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We comprehensively study the charged Higgs boson contributions to the leptonic B, — v (¢ = u, )
and semileptonic B — X ¢V (X, =7, p; X, = D, D*) decays in the type-III two-Higgs doublet model. We
employ the Cheng-Sher ansatz to suppress the tree-level flavor-changing neutral currents in the quark
sector. When the strict constraints from the AB = 2, b — sy, and pp(bb) — H/A — 77~ processes are
considered, parameters yy, from the quark couplings and %% from the lepton couplings dictate the leptonic
and semileptonic B decays. It is found that, when the measured B;, — 7 and indirect bound of By — 70
obtained by LEP1 data are taken into account, R(D) and R(x) can have broadly allowed ranges; however,
the values of R(p) and R(D*) are limited to approximately the standard model (SM) results. We also find
that the same behaviors also occur in the z-lepton polarizations and forward-backward asymmetries (A);qB’T)
of the semileptonic decays, with the exception of A?;'T, for which the deviation from the SM due to the
charged Higgs boson effect is still sizable. In addition, the g>-dependent A%:j, and A?g can be very sensitive

to the charged Higgs boson effects and have completely different shapes from the SM.

DOI: 10.1103/PhysRevD.98.095007

I. INTRODUCTION

In spite of the success of the standard model (SM) in
particle physics, we are still uncertain as to the solutions for
baryogenesis, neutrino mass, and dark matter. It is believed
that the SM is an effective theory at the electroweak scale,
and thus there should be plenty of room to explore the new
physics effects in theoretical and experimental high-energy
physics.

A known extension of the SM is the two-Higgs doublet
model (2HDM), where the model can be used to resolve
weak and strong CP problems [1,2]. Because of the
involvement of new scalars, such as one CP-even, one
CP-odd, and two charged Higgs bosons, despite its original
motivation, the 2HDM provides rich phenomena in particle
physics [3—6], especially, the charged Higgs boson, which
causes lots of interesting effects in flavor physics.
According to the imposed symmetry (e.g., soft Z, sym-
metry) to the Lagrangian in the literature, the 2HDM is
classified as type-I, type-IlI, lepton-specific, and flipped
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models, for which a detailed introduction can be found in
Ref. [7]. Among these 2HDM schemes, only the type-II
model corresponds to the tree-level minimal supersym-
metric standard model (MSSM) case.

Recently, lepton-flavor universality has suffered chal-
lenges from tree-level B-meson decays. For instance,
BABAR [8.,9], Belle [10-12], and LHCb [13,14] observed
unexpected large branching ratios (BRs) in B - D®zz,,
and the averaged observables were defined and measured
as [15]

R(D)=ERE=DD) 4074003940024,
BR(B— D¢7)
BR(B— D'1i
R(D*):M:O.SMi0.0Bi0.00% (1)
BR(B— D*¢D)

where ¢ denotes the light leptons, and the SM predictions
using different approaches are closed to each other and
obtained as R(D)=~0.30 [16-19] and R(D*)~0.25
[18-21]. Intriguingly, when the R(D) — R(D*) correlation
is taken into account, the deviation with respect to the SM
prediction is 4.16. Based on these observations, possible
extensions of the SM for explaining the excesses are
studied in Refs. [22—-66].

Moreover, when |V,,| ~3.72 x 1073 is taken from the
results of lattice QCD [67] and light-cone sum rules (LCSRs)
[68,69], the SM result of BR(B, — 72)M ~ 0.89 x 10~ is
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slightly smaller than the current measurement of
BR(B, — )% = (1.09 4 0.24) x 10~* [70]. In addition
to the uncertainties of V,;, and B-meson decay constant fp,
the difference between the SM prediction and experimental
data may raise from new charged current effects [71-74].
Since the B — D*)zi and B, — i processes are associated
with the W*-mediated b — (u, ¢)z¥ decays in the SM, in this
work, we study the charged Higgs boson contributions to the
decays in detail in the 2HDM framework.

The charged Higgs boson can be naturally taken as the
origin of a lepton-flavor universality violation, because its
Yukawa coupling to a lepton is usually proportional to the
lepton mass. Because of the suppression of m,/v
(v~ 246 GeV), we thus need an extra factor in the
coupling to enhance the charged Higgs boson effect. In
the 2HDM schemes mentioned above, it can be easily
found that only the type-Il model can have a tan’j
enhancement in the Hamiltonian of b — (u,c)7D.
However, the type-II 2HDM cannot resolve the excesses
for the following reasons: (i) The sign of type-II contri-
bution is always destructive to the SM contributions in
b — (u, ¢)tv, and (ii) the lower bound of the charged Higgs
mass limited by b — sy is now mg= > 580 GeV [75], so
that the change due to the charged Higgs boson effect is
only at a percentage level. Inevitably, we have to consider
other schemes in the 2HDM that can retain the tanf
enhancement, can be a constructive contribution to the
SM, and can have a smaller my-.

The desired scheme can be achieved when the imposed
symmetry is removed; that is, the two Higgs doublets can
simultaneously couple to the up- and down-type quarks.
This scheme is called the type-III 2HDM in the literature
[5,23,28]. In such a scheme, unless an extra assumption is
made [76], the flavor-changing neutral currents (FCNCs)
are generally induced at the tree level. In order to naturally
suppress the tree-induced AF =2 (F =K, By, D)
processes, we can adopt the Cheng-Sher ansatz [77], where
the FCNC effects are parametrized to be the square root of
the production involving flavor masses. We find that the
same quark FCNC effects also appear in the charged Higgs
couplings to the quarks. Using the Cheng-Sher ansatz, it is
found that, in addition to the achievements of the tanf
enhancement factor and a smaller m =, new unsuppressed
factors denoted by Xie(y OCCUr at the vertices c(u)bH=,

which play an important role in B; — 7o and R(D™)). We
note that the type-II 2HDM and MSSM can generate the
similar Yukawa couplings of the type-III model through the
Z, soft-breaking term, which is from the Higgs potential,
when loop effects are considered. Because of the loop
suppression factor, the loop-induced effects from type-II
2HDM in our study are small. Although the loop effects in
supersymmetric (SUSY) models could be sizable, since we
focus on the non-SUSY models, the implications of loop-
induced FCNCs in MSSM can be found in Refs. [78-81].

With the full Y(4S) data set, Belle recently reported
the measurement of B, — uv with a 2.4¢ significance,
where the corresponding BR is BR(B, — ub)®™ =
(6.46 £2.22 +1.60) x 1077, and the SM result is
BR(B;, — uv)>™ = (3.8 £0.31) x 1077 [82]. The experi-
mental measurement approaches the SM prediction, and it is
expected that the improved measurement soon will be
obtained at Belle II [83]. In other words, in addition to the
B;, — v channel, we can investigate the new charged current
effect through a precise measurement on the B;, — uv decay.

In order to comprehensively understand the charged
Higgs boson contributions to the b — (u, ¢)£v (€ = e, p, 7)
in the type-III 2HDM, in addition to the chiral suppression
channels B;, — (7, u)v, we study various possible observ-
ables for the semileptonic processes B — (P,V){w
(P = r, D; V = p D*), which include BRs, R(P), R(V),
lepton helicity asymmetry, and lepton forward-backward
asymmetry. To constrain the free parameters, we study not
only the constraints from the tree- and loop-induced
AB = 2 processes but also the b — sy decay, which has
arisen from the new neutral scalars and charged Higgs
boson. Although the neutral current contributions to b — sy
are much smaller than those from the charged Higgs boson,
for completeness, we also formulate their contributions in
the paper. In addition, the upper bound of BR(B; — o) <
10% obtained in Ref. [65] is also taken into account when
we investigate the B — D*zi decay.

LHCb reported more than a 2¢ deviation from the SM
in R(K)=BR(BT" - K*u"u™)/BR(B" -» KTete™) =
0.7457009 £ 0.036 [84] and R(K*)=BR(B"— K*%u*p~)/
BR(B’—> K¢t e™)=0.6910;£0.05 [85]. Since we con-
centrate on the tree-level leptonic and semileptonic B
decays, we do not address this issue in this work. The
charged Higgs boson contributions to the b — s£T£~
processes can be found in Refs. [86-91].

The paper is organized as follows: In Sec. II, we discuss
and parametrize the charged Higgs Yukawa couplings to
the quarks and leptons in the type-III 2HDM. In Sec. III, we
study the charged Higgs boson contributions to the leptonic
B;(C) — ¢v and B — (P, V)£D decays, where the interest-
ing potential observables include the decay rate, the
branching fraction ratio, lepton helicity asymmetry, and
lepton forward-backward asymmetry. We study the tree-
and loop-induced AB = 2 and loop-induced b — sy proc-
esses in Sec. IV, where the contributions of neutral scalar H,
neutral pseudoscalar A, and the charged Higgs boson are
taken into account. The detailed numerical analysis and the
current experimental bounds are shown in Sec. V, and a
conclusion is given in Sec. VL.

II. YUKAWA COUPLINGS IN THE
GENERIC 2HDM

To study the charged Higgs boson contributions to the
b — qfv (¢ = u, c¢) decays in the type-Ill 2HDM, we
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analyze the relevant Yukawa couplings in this section,
especially, the charged Higgs couplings to ub and cb,
where they can make significant contributions to the
leptonic and semileptonic B decays. The characteristics
of new Yukawa couplings in the type-III model will be also
discussed.

A. Formulation of H* Yukawa couplings
to the quarks and leptons

Since the charged Higgs couplings to the quarks and the
leptons in type-IIl 2HDM were derived before [5], we
briefly introduce the relevant pieces in this section.
We begin to write the Yukawa couplings in the type-III
model as

—Ly = Q.Y{DgH, + O, Y{DRH, + QLY'fURI:Il
+ QL Y4URH, + LY{¢RH,
+ I:YngHz —+ H.C., (2)

where the flavor indices are suppressed; Q7 = (u,d), and
LT = (v,¢), are the SU(2); quark and lepton doublets,
respectively; fr (f = U, D, ) is the singlet fermion; Y{’z
are the 3 x 3 Yukawa matrices, and H; = it,H; with 7,
being the Pauli matrix. The components of the Higgs
doublets are taken as

= ((mmfm,.)/ﬁ)’ ®)

and v; is the vacuum expectation value of H,;. We note
that Eq. (2) can recover the type-II 2HDM when Y¥, Yg,
and Y¥ vanish. The physical states for scalars can then be
expressed as

h = _Sa¢1 + Ca¢27 H= ca¢l + Sa¢2’
H*(A) = =spbi (m1) + cpb5 (m2) (4)

where the mixing angles are defined as c,(s,) =

cosa(sina), cz=cosf=v;/v, and sz =sinfi=v,/v

with v = \/v? + 3. In this work, & is the SM-like

Higgs boson while H, A, and H* are new scalar bosons.
The fermion mass matrix can be formulated as

v

V2

Without assuming the relation between Y‘f and Y'g, both
Yukawa matrices cannot be simultaneously diagonalized
[76]. Thus, the FCNCs mediated by scalar bosons are

induced at the tree level. We introduce unitary matrices U{

FuM fr+He = ——F, (cs¥) + 5,7 fr + He,  (5)

and U{e to diagonalize the fermion mass matrices by
following f7 = U4 £y and f5 = U f%, where f7'%) denote

the physical (weak) eigenstates. Then, the Yukawa cou-
plings of H* can be written as [5]

1 Xt
—E)}/]i - \/Elle |:——mu ‘I‘ —:| ‘IdLI'IJr
Ut/j S/j
t )'C
+2a,V [——ﬂmd + —] dpH*
v Cﬂ

t X’
+25, [— @ng o+ —} (yH* +He.,  (6)
v Cc
s

where 13 =tanp =v,/v;; V= U4UY"  denotes  the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, and the
X’s are defined as

d ‘
xe—ur yw xe—pd oy xe—upauy

\/§R’ L\/ER’ L\/ER'
(7)

X*“ are the sources of tree-level FCNCs in the type-III
model. In order to accommodate the strict constraints from
the AF = 2 processes, such as Amp (P = K, B, D), we
adopt the so-called Cheng-Sher ansatz [77] in the quark and
lepton sectors, where X/ is parametrized as

My
X =y ®)

and )(lf] are the new free parameters. Using this ansatz, it can
be seen that Amp arisen from the tree level is suppressed
by mgm,/v* for the K meson, mym;,/v* for By, and
m,m,/v* for the D meson. Since we do not study the origin
of neutrino mass, the neutrinos are taken as massless
particles in this work. Nevertheless, even with a massive
neutrino case, the influence on hadronic processes is small
and negligible. In addition, to simplify the numerical
analysis, in this work we use the scheme with
XG = (mg,/v) 10600, i, Z?f, = X0 87,,5 as a result,
the Yukawa couplings of H* to the leptons can be
expressed as

" t ‘
oot =R WP (\_Xe\s poslt 4l (9)
Y.e v S/;v

with Pg) = (1 £y5)/2. The suppression factor m,/v
could be moderated using the scheme of large tan f.

B. b-quark Yukawa couplings to H*

From Eq. (6), it can be seen that the coupling u;zb; H*
(u; = u, c¢) in the type-Il 2HDM (i.e., X%* = 0) is sup-
pressed by m,, /(vts)V,;, and this effect can be neglected.
However, the situation is changed in the type-III model.
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In addition to the disappearance of suppression factor 1/,
the new effect X* accompanied with the CKM matrix in the
form of X"V/v could lead to \/m, m,/vyy, VY, Where
/M7 /v numerically plays the role of |V, ;| and the
magnitude of the coupling is dictated by the free parameter
Xu;» Which, in principle, is not suppressed. Additionally,
the u;; bxH* coupling is also remarkably modified. In
order to better comprehend the influence of the new
charged Higgs couplings on the B decays, in the rest of
this subsection, we discuss the u;pH* coupling in detail.
For convenience, we rewrite the H* couplings to the b
quark and light up-type quarks as

f_ V2

L > Y2, CL b HY + Y20, CF b H + Hee,
1} 1

CL _ m”i 5 muimui ux V
ub — P uiu; - s )(uju,- u/-b,
s s

R Ma My
Cup = Vi tsmpbap — T}(djb , (10)

where u; (d;) indicates the sum of all possible up- (down-)
type quarks.

In the following, we analyze the characteristics of the
Cﬁ(c) , and Cff(c) , couplings in the type-IIl 2HDM with the
Cheng-Sher ansatz. Because of m,V,, < /m,m.V , <
/m,m;V,,, we can simplify the CL, coupling as

i7C‘Lh"r:’/ \/_ )(tu th (11)

With m, ~5.4 MeV, m, ~165 GeV, and v = 246 GeV,
it can be found that ,/m,m,/v = 3.84 x 1073 is very close
to the value of |V,,|; therefore, CL, can be read as
V2CL v ~ =24 |V |, where sp~1 1is applied.
Clearly, unlike the case in the type-II 2HDM, which is
highly suppressed by m,, /(vt), C, in the type-IIT model is
still proportional to |V, |, can be sizable, and is controlled
by y4. For the CR, coupling, the decomposition from
Eq. (10) can be written as

CR — _y \/mdmbxﬁb B \/msmb)(fb
ub — ud us
Cp Cp
)(d
+ V., pmy (tﬁ - %) ) (12)
B

The numerical values of the first two terms can be obtained
as V,y\/my/my~0.047 and V /my/my, ~0.032>> |V, |.
Unless x4, , are strictly constrained, each term with
different CKM factors may be important and cannot be
arbitrarily dropped. For clarity, we rewrite CX, to be

2 t R
icﬁb:ﬁMVubO_@)’ (13)
v v Sp

Vud my d Vux nmyg d

Z )( T X T
ub — Abb Vub m, db Vub

Because of |V,,| <V, .4 the magnitude of yX . in
principle, can be of O(10), and the resulting CX, is
much larger than that in the type-II 2HDM. In order
to avoid obtaining an CF that is too large, we can

require a cancellation between Vg +/m,/my, ;(gb and

Vs \/ Mg/ my, )(‘Sib when )(Zb,sb both are sizable. However,
we will show that )(jh,sb indeed are constrained by the
measured B, ; mixing parameters and that their magnitudes
should be less than O(1072).

For the processes dictated by the b — ¢ decays, due to
ImV gy L mV o, K \Jiem,V,y, the HS Yukawa cou-
pling of CL, can be simplified as

ch R = Ib

m; Xie Vi
= — \% — , 15
v c,,(Sﬂ,/ ). as)

where the m,/t; term has been ignored due to the use of
large 75 scheme and the factor in parentheses can be
numerically estimated to be 2.19y%. This behavior is
similar to Cﬁb, but it is i that controls the magnitude.
Clearly, if yi* is not suppressed, it can make a significant
contribution to the b — ¢ transition. Using the fact that
|V eal/mgn, < Vo /mgmy,, V.,my,, we can formulate the
CR coupling as

V2 e z\fzmit”vb@—’(—&)
v ¢ v ¢ ’

Sp

%
P 2y gy 4+ 3.69%,. (16)

R _ .d
Xeb = Xpp T+ my, V.,

Since CX has the 7; enhancement, its magnitude is

comparable with the SM W-gauge coupling of ¢V.,/v/2.
For comparison, we also show the tbH* couplings as

f ,bNxfm’ V,,,(——Xi> (17)

Ig Sp

2 t d
icthN\/EthbO_@), (18)
v

Sp
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where the small effects related to V;, ., and V ,, have been
dropped. Although there is an m, enhancement in the first
term of C%, 1/t5 will reduce its contribution when a large
tan # value is taken; therefore, comparing with yj;* /s, this
term can be ignored, i.e., C5 ~ —m,V i/ sp. From the
above analysis, it can be seen that Cﬁlfc boip A€ different from
those in the type-II model not only in magnitude but also in
sign. For completeness, the other Yukawa couplings of H*
to the quarks are shown in detail in the Appendix.

III. PHENOMENOLOGICAL ANALYSIS

The charged current interactions in this model arise from
the SM W-gauge and the charged Higgs bosons. Based on
the Yukawa couplings in Egs. (9) and (10), the effective
Hamiltonian for » — ¢Zv can be written as

(b~ atD) = £V, (@) a0

+ Clq‘if(qb)S—P(ZV)S—P

+ Cg;}f(flbhw(?’/)sw}’ (19)

where the fermionic currents are defined as (f'f)y ., =
(L £ys)f and (f'f)sep = f'(1 £ 75)f and the dimen-
sionless coefficients for the b — u and b — ¢ decays are
given as

m,mt A 1%
Cif =t <1 —Q>( Sl ) (20a)
mi.sp sp m; Vi,
m,mpt ¢ R
che = 00 <1 —f> <1 Z"”>, (20b)
mHi Sﬁ S/j
m,mt A 1%
Cil =a ”( “)( e ?:), (20¢)
my,.sg Sp m; Ve
mym > ¢ R
cRf =07 <1 —ﬁ> (1 —ﬂ> (20d)
My Sp Sp

Based on the interactions shown in Egs. (19) and (20),
we investigate the charged Higgs boson influence on the
leptonic and semileptonic B decays in the type-III 2HDM.

A. Leptonic B; — ¢v decays

The hadronic effect in a leptonic B decay is the B-meson
decay constant. The decay constant associated with an
axial-vector current for the B, -meson is defined as

(0lgr"ysb|By (ps,)) = —ifs,Pl,- (21)

Using the equation of motion, the decay constant associated
with pseudoscalar current is given by

2
mp

Olgysb|B =ify ——. 22

< |CIJ’5 | q(P)> lqumb+mq ( )

From the effective interactions in Eq. (19), the decay rate
for B; — ¢v can be formed as

R.C LAY 2
m%q (Cqb - Cqb )

['(B; » (v) = FSM(B; - (D) mp(my & m.)
q

1+

El

(23)

SM/ p— Gt 20 2 my \?
r (Bq = fIJ) :g|vqh| qumquf 1 _m—2 . (24)

B,

Since a leptonic meson decay is a chirality-suppressed
process, the decay rate in Eq. (24) is proportional to m2.
From Egs. (20a)—(20d), it can be seen that, in the type-1I
2HDM, CL, ~CE ~0 and CF, ., are negative in sign;
therefore, the H* contribution to the B, — ¢v decay is
always destructive. The magnitude and the sign of C?,;L in
the type-III model can be changed due to the new effects of
)(ﬁ‘/?d and y7,.

Before doing a detailed numerical analysis, we can
numerically understand the impact of the 2HDM on the
B, — ¢v decay as follows: Taking t; = 50 and my: =
300 GeV, we can see that the charged Higgs boson
contributions to the » — u and b — ¢ decays are, respec-
tively, given as

m, (Cai = Caif)
my(my, +m,)
{ —[0.77(1 = x%,/s5) + 0.39 €] (1 = 4%/ s5),
—[1.09(1 = 8, /sp + LTT i) (1 = x5/ sp).
(25)

H* ¢
5‘]

where the sign can be positive when the parameters of
X ture and ){? are properly taken and ¢5 is the phase in V.
We note that the Yukawa coupling of the charged Higgs
boson to the lepton is proportional to the lepton mass;
therefore, the ratio in Eq. (25) does not depend on m,.
The lepton-flavor-dependent effect is dictated by the y%
parameter.

B. B; — (P.V)¢v decays

Since the semileptonic B decays involve the hadronic
QCD effects, in order to formulate the decays, we para-
metrize the form factors for a B decay to a pseudoscalar (P)
meson as
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(P(p2) @y blB(p1)) = 157 (q?) {Pﬂ _ %q} L)l

(P(p2)|gb|B(py)) = (mp + mp)f§° (%), (26)

where P = p; + p, and ¢ = p; — p,. The form factors for a B decay to a vector (V) meson is defined as

VBV (q2) Jwpo

V(p,, gy*b|B =
< (Pz €v)|617 | (P1)> mp + my

k
€VL/Pqu"

_ _ . € q : w_€v-q
V(s larrs0lB()) = 2imyAf (@)L g itmy + () |6 - |

. €y -4 P-q
Sin () S e D)

(V(pa.ev)larsb|B(pr)) = —iey, - af 2" (4%). (27)
With the equation of motion, the form factors of f5” and f%" can be obtained, respectively, as

gp 2y, B — Mp 2 BV 2y . 2mMmy
s (q°) P fol(q®). r (q°)

~N——— Ao(q?). 28
, - m, o(q”) (28)

Using the interactions in Eq. (19) and the form factors defined above, we can obtain the transition matrix elements for
B — (P,V)(D as

_Gr

P
M, = q

P. _ _
S v [fff” (Pﬂ e qﬂ) (#0)ys + <mff§"—2+ (CRY + CLf ) (mg +mp>f§”) <fv>s_p} (29)

G i mymy\ -
My == v dei o (cl - sty + 28 ™) B

i € q AbVer, - g P-q -
+ |:(mB + mV)AlBV <€V/4(L) - qu qﬂ) -2 Vr =z <Pﬂ - —zq;t (fU)V—A ’

mpg + my q
GF VBV
M\T/ =—7=Va {
V2 mp +my
where ¢*> dependence in the form factors is hidden and MY and M, are the longitudinal and transverse V-meson

components, respectively. From the formulations, we see that the charged Higgs boson affects only Mp and the
longitudinal part of the V meson.

gyupaey\ﬁ/y(T)Pﬂqﬂ - l(mB + mV)A?Veﬁ\F/y(T)] (gl/)V—A’ (30)

1. Decay amplitudes in helicity basis

To derive the angular differential decay rate, we take the coordinates of the kinematic variables in the rest frame of the v
invariant mass as

/ VA
q= < q27090’0)’ pM:(EMvovova)7 Pmu = Mz’
2vVq

Iy = my +miy, + q* = 2mim3, — 2miq* — 2m, 42,

Py = EV(17Sin9f COS¢7 Sinaf Sind),COng), Pe = (Ef7 _ﬁv)v

V(L) = (py.0.0.E).  ey(d) = = (0.F1.i.0), (31)

" my V2

where M denotes the P and V meson, 6, is the polar angle of a neutrino with respect to the moving direction of the M meson
in the ¢ rest frame, and the components of p, can be obtained from p, by using 7 — 8, and ¢ + x instead of 6, and ¢.
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The solutions of the Dirac equation for positive and
negative energy can be expressed, respectively, as

st =g (VEERP))
VE+m\ G- py.(p) /)
R G- px=(P)
”“m‘ifiaﬁm+mh@0’ >

where the + indices in y are the eigenvalues of 6 - p/|p|
and + (—) denotes the left- (right-)handed state. If the
spatial momentum of a particle is taken as p =
p(sin@cos ¢, sin @ sin ¢, cos B), the eigenstates of & - p
can be found as

. cos? . sin§
)=\, ) =)=, ) (33)
e Sll’li —e COSE

With the Pauli-Dirac representation of y matrices, which are
defined as

L (10N /04 /01
o) T \eo) P o)

(34)

we get 7, [---](1 —ys)y, =20, [ - ']’“vw where [--] =
{1.y#,0*} and 7, denote the charged lepton in u_ states.
Since we take neutrinos as massless particles, the neutrino
states are always left-handed, i.e., £, [--*](1 — ys5)v,_ = 0.

With the chosen coordinates and the spinors in Egs. (32)
and (33), the leptonic current in the lepton helicity basis for
the B — Py decay can be derived as

Chstx(1 = ys)v = 2myf, cos O,

Crey (1= ys5)v = =2/ ¢°By.

2h=—¢x(1 - = —2\/~/3£ sinf,,
L_”h:—( 75)1/ = (35)

where f, = /1 —m3/q?, and the auxiliary polarization

vector ey is defined as

i

EJ;(SX/A = -1, |P| = ?

Bleg = pr =",
q

In order to include the V-meson polarizations in the

B — V£ decay, we separate a lepton current in the lepton

helicity basis into longitudinal and transverse parts, where

the longitudinal part of the V meson is given as

Eh:+¢Z(1 —75)v = 2myPycos by, (36)

fh* ¢7(1—ys)v = _2\/7ﬂf sin 6y, (37)

while the two transverse parts of the V meson are,
respectively, given as

\/Lisin 0,7 (T = +),

sin@ye'® (T = -),

2h=+¢lV(T)(1 - }’5)1/ = —meﬁf{ i
V2
(38)

2h=—¢V(T)(1 - }’5)
(1 —cosy)e” (T =+),
= -2./q*B, (39
(1 +cos8,)e (T = -). )
The auxiliary polarizations e, and ey (7T) are defined,
respectively, as

€q A oo
=ey(L)- 7‘]"’ \/jve;\'/(T)Eg”p v (T)Ppg,-

mv

Using the helicity basis and the lepton currents discussed
before, the B — P£v decay amplitudes with the charged
lepton positive and negative helicity are, respectively,
obtained as

— GFV b \//lp
M=t = P 2mpp, =L fBP cos @, — 2001/ > XY ),
V2 N :
(40)
__ GpVy, .
M = T (2 D17 sin6 ), (41)
0¢ sz - m% BP R.C Lt
Xp :Tmffo + (mg +mp)(Cp +Coi ) f5"

(42)

As mentioned earlier, since the V meson carries spin
degrees of freedom, we separate each lepton helicity
amplitude into longitudinal (L) and transverse (7') parts
to show the V-meson polarization effects. Therefore, we
write the helicity amplitudes of B — V£u for the longi-
tudinal polarization of the V meson as

- GrV g Vv
M=t = —i— 1 <2m hY) cos 0, — 2 XY,
74 \/i fﬂf %4 4 ﬁf\/? 1%

(43)

GrV
M= = =i 2 (22 [, sine, ). 44
vV \/§ Qﬂf 1% 2 ( )
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Ho [ 2 —m} — q*)(mg + my)ABY
v(q®) = 2mV\/7 v —q°)(mp + my)Aj
I lV Agv]’
mB—I—mV
2
00 _ BV q R.C LN\ 2BV
XV —mgAO +m(cqb _Cqb) P - (45)

It can be seen that the formulas for M5"=* are similar to
those for M=%, The helicity amplitudes for the transverse
polarizations of the V meson can be derived as

L GrV .
MI=Eh= = i ZE 9 1\ am B, sin 6,70 hE,  (46)
V2
o GV .
Mgﬁi’h: =Fi F” b [—ﬁ\/q2ﬁf(1 F cosef)ej”‘/’]h?},
V2
Vv
Wy =YV yBY ¢ ABV. 47
VT g +my (mp +my)A] (47)

Since the charged Higgs boson affects only the longitudinal

part, M1 ~"=* are dictated by the SM. From these

obtained helicity amplitudes, it can be seen that, due to

)h=+
angular-momentum conservation, M"%=" and MV ,

which come from fyﬂ(l —y5)v, are chirality suppressed
and proportional to m,. However, the charged lepton in
Z(1 — ys)v, which arises from the charged Higgs interac-
tion, prefers the & = + state, and the associated contribu-
tion, in principle, exhibits no chiral suppression factor.
Nevertheless, the m, factor indeed exists in our case due to
the Cheng-Sher ansatz.

2. Angular differential decay rate, lepton helicity
asymmetry, and forward-backward asymmetry
When the three-body phase space is included, the
differential decay rates with lepton helicity and V polari-
zation as a function of ¢*> and cos @, can be obtained as

dUp;* Vap BIMI=2
dg*dcos0, s512°m} * ’

L(T),h==+
Woe " I e g
dg*dcos, 5127° 3ﬂf

Using Eq. (48), we can investigate various interesting
physical quantities, such as the BR, lepton-helicity asym-
metry, lepton forward-backward asymmetry (FBA), and
polarization distributions of the V meson. We thus intro-
duce these observables in the following discussions.

When the polar angle is integrated out, the differential
decay rate with each lepton helicity as a function of ¢> can
be obtained as follows: For the B — P decay, they can
be expressed as

drl  GHVGPVApE

dg>  2567°m3 P
2m>
Hyp = gfﬂp(ffp)z +2¢7|X3 [,
4
Hp = gﬂp(f?”)2; (49)

and for the B — Vv decay, they are shown as

dry; = _ GEVal*Vavp .
dq* 2567 m;, v
H‘Lﬁ sz Y% + 2’1V |X0f|2
T T
H‘T/:i.Jr _ % e
T==+,— 4q2 +12
Hy, :T|hv‘ . (50)

Accordingly, the partial decay rates for B — (P, V)£0 can
be directly obtained as

GZ|V ,1? [ G
rpy = SVl [ da gt + 1),
(4

25673 my Jo2
G%’ | qu |2

inax
— 2./ 4 E Fli,-‘r F{A,—
FVf 2567[3 l% L% dq /IVﬁf ( 1% \%4 )

A=L.,T=%
(51)

Moreover, the g*-dependent longitudinal polarization
and transverse polarization fractions can be defined,
respectively, as

L (qz) _ Zhdre.;/dqz o H‘L/.Jr + H\L/A'_ (52)
ve = = ,
Zx.hdré)g/dqz Ea,hHéf'h
T ()= >oT, hdr ! /dg? ZT:i(H\T/Jr"'HxT/_) (53)
¢
Y Ez hdlﬂ/1 /dq Z/l.hH/%/’h

Based on Egs. (49) and (50), we define the g*>-dependent
lepton helicity asymmetry as

dUh b /dg? — dUhi 7 | ¢

dUl;"/dg* + dUly /dg?

Piu(q®) = (54)

where the sum of V polarizations is indicated in dI'f;*.
Thus, the results for the pseudoscalar and vector meson
processes can be, respectively, formulated as

095007-8



CHARGED HIGGS BOSON CONTRIBUTION TO ...

PHYS. REV. D 98, 095007 (2018)

(m7 = 2¢°)Ap(f77)%/4* + 24°| X}

Prlq?) = 2 2 BP\2 /2 21v072°
(mz +2q*)2p(f7")°/a° +2q° | X}

(55)

WIN|WIr

(m7 = 24°) (s s 1hY ) + 24y /4| XV |2
(m7 +26°) (Cper 10y ) + 24y /¢ IXV 2
(56)
|

2
ACDES
3

2
| VIR 2 =2 e + 2P XY P

In addition, using the helicity decay rates, the g¢*-
independent lepton helicity asymmetry can be defined as
[24,27,53,92,93]

h=+ h=—
¢ _Tus —Uhg

=g 57
" o7

where the formulations for B — (P, V)£v with charged
Higgs boson effects can be found as

Pp

_ , (58)
[ AT m2 + 24)Ap(F37 )2 P + 247 X
2
I g IR 0 = 27) (S ) + 20/ P XY P -

vV — 2 .
15 dgP BB (3 + 24%) (e, IWGP) + 200 /2 XY )

From the angular differential decay rates shown in
Eq. (48), the lepton FBA can be defined as

 Ja dz(dTy/dgPdz) — [°) de(dTy,/dg?dz)
~ ¥ dz(dTys/dgPdz) + [0, dz(dUy,/dqPdz)’
(60)

AV (4%)

where z = cosf, and dl'y,/(dq*dz) have included all
possible lepton helicities and polarizations of the V meson.
The FBAs mediated by the charged Higgs boson and W

boson in B — (P, V)¢, are obtained as

e 2mo A B Re(XE)
e (@) = T - )
H} + H;
1 Viy
AYE(q) = = |Fame s Retntxy
ZzzL,i(H/\I/’JF +HY) vV
+4q2y /AVA?VVBV} . (61)

From the above equations, it can be seen that A% and the

longitudinal part of Aﬁg” depend on m, and are chiral
suppressed. Since m,/m;, ~ 0.4 is not highly suppressed, it
can be expected that B — Pz can have a sizable FBA. AZ'Bf
does not vanish in the chiral limit; therefore, it can be
sizable for a light lepton.

The observations of the tau polarization and FBA rely on
tau-lepton reconstruction. Because of the involvement of
one invisible neutrino in the final state, it is experimentally
challenging to measure these observables. As an alternative
to the 7 reconstruction, the extraction of 7 polarization and
FBA through an angular asymmetry of visible particles in a

|
tau decay was recently proposed in Refs. [94,95], where the
7 — av, decay is the most sensitive channel. Using this
approach, a statistical precision of 10% can be reached
at Belle II with an integrated luminosity of 50 ab~!. The
detailed study can be found in Ref. [95].

IV. AB=2 AND b — sy PROCESSES IN THE
GENERIC 2HDM

It is known that tree-level FCNCs can occur in the
generic 2HDM; therefore, the measured mass difference

AM, (¢' = d, s) of a neutral B, meson will give a strict

d
q'b.bq'"

Cheng-Sher ansatz, the AB = 2 process, mediated by the
neutral scalars at the tree level, is proportional to
mymyt5/v*( )(Z,b)2. Although the tree-level effect has a

limit on the parameters X In our approach, due to the

suppression factor m /v, the factor té can largely enhance
its contribution; hence, AM, will severely bound the
)(Z,b’b , barameters.

In addition to the tree-level effects, we find through box
diagrams that the charged Higgs boson contributions to
AB = 2 can be significant when 7, is large, and yj; ., and
x4, are of 0(0.1)-0(1). The same charged Higgs boson
effects also contribute to the radiative b — s(d)y decay via
penguin diagrams. Since b — sy is measured well in
experiments, in this study, we focus only on the b — sy
decay. It is of interest to investigate whether the sizable
new parameters y7 ., and ;(,‘fb in the generic 2HDM can
accommodate the AM, and b — sy data. Hence, in this
section, we formulate the contributions of the charged
Higgs boson and neutral Higgs bosons to the B(LS-Bd’x
mixings and b — sy process.
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t / t ’

b g b q
| |
w+ f o+ Yorme home
q__ > L, b 45 1 > L, b
t t
FIG. 1. The representative box diagrams for the B,/-B, mixing

with the intermediates of WT-H*, GT-H*, and H™-H", where
G™ is the charged Goldstone boson.

A. Charged Higgs boson contributions to the AM

We first consider the charged Higgs boson contributions
to the AB =2 processes, where the typical Feynman
diagrams mediated by W*-H*, G*-H™", and H"-H™ are
sketched in Fig. 1 and G™ is the charged Goldstone boson.
Since the Yukawa couplings of H* to the quarks are
associated with the quark masses, the vertices that involve
heavy quarks can enhance the loop H* effects. Thus, we
consider only the top-quark loop contributions in the
B-meson system. Accordingly, the relevant charged
Higgs interactions are shown as

V2

L 2 =SVt LiPy + mylf, Pr)bH*

V2

== VigTm P = myCl Pr)g HY + He.,

(62)

where the parameters C{J are defined as

u~1 xit Cd ~ I_X_Zb
ttNt P bb P S ’
p p p

L
o 1 Xy ¢, = my )(bq Vi
tq’ ~ 5 ) ﬁ V )
t/} Sﬁ my, Sﬂ iq
L _ ux + &VC‘]/ uk (63)
Xig = Xt m, Vi Xet -

Detailed discussions for the couplings of tq’H* can be
found in the Appendix. From Egs. (62) and (63), when

;({] = 0, the vertices in the type-II 2HDM are reproduced.
Unlike the type-II model, where {7/ | g <1 for t5 ~m,/my,
Ciis 7 in the type-III model can be of the order of unity even

at small 75. We will show the impacts of these new 2HDM

parameters on the flavor physics in the following analysis.
Based on the convention in Ref. [96], the effective

Hamiltonian for Bql—Bq/ mixing can be written as

H(Geme s gawe)

(64)

GL(Vi,V,)?
]—IeAff”3 2= 18 2q

where the effective operators with the color indices a and j
are given as

01 = (b7, PLq*)(WPy*PLq"?),

0, = (b"PLq*)(bPPLq"),

03 = (bPPLq*)(b°PLq"),

Q4 = (b"PLq'*) (b Prq?),

0s = (bPPLq'*)(b"Prq”). (65)

The operators Oj can be obtained from O using P instead of
P; . The Wilson coefficients at the scale y = m;, = 4.6 GeV
can be related to those at up scale and are given as [96]

Cilmy) = Y (07 + nel Ny Ci(ug). (66)

k.j

where py = my=, n=ay(uy)/a(m;), C;(uy) are the
Wilson coefﬁcients at the uy scale, and the magic numbers
for ay, b,<( , and c ) can be found in Ref. [96]. To obtain
Ci(uy), we adopt the ’t Hooft-Feynman gauge for the
propagator of the W-gauge boson; therefore, the charged
Goldstone G* boson effects have to be taken into account.
To show the results of the box diagrams, we define
some useful parameters as x, = m?/m¥, y, = m,/mHi,
Yy = mw/mHi, and y, = mb/mHi. Thus, the effective
Wilson coefficients at the yy scale can be formulated as

Ci(pn) = 485, Sl 2y Y (v yw) + x93 (v yw))
+2( I;q tut*)zxt)’tI{IH()’t)’ (67a)
Ca () = =48y, Cop) 22y I (v,). (67b)

TABLEL Values of quark masses, B;, parameters, and ;5 at the m,, scale in the regularization-independence momentum subtraction
scheme, where the B, results are quoted from Ref. [104]. The decay constants of the B, ; mesons are from Ref. [106], and f is from
Ref. [107].

my my mgy fBS fB,, fB(. qu’ B2q' B3q'

4.6 GeV 0.10 GeV 5.4 MeV 0.231 GeV 0.191 GeV 0.434 GeV 0.84 0.88 1.10
By Bsy Mg 2B 138 flaap flasp fisap fissp

1.12 1.89 0.848 1.708 —-0.016 2.395 0.061 0.431 0.094
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2
m
C4(/4H) = 8_g€?q/CZZ(ZYtI§VH(J’t»YW) + xt)’tZIYVH(J’t’YW))
+ 8(C0, i) (S Cop) Xyt I (v,), (67¢)
Cs(un) = ( i )@ po)xey M (v,), (67d)
where the loop integral functions are defined as
I‘l/VH()’t’yW)
1 X X2
= dx / dx ,
A Yo T (= xy +yx +yw(x = x2))?
(68a)
IEVH()’t’ Yw)
1 X1 x2
= d_x / d.x )
/o Yo T =x o +yw(x —xo)
(68b)
1 x(1=x)
1t = dx ———, 68
i) = [ (65¢)
1 x(1—x)
51 = / dx————F—. 68d
2 (yl) 0 (1 _X+ytx)2 ( )

The effective Wilson coefficients for the 01,2 operators at
uy scale are given as

Ci(pn) = 2(¢,
Cz(ﬂ )= 4(

&)y (y,),

W) 2xpy i H (y,). (69)

We have checked that our results are the same as those
obtained in Ref. [97] when y, = ;(;‘jd = 0. Using Eq. (66)
and the magic numbers shown in Ref. [96], we obtain the
Wilson coefficients C;(m;) at the y = m,, scale as
C(my) ~0.848C, (uy),
Cz(m,,) ~ 1 708C2(MH)9
C3(my) ~ =0.016C5 (up ),
Cs(mb) 0. 061C4(uH) + 0. 904C5( ) (70)
|

The matrix elements of the renormalized operators for
AB = 2 are defined as [96]

a _ 1
(By10:(0)1By) =5 15, mp, Big () (71a)

. - 5 mg, 2,
(By|Oa(W)|By)=~7, <m) fs,mp,Bag (1),

(71b)
B0IB) =55 (i) T B ),
(71c)
(804018, = § (o ) Fo i, B
(71d)
(8,1050018,) =5 (s ) e B )

(71e)

where B;, denote the nonperturbative QCD bag para-
meters and the mixing matrix elements in the SM are
related to By, . Using the results obtained by the HPQCD
98], FNAL-MILC [99], and RBC-UKQCD [100]
Collaborations, the lattice QCD results with Ny =2+ 1
averaged by the flavor lattice averaging group can be found
as By;~0.80 and B;~0.84 [101]. In our numerical
calculations, the quark masses and B;, parameters at the
my, scale in the Landau regularization-independence
momentum subtraction scheme [96,102-104] and the
decay constants of Bq/ are shown in Table I, where, for
self-consistency, all B;, values are quoted from Ref. [104].

Because of B~ B;;, we adopt By = B;;=B,;. As a
result, (B, |H5f=%|B,) can be written as

— = +
(By|Haf [By) = (By|Haf 2[By)™M(1+ A7) (72)

The SM result and the charged Higgs boson contributions
can be formulated as

[(=57128B2y + i138B34 ) (Ca(uy) + Co(un))

_ GZ (V* vV /)2 .
(By|HAE=2|B /)M AL AR R 42;;;2@ m%vf%;q,mBqﬂlBqu’(4S0(xt))7
w1 . mp,
Ay = 450(x) Ci(un) + Ci(um) +
t

+ (671445Bag + 2MaspBsq ) Ca(n)+ (601545 Bag + 2M1sspBsg ) Cs (k)] }

8(my +my )2 18B1g

(73)
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where  48y(m?/m?,) = 3.136(m?/m3,)°7° ~9.36 [105];
i;p are the QCD corrections, and their values are shown
in Table I. Accordingly, the mass difference between the
physical B, states can be obtained by

AMY =2|(By|HGET? By = AMM|L+ AL (74)

Taking V,; ~ 0.0082¢~1 with ¢, ~21.9°, V,; ~ —0.04,
and m, = m,(im,) =~ 165 GeV, the B -meson oscillation
parameters AM ; ; in the SM are, respectively, estimated as

AM3M ~3.20 x 1071® GeV = 0.487 ps~!,
AMM ~ 1,13 x 107" GeV = 17.22 ps~!,  (75)

where the current data are AM;" = (0.5065 +
0.0019) ps~! and AMS® = (17. 756j:0021) ps~' [70].
In order to include the new physics contributions, when
we use the AM® to bound the free parameters, we take
the SM predictions to be AMSM = 0.555%007 ps~' and
AMM = 16.877% ps™! [106], in which the next-to-
leading-order (NLO) QCD corrections [108-110] and
the uncertainties from various parameters, such as CKM
matrix elements, decay constants, and the top-quark mass,
are taken into account. Hence, from Eq. (74), the bounds
from AB =2 can be used as

0.76 < |1 + A7 < 1.15,
0.87 < |1+ AH"| < 1.38. (76)

B. AM, from the tree FCNCs

To formulate the scalar boson contributions to AM g at
the tree level, we write the Yukawa couplings of scalars H
and A to the quarks with Cheng-Sher ansatz as [5]

=0, gy T ] i) e
p

(77)
The effective Hamiltonian for the AB = 2 process medi-
ated by the neutral scalar bosons H and A at the uy scale
can then be straightforwardly obtained as

a2 _ _(Molp\2 My [ g1 1
e == () G oo (-5
1 1
+(x5,) (m——m )Qz

H
1

It can be seen that, when my = m,, the contributions
from the operators Q, and O, vanish. We note that
the box diagrams, mediated by Z-H(A), G°-H(A), and
H(A)-H(A), involve the g;-b-H(A) FCNC couplings,
which are the same as the tree contributions. Thus, it is
expected that the box contributions will be smaller than the
tree; therefore, we do not further discuss such box diagrams
and neglect their contributions.

Using Eq. (66) and the hadronic matrix elements
shown in Eq. (71), the AM,, which combines the SM
and S = H + A effects, can be found as

AMS, = 2(By|H§®=2|By)| = AMSM|1 + AS |, (79)

where the H and A contributions are expressed as

g ()
¢ 4So(x,) 2GF(V;thq’)2sﬂ (mb +m, ) ’713qu
X [(=5715Bag + f13B3g ) (C5 + c3)
+ (6fl4apBay + 24spBsy ) Cil: (80)
Xp(q) = mb /mW, the 7; are the QCD factors as shown

in Table I, and the factors C2, CS, and CS are defined,
respectively, as

1 1
CS =2x% yd | —+—). 81
4 )(qb)(bq m%+m2 ( )

Since Eq. (79) is directly related to ){i 7 .qb in order to show

the AM ; constraint on the different parameters, here we do
not combine the neutral scalar with the charged Higgs
boson contributions. According to Eq. (76), the bounds on
A3 can be given as

0.76 S |1 + AS| < 115,
0.87 S |1 + A% £ 1.38. (82)

C. Charged Higgs boson contributions
to the b — sy process

In addition to the AB =2 processes, the penguin-
induced b — sy decay is also sensitive to new physics.
The current experimental value is BR(B— X,y)®P =
(3.32+£0.15)x10™* for E,>1.6GeV [15], and
the SM prediction with next-to-next-to-leading-order
(NNLO) QCD corrections is BR(B — X,y)M =
(3.36 £0.23) x 107* [111,112]. Since the SM result is

095007-12



CHARGED HIGGS BOSON CONTRIBUTION TO ...

PHYS. REV. D 98, 095007 (2018)

Y
Y

79

Y
J\'\rw

FIG. 2. Penguin diagrams for b — s(y, g) with the intermediate
of H*.

close to the experimental data, we can use the B — X,y
decay to give a strict bound on the new physics effects. The
effective Hamiltonian arisen from the W* and H* bosons
for b — sy at the py scale can be written as

4G
\/EF iV (Cq,(1p) Q7 + Cs,y (1) Qs

Hb—»sy = -
+ CI7;/<)“H)Q/7;/ + C/sy<ﬂH>Q§G)v (83)

where the electromagnetic and gluonic dipole operators are
given, respectively, as

e _
Q7}’ = @mbSGWIPRbF”D,
Yy -
QSG = _1671'2 mbsaGﬂUTgﬁPRb[)’GZy (84)

and the Q7, ¢ operators can be obtained from the unprimed
operator using P, instead of P¢. We note that C’; ¢ ; from the

SM contributions are suppressed by m, and are negligible;
therefore, the main primed operators are from the new
physics effects.

According to the charged Higgs interactions in Eq. (62),
the relevant Feynman diagrams for b — s(y,g) are
sketched in Fig. 2, and the H* contributions to C#'y; at

the uy scale can be derived as

C%i(gc)( )7 szCHi LL()’z)"’CW d CH(i) L(yt)’

C'H 5y (i) = CECE,CHY () + CHCCHG L (30),
(85)
where the loop integral functions are defined as
8y? +5y, =7 6y,(2-3y,)
CHi (y):£|: t t _ 1 tll’l(y),
TSI =y =yt
(86a)
Ye [Yi=5y, =2 6y,
C y — { In(y }, 86b
A (e (Tl

Cllpr (1) = D {(3; _ii})t 2((12_ )i)))t) In(y )], (86¢)
Cln ) = M S RAT —2y,>31“(y’)}’ (86d)

+

C/%g),RR(yt) = —(m%/m%)C%;)’LL(y,), and CI%E),LR()’I) =

—Cﬁg). = (v:). From Eq. (85), we can easily understand the
effects of the type-Il 2HDM as follows: Taking y7f ., =
)(Zb,sb =0in Eq (85)3 ( ?Y*Ctut)type—ll is Suppressed by ]/l%’
and ({7,615 )iypent = 1 becomes #; independence. As a
result, the mass of charged Higgs boson in the type-II
2HDM is limited to be my+ > 580 GeV at 95% confidence
level (C.L.) when NNLO QCD corrections are taken into
account [75]. In the generic 2HDM, since the new
parameters yj; .,/c; and x4/ sy are involved in Eq. (85),
we have more degrees of freedom to reduce }, 7" away
from unity; thus, the charged Higgs mass can be lighter
than 580 GeV.

To calculate the BR of B — X,y, we employ the results
in Refs. [113,114], which are shown as

BR(B — X,7) = 247 x 1073(|Cy, (us) 2
+1C3, (1) + N(E,)),  (87)

where N(E,) =
tive effect; C7, (u;)

(3.6 £0.6) x 1073 denotes a nonperturba-
= CM(up) + CII () and ) (uy) =
C’%i (up) are the Wilson coefficients at the p,, scale, and
their relations to the initial conditions at the higher-energy
scalar puy occur through renormalization group (RG)
equations. Using Eq. (87) and BR(B — X,y)SM~
336 x 107*, we obtain C5)~ —0.364 at u, ~2.5 GeV.
The NLO [115-117] and NNLO [118] QCD corrections to
the Cy,(u,) in the 2HDM have been calculated. In this
study, the charged Higgs boson effects with RG running are
taken from Refs. [113,114], and they are written as

C(’)Hi

DM () = k3C () + k5 Cot” (), (88)

where x7; ¢ are the LO QCD effects, for which their values
with different values of yy can be found in Refs. [113,114].

D. H/A contributions to the b — sy process

In addition to the charged currents, the b — sy
process can be generated through the FCNCs in the
type-III 2HDM, where the corresponding Feynman dia-
grams for b — s(y,g) are shown in Fig. 3. From the
diagrams, it can be seen that, unlike the m?/m? 7+ Tesult

from the H* and top-quark loops, the h-quark loops are
suppressed by m?/ mﬁ,’ 4. Therefore, it is expected that the
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Y

FIG. 3. The same as Fig. 2 but with the intermediates of neutral
scalar bosons H and A.

radiative b decay induced by the neutral currents will be
much smaller than the charged currents.

Using the Yukawa couplings in Eq. (77), we can derive
the Wilson coefficients of C;, and C’7y at the uy scale,

defined in Eq. (83), as

2 d
o R Ly X Y
Y 4V;}th my, Sﬂ

30, m, yd
CS = — s _Sﬂj\/'*’ 89
K ViV \lmy sp =5 (89)

e () 0 )
D))

where the superscript S denotes the scalar contributions;
» = —1/3 is the electric charge of b quark, and the
functions J; , are defined as

y[ 1 yIn(y)
n=g L - —y)z]’
y 1 (y=2)In(y)

The contributions of H and A bosons to the chromomag-
netic dipole operators can be related to the electromagnetic
dipole operators, and the relations can be easily found as

Cg();s = C%)S /0. We can apply the result in Eq. (88) to get
the Wilson coefficients at the p, scale as

CV () = 15CY) () + ksCYl (). (92)

Using Eq. (87), we can directly obtain the S-mediated
BR(B — X,7).

V. NUMERICAL ANALYSIS AND DISCUSSIONS

A. Numerical and theoretical inputs

In addition to the parameter values shown in Table I, the
values of the CKM matrix elements used in the following
analysis are taken as [15]

Vi 2000377, ¢y =T73.5°,
Veay) ® =0.22(0.973), V., ~0.0393,
Vg~ 0.0082e71, ¢ =21.9°,
V,~—-0.040,  V,~10. (93)

To study the semileptonic B — (P, V)£v decays, we need
the information for the B — (P, V) transition form factors.
For the B — 7 decay, we use the results obtained by the
LCSRs and express them as [68,69]

Br/ 2N fl(o) rquz/5-322
fl (q ) = B B 1 2, 12 |
1—¢°/5.32 1 —apzq°/my
Br( 2 f1(0)
() = — 1) 94
(@) == 2 3380 (54)
where we take f(0) =0.245, ap, =040, and

rgz = 0.64. It is worth mentioning that lattice QCD results
with Ny = 2 + 1 for the B — r form factors, calculated by
the HPQCD [119], FNAL-MILC [67], and RBC-UKQCD
[120] Collaborations, recently have made significant
progress. The detailed summary of the lattice QCD results
can be found in Ref. [101]. We checked that the results
of LCSRs are consistent with the values of Table IV in
Ref. [120]. For the B — p decay, the form factors based on
the LCSRs are given as [121]

1.045 0.721
VB/) 2\ — _ ,
() =12 /(5327 1-q4°/3834
1.527 1.220
AB/) 2) — _ ,
0 (4) 1-4%/(5.28)> 1-¢%/33.36
0.220
AB/) 2\ —
V) =T ATt
0.00 0.212
AP (g2 o 95
2

T 1-¢%/4082 (1-¢7/40.82)%

Recently, the B — D™ form factors associated with
various types of currents, which are formulated in the heavy
quark effective theory (HQET) [122], were studied up to
O(Agcp/myp,.) and O(ay) in Ref. [18], where several fit
scenarios were shown. We summarize the relevant results
of Ref. [18] with the “th:Lys; + SR” scenario in the
Appendix, where the th:L.; + SR scenario combines
the QCD sum rule constraints and the QCD lattice data
[16]. The parametrizations of HQET form factors are
different from those shown in Egs. (26) and (27), and
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their relations can be straightforwardly found as follows:
For B — D, they are

PP = i (g ) ()
(mp —mp)h_(w)],
mg + mp)? — g2
BP6) = e | = o)
s _n’EB ml’)"’)) h_(w)], (96)

while for B — D* they can be written as

. + mp-
VBD 2y — "B Dy ’
(g°) N v(w)
. 1 (mg + mp-)* — ¢*
ARV () = B i, ()
2,/mBmD* ZmD*
2 2 2
my —mp. + ¢
-8 D17,
2myg Az(W)
2 2 2
mg —mp. —¢q
B 2m - hA3(W)]’
L 1 mp + mp:)? — g%
Al]?D (qz): (mpg D) q hA](w),
2,/mBmD* mB+mD*
. +mp- |m
ABD (g2 = B T M (D, h , 97
() = 3 e [ a0 i, () (97

q*)/(2mgmpy.) and the h;
functions and their relations to the leading and subleading
Isgur-Wise functions can be found in the Appendix.

— (2 2
where w = (mg +m7

0.02F .
(a) :
B > v aMg e
001} - A S
X =Xop=0 H B
E;'nH:mA:mH::6OOGe\! 0%1
<2 000} :
: 07 i
0.8 ColdsT
-001} ' B
_0_02,‘ R ‘! . R H . . ! .
20 25 30 35 40 45 50

tang

B. Case with xj, # 0 and i, =x},=x%=0

The free parameters involved in this study are yf, yi e,
Kbt rus Xy Xos.sp> X aip» 15> and the scalar masses my 4 -
To reduce the number of free parameters without the loss
of generality, we adopt yj; = x7; and take the new free
parameters to be real numbers with the exception of yf, ;.
Thus, the parameters ;(gb.sb and yf. in leptonic B, — v
become correlated to y¢,, and y% in the AB =2 and
b — sy processes. '

According to Eq. (78), it can be seen that the involving
parameters in S-mediated AB =2 processes are related
only to y¢ and y¢, To understand how strict the
experimental bounds on the )(‘,fq, are, we first discuss the
simple situation with yf ., = )(Zb = 0. Thus, the contours
of |1 + AS H | as a function of ¢ 4 @nd tan § are shown in
Fig. 4(a) [Flg 4(b)], where the solid and dashed lines
denote the tree-level S-mediated and loop H*-mediated
effects, respectively, and my = my = my+ = 600 GeV is
used. From the plots, we can see that the tree-induced AM?
gives a stronger constraint in the region of y¢ > 0.
However, in the regions of )(‘gd >0 and ;(Zq, < 0, the
H* contributions to B, mixings become dominant. In
addition to the , /XX, suppression in AM S,, the loop effect

can be over the tree effect, because )(b ,in AMH" 7 is linear
dependent, but it is quadratic in AM;, as a result, when
)(Zq, is of O(1072), the AM{;,i can be larger than AMg,.
As mentioned earlier, the charged Higgs boson contri-
butions to the b — v processes are destructive in the
type-II 2HDM. From Eq. (20), when y%. = 4, = 2 =0,
the sign change of Cf;f relies on the magnitude of )(5,,;
however, the feasibility is excluded by the AM q constraint
due to the result of y{ , ~ O(107%). Hence, in such cases,

0.02»'(b

\1:38\

AME
001t 5= ;
Bu—>TV ____AMiSr
cht /\/gb 0 !
mH my = my:= —600GeV 0.61
Xf 0.00} —+ .l

-001}

—-0.02}F . I . ! . . H . . H .
20 25 30 35 40 45 50
tanf

FIG. 4. Contours of |1 + ASH | and BR(B; — 70)10* as a function of )(;fd(x) and tan g for y% . = x4, =0, where my = my =

my= = 600 GeV is used.
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the charged Higgs boson effect in the type-IIl model is
also destructive to the SM result. To illustrate the H*
influence on the leptonic decays, we show the contours
of BR(B; — 70) (dot-dashed lines) in units of 10~ in
Figs. 4(a) and 4(b). Since y¢, and y{ both appear in y&
as shown in Eq. (14), when we focus on one of them, the
other is set to vanish. From the plot, it can be seen that
BR(B; — 70) is always smaller than the SM result:

BR(B; — )M ~0.89 x 107, (98)

In addition, the resulting BR(B;, — ) is even smaller than
the experimental lower bound of 1¢ errors. Since similar
behavior also occurs in By — 7, here, we just show the
B;, — 7v decay. Hence, only considering the )(Zq, effect will
not cause interesting implications in the leptonic B, decay.

The )(‘;fx also affects the radiative b — sy decay through
the intermediates of H* and S shown in Figs. 2 and 3. Since
the quark in the S-mediated penguin diagram is the b quark,
due to the suppression of m3/ m%l( 4)» the contribution of

lxd|=0.02to C%fs in Eq. (89) is of O(107*) and is thus
negligible. According to Eq. (85), the )(ZS of the H*

contribution appears only in C”;’;(SG) and shows up by

means of {{°(Y, and (¢l Although the former has a £
RR the
associated contribution is much smaller than the latter,
which is insensitive to 7;. We find that, with |y | = 0.02,
the result is |C’§’;| ~0.012 and is still much less than
|C3M]. We note that the situation with yf; ., = yf, = 0 is
similar to the type-1I model; therefore, with | x4 | < 0(0.1),
the charged Higgs boson effect on b — sy is insensitive to

enhancement, due to the m? /m? suppression in C%)

02F ' .
1
’l
1
0.1 '
' | BR(B > X, ) 10*
I
| Xite = Xy =0
@ 1
<£ 00f 385 362
! 342
3175 'l
\
1
-0.1¢ 1
\
1
‘|
\
-0.2¢, . : . , .
400 500 600 700 800 900
my= [GeV]
FIG. 5. Contours of BR(B — X,y) (in units of 107*) as a

function of y¢, and my= for y% . = y, =0, where the dashed
line denotes the 26 upper limit of the data.

15 and y{ but is sensitive to m . To numerically show the
result, we plot the contours of BR(B — X,y) in units of
10~* in Fig. 5, where the dashed line denotes the 26 upper
limit of the experimental data and the lower bound on the
charged Higgs mass is given by my+ > 580 GeV.

According to the above analysis, we learn that when
24 = y%, = 0is taken in the type-IIl 2HDM, due to the
strict limits of AM, and AM,, the y¢, and y¢ effects
contributing to B, — v and b — sy are small and have no
interesting implications on the phenomena of interest. For
simplicity, we thus take y¢, = ¥4 =0 in the following
analysis; that is, we consider only the charged Higgs boson
contributions.

C. Correlation with the constraint
from the H/A — t* 7~ limits

In the 2HDM, my- indeed correlates with mp ).
According to the study in Ref. [5], the allowed mass
difference can be my — my: ~ 100 GeV if my = my is
used. Since my: = 300 GeV is taken in our numerical
analysis, the effects arisen from mg = mpy4) ~ 400 GeV in
the 2HDM cannot be arbitrarily dropped. Using this
correlation, it was pointed out that the upper limit of
tau-pair production through the pp(bb) — H/A — 77~
processes measured in the LHC can give a strict bound on
the parameter space, which is used to explain the R(D(*>)
anomalies [123].

In order to understand how strict the constraint from the
LHC data is, we now write the scalar Yukawa couplings to
the quarks, proposed in Ref. [123], as

Ly D=Y,03H'bg—Y QsHcg—Y . LyH'tg+H.c., (99)

where H'T = (H*, (H +iA)/v/2), Qf = (Vi,u).b.), and
Jj denotes the flavor index. It can be seen that the parameters
shown in the bb — H/A — tt7~ processes are associated
with ¥}, and Y. In our model, the parameters Y, . are given,
respectively, as

2mpt d
Y;,ZM(I—@)

v S/;

2m,t ‘
er\/_mf/’<1_)(’>_ (100)

v Sﬁ

Comparing with Eq. (9), it can be seen that the lepton
couplings to H(A) are the same as those to H*. Because of
the FCNC and CKM matrix effects, the H*c; b coupling
shown in Eq. (10) is generally different from Y, ; however,
when we take y¢, = x4, = x4, = 0, they become the same
and are Y, = \/Embt/,»/v.

According to the ATLAS search for the z-pair production
through the resonant scalar decays, in which the result was
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FIG. 6. Allowed parameter spaces by the B — X,y constraint, where y% = 0 and tan # = 50 are fixed.

measured at \/E = 13 TeV with a luminosity of 3.2 b1, it
was shown in Ref. [123] that the allowed values of Y,
and Y, in Eq. (99) should satisfy |Y,Y,|v*/m3 < 0.3 for
mg = 400 GeV. Thus, using 73 = 50, we can obtain the
limit from Eq. (100) as

(1= x5/s5)(1 = 18, /55)| < 1.70,

where my(mg) =3.18 GeV and m, =1.78 GeV are
applied. Hence, we will take Eq. (101) as an input to
bound the y¢ and y¢, parameters.

(101)

D. Constraints of b — sy and B, mixings

From Eq. (85), there are two terms contributing to
Cé’y i(sc)’ where the associated charged Higgs boson effects

are (¢} and C,“S*Cib. Using the definitions in Eq. (63),

it can be seen that the new factor yf*yi/sj in the
first term is insensitive to f; > 10; however, C?S*ijb oS

1—t5(x5 /s5)(1 = x&,/s5) (unity denotes the result of
the type-II model) formed in the second term can be largely
changed by a large 74. In addition, we see that C%)’ ;. and

Hi
C7(8),RL
former is approximately one order smaller than that of
the latter; that is, ¢ ;‘S*Czb indeed dominates. Because of the

negative loop integral value, it can be understood that the

are negative values, and the magnitude of the

Wilson coefficient C%i (4p) in the type-1I model is the same
sign as C5) (u,); thus, my, is severely limited, and the low
bound is mpy- > 580 GeV, as shown in Ref. [75] and
confirmed in Fig. 5.

Because of new Yukawa couplings involved in the
type-III model, e.g., yj; ., and ;{Zb, the b — sy constraint
on my+ can be relaxed. To see the b — sy constraint, we
scan the parameters with the sampling points of 5 x 103, for

which the results are shown in Figs. 6(a) and 6(b), where in
both plots 753 = 50 is fixed, and the scanned regions of
parameters are set as my= =[150,400] GeV, y% = [-1,1],
x4, =1[-2,2], and yZ = [-2,2]. Since y% and y* in yk
appear in addition form, we take yi = 0 for simplicity,
although it is not necessary. From the results, it can be
clearly seen that, due to the new charged Higgs boson
effects, the bound on my= is much looser than that in the
type-Il model. From Fig. 6(b), the sampling points are
condensed at )(Zb ~ 1, because (1 — )(I‘fb /) becomes small
when ¢, approaches one.

We now know that H* can be as light as a few hundred
GeV in the type-IIl model. In order to include the
contributions of all yf . and y{, with large 75 and
combine the constraints from the AB =2 processes
shown in Eq. (76) altogether, we fix 75 = 50 and my= =
300 GeV and use the sampling points of 5 x 103 to scan
the involved parameters. The allowed parameter spaces,
which consider only the B — X,y constraint, are shown in
Fig. 7(a), and those of combining the B — X,y and AM
constraints are given in Fig. 7(b), where |y .| <1,
x4, <1, and |y%| <2 have been used. Comparing
Figs. 7(a) and 7(b), it can be obviously seen that
AB =2 processes can further exclude some free
parameter spaces.

E. Charged Higgs boson on the leptonic
B; — ¢v decays
After analyzing the b — sy and AB = 2 constraints, we
study the charged Higgs boson contributions to the leptonic
and semileptonic B decays in the remaining part of the
paper. In order to focus on the yf. ,, and )(? effects, we fix
Xy = X = 0, 15 =50, and my= = 300 in the follow-
ing numerical analyses, unless stated otherwise. With the
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1.0 . — 1.0 ,
b sy N b—sy +AM,
my= =300 GeV, tanf = 50, L sy my+ =300 GeV, tanf = 50,

Xy =[=15 10, ¥ =[-2:2] SRR, 0i5yx§b=[—1,11,ﬁ=[—2,721
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Xt Xit

FIG. 7. Allowed parameter spaces by the constraint from (a) B — X,y and (b) B — X,y + AM 4> Where )(Zb =[-1,1] and y¢ =
[-2,2] are taken and tanf = 50 and my- = 300 GeV are used.
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FIG. 8. Contours for (a) BR(B; — ) in units of 1077, (b) BR(B; — &) in units of 107, (¢) BR(B; — u@) in units of 107,
and (d) BR(B; — 70), where the hatched region denotes —2 < 55‘[ < 0. The dot-dashed lines in (b) and (d) are the constraint
from Eq. (101).

095007-18



CHARGED HIGGS BOSON CONTRIBUTION TO ...

PHYS. REV. D 98, 095007 (2018)

TABLE II.  Branching ratio for B, — (z*, p*)#7 based on the LCSR form factors and the measured data.
Model By — nte(u)v B, — By — pTe(p)v B, — pttv
SM 1.43 x 1074 1.05 x 107# 2.87 x 1074 1.68 x 1074
Exp [70] (1.45 £0.05) x 107* <2.5x 107 (2.94 £0.21) x 107* None

numerical inputs, the BRs of leptonic B, . decays in the SM
are estimated as

M ~3.95 x 1077,
SM ~0.98 x 1074,
SM ~0.84 x 1074,
(102)

From Egs. (23) and (25), there are two ways to enhance

the BR of B, — #v: One is 5{1Ff > (, and the other is
55,] “¢ < -2. For clarity, the contours for B, — (u,7)> and
B: — (u,7)0 as a function of ;(jf‘, and y¥, ;. are shown in

Figs. 8(a)-8(d), where we have chosen the weak phase of
Xiu ‘
hatched regions denote —2 < 6 < 0 and the dot-dashed
lines are the constraint from the H/A — 77z~ decays,

+ .
to be the same as V,,;, so that 8177 is real, where the

shown in Eq. (101). 5?”0 > 0 occurs in the up-right and
down-left unhatched regions, while other unhatched

. + .
regions are for 8 * < —2. From the results, if we do

not further require the values of 51,7i‘f, both &5 “?>0and
Bquf < =2 can significantly enhance the BR(B; — ¢7).

From Figs. 8(b) and 8(d), although the measured values

BR(B;, — up) can be measured at Belle II, the y/ param-
eter can be further constrained.

F. Charged Higgs boson on the
By — (n* p*)¢v decays

Compared to the charged B-meson decays, B, —
(z*, pT)£D have larger BRs; thus, we discuss the neutral
B-meson decays. With the LCSR form factors, the BRs of
these decays in the SM are given in Table II, where the
current measurements of light lepton channels are also
shown. From the table, we can see that the BRs for
By — (zt,p")¢ (here £ = e, p) in the SM are close to
the observed values. Because of the H* Yukawa coupling
to the lepton being proportional to tzm,/v, the charged
Higgs boson contributions to the light lepton channels are
small. Thus, we can conclude that the consistency between
the data and the SM verifies the reliability of the LCSR
form factors in the B — (x, p) transitions. In the following
analysis, we study the charged Higgs boson influence on
the z-lepton modes and their associated observables.

From Table II, the ratios of branching fractions for
By — (n",p")¢D in the SM can be estimated as

BR(Bd g 7[+TD)

of BR(B, — t0) and the indirect upper bound of R(z) = BR(B, > n* — ~0.731,
S\ . ¢ = 7 e(u)v)
BR(B; — o) < 10% [65] can constrain the parameters _ L
to be a small region, the constraint from the pp - H/A — R(p) = BR_(Bd -P T”)_ ~0.585. (103)
777~ processes further excludes the region of y¢ < —0.7. If BR(B; = pTe(u)v)
B @ A (b)
6l 20 BR(B, » V)P 6l ‘ “‘. 20 BR(B; - TV)Exp
R(m) n 4 P
oss; L Re)
157 ‘ 0%
44 4] FE K
061 cilNtR .
= [1- x| < 170 oy [1- x| < 1.70
2 JS 2 4 T
0.61 ———
0.61
ol - ol A
\9;5\\%\ 061, 0/5 __,-0*53"';'5'7 ol
-i0 -05 00 05 0 -i0 =03 00 05 0
X X

FIG.9. Contours for (a) R(x) and (b) R(p) as a function of y%, and y¢, where the hatched regions are the observed B, — 7 within 26
errors and the dot-dashed lines denote the constraint from the pp — H/A — ¢~ processes.
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FIG. 10. Contours for P} and P},

Using Eq. (51), the contours for R(z) and R(p) as a
function of y% and y? are shown in Figs. 9(a) and 9(b),
respectively, where the hatched regions denote BR(B;, —
70)**P with 20 errors. According to the results, it can be
found that, due to the constraint of B;, — v, the allowed
R(p) is limited to being a very narrow range of
~(0.58,0.60). From Fig. 9(b), since R(p) and BR(B; —
70) do not overlap at the down-right region, basically, this
st <0 region has been excluded by the data of B, — 7v.
The reason why B; — i gives a strict limit on B, — p* b
can be understood from Eq. (30), where both decays share
the same CX7 — CL7 charged Higgs boson effect. On the

contrary, By — 770 is related to CX7 + CL7, so R(x) can

02t @)
0.1}
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-0.1}

T
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-0.3¢

—04f

....... X4L=-03, ¥\ =137
......... x4 =-08, y{ =-0.60

-0.5¢
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FIG. 11.
(dashed line), and type-IIl 2HDM (dotted and dot-dashed lines).

have a wider range of values. Although the pp — H/A —
7t7~ constraint (dot-dashed line) does not affect the
allowed values of R(x) and R(p), it can reduce the allowed
region of y~.

Although it is difficult to measure the lepton polarization
in the B; — (n",p")¢0, we theoretically investigate the
charged Higgs boson contributions to the semileptonic B
decays. Using Eqs. (58) and (59), the lepton helicity
asymmetries in the SM can be found as

P~ —1(~0.986),
P~ —1(=0.992).

Pt~ —0.134,

P} ~ —0.565. (104)
Because of the fact that the helicity asymmetry is strongly
dependent on m,, it can be understood that only 7o modes
can be away from unity. All lepton polarizations show
negative values, because the V — A current in the SM
dominates. The sign of z-lepton polarization in B — Db
can be flipped to be a positive sign. In order to show the H*
influence, the contours for P and P}, as a function of y7,
and y? are given in Fig. 10, where the constraint from
pp — H/A — 777~ (dot-dashed line) with y¢, = 0 is also
shown. With the B;, — 7 constraint, the allowed values of
P}, are limited in a narrow region around the SM value.
However, the allowed values of PZ are wider and can have
both negative and positive signs.

The lepton FBAs are also interesting observables in the
semileptonic B decays. Following the formulas in Eq. (61),
we show the FBAs of B, — znz0 and B, — pT7i as a
function of ¢? in Figs. 11(a) and 11(b), respectively, where
the solid line is the SM and the dashed line is the type-II
model. For the type-III 2HDM, we select two benchmarks

04t (b)
02t
0.0
£
<
-02}
- X[uuzo’/\/gzo
04} - X4 =-03, ¥\ =137
.......... x4 =-08, y' =-0.60
-0.6}
e

g*-dependent lepton forward-backward asymmetry for (a) B; — #tzo and (b) B, = p*t¥ in the SM (solid line), type-II
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TABLE III.  Branching ratios for B; — (D°, D**)£7 in the SM and the associated experimental data.

Model B; — Db B; — Dt B; —» D*¢p B; —» D%ty
SM 2.10% 6.48 x 1073 5.74% 1.48%
Exp [70] (227+0.11)% (7.7 £2.5)x 1073 (5.69 +0.19)% (1.88+£0.20)%

that obey the B, — 7v constraint as follows: The dotted
line is y% = —0.3 and y% = 1.37, which lead to R(x) ~
0.855 and R(p) ~ 0.595; and the dot-dashed line denotes
74 =—08 and y! = —0.60, which lead to R(r) ~ 0.550
and R(p) = 0.577. From Fig. 11(a), we can see that A7 can
be largely changed by the charged Higgs boson effect;
in other words, a zero point can occur in A%y, where the
zero point usually occurs in the p™ channel, as shown in
Fig. 11(b). Hence, we can use the characteristics of FBA
to test the SM by examining the shape of A7;. From
Fig. 11(b), due to the strict limit of B; — 7o, the shape
change of A% in the type-III model is small.

G. Charged Higgs boson on the
B; — (D°.D**)¢7 decays

From Eq. (51) and the HQET form factors introduced
previously, the BRs for the B, — (D°, D**)£v decays in
the SM can be estimated, as shown in Table III, where the
current experimental results are also included [70]. It can be
seen that the BRs of the light lepton channels in the SM are
consistent with the experimental data; however, the 7o
mode results are somewhat smaller than those in the current
data. The ratios of branching fractions are obtained as
R(D)M ~0.309 and R(D*)M ~ 0.257, which are consis-

tent with the results obtained in the literature.

6 . 1
——R®D):
TTTRDDE ) 3
: y 0.1 <BR(B; » tv) <1
0457 6 >0
af =
=5 0.265

1 <4170

10

As discussed before, the H* contributions to B, —
D°¢7 and B; — D*%¢D are associated with C%7 4 C%/
and Cf};"ﬂ - Cf"f, respectively, and the same factor
Cf,‘f—CLL,,;‘D also appears in the B; — £U decay; that
is, R(D*) and BR(B; — 7o) have a strong correlation
[42,50,65]. Although there is no direct measurement of
the By — 7 decay, the indirect upper limit on the
BR(B; — 7o) can be obtained by the lifetime of B,
with a result of 30% [50] and the LEP1 data [65] with a
result of 10%. We show R(D) and R(D*) as a function
of y* and y? in Fig. 12 (left panel), where the shaded
regions denote the results for 0.1 <BR(B; — o) < 1
and the dot-dashed line is the upper bound from the
pp — H/A — 777~ processes with y¢, = 0. For clarity,
we also show the regions for 67 > 0 and 67" < =2 in
the plot. From the results, we can clearly see that, due
to the limit of BR(B, — ) < 10%, the maximal value
of the charged Higgs boson contribution to R(D*) can
be only approximately 0.265; however, the values of
R(D) can be within a 1o world average.

According to Egs. (58) and (59), it is expected that the
helicity asymmetry of a light lepton will negatively
approach unity and that only z-lepton polarizations can
significantly deviate from one. With HQET form factors,
the lepton polarizations in the SM are estimated as

_96 : 7]
! ' 4
6 B \‘\QP 1
: ] y o
Poof e P o3
-------- ook T
[ . -
4 —gs 0 )
£ -] <iT0

10 205 0.0 05 10
Xie

FIG. 12. Left panel: R(D), R(D*), and BR(B; — 7)) as a function of y% and yZ, where the shaded regions denote the situation of
0.1 <BR(B; — tv) < 1. Right panel: Contours for P}, and P%.. The dot-dashed lines are the constraint shown in Eq. (101) with

;(Zb =0.
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02l ———-x=0,x=0 e i
------- XL=03, ¥t =137 b
------- - Xie=-08,x,=-06
o‘ 1

1

i

AD T

FIG. 13.

_______ XL=03, ¥ =137
....... - XL=-08, . =-06

(b)

z-lepton forward-backward asymmetry as a ¢> dependence for (a) B, — D°zi and (b) B, — D**zi, where the solid line is

from the SM; the dashed line is the type-II model with R(D*)) ~ 0.220(0.252); the dotted (dot-dashed) line is from y% = 0.3 (—0.8)
and y? = 1.37 (—0.60), and the corresponding results are R(D) ~ 0.331 (0.145) and R(D*) =~ 0.262 (0.261).

P~ —1(-0.962), © ~0.320,
PO~ —1(—0986),  PL.~—0506, (105)
where Belle’s current measurement is P},. = —0.38 +

O.Slfg;lzé [12]. Intriguingly, the sign of Pj, is opposite to
that of Pj,., and the situation is different from the negative
sign in P%. We find that the origin of the difference in sign
between P} and Pj, is from the meson mass. Because of
mp > m,, the positive helicity becomes dominant in
B, — D'zi. To see the influence of the charged Higgs
boson on the 7 polarizations, we show the contours for P7,
and Pj,. in the right panel in Fig. 12. With the limit of
BR(B; — ) < 10%, it is found that P}, can be largely
changed by the charged Higgs boson effect, and the
allowed range of P7,. is narrow and can be changed by
~10%, where the change in R(D*) from the same H*
effects is only ~3%.

Finally, we discuss the lepton FBAs in the B, —
(D°,D*%)¢v  decays. As discussed in the

_ ® »
(n*,pT)¢€0 decays, only AR, * are sensitive to the charged

Bd—)

Higgs boson effects. Thus, we show the A?Z] " as a function
of ¢? in Fig. 13(a) [Fig. 13(b)], where the solid line denotes
the SM result and the dashed line is the type-II model
with R(D™)) = 0.220 (0.252). We use two benchmarks
to show the effects of the type-III 2HDM: The dotted
line is the result of y* = 0.3 and y¢ = 1.37 which cause
R(D™) ~0.331(0.262), and the dot-dashed line denotes
74 =-08 and y¢=-0.60 which cause R(D™)=~
0.145(0.261). From Fig. 13(a), similar to the case in
A% AP can have a vanishing point in the type-IIl model
when it crosses the g2 axis. Usually, the zero point occurs in

B; — D*%¢1, and the position of the zero point is sensitive
to the new physics, as shown in Fig. 13(b). Hence, based
on our analysis, we can use this characteristics of FBA to
test the SM.

VI. CONCLUSION

We studied the constraints of the b — sy and AB =2
processes in the type-1I1 2HDM with the Cheng-Sher ansatz,
where the detailed analyses included the neutral scalars H
and A (tree + loop) and charged Higgs boson (loop) effects.
It was found that the tree-induced AB =2 processes
produce strong constraints on the parameters )(Zb and )(fb,
and, due to the m;,/my 4 suppression, the loop-induced
b — sy process by the same H, A effects is small. When we
ignore the )(gb.sb effects, the dominant contributions to the
rare processes are the charged Higgs boson.

We demonstrated that due to the new parameters involved,
ie., yii . and ;(;fh, the mass of the charged Higgs boson in
the type-IIIl model can be much lighter than that in the type-II
model when the b — sy constraint is satisfied. Taking
my+ = 300 GeV and tanf = 50, we comprehensively
studied the charged Higgs boson contributions to the
leptonic B;, — #v and semileptonic B, , — (P,V){w
(P =n", D%V =p*, D) decays in the generic 2HDM.

In addition to the constraints from the low-energy flavor
physics, such as Bd’s—Bd.S mixings and B, — Xy, we also
consider the constraint from the upper limit of pp —
H/A — 777~ measured in the LHC. It was found that
the tau-pair production cross section can further constrain
the y¢ parameter to be |1 — yZ| < 1.70 with x4, = 0.

The main difference in the b — (u, ¢)£v decays between
type Il and type Il is that the former is always destructive to
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the SM results and the latter can make the situation
constructive. Therefore, BR(B; — (u,7)v) can be
enhanced from the SM results to the current experimental
observations. Although B; — 7o has not yet been
observed, the charged Higgs boson can also enhance its
branching ratio from 2% to the upper limit of 10%, where
the upper limit is obtained from the LEP1 data.

Since a heavy lepton can be significantly affected by the
charged Higgs boson, we analyzed the potential observ-
ables in the B, — (z*,p")v and B; — (D°, D)t
decays. It was shown that, since B;M — 10 and B, —
pT(D*)ti are strongly correlated to the same charged
Higgs boson effects, the allowed R(p*), R(D*), P}, P},
and A%j, are very limited in terms of deviating from the SM.
Although the change in A?;‘” is not large, the deviation is
still sizable. In contrast, the observables in the 7zt and D°
channels are sensitive to the charged Higgs boson effects
and exhibit significant changes.
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APPENDIX: VERTICES AND FORM FACTORS

1. H* Yukawa couplings to the quarks

According to Eq. (6), we write the charged Higgs
Yukawa couplings to the quarks as

V2 Vi

H* = L + R +
Cy.q - v uiRCuidkdkLH + 7 uiLCu,-dkdkRH + H_C.’

m,. m,.m,.
L _ Ui _ i o Uk
Cu,»d/C - ( tﬂ 51'] Xji ) Vujdk’

N
B
/Mg Ny
C{fid}; = Vu[dj <tﬂmdj5jk - Ci;l\)(;ik) s (Al)

where u; and d; denote the sum of all possible up- and
down-type quarks, respectively. We showed the b-quark-
related Yukawa couplings in the text. Here, we discuss the
H* Yukawa couplings to d and s quarks. In the numerical
discussions, we used m, 4 ~ 5.4 MeV, m;~0.1 GeV,

m. =~ 1.3 GeV, and m, ~ 165 GeV.

a. udH* vertex

Following Eq. (A1), we write the C%, coupling as

2 2 1 wx m,m,
ey, (L) VI
v v l‘/; S/; S/}
/m,m
—s—;"xr;vtd} (A2)

It can be seen that the first and third terms are negligible
due to the suppressions of m, /v and \/m,/m,V 4, respec-
tively. Although the second term is somewhat larger, it is
also negligible based on the result of /2m,m_.V .;/v~
—1.0 x 107*. Hence, it is a good approximation to take
CL, ~0. For the CR, coupling, it can be decomposed to be

2 2 d NN
V2 f{zﬂmdvud<1—@>—7‘%§dvm

ud —

v v Sﬂ Cﬂ
mpmy
)(zdvuh]

C/}

mt R

~ V2 ﬁvud(l —X"">,
v S/}
m,V
Xua = Xaa ¥ [0 K (A3)

d Vud

where we have neglected the V,; contribution in y%,.
Taking 75 ~50 and |1 — xR /ss| ~2, we obtain CK ~
5.7 x 1073, and this charged Higgs coupling indeed is 2
orders of magnitude smaller than the charged W-gauge
boson coupling of g/+/2 ~ 0.467. Thus, we can also take
CR, ~0 as a leading-order approximation.

b. cdH™* vertex

From the definition in Eq. (A1), we write C%, as

\/E ﬁ 1 m.m .
TCLL'd = 7 g - S;C mcvcd - S; M)(chud
ymenm;
,, V,d]

m.
~—V2 vsL Veaxt,
B

L ux m, V,q ux m; Vi ux
= + + Al X
ch XCC mC Vcd ZUC mc Vcd XIC

where we have dropped 1/#4 term in the second line.
Numerically, we get my/m.V,qa/|Veql %028 and
Vm,/me|V,y/V.ql 20.09; therefore, yk is dominated
by y“. Nevertheless, with the result of 2m.V.,/v~
—1.6 x 1073, the CL, effect is 2 orders of magnitude
smaller than the contribution of the W boson in the SM.
This contribution can be ignored for a phenomenological
analysis. Similarly, we write CX, as

(A4)

2 2 d m.m
V2, V2 [tﬂmdvcd (1 - @> _Y gy
v v Sp Cp
My
- T%éﬁ Vcb:| . (AS)
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Using 75 ~ 50, we find that the first, second, and third terms
in CR are around 1.3 x 107 with |1 — y{ /55 =2,
9.1 x 1073, and 2.5 x 1072, respectively; that is, CR, is
dominated by the )(‘S’ld term and can be one order
smaller than the SM gauge coupling of (g/v2)V 4.
Taking the case with 1/cy ~ t4, a simple expression can
be given as

2 m 4t
£CC[,N—\f ‘”’vm/ “N83x10-4z,,;{§?dvcd.

(A6)
c. tdH* vertex
The CE, coupling is expressed as
2 21/1 e /mm,
L_C{‘d = £ [(_ L )mtvtd _—’)(Lc‘;‘vcd
v tﬂ Sﬂ Sﬁ
ymamy,
- 7t%ut Vud:|
S/;
~ V2o Ty, (1 "—’L”’>
f/} S/}
me Vcd u
N - A7
)(;d X+ m, th)(ct ( )

Since the coefficient of yi; term is a factor of 4 smaller
than that of y%/, we dropped the y%; term. From Eq. (A7),
it can be seen that the C%, effect in the generic 2HDM is
comparable to the SM coupling of (g/v2)V,, where
L is the main parameter. Because of m,;V,; <
mmgV,e <\ /mymgVy,, the CR, Yukawa coupling can
be simplified as

\/i mbt/;
td ~ _\/_

mgy d
—y5 V. A8
mh)( bd Vb ( )

Intriguingly, unlike the case in CE, CR has no V,
suppression; thus, its value with a large 75 scheme can
be even larger than (g/v/2)V,, in the SM. Moreover,
when y% and y% are in the range of 0(0.1)-0(1),
2% in CE, can be small if the cancellation occurs between
x4 and y¥. However, since the cancellation cannot occur
in Eq. (A8), ;(Z 4 Will be directly bounded by the rare
decays.

d. u(c)sH* vertex

To analyze the u(c)-s-H* couplings, C5® and C5F can
be reduced to be, respectively,

u*
Zcu VCS

1 XZE mumc
o muVus -
f/f Sp Sp

m,
Y| ~ 00107, (A9)
Sp
2 2 1 Jm.m,
\/_Clgs = £ |:< )(cc) CVL‘S - Z%Vus
v v tﬁ Sﬂ Sﬂ
mem;
- tc Vts
Sp
\%
V2l <xé‘2‘ + \/ﬁixé‘é‘)
vsp m. Vs
~ V2V (e~ 0.452), (A10)
vs
p

where /2CL /v is around 10~* and is thus negligible.
Although 2m./vV  ~7.4 x 107, it is still 2 orders
smaller than the gauge coupling in the SM. In the
phenomenological analysis, the C; effect can be neglected.
Similarly, the CR and CX couplings can be simplified as

V2 0k o3ty (1 —ﬁ>
U us 1] us ’

S/}

mg Vg
aRo=rd+ /m_sVZs 2% (A11)
2 it R
£C§\z\/§m ﬁVCS <1 _&>7
v v g
fmy Vep

e. tsH* vertex
Using m,V, ~6.72 GeV < ./m.m,V . ~14.8 GeV
and m,V, < /mym,V,, ~0.66 GeV, we can simplify
Cf;R to be

£Cﬁ~f’"’vts<——@)

g Sp
m.V
X =28+ ==
m; Vi
2 NN
\/— ~—2 2V (A13)
v C/}

It can be seen that, due to the new factor y%, v/2C% /v can

be comparable with the SM coupling of gV,,/v/2 without
relying on the large 74 scheme.
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2. B - (D,D*) form factors in the HQET

We summarize the relevant B — D) form factors with
the corrections of Aycp/m; . and a,, which are shown in
Ref. [18]. To describe the B — (D, D*) transition form
factors based on the HQET, it is convenient to use the
dimensionless kinetic variables, defined as

2 2 2

PB , _ Pp® , mptmp.—q

— V=" w=vt=——>——
ZmBme

(A14)

) El

mp M p)

Thus, the B — D form factors can be defined as

<D|E‘b|B> = \/mBmDhS(W + 1)7
(D|ey*b|B) = /mgmp(hy(v+ ') + h_(v—20)H),
(D|ec"b|B) = i\/mgmphy(v'*v¥ — v'" "), (A15)

while the form factors for B — D* are

(D" 7 bIB) = gy hpet -,
(D*|cy*b|B) = i/mgmp-hyePe;v,vp,
(D*[er*y°b|B) = \/mgmp:[hy, (w + 1)e*
— ha, (€ - v)vF — hy, (€ - v)v'W],
(D*[eo"b|B) = —y/mgmp: [hy, €5 (v + V'),
+ hyyeq(v =)y + hr, (€7 - v)vavpl,
(A16)

where hi_, hy,, and hy, , vanish in the heavy quark limit and

the remaining form factors are equal to the leading-order
Isgur-Wise function &(w).

We take the parametrization of the leading-order Isgur-
Wise function as [18,124]

&(w)
&(wo)

~1—-8a’piz, + [Vaipi — Voo + Aley, €., )]z,
(A17)

where V, =57.0, V,y=7.5; z, and a are defined,

respectively, as [124]
1 + rp
= , Al8
e A

Vw4 —\/Ea
Iy = ——,
Vw+ 14+ 2a

rp = mp/mg, wy is determined from z(wg) = 0; p? is the
slope parameter of £(w)/&(wy), and A(ey, e.., a,) denotes
the correction effects of O(e,, ) with e, = A/ .y and
O(ay). We take the results using the fit scenario of th:
L, + SR shown in Ref. [18]. In addition to p? =
1.24 £ 0.08, the values of subleading Isgur-Wise functions
at w =1 are given in Table IV. Using these results, the
correction of O(e, ) and O(ay) can be obtained as

Aley, e, ) ~0.582 £+ 0.298, (A19)
where we adopt the 1S scheme for m, and use the
value of m}S = 4.71 + 0.05 GeV [18]. In addition, 5m,,, =
my, —m, = 3.40 £ 0.02 GeV and A = 0.45 GeV are used.

Following the notation in Ref. [18], the form factors
up to O(e,,.) and O(a,) can be expressed by factoring
out £ as h; = fzié‘, where the fz,- for the B — D decay are
given as [18]

A . w41 N

hy =1+a,|Cy, +T(CV1 +Cy,)| + (e +e,)Ly,
(A20a)

A L w+1 .

h_ = A 2 (CVZ - CV;) + (ec - eh)L4’ (AZOb)

hs = 1+ a,Cs+ (eo + ) |1y = L= (A20c)

= a e.+e —L,——|,
s sCs etep) by =Lty

hy =1+ a,(Cr, = Cr, + Cr,) + (e, + ep)(Ly — Ly);

(A20d)
for B —» D*, the associated fzi are shown as [18]
hy =1 + a,Cy, +e(ly—Ls)+e,(L; —Ly), (A2la)
hy =14 a,Cy, +ec<ﬁ2—£sw_ 1)
w1
re, (z:l M D (A21b)
ha, = &,Ca, + e.(Ls + L), (A21c)

TABLE IV. The results of subleading Isgur-Wise functions using the fit scenario of th: L, 4+ SR.

FS 22(1) 75(1)

X5(1) n(1) (1)

th:L,s; + SR —0.06 £ 0.02 —0.00 +0.02

0.04 £0.02 0.31 £0.04 0.05£0.10
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~

ha, =14 a,(Cy, + Ca,) +e.(Ly— Ly +Ls— Ls)

+eyp(Ly = Ly), (A21d)
ilP =1 + &SCP + ec[l:z + £3(W - 1) -+ Z:S
—Le(w+ 1)) + e, (Ly = Ly), (A21e)

S

w—1 o “
hy, =1+a,|Cr, +——(Cr, = Cr,) | +e.Ly+ ey,

2
(A21f)

. ~w+1 A A
hy, = & 5 (Cr, + Cr,) +e.Ls — eyLy, (A21g)
hr, = a,Cr, + e.(Ls — L3). (A21h)

The w-dependent functions Cy, can be found in
Refs. [18,125], and the subleading Isgur-Wise functions
are [122]

Li=—4w=1)j+ 1275, L,=-4p;  Ly=4},,
“ “ n 147

La=2n-1, fLsi=-1, L[, =-—2—"71, A22
4 n 5 6 w1 ( )

where the w-dependent functions ¥; and n can be approxi-
mated, respectively, as

Jow) = (1) + (D) (w = 1),
J3(w) = Z5(1)(w—1),

n(w) =n(1) +7'(1)(w—1). (A23)
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