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We study new physics effects on B decay processes including a final 7 particle, namely
B — D7v and B — 7v. An important feature of these processes is that a charged Higgs
boson can contribute to the decay amplitude at the tree level in models such as Two Higgs
Doublet Model and the Minimal Supersymmetric Standard Model (MSSM). We derive a
resummed effective Lagrangian for charged-Higgs mediated interactions in the MSSM with
the Minimal Flavor Violation. Including supersymmetric (SUSY) loop corrections for down-
type-quark and charged-lepton Yukawa couplings, we calculate the branching ratios of the
B — Drv and B — 7v processes. We find that SUSY correction due to gluino-sbottom
diagrams can change the Higgs exchange contribution by +50%, whereas stau-neutralino
diagrams can make corrections up to 20%. We also discuss relationship between SUSY
corrections in the tauonic decays and flavor changing neutral current processes such as By —
uwtp” and b — sv.

§1. Introduction

Recent success of B factory experiments at KEK and SLAC has proved that B
physics provide a very promising way to explore physics in and beyond the Standard
Model (SM). The Kobayashi-Maskawa mechanism®) of the C' P violation in the quark
sector has been established from the precise determination of the C'P asymmetry in
B — J/¥Kg and related modes.?»3) B factory experiments have made many new
observations such as the branching ratio of the b — sli* and CP violation in the
B — ¢Kg mode,”% which are known to be sensitive to new physics effects.

In future, more information on B decays will be obtained at current B factories
as well as hadron B experiments at Tevatron and LHC. Furthermore, the future
upgrade of the ete™ asymmetric B factory, Super B Factory, is discussed, where the
goal of the luminosity is 50-100 times more than the current achieved luminosity.”

We study here new physics effects on B decay processes including a final 7
particle, namely B — D7v and B — 7v. An important feature of these processes is
that a charged Higgs boson can contribute to the decay amplitude at the tree level in
models such as Two Higgs Doublet Model (2HDM) and the Minimal Supersymmetric
Standard Model (MSSM). From the experimental side, since at least two neutrinos
are present in the final state in the signal side, full-reconstruction is required for the
B decay in the opposite side. For the B — D7v process, the branching ratio is not
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180 H. Itoh, S. Komine and Y. Okada

yet measured even though the SM prediction is 8 x 1073, (The inclusive b — cTv
branching ratio was determined at LEP experiments.s)) The B — 7v process has a
smaller branching ratio (~ 9 x 107%) in the SM, because of the helicity suppression,
and the upper bound of 2.9 x 10™4 is reported from the BELLE experiment? and
3.3 x 10~* from the BaBar.!9) These processes will be important targets of coming
B factory experiments.

In this paper, we calculate the branching ratio of B — D7v and B — Tv
processes in the MSSM, taking account of supersymmetric (SUSY) corrections to
the charged Higgs Yukawa couplings. At the tree level, the Higgs sector of the
MSSM is of the same form as the type II 2HDM, where one Higgs doublet pro-
vides mass terms for up-type quarks, and the other does for down-type quarks and
charged leptons. SUSY loop corrections, however, can induce Yukawa couplings of
the opposite type.!)13) In particular, it is known that new contributions to the
bottom and tau Yukawa coupling constants induce flavor changing processes such
as By — ptpu= 19 b — 51,10 7 — 3u,1:18) ¢ — un'®) and the p-e conversion
at muonic atoms,??) especially for a large ratio of two vacuum expectation values
(tan3). For the b — c(u) transition, SUSY corrections were investigated in the
inclusive b — ¢rv?) and the B — 7v processes.??) In this paper, in addition to
the correction to the charged Higgs boson(H™)-b-c(u) vertex, we include the correc-
tion to the H*-7-v vertex, and study importance of these corrections to these two
processes. As for the flavor mixing in the squark and slepton sectors, we take the
assumption of the Minimal Flavor Violation (MFV), where a unique origin of the
flavor mixings is given by the Cabibbo-Kobayashi-Maskawa (CKM) matrix.*) We
show that the corrections to the B — D7v and B — 7v branching ratios are large
for tan § 2 30. The tau vertex correction can give sizable effects for reasonable pa-
rameter sets of squark and sleptons. We also consider correlation of these processes
tob— syand By — putu.

This paper is organized as follows. In §2, we derive effective Yukawa interac-
tions of the charged Higgs boson and quarks/leptons taking account of SUSY loop
corrections in the MSSM. We apply this formulation to calculate the B — Dtv
and B — 7v branching ratios. In §3, results of numerical calculations are presented
including the b — sy and Bs; — pup~. Conclusions are given in §4. Derivation of
the charged Higgs coupling in the MFV case is given in Appendix A.

§2. Formalism

2.1. SUSY loop corrections to Yukawa interactions

In this section, we derive the general form of the effective Lagrangian for the
charged Higgs Yukawa coupling in the MSSM taking account of SUSY loop diagrams.
For the flavor mixing in the squark sector, we take a model based on the assumption
of MFV, where the CKM matrix is the only source of flavor and C'P violations.
As we see below, there is a new contribution to the Yukawa coupling constant in
a large tan 8 regime. We resum the tan S-enhanced contributions consistently for

*) For general SUSY models, the tauonic B decay is considered in G. H. Wu et al.?®
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Tauonic B Decays in the Minimal Supersymmetric Standard Model 181

the down-type and charged-lepton Yukawa coupling constants following the method
developed in the reference by Dedes and Pilaftsis.'?)
The superpotential of the model is given by

W = —Hchde + HQUCyuQ — HlEcyeL + /,LHlHQ, (21)

where the components of weak doublet fields are denoted as

ne(8) me () as(8) o=(2) oo

The quantum numbers of SU(3) x SU(2) x U(1) gauge groups for Hy, Hy, Q), L, D¢,
Ue, E¢are (1,2,-1), (1,2,1), (3,2,1), (1,2,-1), (3,1, %), (3,1,-3), (1, 1, 2). The
soft SUSY breaking masses and trilinear SUSY breaking terms(A-term) are given by

Leoft = —@{M%LQL - ﬁgMgR U — ﬁng%)Rf)R - E{M%LEL - E;M%RER
+H15;Ad@L — HQU;[{AU@L + H1E;A6EL + h.c., (23)

where the fields with tilde (7)) denotes squarks and sleptons.

In this section, we first discuss the simplest case where soft breaking masses are
proportional to a unit matrix in the flavor space, and A,,, A4 and A, are proportional
to Yukawa couplings. Their explicit forms are given below,

2
o Mow
M@Lij =a1 M 1 = M@L2 , (2-4)
1 2
MQL3
2
2 [ Mow
MﬁR" = CLQM 1 = MﬁRz s (25)
Y 1 M2
Urs
M2
1 D
M2 = a3M? 1 = RV 2:6
Drii as = Dra ) ( )
Y 1 M2
Dr3
2
2 o) ! et 2
MZL-- = a4M 1 = MZL2 s (27)
Y 1 M2
Lys
M2
1 E
M2 = a5 M2 1 = Yo 2.8)
ERyj a5 - ERa2 ’ (
1 M%
R3
Auij = Auyuij7 (29)
Adij = AdYaij» (2-10)

Aeij = Aeyeij7 (211)
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where a;(i = 1 — 5) are real parameters.

At the tree level, the Yukawa couplings have the same structure as the above
superpotential, namely, H; couples to D¢ and E¢ and Ho to U€. On the other hand,
different types of couplings are induced when we take into account SUSY breaking
effects through one-loop diagrams. Lagrangian of the Yukawa sector can be written
as

Lyukawa = —H1Dry,Q1 + HoUry, QL — HiEry, Ly,
—HyDrAy Q1 + HiUr Ay, QL — HoErAy L1, + hc., (2:12)

where ﬁLQ = iogHY 5, and Ayy, Ay, and Ay, are one-loop induced coupling con-
stants. (Here and in the followings, quark and lepton fields in capital letters represent
three vectors in the flavor space.)

From the above Yukawa couplings, we can derive the quark and lepton mass
matrices and their charged Higgs couplings. For the quark sector, we get

ﬁquark

= —% cos BDRryy[1 + tan BA,,,| Dy, + sin BH ™ Dryy[1 — cot BA,,|UL

—% sin BURY,[1 — cot BA,, UL + cos BHTUry,[1 + tan BA,,,] DL + h.c.,

(213)

where we define Ay, ,(An,,) as Ap, = y;lAyd (A, =y, Ay,) and v ~ 246 GeV.

Notice that Ay, is proportional to y, or ydyLyu in this case. We then rotate the
quark bases as follows:

UL =W(QUL, Dy =V.(@Q)VckmDy, (2:14)
Ur = VR(U)Ug, Dr = Vr(D)Dg, (2:15)
where the fields with a prime (/) are mass eigenstates. In this basis, the down-type

quark Lagrangian is given by
v — .
LD-quark = ) cos /BDR,VI];(D)deL(Q)RdVCKMDL/
+sin BH™ DR VL (D)y,Vi(Q)UL + hc., (2:16)

where Ry =1+ tanﬂAmd and Amd = VJ(Q)AdeL(Q). Hereafter, a matrix with
a hat (7) represents a diagonal matrix. Since the down-type diagonal mass term is
given by

V2

we obtain the following Lagrangian for down-type quarks.

M, = Ccos ﬁV&(D)deL(Q)RdVCKMv (2-17)

_ ~ 2 — ~ o
L-quark = —Dr MyDy/ + % tan BH ™ Dg MV Ry UL +hee.  (2:18)
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Tauonic B Decays in the Minimal Supersymmetric Standard Model 183

The corresponding corrections to the up-type couplings can be calculated from
Eq. (2-13). Since we are interested in the large tan [ case, these corrections are
very small. In the following, we neglect such corrections, and the Lagrangian for the
up-type-quarks is given as follows:

. 5 .
EU-quark = _UR/MuUL/ + % cot, ﬂH+UR/MuVCKMDL/ + h.c. (2'19)

For the case of the charged-lepton, we can derive relevant parts of the Lagrangian

in a similar way to the case of the down-type quark. Using the following definitions,
E, =W,(L)E;, FEr=Vr(E)Eg, (2-20)

Am, =y Ay, Ap, = V(L) AR (L), (2:21)

we obtain the Lagrangian for the charged lepton as follows:

. 2 o
Licpton = —Eg M E}, + % tan BH~ER MR- Np, 4 h.c. (2:22)

Here, the prime represents the mass eigenstate, and we neglect the neutrino masses,
and Re =1+ tan ﬂAme.

In the present case with Eqs. (2:4) — (2:10), A,,, receives contributions from
gluino and down-type squark, and higgsino and up-type squark diagrams. The ex-
plicit form is given as follows:

A, = E5+ E;, (2-23)
where
. 2o,
By = 521" Myl Mg, Mp, , Mp, . (2:24)
P H A2
Eﬁ = _WAukyu’ I[M37M5L7M(7R]7 (2'25)
a??In% + 622 % + 2a?ln &
I[a,b,c] = b e a” (2-26)

(@ = P)P — )@= )

Eg and Eﬁ are gluino and charged higgsino contributions shown in Fig. 1(a) and
(b), respectively. Note that these corrections for Yukawa couplings are calculated in
the unbroken phase of SU(2) x U(1) symmetry. For the charged lepton case, Ay,
is given by

(M7 — Miy)
2

Am. =B = 4v37

1“M§I[M§’MZL’MZR]7 (2-27)
from the bino-slepton diagram shown in Fig. 2.

Up to now, we have assumed all squark mass matrices are proportional to a unit
matrix at the electro-weak scale, as shown in Eqs. (2:4) — (2:8). However models
with the MFV correspond to more general cases. For instance, the assumption of
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Jr gL, 7 7
Dy, OO0 Dr Dy, . I » hy * Dy
Y . N P
DL ‘\—;,‘,_—’/ DR UR \‘—.,‘.——‘/ UL

(a) (b)

Fig. 1. Non-holomorphic radiative corrections to the down-type quark Yukawa couplings induced
by (a) gluino gr,r and (b) charged higgsino A ,.

by A Eg

Fig. 2. Non-holomorphic radiative corrections to the charged lepton Yukawa couplings induced by
bino BL,R~

Egs. (2-4) — (2-8) is not satisfied in the minimal supergravity where all squarks have
a universal mass at the Planck scale, not at the electro-weak scale. In appendix we
derive the charged Higgs coupling in more general case of MFV. Namely the squark
mass matrix is taken to be

ME = [l +biyly, + bylya M, (2:28)
M2 = a1 + by, yl] M2, (2:29)
M3 = lasl + boyayhM°. (2:30)

The final results of the charged Higgs coupling are given by

~

\/§ -/ Md‘ -i-
Lpy+ ~ —tanH Dy, = Vden UL + hec.
e Sy ten S Driy (5] tan g C¥MiE
for (4,7) = (1,1),(1,2),(2,1),(2,2), (2:31)
\/5 - / Mdz .i_
L+ ~ —tanﬂH*DRi - — % i‘UL/' + h.c.
" v 1+ (B0 — Eé(lj)] tan g O M
for (27]) - (37 1)7 (37 2)7 (232)
2 _
EH:E ~ % tan ﬁH_DR;
My 1+ B + B3] tan 3 :

X . , _ : . Ve onr UL
1+ Eg(l) tanﬂ 1+ [Eg(l) + E_ﬁ(33) + Eé'(lj) + EE(ZS) + E/ﬁ(z33)] tanﬁ CKM;j “'Lj
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+h.e.  for (i,5) = (1,3),(2,3), (2-33)
V2 y Ny T

Ly+ ~ — tan BH Dg; - Vi ULs + hee.

e & = tan SHDr 1+ (B30 + B tan g M
for (i,7) = (3,3), (2:34)

where the function Eg(i), etc. are listed in Appendix A. In deriving these results we
only keep y; in the up-type Yukawa coupling in loop diagrams and use the hierarchy
of the CKM matrix elements. See Appendix A for details. Notice that the above
results do not depend on the relation between the A-terms and the Yukawa couplings,
since we only keep y; in loop diagrams, even though Egs. (2-9) and (2-10) are assumed
in Appendix A.

2.2.  Effective Lagrangian for 4-Fermi interactions

Once we obtain the charged Higgs and fermion couplings, it is straightforward
to write down the amplitudes for B — D71v (B~ — Drvor B — D*777) and
B — 7v processes. First, the effective Lagrangian for b — crv operators is given by

G
Leg = —72‘/cb57u(1 —5)b7y" (1 = y5)vr

+GsebT (1 — ~v5)vr + GpeysbT(1 — v5)vr + hec., (2-35)

where GG and Gp are scalar and pseudo-scalar effective couplings. These couplings
are given from Egs. (2-18), (2-19) and (2-22),

tanZ BM, .

Gs = 2452[36 Nas(My[R; )22V + MV cot? B), (2-36)
20° M.
tan? BM, . N

Gp = W PN o) (MR sV — MoV cot? ). (2:37)
20° My

We omit a prime (/) from the fields in mass eigenstates. The higgsino diagram
contributions to the [R;l]gg are proportional to square of the charm Yukawa cou-
plings. Since the branching ratio can change only by at most a few %, we neglect
such contributions in the followings. For the case of large tan 3, we can also neglect
the last terms in G5 and Gp.

In order to calculate the B — D7v branching ratio, we need vector and scalar
form factors of the B — D transition. In the heavy quark limit, these form factors
can be parameterized by a unique function called the Isgur-Wise function. The
form of the Isgur-Wise function was investigated by using the dispersion relation.?
From the semi-leptonic decays B — DIiv and B — D*lv (I = e, u), the Isgur-
Wise function is obtained in a one-parameter form, including the short distance and
1/Mg (Q = b, c) corrections. The short distance corrections for B — D1v were also
calculated.2) Here we adopt the Isgur-Wise function obtained in these literatures,
but we do not include the short distance and the 1/Mg corrections for simplicity.
The short distance effects were shown to change the branching ratio within 6% in
the reference of Miki et al.2%)
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Using the definitions,

2pp - PD 2pp - pr M3 M?
T = , Y=—%5—, ID=—=, Tr=-—, 2-38
7 7 AT
the differential decay width is given by
d’I'(B — Drv] _ GglVal*,
d:l?dy 128773 BpD(x7y)7 ( )
where
po(z,y) = [|f+ 201 (x,y) + 2Re(f+ ) ga (2, y) + | f- 1 gs ()], (2-40)
gi(z,y) =@ -z -2y —rp+r)(+2y—1—rp—ry)
—(14+xz+m)1+rmp—rr —z), (2-41)
.92(55’9)ETT(B_x_2y_TD+TT)7 (2'42)
g3(z) =r;(1+rp —r; — ), (2-43)
fL=1f- = Aslf+(1—rp) + f-(1+rp — )], (2-44)
1+ ™D xT
— 4T VD, ( - ) 2.4
fx 2%5(10) W (2:45)
Here Ag = Gpvcﬁffﬂﬂi,%— VAR We use the following form of the Isgur-Wise function.
E(w) =1 —8p2z 4 (51p? — 10)22 — (252p% — 84)2°, (2-46)
V — V2
= L\/_ (2:47)
Vwu+14++v2

For the slope parameter, we use p% =1.33+0.22.29):25)
For the B — 7v process, the relevant four fermion interactions are those of the
b — utv type,

Gr
Lo = ——= Vv, (1 — 75)077" (1 — v5)vs
of = =5 Vu Yu(1 = 5)b77*(1 = 75)
+GgubT(1 — v5)vr + GpuysbT(1 — v5)vr + hec, (2-48)
tan? M, ~_ .
G/s = ﬁ[}%e 1]33(Mb[Rd 1]11Vub + My Vi cot? B), (2-49)
H
tan? M,  ~_ L
p= 27jQ%[Re Nag(Mp[R; 111 Vip — My Vi cot? B). (2-50)
H*E
Using the matrix elements
(Ofuy"~5b| B™) = ifgpt, (2-51)
M2
(O[uysb|B™) = —ifBﬁ]Z’, (2-52)
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the decay width is given by

2

2
2v GhLl 1—-r)% (253)

G2
P18 — 7] = SoIVal EMEM |1 = 3o

where fg is the B, decay constant.

In the generalized case of the MFV with Egs. (2:28) — (2-30), the scalar and
pseudo-scalar couplings, Eqgs. (2-36), (2:37), (2-49) and (2-50) can be obtained by
the following replacement:

. 1

P ’ 2.54

(R s 1+ [E;® _Eé(32)]tanﬁ o
. 1

(73" — o

1+ [Eg(g) — Eé(?’l)] tanﬂ.

Notice that the right-handed sides of the above equations are approximately the
same because Eé(gl) ~ Eé(?’?). This is the generalization of [R;']11 ~ [R}']22, which
follows from fact that the higgsino diagram contribution can be neglected in the
evaluation with the [}?51]11 and [R;l]gg.

83. Numerical results

In this section, we shall present results of the numerical calculations on branching
ratios of the B — D71v and B — 7v processes in the MSSM. We see that charged
Higgs effects to these processes become important for the parameter region of a large
tan 3 and a small charged Higgs mass. We also discuss Bs — putu~ and b — s7,
because SUSY corrections to these processes are important for this parameter region.
The relevant SUSY parameters are tan 3, M+, the higgsino mass parameter u, the
bino mass parameter Mg, the gluino mass Mg, the sbottom mass Mz, and the stau
mass Mz. For the sbottom and the stau, we take the left and right handed masses
to be the same, and neglect the left-right mixing terms.

We first show [R;l]gg in BEq. (2:18) and [R; ]33 in Eq. (2-22). As we discussed
in the previous section, [R; 41 and [R;l]zz are approximately the same, because
the higgsino loop contributions, Eq. (2:25), are suppressed. Therefore the A-term
dependence of [R;l]mm is negligible. In Fig. 3, contour plots of [R;l]gg are presented
in the gluino mass and light sbottom mass eigenvalue Mgl space in the case of the
= 1400 GeV and tan 8 = 50. For a positive value of y, the correction become —10
to —40 % in this parameter region. On the other hand, corrections become positive
and huge for a negative y. The value of the [R; 1|33 is shown in the light stau mass
eigenvalue M7 and bino mass space for p = 400 GeV and tan /3 = 50 in Fig. 4.
In general, the correction is smaller compared with the case of []:2;1]22. For a larger
value of u, however the correction can be 10 %. One such example is shown in Fig. 5.

The dependence on tan (3 in [R; ]2 and [R; ]33 are shown Fig. 6. Here we take
@ = £400 GeV and p = £200 GeV. The gluino and bino masses satisfy the GUT
relation (Mg = 6.72M5). The correction to [R;"]22 becomes large for tan 3 > 30.
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1= 400GeV, tan 5 = 50
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Fig. 3. Contour plots of the correction factor [R;];:(i = 1,2) in the M5 and Mz, space for tan 3 =

50 and p = +400 GeV. The numbers in figure are the values of [R}'];i(i = 1,2). The values of
[R;"ii(i = 1,2) are unity without SUSY corrections.

Next, we show the branching ratio of B — D7v and B — Tv. For B — D7v,
we consider the following ratio of the two branching ratios, where B(B — Duv) is
defined as the branching fraction for the B — Dpur mode integrated over the same
phase space of the B — D7v kinematics.

1+rp—rr G2 |V |?
B(B — Drv) f\/% dx f;f “Toses-Mppp(z,y)

BB = Duv) 107 ag % ay SRl a2, )

(3-1)
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1 =400GeV, tan g = 50
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Fig. 4. Contour plots of the correction factor [1%6_1]33 in the Mz and Mz for tan3 = 50 and

1 = £400 GeV. The numbers in figure are the values of [RZ']33. The value of [R; ]33 is unity
without SUSY corrections.

Y12 = = ; (3-2)
1- % + %f —TD
2
< -5* %2 — rD) +ry
Yio = - . (3-3)
1—%+£4/%& —r
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Fig. 5. Contour plots as Fig. 4 for tan 3 = 50 and g = +2000 GeV. We also change the range of
the bino and light stau mass eigenvalue.

For the B — Dur mode, we use

P, y) = [1f+1791 (@, y) + 2Re(f f2)g5(z,y) + | [Pg5 ()], (3-4)
gizy)=B-—z—2y—rp+r.)(z+2y—1—rp—ry)
—-(14+z+rp)1+rp—14—2), (3:5)
93(x,y) =ru(3 —x =2y —rp + 1), (3:6)
g5(x) =7, (1 +7rp — 7 — 2), (3-7)
My
T (3-8)
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Fig. 6. The correction factors as a function of tan3. The upper figure is [R;l]“(z = 1,2) for
Mz = 672 GeV and M; = 400 GeV, and the lower figure is [R.']33 for Mz = 100 GeV and
Mz = 300 GeV. The value of the u parameter is shown in the figures.

It was pointed out that we can reduce theoretical uncertainty associated with form
factors by taking this ratio.2®) In Fig. 7, we show the above quantity as a function
of the charged Higgs mass for the parameter set of M; =400 GeV, Mz = 100 GeV,
M= = 300 GeV and tan 8 = 30 and 50. In this figure, we also draw a line without the
SUSY corrections. We can see a large deviation due to the SUSY loop corrections.
A similar figure for B — 7v is shown in Fig. 8. We can see that B(B — 7v) vanishes
in a particular point of Mg+ depending on SUSY parameters, and below that point
the branching ratio is significantly enhanced.

We consider the correlation between the branching ratio of the B — Drtv and
that of the B — 7v. Under the assumption of MF'V, the charged Higgs effect appears
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Fig. 7. Value of % as a function of the charged Higgs mass for tan 3 = 30,50, Mz =

100 GeV, Mz = 6.72Mp, M; = 400 GeV and Mz = 300 GeV. The horizontal solid line is the
predicted value in the SM.

through the following combination of the parameters in the branching ratio formulas,

~ MWtanﬂ ~—1 S5—1
= ——1/|Re R . 39
R Mo [Re "]33[ R, |22 (39)

(or the replacement of [R}']2o by the right hand side of Eq. (2-54) in the generalized
MFV case.) This is compared with the type II 2HDM, where R is replaced by R,

My tan 3

R
MHi

(3-10)

In other words, the SUSY corrections effectively change the value of the tan 3 in the
formula of the 2HDM. Therefore the correlation between two branching ratios is the
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Fig. 8. Value of the B(B — 7v) as a function of the charged Higgs mass for tan3 = 30,50,
Mg = 100 GeV, Mz = 6.72Mp, M; = 400 GeV, Mz = 300 GeV and fp = 200 MeV. The
horizontal solid line is the predicted value in the SM.

same for MSSM and 2HDM. Note that this correlation arises due to our assumption
of the MFV, namely from the fact that the higgsino contribution does not induce
sizable effects in these branching ratios. In Fig. 9, we show the correlation of the
two_quantities. We also show estimated theoretical uncertainties for several values
of R along the line. The error corresponds to uncertainty from p? = 1.33 £ 0.22 for
B — Drv, and from fp = 200 + 30 MeV and |Vy| = (3.67 4 0.47) x 107327 for
B — 1v. We see that uncertainty of B(B — 7v) from the present input parameters
is still large. These errors, however, can be reduced significantly in future from
more precise determination of semi-leptonic B decay form factors and |V|, and
improvement of fp determination from the lattice gauge theory. For instance, if
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Fig. 9. Correlation between % and B(B — 71v) for the MSSM with MFV. The values on

the line represent R defined in Eq. (3:9). The theoretical uncertainties associated with p? for
B — Drv/B — Dpv and fp and |Vy| for B — Tv are also shown for each point.

the uncertainty of the slope parameter p% is improved to 40.10, the theoretical
uncertainty from this source to B(B — D7v) is reduced from +5% to +2% for the
SM case. If the uncertainty of |V,| is improved to +5.8%, the error of B(B — 7v)
is reduced from +39% to £32%, and further improvement of |V,;| and fp to +4.4%
and +16MeV respectively leads to +18%.7) At the SuperKEKB, it is expected that
the sensitivity to R reaches to 11 (90% confidence level) for an integrated luminosity
of 5ab™! from the B — D7v process.”) Observation of the B — 7v mode is possible
at 30ab~! for the SM case.2%)

Let us comment on scaling behaviors of the SUSY loop corrections. Eg, E;L,

and EE in Egs. (2-24), (2:25) and (2-27) remain constants when all SUSY mass
parameters are multiplied by a same factor. Therefore the SUSY loop effects to the
charged Higgs contribution in B — D7vr and B — 7v do not decouple by taking
large SUSY mass spectrum as long as the charged Higgs mass is the same. This
situation is similar to the SUSY loop contributions to the neutral Higgs exchange in
the flavor changing neutral current and lepton flavor violation processes.!4)20)
Finally, we discuss correlation of the tauonic B decays with b — sy and By —
put . Tt is known that these processes receive significant SUSY contributions for the
large tan 8 case. In the MFV, the b — sy amplitude consists of the SM contribution,
the charged Higgs contribution, and the chargino-stop contribution. The gluino-
sbottom contribution is not significant for MFV. The effect of SUSY loop correction
to the charged Higgs vertex was also studied.??):39) We calculate the b — s+ branch-
ing ratios following the formula presented in Degrassi et al.2?) Since the b — sy
process depends on the chargino-stop diagram, there is no strict correlation between
b — sv and tauonic B decays. However, the contribution from the charged Higgs
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Fig. 10. b — s7v branching ratio as a function of the charged Higgs mass for Mz = 100 GeV,
My = 1.99M5z, My = 6.72M 5, My = My = 400 GeV, |A.| = 100 GeV, |u| = 400 GeV and
tan 0 = 50. The shaded region is the experimental allowed region at 20 level 2V

diagrams is enhanced for yu < 0 from the correction by R;l in Eq. (2:18). As an
example, we show B(b — sv) for the following parameter sets, Mz = 100 GeV, the
wino mass My = 1.99Mp, Mg = 6.72Mz, My = My = 400 GeV, [A,| = 100 GeV,
|| = 400 GeV, and tan = 50 in Fig. 10. In order to satisfy the experimental
constraint, a fine tuning between the charged Higgs and chargino contributions is
necessary for p < 0. For g > 0, the constraint is generally weak.

We also calculate the branching ratio of the By — u™p~ in this model. In
this case, the branching ratio depends on the higgsino-stop diagram and the gluino-
sbottom diagram. In particular, inclusion of the higgsino loop contribution is nec-
essary to generate this flavor changing process. We present the branching ratio of
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Fig. 11. Branching ratio of the B — pu*u™ as a function of the charged Higgs mass for tan 3 = 50,
‘Au| = |Ad‘ = 100 GeV, \,u\ =400 GeV, Mg: Mg =400 GeV, Mg =100 GeV, Mg = 6.72M§,
My = 300 GeV and fp, = 230 MeV. The horizontal solid line is the current experimental upper
bound.??

B(Bs — putp~) in Fig. 11 for the parameter sets, tan 8 = 50, |A,| = |A4| = 100 GeV,
|u| = 400 GeV, My = M’E = 400 GeV, ME = 100 GeV, Mz = 6.72M§, My =
300 GeV and fp, = 230 MeV. The present experimental upper bound, 7.5 x 107,32
is also shown. We can see that the large branching ratio is expected for the pa-
rameter space where the tauonic B decays receive significant contribution from the
charged Higgs diagram. The enhancement is particularly large for p < 0.

The SUSY loop corrections can be also important in the anomalous magnetic
moment of muons. In this case the relevant SUSY parameters are the slepton masses,
gaugino masses, 1 and tan 3. For example, the parameter set taken in Figs. 10 and
11, the SUSY contributions to (g — 2),/2 is about 7 x 1079, which is larger than
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the current discrepancy between the experimental result and SM prediction.??) If
the slepton mass is taken to be larger than 400 GeV, the SUSY contributions to
(9 —2),/2 can be compatible with the current discrepancy. Notice that slepton
contribution to the By — p*u~ and tauonic B decays are sub-dominant and that
for b — s7v is negligible. Therefore the SUSY contributions to By — pu*pu~ and
tauonic B decays can be important while both (¢ — 2),/2 and b — sy constraints
are satisfied.

§4. Conclusions

In this paper we study SUSY effects on the tauonic B decays, B — D7r and
B — 7v under the assumption of the MF'V. These processes receive large corrections
for large tan 3 regime through SUSY loop diagrams related to the bottom and tau
Yukawa couplings. For the bottom Yukawa coupling, we find that only the gluino-
sbottom loop can contribute significantly and the chargino loop contribution is at
a few % level. This is in contrast to the case of the correction to the b-t-H vertex,
where the stop-chargino loop correction is also important.!® The effect of the stau-
neutralino loop to the tau vertex is generally not as significant as the sbottom-
gluino loop, but in some parameter space these contributions can change the charged
Higgs exchange effect by more than 10 %. We also study the correlation between
B(B — Drv) and B(B — 7v) within the assumption of the MFV. The SUSY effect
on these processes can be absorbed as an effective change of the tan 3 value, so that
the correlation itself is the same as the 2HDM without SUSY loops. It would be
therefore interesting to compare this value with tan 8 measured from other processes
in MSSM such as the heavy Higgs direct production,®® the chargino/neutralino
mixing,?®) and the stau decay.?®) SUSY corrections to the Higgs couplings can also
change the light-Higgs branching ratios!'?) and the search limit of the SUSY Higgs
bosons at LHC. From combined analysis of Super B Factory and collider experiments,
we may be able to obtain important insight on flavor mixing for squarks and sleptons.
For example in the present case of MFV, SUSY corrections to b-c-H and b-u-H
verteces are the same while that to the b-t-H vertex can be different because of the
higgsino loop contribution.

We also compare the tauonic B decay fractions with b — sv and By — putpu~
branching ratios. In general, these processes receive large corrections when we expect
large effects in tauonic B decays, i.e. a large tan (8 and small M+ region. Since
stop and chargino diagrams are essential in these flavor changing neutral current
processes, we do not have a strict correlation among these processes. However the
parameter space with p < 0 is strongly constrained by b — sy and Bs — put ™.

The tauonic B decay processes considered here provide important information on
the Yukawa interaction associated with the charged Higgs boson. A large deviation
from the SM prediction is expected for large tan 8 cases from both tree level and
SUSY loop effects. The tauonic B decays at future B factory experiments therefore
can play a unique role in exploring SUSY models.
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Appendix A
—— Charged Higgs Coupling for the General MFV Case

In §2, we have derived the resummed effective Lagrangian for the charged Higgs
couplings under the assumption that soft SUSY breaking mass matrices for the
squarks are proportional to a unit matrix in the flavor space. In this appendix, we
relax this assumption and obtain the charged Higgs couplings in a more general case
of the MFV. General consideration on the MFV case is given in the literature.3”):38)

We consider the following squark mass matrices and A-terms. This form is
motivated from the renormalization group effects on the squark mass matrices in
the SUSY breaking scenarios such as minimal supergravity, gauge mediation, and
anomaly mediation.

ME = a1+ biyly, + byl M, (A1)
MZ = las1 + by, y}| M2, (A-2)
M3 = [az1 + bayay} M, (A-3)
Avij = Auluij; (A1)
Adij = AdYaij» (A-5)

where a; 23 and by 2 34 are real parameters. In the following we take the basis where
the down-type Yukawa coupling is diagonal.

Yu = guVCOKMv (A-6)
Ya = Yas (A7)
where VCOKM is the flavor mixing matrix in the original Yukawa coupling. Further-

more when we calculate the loop diagrams, we use approximation that only the top
Yukawa coupling is kept in the up-type Yukawa coupling.

0
Yy & 0 . (A-8)
Yt

Explicit form of the mass matrix is given by

a1 + bay3) M? .
MG, ~ [a1 + bayZ] M? N (A-9)
[ar + bry? + bayi|M?
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Fig. 12. Subleading corrections to the down-type quark Yukawa couplings induced by (a) gluino

gL,r and (b) charged higgsino EIQ

. _
b1y Vs Voinaa M* 0197 Va3 Vs M

+| buyd VCKl\AngCKMm]\72 byt VO as Vikmas M
b1y VCKM33VCKM31M2 bly?VCOIT(MggVCOKMSZMZ
— 2 2
= M3 . +AMS, (A-10)
a2M2
ME .~ az M? N =M, (A-11)
[as + bsyi] M?
[as + bay3] M _ )
M]%RZ.J ~ [as + bay?| M> N = M%Ri. (A-12)
las + bays | M>
We calculate the correction to the down-type Yukawa coupling in Eq. (2-12).

In addition to Fig. 1, there are extra contributions shown in Fig. 12, where the off-
diagonal terms in Eq. (A-10) are treated as mass insertion. The explicit form of Ay,

is given by

AYyar AYagis AYgis
Aygij ~ | AYaor AYgr AYgos | s
AYus1 AYaza  AYgss

Ay, = yaFz Y

AYgi2 = Ya [Eim) + E~(13) + EL(lsg)]VCKMBVgKMS%
Ayg3 = yd[El( Oy E; 13 4 gL (133)]VCKM13V([J)KM337
AYgo1 = Ys [Eé(m) + E”h(23) + Eg(zgg)]VCKMzgvcoKM:ﬂv
AYgor = ysE~(2)

Ay s = ys L) + F/”(z?’) + EL(233)]VCKM23VCOKM33a

2

Aygs = yb[E; + E5 (33)]VCKM33VCKM317
[
[

Ayaso = Ub E; + B (33)]VCKM33VCKM327
Ay 33 = yp| B ® 4 E~(33)]VCKM33VCKM337
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where
B = 205 1 ey | M Mpy,
g - ) )
3m Mgz Mz~ M
F-(i3) = _Lﬂygl(:a) [M@Li MﬁR3]
h - _ ) - )
1672 M; M; M
v (i5) 20 Py yt2]\72[(4) M@Li M@Lj Mf)m‘
g 3 Mg’ Mz = Mz = Mg
s — _H ﬂblgfﬁzl(‘” M@m MQLZ MU
he 162 M3 M; ' M; ' M; |’
h
IOz, 4] = 22 In 22 y? In y?
MDA T D)
21n 22
Ji) — x
[, y, 2] (22 — 1) (a2 — y?) (22 — 22)
y? In y? 2% 1n 22

From the Ay,, we obtain the mass term for up-type and down-type quarks.

here

+(y2 = 1)(y? — 22)(y* — 2?) "

£quark = _ERi[Mdij + Aij]DLj -

Mg;j = My = Mai,
M3
My = \/U§ cos Byal + B3 ) tan ],
Mdgg \;}5 cos Bys[1 + E~(2 tan f3],
Myss = 7 cos Byp[1 + (E~( ) + B39 tan 6]
Ap Agg
Aij = A21 AQS )
Az1 Az
v
App = ﬁcosﬁy [E5
v
Az = 7 cos Byal E ¥ 4 Eﬁ(m) + E; (133)]V81T<M13V8KM33 tan 3,
v 21
Ao = — cos By, E’(
21 = \/5 By [
v

Aoy = \/i cos Bys [E’ R EE(QS) + Elﬁ(

(Z-DE =)

233)]

URiMuijULj + h.C.,

a B + E5 13) 4 BL (133)]V((3)1T<M13V((3)KM32 tan 3,

) + E (23) _|_ E/ (233)]VCKM23VC[})KM31 tanﬁ,

0
Vermas Vermas tan 3,

(A-23)

(A-24)

(A-25)

(A-26)

(A-27)

(A-28)

(A-29)

(A-30)

(A-31)
(A-32)

(A-33)

(A-34)

(A-35)
(A-36)
(A-37)

(A-38)
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v
Azl = 75 ¢ Byp [E’/gv(gl) + Eﬁ(33)]VCO;r<M33VCOKM31 tan 3, (A-39)
v
Azy = N By [E;?(SQ) - Eﬁ(gg)]VCOIT(M:s:aVCOKMw tan 3, (A-40)
M, = 12 sin 3 41, V. (A-41)

Next, we rotate the basis to mass eigen-states as follows:

Uy, = Vi (U)UL = Vil UL, U = Ve(U)UR' = UR/, (A-42)
Dy = Vi(D)Dy!, Dg = Vi(D)Dk. (A-43)

We introduce AVy, and AVy as

VL(D) =1+ AV, (A-44)
VR(D) =1+ AVg, (A-45)

where the unitarity requires that AVIIL(R) = —AVym) and AVyR); = 0. At the first

order of A;;, AV, R is expressed ag39)

MdiAij + AZjMdj

AVLij = — = = for ¢ 75 j, (A46)
Nz -2
M, ZAT + AZM ;
AVijj = —— 0 D07l g, (A-47)

2 2
Mg, — Mg

At this order M, is the physical down-type quark mass matrix, since there are no
corrections to diagonal terms.

We derive relationship between V([])KM and Voxn. Since the W oboson coupling
is given by

92
2
_ 92
V2
_ 92
V2

Ly+ = Z=[UW, 4Dy +h.c]

5

[OLW A"V Vi (D) DY, + h.c.]

S

(UL W A*VekmDy, + heel, (A-48)

QI

we obtain
VCKM = VC(J)KMVL(D) (A49)
Explicit form for each elements are given by

VCOKMH = VCKM117 (A'SO)
A-51

—~
~—

0
Veknie = Vokmie,
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1+ B + B3] tan 8

VO — A-52
Crovns = VOO TG ) B 4 509 4 B0 tan g7 o)
VCOKM21 = Vermar (A-53)
Vknas = Vormas, (A-54)
1+ [E5® + E~(33)] tan 3
0
== A.
VCKM23 VCKM23 [Eg + E‘(33) + El (23) + E (23) + El (233 ] tanﬂ ( 55)
(33)
o B [Eg + B2 tan 3 .
Vekmzr = VCKM31 [Eg(3) |23 (31)] tan 3 (4:50)
[E ) 4 E~ (33) ] tan 3
Vkmae = VCKM32 T . ] (A57)

Eg E’ (32) tanﬂ7
Vekmas = Vormss: (A-58)
Then the charged Higgs couplings can be expressed as

Ly+ = sin BH™ Dr;9q;;Ur; + h.c.

= sin BH~ DV (D)ir§ar Vi.(U)i; UL + hoc.

= sin BH ™ Dr; Vil (D)ixBar Vo ULy + hic. (A-59)
Using Eqgs. (A-47) and (A-51) — (A-58), we obtain

My,
1+ [E;D]tan B
for (i,7) = (1,1),(1,2),(2,1),(2,2), (A-60)
My,

1+ [ — EX ] tan 8
for (i,7) = (3,1),(3,2), (A-61)

2 _
L+ = % tan BH*DR; VCTKMUUL;- + h.c.

9 _
L+ = % tan BH*DR; VCTKMZ']'UL;‘ + h.c.

2 _
L+ ~ V2 tan BH Dy,
v

~

My 1+ B + B3] tan 8
X - - — . -
Lt By tan 81 + [B;0) 4 B89 + BLOD) 4 B39 4 pr 059 gan g
+he  for (i,5) = (1,3),(2,3), (A-62)

f
VCKMij UL;

Mg;
+ [Eg(i) + Eﬁ(w)] tan 3
for (i,7) = (3, 3). (A-63)

Notice that b — c and b — u transition do not receive the higgsino loop contribution
just as in the simplest case discussed in §2.

2 —
Ly+ ~ % tanﬂH‘DR; VSKMUUL; +h.c.
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