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In light of the recent data for B(s) — DE;‘;P and B(S) — D)V decays, we perform a model-independent
phenomenological analysis in the presence of quasielastic rescattering. With the Wilson coefficients
including contributions beyond the standard model, the lifetimes of the B meson and B} — BY mixing are
investigated to clarify correlations among the observables. We show that parameter regions for quasielastic
rescattering, the size of color-suppressed tree amplitudes, and new physics are constrained due to the
lifetime data. As a consequence, it is revealed that this scenario can be tested by the future LHCb

measurement of the width difference in B — B) mixing and semileptonic CP asymmetry.

DOI: 10.1103/PhysRevD.111.095020

I. INTRODUCTION

Decays of B mesons played an important role in testing
the standard model (SM), as well as possible new physics
(NP) contributions. Of the specific decay modes, non-
leptonic channels are rather challenging processes in the
context of strong interactions. A theoretical framework for
these decays can be given by the QCD factorization
(QCDF) approach [1]. In particular, it has been shown
that for decays into heavy-light final states, such as
B, — D*n~, vertex corrections are dominated by hard
gluon exchange for large m,, (see Ref. [2] for the factori-
zation proof in the soft-collinear effective theory).
Furthermore, there exist no penguin or annihilation dia-
grams for the mentioned channel. Owing to this
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observation, B, — Dtz decay is theoretically more trac-
table than those for light-light final states.

Recently, it was pointed out [3] that there are discrep-
ancies between the experimental data' [6] and the pre-
diction of the QCDF approach, where the theoretical
analysis is performed at next-to-next-to-leading order
(NNLO) [7]. It was also found that subleading power
corrections, such as that from the three-particle Fock state
of the light meson, etc., are not large enough to explain the
data.” The mentioned circumstance possibly implies that
final-state interactions (FSIs) [9,10] are required for the
nonleptonic decays and/or NP contributions are present.

In previous works, FSIs were discussed in the Regge
theory [11] and addressed in the QCDF approach [1]. A
phenomenological framework incorporating FSIs was
given by the quasielastic rescattering discussed in
Refs. [12—15]: in the limit of SU(3) symmetry, where

'See Ref. [4] for the recent experimental result. As to the
theoretical side, recent discussion for B — DP decays in regards
to SU(3) breaking was found in Ref. [5].

’In another recent work [8], the analysis was carried out in
light-cone QCD sum rules, giving an alternative prediction to the
QCDF. While explaining the data within uncertainty, it was
commented [8] that the additional investigations are required in
view of the limited precision in the nonperturbative input.

Published by the American Physical Society
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mesons in the same flavor multiplet degenerate, FSIs are
given by a mixing matrix that acts on the amplitudes with
specific final states. An observable effect is a change in the
relative phase between the amplitudes with final states
lying in different SU(3) multiplets, since mixing between
states with different quantum numbers does not occur and
thus it only alters the phases. Formulated in this way, the
quasielastic rescattering gives a tractable approach for
including two-body FSIs.

In Ref. [16], it was shown that, even if the quasielastic
rescattering is incorporated, the puzzle for the branching
ratios cannot be resolved in a reasonable way, in the sense
that color-allowed and color-suppressed processes are not
simultaneously explained, with an overall coefficient of the
color-suppressed tree amplitude treated as a free parameter.
In this circumstance, the possibility that NP is affecting the
short-distance Wilson coefficients is not straightforwardly
ruled out and was investigated [16] with the FSIs, where
parameter regions are more extended as compared to the
case without rescattering. See Refs. [17-20] for further
studies in the context beyond the SM.

It is worth noting that the aforementioned scenario with
NP is supposed to confront constraints from other observ-
ables with nonleptonic transitions. This was pointed out in
Ref. [3] (see also Ref. [21]), while dedicated numeri-
cal results were obtained in Ref. [22]. In particular, the
total widths of the B meson and BY — BY mixing (see
Refs. [23,24] for recent analyses) are considered as con-
straints on the NP scenario. For the former, a lifetime ratio
7(B%)/t(B;) plays a particularly suitable role, since
theoretical uncertainty is better controlled and is charac-
terized by the contribution of Pauli interference.

In this work, we carry out a phenomenological analysis
of By — Df?M in the presence of the quasielastic
rescattering and clarify its correlation with 7(B")/7(By)
and BY — BY mixing. We show that these observables lead
to constraints and/or predictions of the scenario in which
rescattering contributions are involved in B, — ng))M
decays. In particular, it is demonstrated that some of the
model-parameter space is significantly constrained to
explain the observables. As a resulting prediction, the
width difference (AI';) and the semileptonic CP asymme-
try (A4,) are evaluated.

This paper is organized as follows. In Sec. I, a basic
framework for quasielastic rescattering is introduced for
B — DM decays. The constraints from branching ratios on
the model parameters are obtained in an analytical manner
for both b — cuis and b — ciud transitions. The SU(3)
symmetry breaking is considered within the formalism for
the latter processes. In Secs. III and IV, B-meson lifetimes
and B° — B® mixing are respectively discussed. In Sec. V,
the phenomenological analysis is given for the mentioned
observables. The correlation patterns for QCD factorization
parameters and the rescattering angle satisfying the phe-
nomenological constraints are obtained numerically. We

show that this scenario can be testable via A’y and A%
with future LHCb measurements. Finally, concluding
remarks are given in Sec. VI.

II. B - DM DECAYS

In this section, we investigate B-meson nonleptonic
decays into two-body exclusive final states that include a
charmed meson. The effective Hamiltonian relevant for
b = cgyq3 (g = u,c,q; =d,s) is given by

Gr . = 2
o= Gy V¥ et

6
~ Vi Vi, (Z ;0% + chg3)] .(20)

i=3

The definitions of the operators that appear in Eq. (2.1) are
given in Appendix B 1. The radiative QCD corrections to
the Wilson coefficient can be obtained in Ref. [25] and
references therein, with a certain care of the difference in
the notation.

A. Quasielastic rescattering

Here we recapitulate the FSI discussed in Refs. [12—15];
see also Ref. [16]. Decay amplitudes without FSIs are given
by vector notations and classified as Ag; , where S and /,
denote the strangeness and the diagonalized component of
isospin,

A(B® - D*K™)
A-to= ( A(B" - DYR?) )
A(B} - Din™)
A1 = (A(B? — DOKO) ) (22)

The FSIs can be taken into account by the quasielastic

scattering; due to 3 x 8 = 15 + 6 + 3 for the final state that
consists of DII, where IT is an SU(3) octet state, the
rescattering matrix is decomposed as [12—-14]

S1/2 = ¢5|15; a) (15; a| 4 €' |6; b) (6; b|
+ Z lm; c)U (n cl. (2.3)

m,n=33

For the 15 and 6 terms in Eq. (2.3), in the limit of the flavor
symmetry, the final states with definitive quantum numbers
such as isospin do not mix under the FSIs and thus the
rescattering merely alters the phase of the amplitude. In
contrast to this case, for the last term in Eq. (2.3), one needs
to take account of the mixing between 3 and 3’ states in the
presence of the SU(3) singlet state that consists of light
flavors accompanied by a D meson. This is represented as
2 x 2 matrix given by Uyt in Eq. (2.3).

Incorporating the FSIs, the amplitudes in Eq. (2.2) are
modified as
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~1 ol/2
AL = Vb STV, Ay (2.4)
where S;/ ,2 represents the rescattering matrix for specific

quantum numbers, while Vg ; is a diagonal matrix defined
by [15,16]

V_] 0= dlag(l, 1), V] -1 = dlag<l,M> . (25)

’ ’ Ifofk
Due to Eq. (2.5), SU(3) breaking for the rescattering is
included in b — ciid via the decay constants, but not in
b — cus. If we consider the state with S = -1 and I, =0
as an example, the rescattering matrix that mixes DK~
and DK? final states can be obtained from components of
the SU(3) representations,

1

15(S=-1,1=1): —=(|DTK™) + |D°K?)), (2.6
( ) \/5<| ) +|D°K?)).  (2.6)
1 _
6(S=-1,1=0): —(|D*K~) — |D°K?)), 2.7
( ) ﬂ(l ) —ID°K®)),  (2.7)
without antitriplet states. Likewise, the decomposition of
S =1, 1, = —1 can also be obtained. The above relations

are readily solved with respect to [DTK~) and |D°K°). By
acting the matrix in Eq. (2.3) on those states for both § =
—1,1,=0and S =1, I, = -1, one can obtain [12]

S1/2 _S1/2 _ei5ﬁ 1+€i5/ l—ei‘s/
-1,0 7 ~1,-1— 2 1—615/ 1—|—ei5/

>, § = 66— 573,

(2.8)
|

where the overall phase denoted by 633 cancels out when
the branching ratios are calculated. It should be noted that
for the above two choices of strangeness and isospin, the
antitriplet term in Eq. (2.3) is not involved in the discussion.

In the following sections, we also discuss processes with
final states of S =0, 1, =3/2 and S=1, I, = 1, corre-
sponding, e.g., to BY — D%z* and B* — D°K*. These
cases do not undergo the rescattering since there are no
other decay channels that mix together. Hence, the re-

scattering is considered for the §=-1,7, =0 and
S=1,1, =—1 cases (or their CP-conjugate processes)
individually.

B. Branching ratios

In this section, relations constraining parameters of the
QCDF approach and rescattering from branching ratios of
B-meson two-body decays are obtained. For definitiveness,
the discussion of B — DK, which proceeds via b — ciis, is
given first. Subsequently, other processes with b — ciid
transitions are also analyzed. The resulting relations in
Egs. (2.16)—(2.18) and (2.29)—(2.31) play a major role in
the numerical analysis.

1. b — cus

Below, B — DK with the final state that consists
of two pseudoscalars is discussed first. In the presence
of the rescattering, branching ratios of the nonleptonic
decays are

T pen[P — M Mé]

2
rmp

Bri/ = Br[P - MM} = Ve Vi P A [P — MM, (2.9)

with (i,j) = (+,-),(0,0),(0,—), and 7 denoting a lifetime of the initial particle, which is z(B"),z(By),
or 7(By). In Eq. (2.9), pem is @ momentum of either particle in the final state defined in the rest frame of the initial
particle,

1

Pem|P = M M,] = 2y

Vs = (mag, + g, ][ = (g, = myg, ). (2.10)

[

where Tpx and Cpg are color-allowed and -suppressed tree
diagrams, respectively. In the QCDF approach [1], these
amplitudes are evaluated as

In Eq. (2.9), the subscript f represents the presence
of FSIs.

In the case without rescattering, the processes are
represented by topological amplitudes,

~ Tpk = Npkay, Cpx = Nzc)Kagff- (2.14)
A== A[B* - DTK™| = Tpy, (2.11)
A = A[BO  DORY] = C (2.12) In the above relation, NgKC) is a normalization factor that is
= — “DK> : a product of the Fermi constant, the decay constant, and the
o ~ 0w form factor defined in Eq. (A1). For later convenience, we
A =A[B™ —» DK™ =Tpx + Cpk,  (2.13)  introduce the notation
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ay = (N§xas™)/(Ngay). (2.15)

By using the three relations for (i, ;) = (+,—), (0,0),
and (0, —) in Eq. (2.9), one can determine Re(a, ), Im(a,),
and &' with the branching ratio data and a given value of a;.
With the derivation discussed in Appendix A 1, the results
read

_ 777 /7%7)Br’~ — Brt~ — Br®

Re(a,) = ( ) = . (2.16)
Brt— B 00

Im(a,) — + %- |- [Re(@)P. (2.17)

Brt— — Br®
& = Arcsin d = ! = ]—a)DK,
pkVApk + Bpk
Brt~ —Br®

X - — Arcsin

:| Dpg (mod 27[),

prV/ Ak + Bhy
(2.18)
|

TpPen[P = MM,

where the definitions of N pg,Apg, Bpg, and wpg are
given in Appendix A 1. It should be noted that there are
twofold ambiguities for & and the sign of Im(a,). The
solutions in Egs. (2.16)—(2.18) exist only if the following
conditions are satisfied:

Nk #0, (2.19)
Brt— B 00
O O Re(@))? 2 1, (2.20)
NDK
B +— _ B 00
<> T <1 (2.21)

" NpkVAbk +Bhg

The above conditions follow from the derivation procedure
in Appendix A 1.

In what follows, the cases of B — DK* and B — D*K
decays are discussed to obtain relations similar to
Egs. (2.16)—(2.21). For processes including a vector meson
in the final state, a formula for branching ratios analogous
to Eq. (2.9) is

* 2 * 2
B[P — MiMy] = SRRV VP Y AP = MM, (222
TPpcm[P - M Mz] 2 «112
Br [P - M M2] 87rmp |Vcqus ;‘Af[P _)M1M2” . (223)
For the amplitudes in Egs. (2.22) and (2.23), the polarization is factored out as follows:
Af[P = MiM,] = (€ pp) As[P — MiM,).
AP — M M3] = (¢ - pp) As[P — M M) (2.24)
By evaluating the polarization sum,
m 2
Z|€* : pB|2 (_chm> ) (225)
€ mv
the branching ratios in Egs. (2.22) and (2.23) are recast into the forms
P - MM -
Bi(P — pia) = 2Pl = MMl e 170 1p a2, 2.26)
871'mMT
P - MM -
Bi(P — by vy) = “PenlP = MLy 121 g 227)

8rmy,.
MZ

One can also obtain the resulting relations in Eqgs. (2.16)—
(2.21) for B - DK* and B — D*K by simply replacing
D — D* and K — K*, respectively, with the proper
replacement of data for the branching ratio on the rhs.
The definitions of normalization factors for the case
including a vector meson are given in Eqgs. (A2) and (A3).

2. b — cud

By making some replacements in the previous discus-
sions for b — ciis decays, we can also obtain similar results
for b — cud decays. In this case, nonvanishing SU(3)
breaking for the rescattering in Eq. (2.5) must be taken into
account. In addition, mass differences in hadrons for
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normalization factors and phase space need to be consis-
tently included, unlike the case of b — ciis decays, where
the isospin symmetry relates the masses of the relevant
particles. The parameters relevant for SU(3) breaking are
defined in Appendix A 2.

For b — cud, we introduce a normalized coefficient for
color-suppressed tree diagram,
|

(1+ADp) 5B — (1 + Aj)

)[Bre=+ (1 + AppBY] |

a, = (N2'K'ag) /(NP ay). (2.28)

The above object is not to be confused with the one for
b — cus in Eq. (2.15).

In a way analogous to b — cits decays, solutions of the
parameters for b — citd decays are

Re(a,) =

ZND:rﬂ—

2 4
—5 (1 + Ap)AG, (2.29)

i s [Brt=+ (1 + AP))Bro0
Im(z,) = i\/ (1 -+ af P B B
Din~

Brt— (1 +A§},)Br00>
—Wpp,

ND:rlt_ V AZDP+BZDP

Brt=— (1+AS) B

Npirv App+Bpp

& = Arcsin (

xn:—Arcsin( )—a)DP (mod2x),

(2.31)

where the definitions of App(i =1,....5), Nppe,
wpp,App, and Bpp are given in Appendix A 2. It is found
that the twofold ambiguities exist for Egs. (2.30) and (2.31)
and b — cis decays. The solutions in Egs. (2.29)—(2.31)
exist only if the conditions given below are satisfied:

N #0, (2.32)

Brt=+ (1+AS))Br®

(1+4a%5)) 7 —1| = [Re(a,)]* 20
Din~
(2.33)
Brt — (1 + Al))Br®
-1< bP <1. (2.34)

~ Nt VApp + Bpp

As shown in Egs. (A19) and (A20), A%}D vanishes in the
SU(3) limit. Hence, the structures of Eqs. (2.29)—(2.34) for
b — cud are reduced to those for b — ciis in Egs. (2.16)—
(2.21) in the SU(3) limit. It should be noted that the
dependence on heavy-to-light form factors appears solely
from Ag}, in Eq. (A19).

For other b — ciid decays including a vector meson, the
result corresponding to B — D*P can be obtained by the
replacement of D — D*, while the one for B — DV decay
can be given by P—-V,K—-K*, and 7 —p in
Egs. (2.29)—(2.34).

1] - [Re(a)]?, (2.30)

[
III. LIFETIMES OF B MESONS

In this section, we recapitulate how the total width of
beauty mesons is evaluated at leading order (LO) in QCD.
This observable is analyzed by means of the heavy quark
expansion (HQE): after the correlation functions are
computed in the Euclidean domain, the expression is
analytically continued to the Minkowski region, leading
to the 1/m,, expansion for the observable. See Refs. [23,26]
for the recent works within the SM.

We restrict ourselves to the isospin limit, where pu,, ug
for B, are identical to those for BT. With ¢ = u,d and
B, = B, the total width is written as

[(B,) = [>auak 4 pyauk, (3.1)

The lifetime ratio is calculated from the above objects,

T(B+ - F(B"")_F(B )_ Fi*qﬂark_r4»quark
T(Bd)_l_ I'(B*) “=l- F(B+)d (3.2)

In the isospin limit for the matrix elements, 7(B™)/z(B,) — 1
is proportional to the spectator effect. In what follows, the
two terms in Eq. (3.1) are discussed.

A. Two-quark operators

In the limit of the isospin symmetry, [*9¥% in Eq. (3.1)
does not depend on the label of g. The contributions from
two-quark operators in the above equation are classified by
the nonleptonic and semileptonic pieces,

[2-auark — ZFNL(b —cgrq3) + ZFSL(b —cfr), (3.3)
92,93 ¢

where the summations are taken for all of the possible
combinations with ¢, = u,c, g3 =d, s,and Z = e, u, 7. It
should be noted that the » — u transition, neglected in
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Eq. (3.3), is Cabibbo suppressed, while larger contributions
arise from b — c. The partial widths that appear in Eq. (3.3)
are expanded by 1/m,, leading to

I_‘O|Vcbv |2

Inu(b = ¢gaq3) = @045

2
X (Cﬂh‘h 4 C“]z‘]x + CC(hlh HG)
m

b mh
(3.4)

L (b — D) = F0|Vcb|2<cf€”+ccfy +C6ﬂ )
mb
(3.5)

where [y = G2m3/ (1927r ). The matrix elements of the
two-quark operators, y2 and u%, are defined in Eq. (B10).
Furthermore, the nonleptonic coefficients in Eq. (3.4) stem
from quadratic combinations of the |AB|=1 Wilson
coefficients,

Ci2% =330 + 210,01 +33C P, (3.6)
where [ =LP, n, G. In Eq. (3.6), the contribu-
tion of NP is contained only in ¢; and c,, while

sz c?
Ty = F b|VLqud 2f2mp(1 —Z)z{<§1+2c1c2+3c2> K )

quf]%(z j=1,2,1=LP,n,G) can be obtained in pre-

vious works, e.g., Ref. [27] and references therein.

B. Four-quark operators

The contribution of the spectator effect in Eq. (3.1) is
rewritten as

quark -quark
Lo =T T =T,

where int and ann represent the Pauli interference and weak
annihilation, respectively. The above objects are propor-
tional to the matrix elements of four-quark operators
defined in Eqgs. (B11)-(B18). In the case of dimension-
six contributions, the matrix elements can be obtained from
Ref. [28], while dimension-seven operators are evaluated
via the vacuum insertion approximation, leading to [29]

(3.7)

Grm?
Fint_ F hl Cqud mB(l—Z) {(C%+C%+6CIC2)

1+z 1\ /m?
X{BI—G_;J (1)) o+ i}

(3.8)

- (1+22)B,

IR ) M O A

In the above relations, z represents (m./m;,)>.

IV. BY - B) MIXING

In this section, observables for neutral meson mixing of
beauty mesons are discussed. In previous works, NP
contributions to the width differences in the D°— D°
and B? — BY mixings were discussed in Refs. [30-32].
Moreover, CP violation in the B’ — B® mixing was also
investigated beyond the SM in Refs. [32—-40].

A. Dispersive part and absorptive part
The dispersive part for the BY — BY mixing amplitude in
the SM is dominated by the contribution of intermediate top
quarks. In this case, an expression where external quark
momenta and masses are neglected, represented by the
Inami-Lim function [41],

G2 M? rhz(m )
My = le—”szBdf%d [’I(ﬂb)]VLLB?(/‘QSo( ]IW%VI )
X (V;kbvtd)27 (4.1)

3x3 Inx
2(1—x)*’

4x — 11x2 + &3
4(1 - x)?

So(x) = (4.2)

gives an excellent approximation.

For the absorptive part, the theoretical analysis can be
performed by HQE, analogously to the total width of B
mesons. In contrast to the case of the total width, the
leading contribution to the width difference arises from
four-quark operators. At next-to-leading order (NLO)
in power corrections (1/my,), the width difference in the
B° — B® mixing is obtained [42-44].” The SM contribution
to I'; in the BY — BY mixing with NLO power correction is
given by [43]

Gymj,
24 mB
+ 5™ (u2) (BS|O4|BY) + 81,].

Ty =- [ (u2) (BY O |BY)

(4.3)
The expressions for the coefficients are given by [43]

*See also NNLO in the power correction (1/m3) in Ref. [32].
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M = (Vi Via)? D +2V3,VeaVip Via(DE = DY) + (Vi Vea (D + D =2D5"),  (k=1.2)  (44)
811 = (ViyVia 81t + 2V VeaVi Va8 = 810) + (VipVea) (810 + 8551 — 267110 (4.5)
For (q,,¢2) = (c,c¢),(c,u), and (u,u) with k =1, 2,
le aS 2
D" (up) = Z ci(ur)cj(u )FZ‘f,“ (15 12) +E[cl(u1)]2PZ.‘{% (w1, 12)
ij=12
a

+ICICS(Pk18+Pk18 +ZZCC (P{, + PlZ,). (4.6)

The phase-space functions were calculated in Refs. [43,45]
at the precision of NLO in QCD. It should be noted that in
our notation of ¢; and c¢,, we need to replace the indices
1 - 2and?2 — 1 for i, j in Refs. [43,45]. The phase-space
integral proportional to the quadratic term with respect to ¢,
and ¢, is decomposed by the LO and NLO parts in QCD,

F a2 mix — ANz ;mix 4+ = s B9142: smix

k.ij k.ij A k.ij (47)

Al M and Bl MX in Bq. (4.7), as well as the phase-
space functions related to the penguin operators in
Eq. (4.6), can be extracted from Ref. [43], while Di”’mix
can be extracted from Ref. [45].

The dimension-seven contributions were also obtained in

Ref. [43],

5iod =1 —4z{<1 T 22)[Ka((RY) + 2(Re))

— 2K, ((RY) + (R4))]
- P KRy < 2(RY) + 26T (49

5i1d = (1 - z>2{<1 1 22) [Ka((RY) + 2(RE)

~ 2K, ((RY) + (RD)
- 5 Ikt + 200 + 200040 (49)
511 = Ka((RY) +2(RD) - 2K, (R + (L)), (4.10)

with K| = 3¢3 + 2¢,¢; and K, = ¢?. The width difference
in the B, system is given by [43]

Iy
AT, = =2|M,,|R 4.11
d |M | e<M ) ( )

21

i=12r=3.6

B. CP violation

CP violation in the BY — BY mixing can be measured in,
e.g., the semileptonic CP asymmetry, given by
t) - f+l/fX] —N[Bd(l) —)f_l_/fx]
[) b lxﬂ+l/fX] +N[Bd(t) b f_l_/fX]

no
AgL(z):x[{?dg . (4.12)

B4

where the above object is approximated to an excellent
precision as

. lplal -
SL —

2 r
%zlm<i>. (4.13)
Ip/al” +1a/pl M,

In Eq. (4.13), M, and T'|, are calculated as complex
conjugate of Egs. (4.1) and (4.3).

V. NUMERICAL RESULTS

In the analysis, Re(a,),Im(a,), and & are treated as
parameters determined in the numerical result, since they
are not predictable within the QCDF approach. As to the
color-allowed tree diagram, the coefficient consists of the
SM part and NP contributions,

NP

@ gmb). (5.1)

ay(my) = atM(my,) + P (my,) +

For the SM contribution, the universal value of a3™(m,,) =
1.070 £ 0.012 [16] is adopted, realized to the high pre-
cision [7] at NNLO. Contributions beyond the SM are
included at the scale of u = My,

ci(My) = cM(My) + P (My)

(i=1,2), (5.2)
while the Wilson coefficients of the (chromomagnetic)
penguin operators are fixed to the SM values at the same
scale. Here ¢ (My,) (i = 1,2) in Eq. (5.2) is set to a real-
valued parameter and is taken as independent of the flavors,
which universally affect b — cg,q3 for ¢, = u, ¢ and
gz = d, s. With Eq. (5.2), the radiative corrections are
discussed separately for the SM and NP, where LO is

sufficiently accurate for NP,
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c5®(my,) AP (My)
(LO) can be obtained as it is

In the above relation, U
customarily done [25].

In what follows, the detail of the numerical investigation
is outlined; for definitiveness, one of the six categories in
Table I is discussed, while the other five cases are analyzed
in a similar way. We first generate a value of a;(m,)
randomly from the range

0 < a;(my) < af™, (5.4)
with the upper limit selected to cover the relevant parameter
range, a™ = 1.15. As a next step, we generate Br'/ with
(i’ ]) = (+’ _>’ (0’ 0)’ (07 _)’ VCh? fT’ fC’ and fB_)D’Jr_ as
random Gaussian numbers. Here, f;(fc) represents a
decay constant for a meson that is emitted from the W
|

Clz\IP(MW) =

LO LO
a,(m,) = aM(m,) = (U + US® /3)e\P (My)

boson in the color-allowed (color-suppressed) tree process,
while f2~P-~ represents heavy-to-heavy form factors with
proper charge assignment in the final state. The central
value and uncertainty for Br'/ are given in Table I, while
those for the other ones are given in Table II of Appendix C.

With the generated parameters, Re(a,), Im(a,), and &
are computed from Egs. (2.16)—(2.18) or (2.29)—(2.31),
with the choice of overall signs in Eqgs. (2.17) and (2.30)
and the twofold ambiguity of & in Egs. (2.18) and (2.31)
selected randomly with a large sampling number. At this
stage, we properly remove the parameter set that does not
satisfy Egs. (2.19)—(2.21) or (2.32)—(2.34) in such a way to
ensure the existence of the solutions.

It should be noted that ¢¥(My,) and cX*(My) are not
simultaneously determined by the given value of a;(m,) in
Eq. (5.1). In view of this aspect, c}¥(My/) is computed
from the fixed values of a,(m;) and c\P(My), via the
relation in Eq. (5.1), i.e.,

This means that the possible values of cYF(My,) are
scanned in the parameter space. For a$™ (m,,), its imaginary
part arises solely from the radiative correction [1,7] and is
negligible to high accuracy for our current purpose.

The 7(B*1)/7(By) in the presence of NP can be evaluated
from cP(My) and cYF(My). In analyzing the lifetime
ratio, input parameters including the heavy-quark mass and
power correction parameters in the heavy quark effective
theory (HQET) are adopted from Ref. [47] in the kinetic
scheme [48,49]. As to the value in the SM at NLO QCD,
the recent result [26] is

[T(m)

T(Bg)} SM,NLO

= 1.08170014. (5.6)

U + U3

. (5.5)

|
We adopt the central value and the larger side of the
uncertainty in Eq. (5.6). For the interference terms between
SM and NP contributions, as well as the terms purely
originating from NP, we consider the LO accuracy in QCD
corrections with ¢$M(m;,) = 1.098 and 3M(m,,) = —0.231,
which can be obtained with Ref. [25]. The same accuracy is
used in the numerical analysis of B, — B, mixing. For the
charm-quark mass input, the /m.(m,.) is converted to one at
3 GeV via RunDec [58], leading to m,. = 0.985 GeV.

One can define y* to impose the constraints on the
parameters of the NP scenario [22]. In our analysis, the
following > functions are introduced:

0,0),(0,— ii ij
)(2 — ( i : Br]_B”rcjent 2+ |Vcb|_‘vcb|cent 2+ fT
WA\ B 8|Vl

=+

2 2

[2(B")/7(Ba)]iwn = [2(B7)/7(Ba)lexp

_fT,cent 2+ fC_fC,cem 2+ fB_)D’+__ ge:tDﬂ-— :
ofr ofc o)

(5.7)

A(B) =X

U\ fole(B) /(B + 0le(B) /2(Ba) g

(5.8)

It should be noted that )(%A) does not include the 7(B")/z(B™) constraint, while )(%m does. The above two quan-

tities are evaluated based on the parameters generated from the Gaussian distribution, as described before. This ana-
lysis is not the minimization procedure and instead scans the parameter region [22] in the present case, inclu-
ding rescattering for the exclusive decays. In Eq. (5.7), (--+).n represents the central value of relevant quantities,

095020-8



*
B — DES))M DECAYS IN THE ... PHYS. REV. D 111, 095020 (2025)
r — ] T S —
12f B DP (b~ cd) 1 12 B~ DP (b~ cid) B—DP (b cid)
r . 8% CL ] r mm 68% CL . 68% CL
Lo~ 95% CL Lo 95% CL ] g
[ 1 C 1 5
0sf 0sf ] g
— F — 1 = 5
[ Q9 1 = 5
= 06 = 0.6 1 < 8
L i < E n
04 ] 04f [sM] :
0.2_— c{\F(I\/fw)= —~0.3 X ] 0.2 o cfvp(b;’u')= ~03 1 7
0. c. . sy ey sy 18 OG- PRSI NS RS R SNSRI S S
.0 . Il 1
0.0 02 0.4 0.6 08 10 0.0 0.2 0.4 0.6 038 10 T s
ai(my) aj(my) AT,/Ty
r — — T L o o T S L A < . e o
L12f B DP (b~ cid) 12F B~ DP (b~ cid) B DP (b cid)
r . 68% CL N . 68%CL . 63% CL
10~ 95%CL Lof- 95% CL b
[ 1 C ] 5
0sf 0sf g
_ I N T |
& & F S 5
= 06 = 06 3 F
n N 3 é i
04 ] 04f :
0:...1...1...|...|.....: 0:..‘1...|...|...|...‘. ‘
0.0 02 0.4 0.6 0.8 1.0 %0 02 0.4 0.6 0.8 1.0 o - o s oo
ay(my) ai(my) AT4/Ty
A B e < L — T —
L2 B—DP (b— cud) 12~ B— DP (b~ cud) B DP (b~ cid)
[ . 68% CL r . 68% CL . 68% CL
Lo 95% CL Lo 95%CL 7 ]
[ 1 C ] %
0sf 0sf g
= F = F T £
[ & F g A
= o6 = o6 3 H
L C E ]
04~ 04f z
[ ] C M (My)= — 0.9
0.0 02 0.4 0.6 08 10 0.0 0.2 0.4 0.6 038 L0 0010 3018 )
ay(mp) ay(mp) ATy/T4
FIG. 1. Left column: parameter regions that satisfy the phenomenological constraints without 7(B™) /z(B,), for the a; (m,,) versus |a,|

plane. Middle column: parameter regions that satisfy the constraints including 7(B™)/z(B,) in addition to those in left column. See the
main text for details. The blue bands represent a$™(m;,) = 1.070 £ 0.012 [16], universal to the high precision [7] at NNLO. The red and
pink points represent the regions where the constraints are satisfied at 16 and 2o confidence levels, respectively. Right column:
predictions for AI';/T"; and A¢, that satisfy the phenomenological constraints including the 7(B*)/7(B,) data. The central value for the
SM prediction is given by a black point, while the yellow and light purple bands represent the current HFLAV 1o ranges [62]. The future
experimental uncertainties [63,64], where the central values are assumed to remain unchanged from those in HFLAV [62], are
represented as purple and green bands. The upper, middle, and lower rows, respectively, represent the results with

NP(My) = —0.3,-0.63, and —0.9.

while 6(---) stands for its uncertainty given in
Tables I and II. The heavy-to-light form factors are set
to their central values and not included in Egs. (5.7) and
(5.8) since the branching ratios have rather weak depend-
ence on those quantities, which are accompanied by SU(3)
breaking, as given in Ag,), in Eq. (A19). As for |V . | cene and
8|V.p| in Eq. (5.7), we use the value obtained by the
exclusive fitting [51] exhibited in Table II. In Eq. (5.8), the
larger theoretical uncertainty of the lifetime ratio in
Eq. (5.6) is adopted as &[z(B")/z(By)]y = 0.016. The
experimental data from the Heavy Flavor Averaging
Group (HFLAV) are set to [z(B")/7(By)]ex, = 1.078 and

8[z(BT)/7(By)]exp, = 0.004.

]exp

Assembling the mentioned procedure, )(%A) and ;(23) can
be calculated with d.o.f. equal to 7 and 8, respectivefy. The
values of )(%A) ~ 8.18()(%A) ~ 14.3) and ;(%B) ~ 9.30(;((23) ~
15.8) are used to determine the 16 (20) region that satisfies
the phenomenological constraints. Furthermore, AI'; and
A, are evaluated as resulting predictions satisfying the
mentioned constraints. The explained routine is repeated
with a number of random values for a,(m;) in Eq. (5.4).
Furthermore, different fixed values of ¢\'*(My,) are inves-
tigated in the following results.

The input parameters to compute the B) — BY mixing are
displayed in Table II. The bottom-quark mass and charm-
quark mass are fixed to m,(m;,) and m.(m,), respectively,
while the top-quark mass is set to m,(m,). In order to get
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Plots similar to the middle column of Fig. 1 except that six different types of final states are analyzed, with fixed

NP(My) = —0.6. The constraint of the 7(B")/z(B,) data is included in the individual plots.

m.(my) and m,(m,), the respective inputs are converted via
RunDec [58], giving m.(m;) = 0.942 GeV and m,(m,) =
163.3 GeV. This procedure is used to compute the con-
tributions induced by NP with the operator basis in
Appendix B 2.* As for the SM contribution, we use [61]

[AT]qp = (2.7 £0.4) x 1072 ps~!,

(A% Jom = —(5.1£0.5) x 1074, (5.9)

“In Ref. [59] (see also the review in Ref. [60]), the new
operator basis was discussed. This leads to a difference in which
operator is treated as the leading power one.

For the experimental data of AI';/T"; and Ag’L, the current
values are given by HFLAV [62],

Fd :|HFLAV
[A, liray = —0.0021 £+ 0.0017.

[Ard =0.001 £ 0.010,

(5.10)

For the latter two quantities, the experimental uncertainties
are much larger than the theoretical central values in
Eq. (5.9). As for the future experimental projection, an
improvement of (statistical) uncertainty is expected for
AT";/T; via upgrade II in the LHCb measurement [63].
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included in the individual plots.

Moreover, the uncertainty of Ag is also reduced due to
Runs 1-5 (300 fb~') data at LHCb [64]. Those future
projections read

5<&> =1x1073,
Fd future

5("4LSiL)fulure =2x 10_4- (511)

The above numerics are adopted as the reference values,
assuming that the corresponding central values are
unchanged from the current HFLAV data.
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Plots similar to Fig. 2 with the vertical axes replaced by &, the rescattering angle. The constraint of the 7(B™)/z(B,) data is

In order to exhibit how the z(B")/z(B") constraint
works, we consider three choices of parameters:
ANP(My) = -0.3,-0.63, and —0.9. For illustrative pur-
poses, we first take B — DP for the b — cid transition. In
the left column of Fig. 1, the allowed parameter regions that
satisfy the phenomenological constraints without the
7(B")/7(B;) data based on Eq. (5.7) are exhibited for
the a,(my;) versus |a,| plane. These three plots are to be
contrasted with those in the middle column in Fig. 1, which
account for the 7(B™1)/z(B,) constraint in addition to those
in left column, based on Eq. (5.8). The middle column
panels give an improved result compared with Ref. [16],
since the constraint of the lifetime ratio is included.
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Comparing the left and middle columns of Fig. 1, one
immediately finds that how stringent the lifetime constraint
is depends crucially on the choice of the NP parameters.
Among the displayed results, ¢\'P(My) = —0.3, corre-
sponding to the upper-left and upper-middle panels, gives
aresult that is most significantly constrained by the lifetime
ratio. However, for the case of c\F(My) = -0.9, the
lifetime constraint works weakly, as shown in the lower-
left and lower-middle panels in Fig. 1.

Furthermore, in the right column of Fig. 1, the resulting
predictions for BY — BY mixing are exhibited. The results
are based on the parameter region that satisfies the
phenomenological constraints including 7(B")/z(B,) for
68% CL. In order to compute AI';/T;, the formula in
Eq. (4.11) and the HFLAV lifetime of B, in Eq. (C1) are
used. Among the plotted choices of ¥ (My,), —0.3 gives a
prediction that is closest to the SM, while the deviation
range from the SM becomes wider for ¢}¥(My,) = —0.63
and —0.9. As can be seen in the middle-right and lower-
right panels, the resulting variation ranges are larger than
the future size of the experimental uncertainties. Hence, we
conclude that this type of scenario, where NP contributions
are involved in the presence of rescattering, can be testable
via future LHCb measurements. In Fig. 2, the results
similar to the middle column of Fig. 1, except that six
different types of final states are analyzed with fixed
P(My) = —0.6. As shown in the plots, the patterns of
the constrained parameter regions are different individually.
Moreover, plots showing the correlation between a;(m,)
and & are displayed in Fig. 3. It should be noted that the
constraint from z(B")/z(B,) is included in all plots in
Figs. 2 and 3. As can be seen from the plots, the rescattering
angle gives a pattern characterized by the sign choice and
twofold ambiguity, as explained before.

VI. SUMMARY

In this work, the phenomenological analysis of B - DM
decays in the presence of quasielastic rescattering was
carried out via a model-independent manner, which in
general includes the contributions of NP. The rescattering
phase and coefficient of the color-suppressed tree diagram
(denoted as aS) were analytically constrained by the
experimental data of the branching ratios and theoretical
inputs such as form factors. These feasible restrictions were
applied for the final states with S =-1,1, =0 and
S=1,1, =—1, where the branching ratios are altered
only by the relative phase between &s and &5. The
numerical results were given for the two-body nonleptonic
decays of B(,) — DE;) P and B(;) — D,V in a systematic
way. For both b — ciis and b — cid, the set of the
constraining relations were obtained, where the latter

includes the SU(3) breaking from the decay constants
and masses.

We included the B-meson lifetime ratio to impose
constraints on the phenomenological discussion of B —
DM in the presence of the quasielastic rescattering. These
observables are correlated with B — DM due to the non-
leptonic Wilson coefficients. For the NP contributions, we
considered the model-independent modification of the
Wilson coefficients for the current-current operators,
denoted as ¢, and c¢,. Depending on the parameter space,
we found that the lifetime ratio can give a stringent bound
on the rescattering and NP parameters, as the NP contri-
bution modifies Pauli interference, affecting the lifetime
difference between B' and B,. Meanwhile, it was also
found that some specific parameter sets, such as
AP (My) = 0.9 with ¢YF(Myy) varied, are rather weakly
constrained by the lifetime ratio. Based on this methodo-
logy, the allowed parameter regions for a; (m,,), asit, and &
were discussed, where the correlations between them were
clarified numerically.

Furthermore, the width difference and CP violation in
BY — BY mixing, where the latter is measured via the
semileptonic asymmetry, were analyzed as predictions that
satisfy the phenomenological constraints, such as
7(B")/7(B,) and Br[B — DM]. We found that for some
specific choices of Wilson coefficients from NP, the two
mentioned observables can be considerably shifted from
the SM predictions. This deviation size is larger than the
future uncertainties in the LHCb experiment [63,64], and
thus the considered scenario, in which the rescattering and
beyond-the-SM contributions are involved, is testable via
future measurements.
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APPENDIX A: DETERMINATIONS OF a, AND §’
FROM EXPERIMENTAL DATA
1. b — cus

Here, the derivations of Egs. (2.16)—(2.18) are given. The
coefficients in Eq. (2.14) are defined by
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Gr
Npx = —5 (my = mp)fx F§P (mi),

V2

G .
NIT)*K = lsz*fKAgD (m%()

V2

G
N;I;K* = —Fme*fK*FﬁD<m%(*),

V2

In what follows, we consider B-meson decays into two
pseudoscalars for definitiveness, unless otherwise speci-
fied. In the presence of quasielastic rescattering, amplitudes
are given by

1 i 1= i )
A}—_ = NIT)Kal ( +26 + (32 26 >e"sﬁ, <A4)

1= i 1 i )
./400 = NgKal ( 26 + £_12 +26 )elﬁﬁ’ (AS)

A = Nhear(1+ ). (46)
One can find that dependence on the heavy-to-light form
factors is absorbed by a,, so that Eqs. (A4)—(A6) can be
evaluated solely by the heavy-to-heavy form factors. This is
not the case for b — ciud decays, as explicitly shown later.

It should be noted that the overall phase in Eqgs. (A4)—
(A6) cancels out when being squared for the evaluation of
decay rates. By substituting Eqs. (A4)—-(A6) into Eq. (2.9),
one can obtain the branching ratios

G
NGk = 7% (3, = m) foFEK (m3), (A1)
G
NG = 7%2mD*fD*F§K(m2D*), (A2)
G .
NSy = 7%2,11,(* FpAEK (m3). (A3)
7t Brf-
=1+ |a|*+2Re(a,), A9
= N px |as| (@) (A9)

where the following objects are introduced:

TpPem|[P = M M))] c 2(NT. \2[ 12
NDK - 87rm%, |Vcbvus (NMIMZ) |d1| ’
(A10)
3 *
TpP [P - M Mﬂ
Npx = Cmgﬂm%ﬁ ] |VcbV§s|2(N1€17M2)2|a1 2,
1
(Al1)
3 *
TpPem|P = MM .
NDK* - P cm[ ] 2} |Vchvus|2(N1{41M;)2|al|2'

2
8rm w;

(A12)

Furthermore, the following variables are introduced:

Bri— 1 & 1—cosd _
r_ 180 14, Pt im(ay)sing, (A7) Apg = 21m(ay), (A13)
~ 2
Br® 1-cosd ,_ ,,14cosd L Bpg =1~ lasf", (Al4)
Nox 2 +ay? > —Im(a,)sind’, (AS)
|
Arcsin <%> for Apg > 0,
VAbk By -
Wpg = (AIS)
. . BDK
zsign(Bpg) — Arcsin (m) for Apg < 0.
|
By rewriting the three relations in Egs. (A7)—-(A9) in terms related to SU(3) breaking,
of Re(a,),Im(a,) and &', one can obtain Egs. (2.16)—(2.18) - 050
if the conditions of Eqs. (2.19)~(2.21) are satisfied. _IpJs _ PemlBs - D°K7] o
Ipp Fofx 'pp = o )
pJk

2.b — cud

The derivation of Egs. (2.29)-(2.31) is given in a way
similar to b — ciis decays, except that the SU(3) breaking
should be taken into account. We introduce parameters

fD§fn'

ipp = >
fof
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R (A e
bV = fofx’ oY mgo)  pim[BY = Dip7]’
(A18)
A(l) _ N?;ﬂ’ Ngﬂfr _IND;r;-;—TO___l
o= \NFENEF) N
1 NPT ND'T
App =L =C : A19
DP Z%)P N?O” NgOKO ( )

On the basis of the previously introduced notations, the
decay amplitudes for b — ciid processes with FSIs can be
given as follows:

_ 1 i 1— is )
.AAB?—»Djn'] NZT)+_ <+Te—|—zDPZIZTe>e”$T5,

(A21)
. _ONTL it 146\ |
Af[B?-)DOKO}: D= Ll]< ¢ +ZDPa2+—e>gl‘31—5,
Zpp 2 2
(A22)

N} N
- — Dy 07— —
Af[B~ — D’z ] = NT, _a (1 + 7 ng a2>.

DO - DU 0
(A23)

Since a, is defined so as to absorb N2°f<°, the overall
dependence on heavy-to-light form factors vanishes in
Egs. (A21) and (A22), whereas it is included as a prefactor
of a, in Eq. (A23). Furthermore, the following parameters
are introduced:

App = 2zppIm(ay), (A24)

Bpp = 1= zpplas|*. (A25)
The expression of wpp is found by the replacement of
Apx = App and Bpg — Bpp for wpp in Eq. (A15).

By using the SU(3)-breaking parameters, one can write
relations similar to Eqgs. (A7)—(A9) in the case of b — cud
decays, which is omitted here. These relations are solved
with respect to the QCDF approach and the rescattering
parameters, leading to Egs. (2.29)—(2.31) under the con-
ditions of Egs. (2.32)—(2.34).

APPENDIX B: EFFECTIVE WEAK OPERATORS
AND MATRIX ELEMENTS

1. AB =1 processes

The effective operators for the weak Hamiltonian in
Eq. (2.1) are defined by [22]

Q?m = (Eaba)V—A(agqg>V—A7 ng = (Eabﬁ)V—A(ngg)V—A’ (Bl)
B = g50")y_A(@" @)y _a. T = (@50 )y A @4y a (B2)
B =307y A(@ P )y i & = (50" )y A @4y (B3)
3 gS - v a a
g‘ = 872 5 Mpq3 o (1 +75)ta/}b/jG/4w (B4)

where sums over colors denoted by a and f and flavor indices are taken implicitly. For (- -

as y*(1 +ys).

Jvia, the current is represented

As for B-meson decays into an exclusive hadronic state, matrix elements relevant for our work are parametrized by form

factors [1,65],

(P(p) e b|B(p)) = FZ7(g?) [<p Ly

V(P lerysblB(p)) = [<m3 Ty ) ARY () —

€
—sz

ABV 2\ —
3 (q%) 2my

mpg +mv BV

e — m2 e — m2
e Dq"} + FBP(q?) TED g (B3)
q q
i + /MABV 2
m3+mv(p P AT (q7)
q € -q
: qﬂAffV(qz)} w2y 9 g (), (B6)
o Mp—My py, 5
2 VQ , B7
?(q?) oy A2 (4°) (B7)
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where P and V are a pseudoscalar and vector meson,
respectively, with ¢ = p — p’.

2. AB =0 processes

Operators for the AB = 0 transition are divided into two-
quark and four-quark operators. For the former, the
dimension-five operators are defined by [23]

0, = —b,(iD,)(iD*)b,, (B8)

Og = Bi}(iDﬂ><iDv)(_i6ﬂy)bm <B9)
where b(x) = e="™"*p, (x). The matrix elements for the
above operators are

, _ (B|0AIB)

/4

(B0g|B)

B10
o, (B10)

2
2mB ) /’tG

The matrix elements in Eq. (B10) enter our analysis in the
denominator of the second term in Eq. (3.2). As for the

four-quark operators, we introduce [29]

(B, Q4IB,) = 31, By, (B16)
<Bq|Q§]|Bq> :f%?qmlz?qelv (B17)
<Bq|QZ|Bq> :f%qm%qez. (B18)

3. AB =2 processes

Effective operators relevant for Bg - 1_32 mixing are given
by dimension-six operators,

Of: (Lada)va(Eﬂdﬁ)va» Og:(l_?ada)sfp(l;ﬂdﬁ)sfp’

(B19)

Og:([;adﬂ)s-P(Bﬂda)S—w Od:(Bada>s—P(l_7ﬂdﬂ)s+P’

(B20)

Of = (b*d’)s_p(b'd")s . (B21)

as well as those giving 1/m; suppressed contributions
[42,43],

Qi’ = (BQ)V—A@b)V—A» (B11)
m, - _
B} RY =L (b7d®)g_p(DPdP)g,p, B22
01 = (bq)s +(@b)s v B12) F, s P s (B2
hta = 1a | Qe =
Qf = br'q)y-a(q1'b)y-s. (BI3) RY = — [b"D,r(1 = 75)D )67, (1 = y5)g].  (B23)
b
04 = (b1"q)s_p(qt*b)s.p, (B14) |
RY = —[b°D,(1 —y5)D*q%|[bP(1 — A, B24
where (---)q,p represents a bilinear of the form (1 £ ys). P om B0, (1 =rs) D411 = 75)4'] (B24)
The matrix elements for Eqs. (B11)—~(B14) are defined by
RY = [B(1 = 75)iD,q"] B (1 = 75)gf).  (B25)
(B,|Q1IB,) = 13, m}, By (B13) o, S
q q "B, P
The matrix element of the operators are given by
— 8 - 5 mpg 2
d _ %0 2 pd d _ 2 2 d
(BalOf|By) = ngdedB,, (B4|O5|Bg) = —3 /8,5, (M) By, (B26)
- 1 mp 2 — mpg 2
B,|O4B,)) == f% m% | ——<— | BY, B,|O4B,)) =2f% m3 | ——<— ) BY, B27
B0lB) =3 i, (0 ) B (BAOYB) =203, () B (B27)
- 2 mp 2
d _“0 2 d
(Ba|O5|Ba) = ngded (mdemd) Bs, (B28)
— 7md = 2 m%
BaRIIES) = 5t Foi B (BulRBa) = =3 73,3, ("ot 1) (B29)
5 | pd 70 o (M, d 7 | pd ) 5 (M3, d
(Ba|R§|Bg) = ngded m%) -1 Bg.. (Ba|R§|Ba) = _demB,, m}z) -1 Bg, - (B30)
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TABLE L
Belle II [46], while the others are extracted from [6].

Experimental data of branching ratios of B-meson nonleptonic decays. One for B~ — D% is from

B — DP(b — cid)

B — DP(b — ciis)

B — D7a*
BY — DOKO
Bt - DOzt

(2.98 £ 0.14) x 1073
(43 +0.9) x 107
(4.61 £0.10) x 1073

BY - D K+ (2.05£0.08) x 10
B — DYK° (5.5+0.4)x 1073
Bt - DK™ (3.64 +£0.15) x 107

B — D*P(b — cud)

B — D*P(b — cuis)

BY - Di~xt
BY — D*OK°
B* - D0zt

(1.9507) x 1073
(28+1.1)x 107
(5.17 £0.15) x 1073

B - D K* (2.16 = 0.08) x 107
B? — D*K° (3.6 4+ 1.2) x 107
Bt — DK+ (4.197034) x 1074

B — DV(b — ciid)

B — DV (b — ciis)

BY - D;p* (6.8 £1.4) x 1073
BY — DYK*0 (4.44+0.6) x 1074
B~ — D%~ (9.39 £0.21 £ 0.50) x 1073

B - D=K** (454+0.7)x 107*
B® — DK*0 (4.540.6) x 107
BT — DK+ (5.3+£0.4)x 107

It should be noted that the matrix element of R‘f vanishes in
the massless limit of the down quark. As for RY, the
operator is related to other ones [43],

1 1 1., m 1
RZ:Z(’)‘{+§O§+§(’)3‘—m—ZO§+§R§. (B31)

Hence, (B,|R{|B,) can be represented by other matrix
elements, which is used in our numerical result.

APPENDIX C: NUMERICAL INPUT

The experimental values of branching ratios for B —
DM decays are extracted from the 2024 Particle Data

Group publication [6] and given in Table 1. The exper-
imental values of the B-meson lifetimes from HFLAV [62]
are given by

7(B*) = (1.638 + 0.004) ps,
©(By) = (1.519 £ 0.004) ps,
(B,) = (1.520 = 0.005) ps. (C1)

Other input parameters necessary to implement the analysis
are given in Table II.

TABLEIL Input parameters given in units of proper powers of GeV. For the parameters in AB = 0 processes [47], m§", 2, and pZ; are
defined via the kinetic scheme [48,49] with the hard Wilsonian cutoff at 1 GeV. The bag parameters for dimension-six operators relevant
to AB = 2 processes [50] are based on the weighted average of the HQET sum rules and lattice QCD. For the form factors, the numerics
in Table 4 of Ref. [16] are adopted, which are based on the recent phenomenological fit in Ref. [51] for the heavy-to-heavy form factors

and on Refs. [52-54] for the heavy-to-light form factors.

a,(My) 0.1180 + 0.0009 [6]
sin 0, 0.22501 = 0.00068 [6]
sin 63 0.041830 55072 [6]
me(m,) 1.2730 + 0.0046 [6]
miin 4.573 £0.012 [47]
12 0.477 £ 0.056 [47]
B, (my) 1.02870 0% (28]
& (i, —0.107-5058 [28]
BY(imy) 0.835 + 0.028 [50]
BY(imy) 0.775 + 0.054 [50]
BY () 0.994 + 0.037 [50]
B}, 1.07 +0.42 [55]

" 0.1302 + 0.0008 [56]
o 0.2120 £ 0.0007 [56]
Is 0.1900 + 0.0013 [56]
£, 0.213 £ 0.005 [52]

My 80.3692 4 0.0133 [6]
sin®3 0.00373210 S000ee [6]
b 1.147 £ 0.026 [6]
my(my) 4.183 4 0.007 [6]
b 1724 £0.7 [6]
12 0.306 =+ 0.050 [47]
By (imy,) 0.9880 % [28]
& () —0.033 £ 0.021 [28]
B4 (my) 0.791 £ 0.034 [50]
Bd(my,) 1.063 £ 0.041 [50]
B}, 0.89 +0.38 [55]
Gr 1.1663788 x 107 [6]
e 0.1557 + 0.0003 [56]
o, 0.2499 =+ 0.0005 [56]
s, 0.2303 4 0.0013 [56]
fx 0.204 £ 0.007 [52]

(Table continued)
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TABLE II. (Continued)

for 0.24270:020 [57]
FBP(m2) 0.669 £ 0.010 [16]
ABD" (m2) 0.725 £0.014 [16]
FBP (m2) 0.686 = 0.010 [16]
FEX(m3) 0.310 [16]
Fﬁ K(m%*) 0.357 [16]
ABK (m2) 0.438 [16]
IVl 0.97367 + 0.00032 [6]
Vel 0.0397 £ 0.0006 [51]

fo; 0.2937901% [57]
FBP(m%) 0.672 £+ 0.010 [16]
ABD" (m%) 0.732+£0.014 [16]
FBP (m2.) 0.692 £0.010 [16]
FB™(m3) 0.288 [16]
FB*(m3,.) 0.328 [16]
AP (m2) 0.432 [16]

[V s | 0.22431 £ 0.00085 [6]
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