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Right-handed current with CP violation in the b — u transition
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We show that the experimental data on |V, | in various B meson decay modes suggest a possibility of
CP-violating right-handed current in the b — u transition. Its consequences in B — 7z, pp, DK are
examined and compared with experimental results in order to clarify possible signals of the CP violation in
these decay modes. As aresult, we find that the CP-violating right-handed current is consistent with current
experimental data. Its signal might be discovered by precise CP measurements in future experiments.
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I. INTRODUCTION

Left-handedness is the most interesting nature of the
weak charged current. The charged weak boson W couples
only to the left-handed fermions in the standard model
(SM), and this structure of the SM results in purely left-
handed charged currents. Another notable aspect of the
weak charged current is the Cabibbo-Kobayashi-Maskawa
(CKM) mixing in the quark sector [1,2]. Because of the
CKM mixing the strength of the quark charged current
varies depending on the flavors involved in a transition,
while the left-handedness remains universal apart from tiny
radiative corrections.

New physics (NP) beyond the SM may violate the
universality of the charged current. In particular, NP effects
are expected to be significant for CKM suppressed tran-
sitions if the supposed NP has a different flavor structure
from the SM. Among several CKM suppressed channels,
the b — u transition is most likely to be affected by NP in
this sense. Moreover, we can examine it with the competent
data of B factory experiments.

It was pointed out that a mixture of right-handed current
(RHC) in the b — u charged current explained the dis-
crepancy among magnitudes of the relevant CKM matrix
element, |V,,|, determined by various B decay modes
[3-5]. Recently, the Belle Collaboration updated the data
on the pure tauonic B decay, B~ — 7' [6], and the new
result seems more consistent with the SM than the previous
one [7].

In this work, we revisit the possibility of RHC in the
b — u transition taking the new Belle data into account. In
Sec. II, we introduce the » — 1 RHC and explain how it
affects the |V, | determination in leptonic and semileptonic
B decays. Then, we show that the present experimental data
suggest a sizable CP-violating (CPV) RHC in this tran-
sition. According to this observation, we study possible
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CPV signals in hadronic B decays, B — zz, B — pp and
B — DK, in the presence of the » — u RHC in Sec. III. We
find that new CPV signals absent in the SM arise in direct
CP asymmetries and the measurement of angles of the
unitarity triangle. Comparing these possible signals of the
RHC with the relevant experimental data, we show that
the b - u CPV RHC is a viable NP scenario. We also
compare the b — u RHC induced by squark mixings in the
minimal supersymmetric standard model (MSSM) to the
experimental constraint obtained in Sec. II. Our conclusion
is given in Sec. IV.

II. EFFECTS OF THE RIGHT-HANDED CURRENT
IN |V,;,| DETERMINATION

A set of right-handed quark charged currents appears in
the SM once we introduce higher dimensional operators.
The gauge-invariant effective Lagrangian containing the
lowest dimensional operator responsible for the b — u
transition is expressed by

Cr ~
‘CR = A—§¢TiDM¢ﬁRyﬂbR +H.C., (1)

where ¢ is the Higgs doublet, ;p = ioy¢p*, A represents the
energy scale of NP, and Cy, is a dimensionless constant that
depends on the details of NP. This Lagrangian leads to the
desired right-handed interaction as a result of the electro-
weak symmetry breaking.

Combined with the ordinary left-handed interaction, the
b — u transition is described by the following modified
charged current Lagrangian:

Loc = =S (ViyPy + VEPOOW, +Hew (2)

where g is the SU(2) gauge coupling, Py ) = (1F75)/2,
and VL, denotes the left-handed CKM matrix element. The
effective right-handed CKM matrix element fob is given by

3 TeV)?2
Vfb:Csz/2A2~3x10‘3CR( Ae ) (3)
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where v = 246 GeV denotes the vacuum expectation value
of ¢. The known magnitude of the b — u charged current
corresponds to |VL | ~3.6 x 107 and the right-handed
component induced by NP at the TeV scale is potentially
comparable.

In the rest of this section, we treat VL, and V& as
complex parameters and determine their values using
experimental data of leptonic and semileptonic B meson
decay modes along with the unitarity of the left-handed
CKM matrix V£ assuming that no SM interactions besides
the RHC in Eq. (2) are affected by NP. We emphasize that
the nonvanishing relative phase between V£, and V& is a
new CPV degree of freedom.

A.B - w

The pure tauonic B decay is a theoretically clean mode to
determine |V ;| provided that the B meson decay constant
[ 1s known accurately enough. The decay rate is written as

2
I'B~ - 10) = 7GFmBm ( e

co (1= 2 BvarR. @

where |V©)P| is the effective CKM matrix element that is
determined by experiments assuming the SM. Since the
axial-vector current contributes to this decay mode, one
finds |V:)P| = |VE — VR | in the presence of the RHC
in Eq. (2).

The present world average of the branching ratio
including the updated Belle data is provided by the
heavy flavor averaging group (HFAG) [8] as
Br(B — 70) = (1.14 £ 0.22) x 10™*. Using this value
and fp = 190.5 = 4.2 MeV [9], we obtain

Vub V
Vub
— (422 +£0.42) x 1072, (5)

Vi | = Vi, = Vil = |VLb|\/1 —2Re
ub

B. B - ntv

The axial-vector part in Eq. (2) does not contribute to the
process B — nfv owing to the parity invariance of the
strong interaction. The contribution of the vector part leads
to the following differential decay rate:

dr _ G 232 2 exp2

7 = Ty P IVIEE(6)
where ¢" represents the momentum transfer,
2q?) = q* =242 (3, + m2) + (m} — m2)%, and V| =
|VE + VR |, which reduces to the ordinary CKM matrix
element in the absence of the right-handed interaction. The
hadronic form factor £, (g?) plays a crucial role in the
determination of |V:,F|. We employ the one evaluated using
the light-cone sum rule (LCSR) [10] and its explicit form is
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given in Appendix A 1 for completeness. The mass of the
charged lepton is neglected in Eq. (6).

Evaluating the branching ratio with Egs. (6) and (A2),
and comparing it to the experimental result [8],
Br(B — n£0,0 < ¢*> < 16 GeV?) = (1.06 £0.04) x 1074,

VR

we obtain
2R
| \/ " Vub

= (3.58 £ 0.47) x 1073, (7)

Vi | = Vi + Vi =

where the error includes 13% theoretical uncertainty in the
magnitude of f,(g?) [10] as well as the experimental
errors.

C.B - (pw)¢tv

Both the vector and axial vector currents give rise to the
decay B — V£, where V denotes a vector meson and we
consider two modes with V = p, . The differential decay
rate is given as

A N )

d¢*  967° c‘,mB/1 0

where py represents the three momentum of the vector
meson in the rest frame of the B meson, ¢y = \/i for
V = p°, w considered below, and the helicity amplitudes
H_. are expressed in terms of hadronic form factors V(g?)
and A1,2(‘]2)5

Hy = (VE = VR (mp + my)A (¢*)F(VE, + VE)

2mB|I7V| 2
X ——V , 9
Ly ©

mpg+m
- Vﬁl)u{(m% —mv

2mv\/?
A2<q2>}. (10)

HO - (VL

ub

7*)A(q%)

4m129|PV|2
(mg +my)?

We use LCSR form factors [11] and they are explicitly
given in Appendix A 2.

We can experimentally determine the magnitude of the
b — u charged current, represented by |V:)'|, from the
branching ratio of B — VZu. Integrating the differential
rate in Eq. (8) over the phase space, we find

VR
Ve = |vub|\/ (722) + |2

Vi
where ay = —1.18(—1.25) for V = p(w). In our numerical
analysis, we employ the following experimental results
[12]:

2

, (11)

L
vub
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[VEP| = (3.56 4+ 0.48) x 1073, (12)

for B — p°¢v and
IVEP| = (3.08 £ 0.49) x 1072, (13)

for B — wfv, where the errors include theoretical uncer-
tainties in the form factors. Since a significant part of
theoretical uncertainties is involved in these errors, neither
the theoretical uncertainty in ay nor the effect of an
experimental cut in the phase space integration performed
to obtain Eq. (11) is taken into account in the present
analysis. We note that a precise study of decay distribution
in these modes with copious data at the SuperKEKB/Belle
IT experiment may provide an improved method to probe
the RHC [13].

D. B - X, ¢v

Both the left- and right- handed currents contribute to the
inclusive b — u semileptonic process. However the inter-
ference between them is strongly suppressed because of the
small mass of the up quark. Thus, the decay rate is
proportional to |V |> = |VE, |2 + |VR 2. In our numerical
analysis, we use the following result of the GGOU method
[14] given by HFAG [8]:

R |2
|VeXP| — lle |2 4 |VR |2 — |VL 1+ ‘ Vub
ub ub ub VL

ub

= (4.39 +0.31) x 1073, (14)

where the statistic and systematic errors are linearly added
in order to take the sizeable method dependence into

account. E. Unitarity triangle

Since the above five processes of direct |V,,;,| measure-
ment are described by two independent quantities, |V, |> +
|VR |> and Re(V*EVR ), they are insufficient to determine
the absolute values of Vf;b and Vu ,» and their relative phase.
In order to extract more information on Vﬁb and fob, we
utilize the unitarity of the CKM matrix VL assuming the
validity of the SM except for the VX, term in Eq. (2) as
stated previously.

The unitarity of V is conveniently represented by the
unitarity triangle in Fig. I, where the standard parametriza-
tion [15,16] is introduced. Measuring |V 4V, | by the B-B
mixings and ¢, (or ) with CP violation in b — ccs decays,
together with results of kaon and b — ¢ semileptonic decays
that give 1 and A in the standard parametrization, we can
indirectly determine the magnitude and phase of V£,

2Throughout this work, we follow the phase convention
employed by the pamcle data group [16], when we mention
the phases of V£, and V&
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| Vi Vigl
|V:b Vcd|

FIG. 1 (color online). Unitarity triangle (solid lines). Exper-
imental constraints from the B—B mixings and CP violation in
b — ccs decays are also indicated by the red arc and the green
narrow sectors, respectively.

The mass difference in the B, meson system due to the
B,—B, mixing, denoted by Amy ,» 18 dominated by the top
quark loop in the SM and proportional to |V ,,V7#|%; and
similarly in the B, system, Amp o |V,SV;‘b|2. Theoretical
uncertainties of the relevant hadronic matrix elements are
reduced by taking the ratio of Amg, and Amp_owing to the
SU(3) flavor symmetry:

th V;Fh 2
VisVip

Ade _Mp, .y

Ame mB‘_

= 221 -

2 2
-~ P+t

(15)

where £ = 1.268 + 0.063 [9] represents the SU(3) breaking
effect. Thus, we determine |V, V7| from the present
experimental ~data, Ampg, = 0.510 £ 0.003 ps™! and
Amg = 17761 + 0.022 ps~! [8]. The result is shown as
the red arc in Fig. 1.

The time-dependent CP asymmetries in b — ¢cs proc-
esses such as B — J/wKy give sin2¢; with small theo-
retical uncertainty in the SM. This argument does not
change in the presence of the » — u RHC. The combined
experimental data sin2¢; = 0.682 £ 0.019 [8] gives ¢,
with a four-fold ambiguity. It turns out that only the
solution favored in the SM, as depicted in Fig. 1, is
consistent with the RHC.

Consequently, one of the apices of the unitarity triangle
(p,n) is uniquely determined (with errors) and V£, =
BA(p —in) is evaluated as

5

|Vh|—(343:t016)x10 3
— arg Vs = 73.8°+7.5°, (16)

where 4 = 0.225 and A = 0.823 are used [17].

F. Combined result

Combining the results in Egs. (5), (7), (11), (12), (13),
(14), and (16), we obtain a constraint on Vub Since
Egs. (5), (7), (11), (14), and (16) are written in terms of
VL |, Re(VE /VL), and Im(VR, /VL ) it is convenient to
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FIG. 2 (color online). ~ Allowed region of V&, /VL, (solid lines).
The constraints from |V,,;,| and the unitarity triangle are com-
bined. Prediction of MSSM is also indicated by dashed lines. (See
Sec. I D.)

represent the constraint in the complex VX, /VZ, plane. The
numerical result is presented in Fig. 2, where 1o, 20, and 36
allowed regions are indicated by solid lines. The best fit is
given by

vk VR
Re( ;”) =-421x 1073, ‘Im< gb>
Vuh Vub

VL | =3.43 x 1073, (17)

= 0.551,

with 2. /dof = 2.27. We obtain y2. /dof = 2.16 in the
SM and thus the scenario of the » — u RHC exhibits a
similar consistency as the SM among the above exper-
imental results in |V ;| determination.

As seen in Fig. 2 and Eq. (17), a large relative phase
between V&, and VL, is favored. We examine its implica-
tion for CP violations in hadronic B decays in the next
section.

III. CP VIOLATIONS INDUCED BY THE b — u
RIGHT-HANDED CURRENT

As shown in the previous section, the present exper-
imental data related to the » — u transition allow the right-
handed b — u current with a large relative phase to the
left-handed counterpart. We examine possible conse-
quences of this new complex phase in CP violations in
hadronic B decays.

A.B - nn

The time-dependent CP asymmetry in B — 77z~ is
described by the following formula [18]:

Apig (1) = Cpo - cos(Amp t) = Syip- sin(Amg 1), (18)
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where the direct CP asymmetry C,+,- and the mixing-
induced CP asymmetry S,+,- are expressed as

1ol
o SR "
and
o _2mi(a/pian) o0

L+ p(rt =)l
respectively. The amplitude ratio p(z*7~) is defined by

B = 1ta
P =Sy D

and the ratio of the B—B mixing coefficients is given as
q/p = VE VL /VEVL for the B, case under considera-
tion here.

The isospin analysis is mandatory to extract the infor-
mation on the weak phase in this process because of the
penguin pollution [19]. The decay amplitudes of the isospin
doublet (B*,B%) are expressed in terms of the isospin
amplitudes A; = ((z),|B%) (I = 0,2):

A(BJF >t 0) = \/gAz, (22)
AB® - ntn™) = LA2 + \/EAO (23)
V3 3
A(BY - 7%2%) = gAz - iAO. (24)
37 V3

We note a simple triangle relation, A(B* — z*z°) =
AB® = zt77)/V2 + A(B® = 7°2°). The (B°, B~) decay
amplitudes bear similar relations to A; = {(zx),|B). The
relative phase between A, and A, can be determined with a
twofold ambiguity as well as their magnitudes by meas-
uring the branching fractions of three decay modes in
Egs. (22), (23), and (24); and likewise for (B°, B~) and A,.
The ratio of B — z"z~ amplitudes in Eq. (21) is
expressed in terms of the isospin amplitudes as

_Ayl+z
A21+Z’

plz'z) (25)

where z = /24,/A,, 7 = v/2A,/A,, and they are obtained
from the relevant branching fractions as described above.
The amplitudes of I = 2 are determined by the tree-level W
boson exchange since the gluon penguin diagram has the
nature of Al = 1/2. In the SM, the I = 2 amplitudes are
governed by the single weak phase of V£, and thus there is
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no CP asymmetry in this channel except the small
correction due to the electroweak penguin diagrams.

In the presence of the right-handed » — u current in
Eq. (2), the amplitudes of / =2 consist of the left- and
right- handed contributions: A, = A,; + A,z and A, =
Ayr + Ayg. Thus, the large imaginary part of V&, /VL,
suggested by the analysis in Sec. II implies a possibility of
CP violation in the / = 2 channel. We neglect the electro-
weak penguins in the following analysis because effects of
the RHC are expected to be larger than them.

The direct CP asymmetry in BT — 77 z°, which van-
ishes in the SM, is written as

1 —|R,,|?
ACP(B+ g 7T+77:0) - | ﬂﬂ|

= 26
1+ [R,,[* (26)

where the effect of the RHC in the I =2 channel is
represented by

1+ Asr/Ayp

R, =——F"F"F"-"7"-7.
1+ A/Ay

(27)

We note that R,, depends on the relative phase of V£, and
VR since we can express the relevant amplitude ratios as

Asr/Ay = |A2R/A2L|€i(¢§_¢§>eiﬁ””, (28)

and

Asr/Agr = |Asr/Asy |€_i(¢§_¢§)€i5’"" (29)

where ¢§(R) = arg(VilgR)*) is the weak phase of the left
(right)-handed current and 6,, denotes a strong phase.
Other CPV observables are also affected by the RHC:

V(14 Rl ).

(30)

1+z

14z

1+7zZ
14z

Cﬂ*ﬂ’ = <1 - |R7m|2

"

Syt =1/1—=C2%, _sin (2(]35 +arg(R,,) + arg <ﬂ> ),
r l+z

(31)

and

732
_Z >/<1 +|R7m|2
2-z

where ¢% is one of the angles of the unitarity triangle in
Fig. 1 and Co, is the counterpart of C,-,- in B — 7°7°.
We note that Co 0 is determined with the time-integrated

CJ‘[OITO = (1 - |R7m|2

2-z|?
22—z )’

(32)
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in B — zx, taken from the

TABLE 1. Experimental data
compilation by HFAG [8].
C][+ﬂ_

Sﬂ*n’

C”(l”(l

Acp(BY — n*2?)

BR(B - ntz™)

-0.31+0.05
—0.66 +0.06

—-0.43 +£0.24
—0.026 £ 0.039
(5.10 £0.19) x 107

BR(B — 7°2%)
BR(B* — 2%

(1.91 +0.225) x 107
(5.48 +0.345) x 107

decay rate of the tagged B — 7%2° process. The exper-
imental data of these observables and relevant CP averaged
branching fractions are summarized in Table I. The phase
@k is extracted from the unitarity triangle construction
indicated in Fig. 1 as ¢ = 84.7° +7.5°.

We determine or constrain R, with these data as shown
in Fig. 3. The abscissa is the CP asymmetry Acp(Bt —
zt7%), which is uniquely related to |R,,| as seen in
Eq. (26), and the ordinate is arg(R,,), which represents
the possible discrepancy in the ¢, measurements between
B — 7z and the unitarity triangle as seen in Eq. (31). A
strong constraint is given for Acp(BT — ztz°), while
arg(R,,) is restricted rather weakly because of the eightfold
ambiguity in the isospin analysis.

The dependence of R, on VR is obtained by evaluating
Asr/A,; in the factorization approximation:

A
TR - 156

Rx
vub ei&,,,,
Aar

33)
1€ (
Vi
where we regard the strong phase o,, as an arbitrary
parameter, since it is expected to be nonzero and cannot

T T T TR

H ' H

150 ;l l\‘ "’l :Ii

S G T SV | [ I 1

100 :,‘* _________________________ -/ ]
RHC 10 1

50 r PUC Catni I\ it d - ]

'E L 't/ “\ i
5 oL Y o2

[ [ \ l,

& EoN A
-50f O A -~ ]
RHC 10

=100 mmmmm e e o]
o - v
N "\ D Wb
=150 ' i
et HE

"' P S R Y R L &
-1.0 -0.5 0.0 0.5 1.0

Acp (B+ >t 7ro)

FIG. 3 (color online). Allowed region of the direct CP
asymmetry and the phase discrepancy in B — zz. The dark
(light) red region is 1o (20). The prediction of the CPV RHC is
also shown: The region between the black dashed ellipse and two
black dashed lines represents the 1o prediction as indicated and
the region between the blue dotted lines is 2o.
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be evaluated by the factorization method. A similar
expression is obtained for A,z/A,, replacing VR /VL:
by its complex conjugate. The details of the calculation
using renormalization group equations (RGE) and the
factorization is relegated in Appendix B 1.

In Fig. 3, taking the strong phase 6, as a free parameter,
we also present the prediction on Acp(Bt — 772°) and
arg(R,,) for the allowed range of V&, /VL, shown in Fig. 2.
If VR /VL, has a significant imaginary part as suggested in
Sec. II, the almost vanishing Acp(B* — n*7°) requires
0., = 0 or z since the direct CP asymmetry in Eq. (26) is
expressed as

Acp(BY — 720

_ —2[Aog/ Az | sin(@F — %) sin b,
1+ 2[Aor/Asp| cos(@ — %) cos 6, + |Asr/Asr |
(34)

and arg(R,,) is sizeable although its measurement suffers
from the eightfold ambiguity mentioned above. Figure 4
shows the p value of ¢4 + arg(R,,)/2 assuming sin §,, =
0 as well as its range predicted for the allowed region of
VR JVL, in Fig. 2. The six-peak structure corresponds to
the eightfold ambiguity since each of the peaks at 127° and
143° consists of two solutions. The rather wide overlap
between the theoretical prediction and the experimentally
allowed region is partly due to the multifold ambiguity, and
shows that both the SM and the scenario of the CPV RHC
are consistent with the present B — 7z data.

B. B - pp

The isospin analysis can be appliedto B — pp asin B —
zz provided that the helicity state of the p mesons is
identified by the angular analysis [20]. The possible final
helicity states are p;p; and prpr, where p; () denotes the
longitudinal (transverse) helicity state of the p meson. The
final state of prpr is a mixture of CP-even and CP-odd

1.0

0.8f

0.6}

p value

0.41

0.2¢

0.0L \&,

¢5 +Arg[R,,/2

FIG. 4 (color online). The p value of ¢5 + arg(R,,)/2 assum-
ing sind,, = 0 (solid line). The 1o (20) prediction of the CPV
RHC is also shown as the shaded region with vertical black
dashed (blue dotted) boundaries.
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states, whereas p; p; is purely CP even as zz. Hence, we
can study CP violation in B — p; p; in a similar manner as
B — zz. We note that BABAR and Belle experiments have
reported the dominance of the longitudinal final states in
Bt — ptp® and B — ptp~. Although a 2.1c difference
between BABAR and Belle in the fraction of the longi-
tudinal state in B — p°p° exists [21], the longitudinal
fraction is likely to be sizeable. Accordingly, we focus
on CP violation in B — p;p; in this work.

As in the above analysis of B — zz, CPV observables
Cpipos Sptprs Co o5 Acp(BT — pf pi) are given in terms of
z, %, R,,,, and ¢%. In addition to these observables, the
mixing-induced CP asymmetry in B — p?p?, denoted as
S 00, is measurable and represented as

PLPL’
S0 =1/1=C% ,sin(24% R 2=t
o =\ 1= G sin | 20 +arg(R,,,, ) +arg| 5— ) ).

(35)

We summarize the experimental values of the CPV param-
eters as well as the relevant branching and longitudinal
fractions (f;’s) in Table II.

These experimental data constrain R, , and the allowed
region is presented in Fig. 5, in which Acp(BT — pfp?)
and arg(R are chosen as axes. It turns out that

. prL) . . . .
the triangles dictated by the isospin relation,

A(B* = pip]) = A(B® = ppp)/V2+A(B® = p)p}),
and the charge-conjugated one are squashed. Hence, only a
two-fold ambiguity remains in the isospin analysis in B —
prpr in contrast to the eightfold one in B — zz. This
reduction of the number of solutions results in a more
stringent restriction on arg(R,, ,, ) as seen in Fig. 5. In other
words, the possible discrepancy in the ¢, determinations
between B — p;p; and the unitarity triangle are con-
strained more strongly.

We evaluate R, ,, in the presence of the CPV RHC using
the RGE and the factorization method as in the case of
B — nm. We obtain A, /A,; as

TABLEII. Experimental data in B — pp, taken from HFAG [8]
unless otherwise indicated.

Cp ~0.06 +0.13
LFL
Syt ~0.05+0.17
LFL
000 02+0.8%0.3
000 03+0.740.2
Acp(B* = pip?) 0.051 % 0.054

BR(B* — p*p°)
BR(B — p'p~)
BR(B — p°p")
fL(BE = p=p?)
fL(B—pTp7)
(B = p°p°)

(24.0 4+ 1.95) x 107°
(24.243.15) x 107°
(0.73 4 0.275) x 1076
0.950 + 0.016 [22,23]
0.977 £ 0.026 [24,25]
0.618 £ 0.118 [22,26]
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FIG. 5 (color online). Allowed region of the direct CP
asymmetry and the possible phase discrepancy in B — p;p; is
shown in the same manner as Fig. 3. The prediction of the CPV
RHC is presented as well. The region between the two black
dashed ovals is 1o and the region surrounded by the blue dotted
one is 2o.

A yRe
e L) e L (36)
Ay Vib

where an independent strong phase &, , 1is introduced.
This calculation is described in Appendix B 2. The pre-
dicted region of R, , for the allowed VX /VL ~shown in
Fig. 2 and arbitrary values of 6, ,, is also depicted in Fig. 5.
One of the two experimentally allowed regions, which is
consistent with the SM, is also compatible with the scenario
of the CPV RHC. In Fig. 6, we present the p value of ¢ +
arg(R, , )/2 assuming sind, , =0 as well as its range
predicted for the allowed region of V& /VL in Fig. 2. The
CPV RHC is consistent with one of the two possible
solutions that is also favored in the SM. One may judge
from Figs. 5 and 6 that the CPV RHC is incompatible with
the experimental data at the 1o level. However this is not the

1.0

0.8+

0.6

p value

0.4+

0.2}

0.0 G 60

¢é + Arg[RﬂL PL]/2

180

FIG. 6 (color online). The p value of ¢4+ arg(R, , )/2
assuming sing, , = 0 and the prediction of the CPV RHC as
in Fig. 4.
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case because of the theoretical uncertainty in the factoriza-
tion. We consider that an uncertainty of a factor of 2 is likely.

C.B - DK

Two quark processes b — ¢us and b — iics (and their
charge conjugates) give rise to B¥ — DK* decays in the SM
and the latter is modified by the » — 1 RHC. We denote the
relevant decay amplitudes in the following manner:

A(B+ — DYK*) = Ap, (37)
A(B* — DOK*) = Agr, eiontoor) (38)
A(B~ — D°K™) = Ay, (39)
A(B~ = D°K™) = Agr_e!~Pox+oox), (40)

where amplitude ratios r,. are defined to be positive. This
decay mode is employed to extract ¢% = arg(VL;) (or y)
of the unitarity triangle in the SM [27-29], in which the
right-handed contribution vanishes and ¢px = ¢5. We
stress that r, = r_ in the SM, but this is not the case in
the presence of the CPV RHC in general. Thus a direct
CP asymmetry,

(BT - D°K*) —T(B~ - D°K~™)
(BT - DOK+) +I'(B™ > DOK_)

Acp(BT = DYK*) =

2 _ 2
2 —r

- , 41
r+r (“41)

is induced in addition to a discrepancy between ¢px and
@%. Among several methods of extracting ¢ in the SM,
we focus on the most powerful one, that is the Dalitz plot
method [29], in which the neutral D meson in B* —
DK* is identified with its Dalitz decay D — Kgntn~.
We extend the method to the case of r, #r_ in the
following.
Amplitudes of the Dalitz decay are written as

A(D° = Ks(pg)n* (p)n(p-)) = Ap(sy.s2).  (42)
A(D® = Kg(px)r* (p)m=(p-)) = Ap(s_.s.).  (43)

where s, = (px+py)? and s_= (px+p_)>. We
neglect small meson-antimeson mixing and CP violation
in the neutral D meson system in the present work. Then,
the differential decay rate of BT — (Ksatzn™),K* is
represented as

dU(B* - (Kgn"n™)pKF)
= |AsPlAp (55, s2)I* + r|Ap (s, 55)
+ 2r Ref{e!Foxtoo) A% (s, 5. )Ap (s, 55 ) }d®,
(44)

where d® is a phase-space factor.
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In the Dalitz plot method, the phase space is divided into 2k bins as illustrated in Fig. 7. The binning is symmetric with

respect to the diagonal line defined by s, = s_, and the ith bin (i =1,2,--

-k) with s, < s_ and the (—i)th bin with

s, > s_ form a symmetric pair. The partial decay rate into the ith bin is written as

— (Kgz*n) pK*)

r = [ are* -

= |Ag*[T; + riTo; + 2r /T T_i{c; cos(£gpg + Spk ) Fs; sin(£gpg + dpk) }]. (45)

and that into the (—i)th bin is

re = [ ar

Ksﬂ'+7l' )DKi)

= |Ap|* [T + rAT4 + 2r /T T_{c; cos(£gpg + Spk) £ 5;8in(£dpx + Spk) ], (46)

where

T, = / d0|Ap (s 5_)P. (47)
+i

S+)]/\/ TT_, (48)

- / dBRe[Ap (s, 5_)Ab (5.
+i

I/NTT, (49)

. / dBIm[Ap (s, . 5.
+i

and we have used ¢; = c_; and s; = —s_;.

The Dalitz distribution |Ap(s,,s_)|* is given by the
flavor-tagged neutral D meson decay and thus 7;’s are
known as well as |Ag|?, which is determined by the flavor
specific D decay in B¥ — DK*. We notice that the number
of unknown quantities (c;, s;, ¥+, ¢pk, and dpg) is 2k + 4,
that of observables (I'%;) is 4k, and in principle, all the
unknown quantities can be determined provided k& > 2. In
particular, we can obtain the direct CP asymmetry in

8O T T Ty
25; 0] é
;
s 15; é
;

0.5F ]

O'o :1 PSS SS SS S S  S SS S ST S S SNY SH S S S S S ' 1:
00 05 10 15 20 25 30
S;

FIG. 7 (color online).
plot method.

An illustration of the binning in the Dalitz

Eq. (41) and the angle discrepancy ¢pg
(extended) Dalitz plot method.

It is possible to improve the analysis by using ¢;’s and
s;’s independently extracted from data at a charm factory
[29]. The entangled D°D° states produced near the thresh-
old exhibit quantum interference that depends on c¢;’s
and s;’s.

In Ref. [30], experimental data of Belle corresponding
to I't,, T,; are shown for the optimized binning [31]
with k = 8. The result for ¢;’s and s;’s by the CLEO
Collaboration [32] is also summarized in Ref. [30]. Using
these data, we obtain a constraint on the direct CP
asymmetry Acp(BT — DK") and the phase disagree-
ment arg(Rpg) [= —2(¢px — ¢5), see Eq. (55) below],
as presented in Fig. 8. Although the restriction is rather
mild at present, we confirm that the extended Dalitz plot

— ¢% with the

1s0f S\ T ;]

e ——————

100} ]

arg(Rpk)
o

-100f ]

i
—————

-150[ [

__________
- =

FIG. 8 (color online). Allowed region of the direct CP
asymmetry and the possible phase discrepancy in B — DK as
in the same manner in Fig. 3. The prediction of the CPV RHC is
also shown. The region between two black dashed ellipses is 1o
prediction as denoted and the whole plane is practically allowed
at the 20 level.
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method does work and we expect a better sensitivity in
the future.

In order for a comparison with the allowed region
in Fig. 8, we evaluate the effect of the CPV RHC on
BT — D°K* and the charge conjugation mode. Their
amplitudes are decomposed into the left- and right- handed
contributions:

A(B* = DOK*) = |A,|e/#5+0L) 1 |Ag|el®5+30)  (50)
and
A(B™ = DK™) = |A|e/~#510L) 1 |Aglel-#5+0r) - (51)

where o7 p denote strong phases. It is convenient to
introduce an amplitude ratio as

, A(B~ > D°K)
3

_ i
A(B* - DK™)

Rpk (52)

Lt /Al
1+ |Ag/A, |5t (53)

where 6 = 8z — ;.. Then, it is straightforward to obtain the
following relations from Egs. (38), (40), and (41):

1= |Rpkl|?
Acp(BT - D°K*) = 1= Roxl- DK|2, (54)
1+ |Rpg
and
dpk = 4’% —arg(Rpk)/2. (55)

The RGE and the factorization approximation gives

(56)

as described in Appendix B 3.

We evaluate Rpg in Eq. (53) for the allowed value of
VR JVL, showninFig. 2 and ¢} determined by the unitarity
triangle taking & as a free parameter. Then, we obtain
theoretical prediction on Acp(BT — D°K™) and arg(Rpx)
as presented in Fig. 8. We find that the scenario of the CPV
RHC is disfavored at the lo level despite the moderate
current experimental constraint though it is not excluded at
20. This is due to the enhancement of the RHC contribution
in the DK mode shown in Eq. (56) compared to those in the
zz and p;p; modes in Egs. (33) and (36). This notable
sensitivity, though it is derived in the factorization approxi-
mation, might play an important role in future experiments in
order to probe or exclude the CPV RHC.

D. Prediction of the MSSM

It has been pointed out that the » — u RHC is induced
by radiative corrections in the MSSM [4,33]. The

PHYSICAL REVIEW D 91, 014033 (2015)

gluino-squark one-loop diagram with simultaneous
insertions of the left-right mixing in the (3,3) compo-
nent of the down-type squark mass matrix (A{4®) and
that in the (1,3) component of the up-type squark mass
matrix (AYRE) gives the dominant contribution and one

obtains

Ay

VR —
LYY

o55Roi", (57)

where the dimensionless mass insertion parameters
are defined by %R =A%ER/M3,y and SEE =
AURL /M3y, and the masses of relevant supersymmet-
ric partners are assumed to be common for simplicity
and denoted by Mgygy-

In Fig. 2, we present VR /VL ~evaluated with VL, in
Eq. (16) and VK in Eq. (57) for [64Rs4RL| = 0.1 and
0.3. We observe that the MSSM contribution is con-
sistent with the current experimental bound from
|V.»| determination and the unitarity triangle within
20 though the best fitted values do not seem to be
realized. A future experiment like SuperKEKB/Belle II
may find a signal of supersymmetry through the b —
u RHC.

IV. CONCLUSION

We have studied the scenario of the b — u right-handed
current. Our analysis combining the present experimental
results for direct |V,,| determination with the unitarity
triangle suggests a significant CPV RHC in the b — u
transition as presented in Fig. 2.

According to this analysis, we have examined CPV
signals in two-body hadronic B decays: B — zx,
B — pp, and B — DK. The expected signals in these
decay modes are new direct CP asymmetries, deviations
of ¢, in B — 7w, pp and that of ¢ in B — DK; they are
depicted in Figs. 3, 5, and 8 as well as the present
experimental constraints. Although the direct CP asym-
metries in B — 7z, pp are strongly constrained, a size-
able deviation of ~50° in ¢, is not excluded. As for
B — DK, the effect of RHC is enhanced by QCD
radiative correction in the factorization approximation.
Hence the rather moderate current experimental bound
tightly restricts the CPV RHC. We have found that the
consistency of the suggested CPV RHC with the present
B — DK data is in between the 1o and 20 levels in the
factorization approximation. The prediction of the
MSSM is also compared to the allowed region of
VR JVL, as shown in Fig. 2.

In conclusion, the b — u right-handed current is a
new physics scenario that is still consistent with the
present experimental data. The suggested large CP
violation gives rise to the new CP violating signals
in hadronic B decays and they may be detected in a
future B factory experiment.
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APPENDIX A: HADRONIC FORM FACTORS
IN B - (np.w)€v
We briefly summarize the hadronic form factors used in
our numerical analysis in the main text.
1.B—>n=n
The hadronic form factor £, (¢*) in Eq. (6) is defined as

(n|lay*b|B) = f(¢*) (Pl + Ph) + f-(¢%)g". (A1)

The result of LCSR is concisely parametrized in the
following form of pole dominance [10]:

I I

‘12/’”7112 1- qz/mfit,

filg?) == (A2)

where r; = 0.744,
and m3, = 40.73 GeV>.

mi =532 GeV, r, =-0.486,

2.B-pw
The form factors in Egs. (9) and (10) are parametrized as

2 r/fl
Al(q ) = A2 (A3)

1 - qz/n/lﬁtl
2 ,/142 '"?2
A = , A4
2(‘] ) 1— qz/m?itzz (1 _ qz/métzg)z ( )
and
7V 7V
V(g*) = 3 S5 (AS)
L—g*/mi- 1-¢*/mg?

The LCSR gives [11] " = 0.240, m> = 37.51 GeV?,
K2 =0.009, r*=0212, my*=40.82 GeV?, r/ =
1.045, ¥ = —0.721, m;- =5.32GeV, m},>=38.34 GeV?
for B—p, and r'=0217, mh*=237.01 GeV?
K2 =0.006, 5 =0.192, mi*=41.24 GeV2, V=
1.006, ¥ = —0.713, m;- =5.32GeV, m},>=37.45GeV?
for B — w.

APPENDIX B: EVALUATION OF AMPLITUDES
BY THE FACTORIZATION

In this appendix, we describe the calculation of
B — zrz, pp, DK amplitudes in the factorization method.

PHYSICAL REVIEW D 91, 014033 (2015)

1. B > nn

The effective four-fermion Hamiltonian that contributes
to the I = 2 channel in B — zx is decomposed into the left
and right pieces as Hep = H; + Hpy, and

Hy = 2\/§GFVudV)u(;[C1X(/4)OIX(/‘)

+ Cox (1) O2x ()] + Hec., (B1)
where X = L, R and u denotes a renormalization scale. The
four-fermion operators are defined by

O = iy dy By, us. (B2)

Osx = iy di By, iy, (B3)
where a and f are color indices. Wilson coefficients C;x
(j = 1,2) are obtained by solving a set of renormalization
group equations in the leading order [34]. The relevant
anomalous dimensions are

a, [—2 6 a, [—16 0
== , == , B4
L 4n< 6 —2) 7k 47r<—6 2) (B4)
for Oj; and O, respectively. As a result, we obtain the
Wilson coefficients at the bottom quark mass scale (m,,):

cutm =5 ([ -l )
=027, (BS)
cutm)=3{[ma] *lae]  pM
(B6)
S
(87)

and

Cor(my) = [Z ((”:v”v))} oo, (BS)

where a,(myz) = 0.118 [16] and m;, = 4.2 GeV [35] are
used. We neglect the gluon penguin operators since they do
not contribute to the / = 2 final state.

The amplitude ratio A,;/A,; is conveniently evaluated
by calculating B* — ztz° amplitudes, (z*7°|Hx|B*),
at u = my,:

014033-10
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G ) )
(mt a0 H | BY) ==L ViuaVE{Cro(my) + Cop (my) /33 (° |y ysul0) (x| by,d|B*)

V2

+{Car(my) + Ci(my) 3} (" y*y5d|0) (2| by, u| BY)),

and

(B9)

G ) _
(70 Hg|BY) = 7’% ViV 2{Cir(my) + Cag(my)/3}(n|aysul0)(z*|bd|B*)

+{Cor(my) + Cig(my)/3}(m* |ty y5d|0) (2" |by, u| B*)],

(B10)

where we have used Fierz rearrangement and ignored annihilation terms and nonfactorizable contributions. The matrix
elements of the vector currents in Eqs. (B9) and (B10) are expressed by the form factors in Eq. (A1) and those of the axial-
vector currents are given by the pion decay constant. The (pseudo)scalar operator in Eq. (B10) is related to the
corresponding (axial-)vector operator using the equation of motion of the quark fields and thus its matrix element is also
written in terms of the form factors (the decay constant). Interestingly, we do not need to specify the values of the form
factors and the decay constant since they disappear in the ratio (zz°|Hg|B*)/(n*#°|H|B*). Hence we obtain

A (7" 2% Hg|BY) _ VE 3 [Cor(my) 4+ Cip(my)/3

Ay (ataOlHL|BY) VI 4| Cy(my) + Cip(my)

where M, denotes the bottom quark pole mass, m,
represents the average current mass of the up and down
quarks, and we employ M, =4.91 GeV [35] and m, =
3.5 MeV [16] in our numerical calculation.

The factorization method described above should be
understood as a crude approximation that provides an order
of magnitude. We consider that an uncertainty of a factor of
2 remains even in the ratio in Eq. (B11). Furthermore it
gives no information on the phase shift by the strong
interaction, and thus we introduce a strong phase in
Eq. (33) by hand.

2.B - pp

The effective four-fermion Hamiltonian for B — 7,
shown in Egs. (B1), (B2), and (B3), also describes the
I =2 amplitudes in B — p;p;. The relevant matrix ele-
ments are evaluated almost in the same way as in the case of
B — 7. We finally obtain

Asg _ {pLpy|Hg|BY)

Ay {pplIHLIBY)
_ _@§C2R(mh) + Cir(mp)/3 _ ~0 91V_§Z
Viz4 Co(my) + Cyp(my) v

(B12)

3.B - DK

The effective Hamiltonian for B* — DK™ and its
charge conjugation is given by Hey = H; + Hy and

Cig(my) + Cop(my)/3 mz T _ 156 Vjufzz . (BIN)
Cor(my) + Cip.(my) myM,, Vib
Hy = 2V2GpV o VE[Cix (1) O1x (1)
+ Cox (1) O2x ()] + Hec., (B13)
where the four-fermion operators are defined by
Oy = &8y*s) By, ug, (B14)
Oax = C0y" st By, k. (B15)

The renormalization of these operators are the same as
those in B — zx in the leading order and hence the Wilson
coefficients are also given by Egs. (BS), (B6), (B7),
and (B8).

Using Fierz rearrangement and ignoring annihilation
terms and nonfactorizable contributions, we evaluate the
amplitude ratio Agx/A; as in the case of B — zx.
Eventually, we obtain

Ar :‘V_ﬁ 2mpy Cop(my) +3Cir(my) _ ool Vi
AL Vﬁ; Mch CQL(mb) +3C1L(mb) Vﬁ; s
(B16)

where M, = 1.77 GeV denotes the charm quark pole mass
[35] and we have neglected the up and strange quark masses.
The quark pole masses emerge when we utilize the equations
of motion of the quark fields in order to evaluate the
contribution of the RHC. We note that the B — K form
factors and the D meson decay constant appearing in each
amplitude Ay cancel outintheratioof Eq. (B16)asin B — 7.
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