the 20 region.
In the box with “A", the predictions can be within the 26 region of the experimental results, i.e., P{ and
R(K) = 0.74570:590 £0.036 ~ 0.745 009 (¢% [1, 6]GeV?) [I], if py is O(1).

cross section is estimated as

o(pp — tt+1F) =4.23 x 1073|plc|*[pb],
o(pp — tte+1itc) =4.13 x 1071 pi€|*[pb],
o(pp — ttéé+itcc) = 1.14 x 1071 |pic|*[pb]. 4.1

However our prediction is below the experimental bound, HL-LHC may test an interesting scenario
in the future. Other signals e.g. pp — bH~ — btV, pp — fHT — TV are also studied in [B, O].
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