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1 Introduction

The rare decays b — s(d)ll have particular features. These transitions are of the single-
quark flavor-changing neutral current (FCNC) processes, which are forbidden at tree level
in the Standard Model (SM) but mediated by loop processes. Hence, within the SM, the
b — s(d)ll amplitudes are greatly suppressed. The situation is different for the standard
model extensions, where many new particles beyond the SM are predicted. These new
particles can virtually entry the loops relevant to FCNC processes or induce the transitions
at tree level, which makes that the observables predicted in the standard model extensions
may significantly deviate from the ones in the SM. This sensitive nature to the effects
beyond the SM can be exploited as a tool for stringently testing the SM and indirectly
hunting the New Physics (NP).

In literatures, the b — sll processes were extensively analyzed in the decays B —
K®]l. Tn recent years, the decays B — K;(1270,1400)ll [1], B — K(1430)ll [2-9] and
B — K3(1430)11 [8, 10-21] have also been emphasized. However, according to ref. [22], the
mass differences among the Kg*)s, where KS*)S denote the mesons K7(1270), K;(1400),
K;(1430) and K5(1430), are small and their widths are rather wide. This leads to the
problem that the observables in a certain kinematic region may receive contributions from
several different channels and it is not easy to separate them confidently. For instance, as
estimated in ref. [8], at my, ~ 1.4 GeV, the longitudinal differential branching fraction
dBrp(B — Kmll)/dm? _ is affected by the channels B — K{(1430)ll, B — K3(1430)Il,
B — K*(1680)ll and B — K*(1410)Il un-negligibly. But this situation will be ameliorated,

if the decays B, — DS])ZZ are investigated. Compared with the K 5*)8, the mass differences

(%)

among the D ST, mesons are bigger and their widths are much narrower [22]. These features
are helpful in reducing the interferences among the different channels. Hence in this paper,
we are motivated to investigate the processes B, — Dg?l[ .

In the previous works [23, 24], the process B, — D,(2317)ll was calculated including
only the b — sl effects, whose typical Feynman diagrams are Box and Penguin (BP)
diagrams, as plotted in figures 1 (a,b). However, besides the BP effects, the Annihilation
(Ann) diagrams, as shown in figure 1 (c), also make un-negligible contributions. On one
hand, both BP and Ann diagrams are of order O(ae,,Gf) and the ratio of their CKM
matrix elements is \VCEVCS(d)VH/;’;(d)Wb\ ~ 1. On the other hand, from figure 1 (c), we see
that the color factors of Ann diagrams are 3 times larger than those of BP diagrams. Thus,
when the decay B, — D?,(2317)ll is analyzed, it is necessary to include the Ann effects.

In addition to the BP and Ann effects, the process B, — D7(2317)Il is also influenced
by resonance cascade processes, such as B. — D%*,(2317)J /1 (¢(25)) — D?,(2317)ll. Their
typical Feynman diagrams are illustrated in figures 1 (d, e). Transition amplitudes of these
diagrams in the area ml2i ~ m?] b (0(29)) always become much larger than the BP and Ann
ones. Hence, to avoid overwhelming the BP and Ann contributions, the regions around
ml2i ~m? I (p(2s)) Should be experimentally removed. In ref. [23], the regions [25], which
are defined through comparing the BP and color-suppressed (CS) cascade contributions,
are employed. However, in the B. — D?,(2317)Il process, both the color-favored (CF) and
CS diagrams exist. Furthermore, the CF transition amplitudes are expected to be larger
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Figure 1. Typical diagrams of B, — Diz)(]ll_ process. In annihilation diagrams (c) the photon
can be emitted from each quark, denoted by &), and decays to the lepton pair.

than the CS ones by a 3 times larger color factor approximately. Thus, it is necessary to
redefine these regions with both CF and CS cascade influences.

So in this paper, we investigate B. — D;(2317)Il transition including BP, Ann, CS
and CF contributions. In addition, in order to give a more comprehensive discussion on the
semi-leptonic rare decays of B, the processes B, — Dy1(2460,2536)ll, B. — D:2(2573)ll_
and B, — DS*)ZZ are also analyzed.

In our calculations, the low-energy effective theory is employed [26]. Within this
method, the short distance information of transition amplitude is factorized into the Wilson
coefficients, while the long distance effects are described by the matrix element which is an
operator sandwiched by the initial and the final states. The Wilson coefficients in the SM
can be attained perturbatively. But the matrix elements are of non-perturbative nature
and in this paper we calculate them with the Bethe-Salpeter (BS) method [27]. In this
method, the BS equation [28, 29] is employed to solve the wave functions for mesons,
while the Mandelstam Formalism [30] is used to evaluate hadronic matrix elements. With
such method, the hadronic matrix elements keep the relativistic effects from both the
wave functions and the kinematics. In our previous paper [31], within the BS method,
we calculated the B, — Di*;lf rare transitions, whose final mesons are of S-wave states,
and checked the gauge—invafiance condition of the annihilation hadronic currents. In this
paper, we investigate the processes B, — D((:)) Jlf, whose final mesons are of P-wave states,
and furthermore, we give a more generalized conclusion: the annihilation hadronic currents
obtained within the BS method satisfy the gauge-invariance condition, no matter what the
JPs of initial and final mesons are.



This paper is organized as follows. In section 2, we introduce the transition amplitudes
corresponding to BP, Ann, CS and CF contributions and specify the involved hadronic
matrix elements. Within section 3, we calculate these hadronic matrix elements through
the Bethe-Salpeter method and express the results in terms of form factors. In section 4,
using these form factors, we compute the observables, including dBr/dQ?, Arpr, Arp and
Pr. Section 5 is devoted to the discussions on the theoretical uncertainties. Finally, we
summarize and conclude in section 6.

2 Transition amplitudes of BP, Ann, CS and CF contributions

In this section, we briefly review the transition amplitudes corresponding to BP, Ann, CS

and CF effects. A more detailed introduction can be found in our previous paper [31].
According to low-energy effective theory [26], the transition amplitude describing the

b — s(d)ll (or equivalently, BP) contribution is,

GFroem { I: T 2my,
Mpp = i———Vu, V.* cs'"w, — —-
BP Wor thVis(d) 9 W Q?
where ) = P; — Py and Py stands for the momentum of the initial (finial) meson. Vj,
and V(g denote the CKM matrix elements. Cg is the Wilson coefficient. C?% are the
combinations of the Wilson coefficients which are multiplied by the same hadronic matrix

ey ! l'y“l—l—CloWMl'y“’yg,l}, (2.1)

elements. The numerical value of C'jp and the explicit expressions of C’% can be found in
ref. [32]. The hadronic matrix elements W), and WE are defined as

W = (fI5(d)yu(1 = 35)0li), W = (fI5(d)iou (P — Pp)” (1 +5)bli), (2.2)
where the definition o = (i/2)[y*,~"] is used.
Based on the effective theory [26] and the factorization hypothesis [33], the transition
amplitude describing the Ann effects is [31]

o Gr 4 -
=Va Vi) g — +Cy | Wh Iyl 2.3
MAnn cb cs(d) Q2 2\/§7T Nc + Co annTpbs ( )
where (2 are the Wilson coefficients, whose values can be found in ref. [32]. The an-
nihilation hadronic current W, is defined as Wi, = Wl’;nn + Wg;nn + W?f;nn + Wfann,

where

Wt =852 150)0 1 = el0) 0101 = 25) s (=) 2700,
W =872 15d)0(1 = )el0) 00 (§) 21 = 20l
o ) : : (2.4)
W =(=872)01150) (=3 ) 7'z 0(1 = 100071 = 1)),
W =822 1500(0 =) 5 (5 ) AP0l (1 = 2t

Pqr_, and mg, _, are momenta and masses of the propagated quarks, respectively.



For the CS and CF cascade resonance effects, the transition amplitudes are [31]
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where My and I'y are the mass and full width of the resonance meson, respectively. I'(V —

Mcr =

Il) denotes the branching width of the transition V' — Il. The resonance meson V stands
for the particle J/v or 1)(2S). The CF hadronic current W, is defined as

—1672 i -
Wep= Y a0y elV) oy (Ve (1=35)bli) (f|5(d) i (1=75)cl0).
Ve 5b(28) 3MV Q —Mv—i-lrvMV
(2.6)
Consequently, the total transition amplitude is
Mrotal = Mpp + Mann + Mcs + Mcr. (2.7)

3 Hadronic transition matrix elements in the BS method

In section 2, the transition amplitudes of the B, — DE:; JZZ processes are introduced and
the hadronic matrix elements Wiy, Wann and Wer are defined. In this section, within the
BS method, we show how to calculate these hadronic matrix elements. In section 3.1, we
express the hadronic currents as the integrals of the wave functions. Section 3.2 is devoted
to showing the wave functions of the mesons which are involved in this paper. Using these
wave functions, we calculate the hadronic currents in section 3.3 and parameterize the
results in terms of form factors in section 3.4. In section 3.5, we present the numerical

results of the form factors.

3.1 General arguments on hadronic currents

In this part, we rewrite the hadronic currents as the integrals of the wave functions and
present some general arguments.

According to the Mandelstam formalism [30], W(r) can be expressed as the integrals of
the 4-dimensional BS wave functions. In the spirit of the instantaneous approximation [34],
the integrations with respect to q?, where ¢; represents the relative momentum between the
quark and anti-quark of the initial meson, can be performed first. And then we have [27, 31]

Pi
W= —/ (277)3T {M ¢ (1 —75)%“},
1
Wh =~ (P = Pp) (4 + V1),

(3.1)



where the hadronic tensors y{j”A are defined as

y’”v:—/(%)gT {ﬁwf v 'y”so;H},

d*g; Pi
wy o T RIS o o e 2 ++ )
The term go;zf) in egs. (3.1)—(3.2) denotes the positive energy part of the initial (finial)
wave function [34] and will be specified in the next subsection. In this paper we ignore the

(3.2)

negative-energy parts since they give negligible contributions.
For Wann, similar to the derivations of eq. (3.1), we have,!

8 d*q 2F () (a4 Pl + qi) — FIY (i) — F1(9)
Wlann(z - f) :ﬁ {/ (27‘1’)3 (}\4( ) —2Q - (O[lpz ‘:Qa) + ie) }
&g Fi°
8 {/ (2:;3 Micf) } (33)
—16 d3q; 2Fi(0) (a5 Pl + qb) + FL (@) — Fi¥ (i)
W;ann(lﬁf) = 2 {/ (271')3 0 l(Qz_T_QQ (_042]31:%)_’_2'6) }
d3 ]:'fo
’ {/ | o)
o8 [ [ @@ TR P ) + FEL) + )
Wi (@ = f) a2 {/ (27)3 Mf(Q2+2Q-(oz1Pf+qc)+i6)
d3q; Fi(i
. / Zy M(i . (3.5)
216 [ B 2F (NP =gt = FEL() + F(f)
Wam (i = 1) = { 0 M@+ 2Q- (of Py — a0 19
3 10
e

where ¢, is defined as ¢; — (P; - ¢;/M?)P;, while q. = gy — (P - q]v/MJ%)Pf. The coefficients
041’]; are given as of = my/(my+me), ab =me/(mp+me), a{ = My(ay/ (M) +me), ag =
me/(Mga) + me), where my s q are masses of the constituent quarks. The parameters

Fio,i+ (1t — f) and Fro s+ (7 — f) are defined as
v (s ’ 1 2
0= 1) =Tr{e/ (1 =)},  FLi=f)=5Tr{e/ (1= %)@ £+"R)},

Foli= f) =Te{gp ™" (1 —9s)}, Fili—=f)= %Tr {or (1= 1) (0" R+ @)} -
(3.7)

"While deriving eqs. (3.3)—(3.6), we employ the weak binding hypothesis [34]. In this manner, the

expansion w2 = 4/m? 2= Gi.=mi2+

Lo can be performed [34] and in this paper only the

2’rﬂl 2
leading term is kept. Under this approximation, we have the relationships (a1 P+ ¢, — ml)go;f; ~ 0 and
gajf* (e P— ¢, +m2) ~ 0, which are quite useful to simplify Wany.



Using egs. (3.3)—(3.7), we now discuss the gauge invariant condition of the Ann hadronic
currents calculated in BS method. One may note that examining whether W, satis-
fies the gauge invariant condition is equivalent to checking whether Wy, - @ is zero. If
we multiply egs. (3.3)—(3.6) by Q*, it is obvious that (Wiann - @) + (Waann - @) cancels
(Wiann - Q)+ (W3ann - Q). Hence, we have Wy, -@Q = 0. This implies that the Ann hadronic
currents in BS method indeed satisfy the gauge invariant condition. We stress that there is
no need to specify the initial or final state in the process of obtaining Wy, - @ = 0. Thus,
our conclusion is quite general.

For Wer, in this paper, we do not go into any details of their calculations, because
Wcrs involved in the B, — DE:)) st transitions can be obtained from Wer(Be — DE:)) [it)s
by properly replacing the final decay constants. (We refer to ref. [31] for more details
on Wer(B: — DE:)) pft) calculation.) The decay constants of the scalar and axial-vector
mesons can be found in ref. [35]. But due to the angular momentum conservation condition,
the longitudinal decay constants of the tensor mesons are zero. Hence, we have Wep (B, —
D2,(2573)(D3(2460) )ufi) = 0.

3.2 Wave functions in BS method

In BS method, the meson is considered to be a bound state of two constituent quarks and
can be described by the BS wave functions [28]. In the framework of instantaneous approx-
imation [34], the time component of the BS wave functions’ arguments can be integrated
out and the BS equations are reduced to the Salpeter equations. By means of solving the
Salpeter equations, we obtain the wave function [35-38] for each meson.

In the present work, the mesons D7;(2317), Dg(2400), D%,(2573), D3(2460),
D1 (2460, 2536), D1(2420,2430) and B, are relevant. In the following paragraphs, their

wave functions are introduced.

(1) Wave functions of D*,(2317) and D} (2400). Based on ref. [22], J7s of D%;(2317)
and Df(2400) mesons are 0F. In this paper, we consider them as 3P,y states. In the BS
approach, the positive energy wave function for 3P, state can be expressed as [39)

P d P
Pip = (Q‘pL + as MPL + a3 +a4M> ; (3-8)

where the parameters a;_4 can be found in ref. [39].

(2) Wave functions of D*,(2573) and D3(2460). From ref. [22], J's of D%,(2536)
and D3(2460) mesons are 2%. In this paper, they are described as ® P, states. The positive
energy wave function for 3P state is [39]

, q P d
90;_;; = e;‘fqul {qu [dl + d2§ +ds Pl _ 4 Py }

MY M2
P dp P i
Flds +dg— +dr—= +d L 3.9
+7[5+6M+7M+8M2 : (3.9)
where e;‘fy is the polarization tensor. The parameters d;_g can be found in refs. [38, 39].



(3) Wave Functions of D;;(2460,2536) and D;(2420,2430). Unlike the mesons
introduced above, Dg;(2460,2536) and D;(2420,2430) can not be described by the pure
S+, ; states. Based on [40, 41], we consider them as the mixtures of the 'P; and 3P,
states, namely,

<|D1(2430))> :A<|D1p1)> _ (sina cosa > <|D1P1>>
| D1(2420)) |Dsp,) ] \ cosa —sina |Dsp) )’
(3.10)
<D51(2460))> :B<]D51P1>> _ <sin5 cos B ) <|D51P1>>
‘D81(2536)> |DS3P1> B cos 3 —sinf |DS3P1> 7

where o = 6 — arctan(y/1/2) and 3 = s — arctan(,/1/2). Based on the experimental
observation [42] and the discussions in ref. [41], the mixing angle § = 5.7° is used in this
paper. Besides, according to the analysis in the quark potential model [43], 6, = 7° is
employed.

From eq. (3.10), the wave functions of Dg;(2460,2536) and D;(2420,2430) can be
constructed from the ones of ' P and 3P; states. In the BS method, the positive energy
wave functions of 1P, and 3Py states [39] are

P Pd
<Pfr1;; =by <€A'QPJ_> (1 +b2M +03 dp, —ba MPL V5,

vip =ic1ewapP’ gy &) (M’Y“ +o P+esy” dp +en P qu) /M?,

(3.11)

A
s

of by_4 and ¢1_4 can be found in ref. [39] and their numerical values can be obtained by

where € is the polarization vector of the axial-vector meson. The explicit expressions
solving the Salpeter equations [35]. In the processes of solving the Salpeter equations, the
oip 24 MD s,
the case of 71 —ng mixing [44], we determine them from the following relationships [45, 46],

masses of ' P; and 3P, states, namely, Mp are required. In analogy to

At ( Mp, o430y O > s M%lpl 0
0 M, (2420) o Mp, Py ’
) (3.12)
B (Mz%sl(zzmo) 0 ) 5 MDslpl ds
0 M3 (2530 0s  Mp,, |’

where Mp, (2420,2430) and Mp_, 2460,2536) stand for the physical masses and we take them
from ref. [22].

(4) Wave function of B.. The B, meson is considered as a 1Sy state, whose the positive
energy wave function can be written as [36],

P
901+5Jg =e1 |62+ —+ gpL€3 +

qlpL P_ P g/PL
M “

. 3.13
oM V5 ( )

where the parameters e;_4 can be found in ref. [36].



3.3 Calculations of hadronic matrix elements

In this part, we calculate the hadronic currents through the formalism introduced above.
Since WHs have been investigated extensively in our previous papers [39, 47-51], here

ann™*
recall that Wiis have been expressed in combinations of Vi*,s within eq. (3.1), while in

we do not introduce the W* calculations but pay more attentions to W/ s. Please

eqs. (3.3)~(3.6), Whins are written in terms of F; ro1)s. Hence, in order to obtain Wﬂann,
it is convenient to compute Vy/"ys and F; ro(1)s first of all. From their definitions in eq. (3.2)
and eq. (3.7), we see that the calculations of y"j,”As and F; ro(+)s are channel-dependent and
the channels under our consideration include P — S,T, A transitions, where P, S, T, A

are the abbreviations for pseudo-scalar, scalar, tensor, axial-vector mesons, respectively.

3.3.1 Hadronic matrix elements of P — S processes

First, we introduce the details of the y“;f;‘ (P — S) estimations. We have expressed yngs
as the overlapping integrals of w;ffs in eq. (3.2). In the P — S processes, the initial wave
function gozr+ corresponds to gofgg , while cp}H should be cp;?; . The expressions of gofs'g and
(,0;—];; are given in eq. (3.13) and eq. (3.8), respectively. Substituting eqgs. (3.8), (3.13) into
eq. (3.2), the hadronic matrix elements Yy/"ss can be obtained. In light of the forbidden
parity, we have Y{/(P — S) = 0, while for Y}"(P — S), it reads

v 3¢ —4areq
P9 = [ 55 MM,

—azMy) + q{f (qgagegef + qgesMy + angi’) —q¥ (qgagegef + qyesMy + a4e4P}’)]

{M; [g" (qa - qpaceses + eaMyqq - gy + ases Py - qo + agezey

— aze3g" Py - qoPs - gy — P! [qy (e2My — ages Py - qo) + Py (a2€3qa - gy + ase)
+azesMyqy] + Pf [ (aseaM; — azes Py - qp) + P (az2e3qa - @ + asea) — asM;qy]

—agesqy P! Py - qo + asesq Py Pi - gy + azesM gl Py + eaMpg"" P, - qy + e2Myqy Py},
(3.14)

where the definition of g, has been given in section 3.1, while g is the relative momentum
of the final meson. Due to the spectator approximation, the retarded relationship between
¢q and gp reads [27]

g} = qa+ )P} — ol EyP/M;. (3.15)

Now we turn to the discussions of F; so(+)(P — S)s. Ineq. (3.7), Fo()s are written in
terms of cp;“rs, while F(+)s are shown in the integrals of @}Hs. Similar to the calculations
of Yy (P — S)s, go;?;[) corresponds to cpTSJg(SPO). So we have

’/—-.i’f) P—=5)= 461 (€3MiQa =+ Pz)y R
FLI(P — S) =4dey [~g"" (eaMiQ - qu + Q - P;) + Q" (esMigh + P}") + e3M;Q" gy + Q" Py,

( )

( )

( ) = diey (egMie”’”Qq“ + e”MQPi),
]:fo(P — 8) =4a1(as Py + Myq.)"”,

(P = 8) = 401 {=¢"" (1Q-Py+M;Q - 40) + Q" (s P} + Mygl ) +a1Q" P + M; Qg }
FRP = §) = —diay (ase” PF 4+ Mpet@ae), (3.16)



3.3.2 Hadronic matrix elements of P — 1" processes

Here we deal with VI, in the P — T precesses. The calculations of i/, (P — T') are
similar to the ones of yV "\(P — S), except replacing the final wave function P3p Ay by 07 Pz
The expression of <p p, can be found in eq. (3.9). Hence, we have

d3q¢ —4die
P 0) = [ st PO 4 RO AT RS T R T
Qv d q _461 Ny QY
VW(P—T)= (2n) M2 qu{ esFar” — eaMiFh” — ea M FREY ). (3.17)
!
The expressions of Fy/}" and Fy%”, where [ = 1,...,7 and k = 1,2,3, are presented in

appendix A.
Next, we pay attentions to Fo+) (P — T')s. From eq. (3.7), we see that Fio4) (P — T)s
are the same as Fio+)(P — S)s, due to the identical initial meson B. in the decays
P — S,T. The discussions of Fj+)(P — S)s have been performed in section 3.3.1.
But for Fyo4)(P — T)s, the situations are different. They should be calculated through
eq. (3.7), with the final wave functions goer being 3, + After factoring the polarization
tensor out, we have
Fio(P = T) = ER(CP)es,ql /My,  Fi (P —T) =M (CPy)el,qf /My,

(3.18)
F (P = T) =& (Py)ef,q2 /My,

where Ef ¢+ (*P2) are defined as

ERCP2) = 8{(daMy — ds) Pal + My (doaal + dsg™ My ) + idse” 77 |

EY (P P2) =AMyl |~g"" (d3Q - o+ daQ - Py) + Q (dsglt + daP}') + dsQq! + d2Q" Py
— 2idg {—%qﬁ (—9”%2 - Pr+QUPf + QP ) — 2g/HeRP e 4oVt Prte 4 Q0P rie
—2Pf e 4 2! 6”6pr] + 4d5 M} (Q”g‘s“ — Qg + Q“9V6> :

& (P Py) = 2ids { ~2g7erAPrt 4 27 [0 4 (QOPY — g Q - Py )|
— 2P [66’@(’” +i (Q‘% - 9"Q- qcﬂ +29"° [Equch +i (%‘Q - Pp = P{Q- qc)}
L Qi 49 ( QP o QredPrae 1 () . P Ponte _ ). g, Euaupf)}
— 4iMq) (dse’" Q% + dye’t@Fr) — dids MFe <. (3.19)

3.3.3 Hadronic matrix elements of P — A processes

Due to the mixing nature of the final mesons as formulated in eq. (3.10), the calculations
of Vi (P — A)s and ]-"z fo(x)(P — A)s are different from the cases of P — S and P — T.
In order to obtain Viia(P — A)s and F; po4) (P — A)s, first of all, we compute V", (P —
Asp 1p,)s and ]:z,fo(i)(P — Asp 1p)s. And then, based on the mixing relatlonshlps in
eq. (3.10), we combine the results of P — Asp and P — Aip,.
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For y"jf;l(P — Asp, 1p,)s, we calculate them from eq. (3.2), with the initial wave
function gpj+ being gofi;g and the final one <pjf+ being cp;;z 1p, The expressions of gpgrpt 1P,
are given in eq. (3.11), while the initial ones gofk;g is shown in eq. (3.13). The results of
Yy u(P — Asp, 1p)s read

dSJ —8616461 . :
M p_y A :/ vPrapea M2HPraaty 4 9 ptePrPidads _ op, . p.cHPidadn
yV ( 3P1) (27‘(‘)3 M}%MZZ € [64( i€ talye foric

+2P; - qbe,U'PfPiQa) _ eQMieU«PfPin] ,

v d3(j —8i61€1 P )
yﬁ (P—>A3p1) 2/(27T)3 MJ%MZ e/trdvea {q{: [MZ (C464Pf “qq + 263Mf) + 0462Pf . Pz]

—Pf [ea (eaMiqa - qy + e2P; - qv) — 2c2M;] + My (ea Mgl + €2Pf)} :

d3q —4bre1qp - €a
Vi (P— Aup)) =/<27T>3 MM, {M; [g" (eabsMsqq - b + €aba Py - qo + My) — eaqt

(b3Mpqy + b2 PF) + q)) (bseaMyqy + baPf)| — baesg"” Pr - qaP; - qo + bae3g"” qa - o Ps - Pi
— P [q (bseaMy — baes Py - qo) + Py (baesqa - gp + bae2) — esMyqy ] + Py [q;, (b2eaM;
—byesP; - qv) + P (baesqa - v + bae2) — baMiqy] + baesqyqy Py - Py — baezqliaqy Py - P;

— baesqy P{' Py - qo 4 bae3qh PY P; - gy — esMyqli Py + bgeaMyg"" P; - qy + baeag"” Py - P,
+bseaMyqy P},

dscf 4i51€1qb €A ) )
uv o ) v _P¢Piqq “ _vP;qq
VW (P — Aip)) —/(%)3 M M2 {Mz [b463 (—gﬂ ¢ S et — prettidat

+ Piu VPraa ql;f e/ PrPida | p}/euPiqaqb _ PiVeﬂpraQb _ qgequPiqa + Py - Pyetvaade

+Py - gac"Fi® 4 P . qbe‘wpfq“) + My (bgege‘wpiqb - ege”ypiq“) + (bsesqa - qp

—boeg) eV IIP] — M? (esbgMpet™9e® — eybyet 1o 4 byet 1) 4 by (e3 Mg

+2P/) PP — by (e3Myql + 2P) e T11i% 42 [ey (b3 My PY et Fi9e® — by M, PFevFidats
_GIU/Piqa <b3MfPi gy + bQPf . Pi) + b2piu (_equPiqa) 4 b2PiI/€MPfPiQa)

+by Py - PP 4 by Py gyt IR

(3.20)

For Fig+)(P — Asp, 1p,)s, we see that they are identical to Fo+) (P — S)s. But as
to ]:fO(:t)(P — Asp, 1p,)s, we need to compute them by substituting @?ﬁ 1p, into eq. (3.7).
The results read

.7:]?0(1411:»1) =4b1q. - €4 (bngqg‘ + bQP;c)) ,
64 4b c' €A « « « «, « oY
Fii(Aip) = w%c[bst(—g #Q-qet+ QMg +Q qé‘)+bg(—g "Q-Pr+Q"Pf+Q Pj’j)},
4ib1qe - €a (b3 M et Qe 4 bye@rQFy)
M; ’
Fo(Asp)=4cy [ea (¢PMypqe - ea — qied) — ie®Tr9c4] |

.7:;3(141})1) =
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Fii(Asp)= ]\;fﬁlcl {eaMy [ge - ea (—9™Q - qc + Qa2 + Q%) — 42 (—9™'Q - ea
+Q e + Qaeljl)] - [gcm (_GQPfQCGA) + Qaeﬂpf‘]cfA + QueanqceA]} ,
Fi(Aap,)= A;?zml [0y [ (Q Py~ PIQ-0.) + 2 (P}Q-ea— 4@ P)
PP (A4Q - de—atQrea)] vics [ (PR — g2 P ) QP e Praeea (42Q- Py
~PPQ-a0) + P (PrQ g — Q- Pr) |} (3.21)

Finally, with the results above and the mixing relationship in eq. (3.10), we can calculate
the hadronic matrix elements of the physical processes from

A y py B —>l)1p1
yVA B —>D3p1

_ gV (Be— Doy,
y‘l/{l/ B—>D3p

1

Vi (B, — D1(2430
Vi (B, — D1(2420

Vi) (Be — Dy (2460
Vi) (Be — Dy (2536

)
) (3.22)
%)

(2430))

(2420))

(2460)) )

(2536)) )

]:fO(:i:)(Bc — D1(2430)) — A ]:fO(:I: B — Dlpl)

-Ffo(:t)(Bc — D1(2420)) Jrfo :I: B — D3P1)
]:f()(:l:) (BC — D31(2460))
]:fO(:I:) (BC — D31(2536))

During our calculations of eq. (3.22), to avoid the kinematic confusion, we consider M in
egs. (3.20)—(3.21) as the physical mass of the finial meson. (In this paper, the masses of
1Py and 3 P; states introduced in Eq (3.12) are used only in solving the BS equations.) This
approximation can also be found in the investigations of B — K1(1270,1400)Il [52-56].

3.4 The definitions of form factors

In the previous parts, we show how to calculate the hadronic currents. In order to show
their results conveniently, here we parameterize the hadronic matrix elements in terms of
the form factors. In this paper, we do not define the form factors of Wps, because as
introduced in section 3.1, W& (P — S, A) can be obtained from WEL(P — P, V) by some
trivial replacements, while Wé‘F(P — T') = 0. Hence, in the following paragraphs, we pay
more attentions to the form factors of W) and Wanns.

In the case of the P — SIl transitions, according to the Lorentz symmetry and the
gauge invariant condition of the Ann currents discussed in section 3.1, we have

WH(P — 8) =F? (Pﬁ— P*'QQ“> s Qo

Q? Q?
W#(P—> S) M +M {QQPH Q)QM}, (3.23)
Whn(P = 8) = B2 {Q*P{ — (P+ - Q)Q"},

where P, = P; + Py and F?, F@q, Fzﬁ, B? are form factors.
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Similarly, for P — Tl transitions, the definitions are shown as

ivT B _nuaQPy TE?FQ,BQO( M; + Mf T @
/3 af

QBQa T €r QBQa Q

@ Q“) it P 2

Tr TF
WEP = T) = — iz kel @ 1+ 2 (P Qe Qs — (67 QuQu) Pl
My My

“in (e {or - Zor),

My P -Q
M? Q“Qﬁ 5 L Th
Wi (P = T) =(M; = M) § Ty 7t | €67 Qa = ——522Q" | + ~2260°QuQs (P!
Py -Q % 1 VT el OB naQP+
_ _ann e’ 24
Q) + gm0 (3.21)

where VI, AT AT, AE‘)F, T, 1T, T3T, T ., TL —and VI are the form factors.

As to P — All decays, the definitions take the following forms,

ivA . €q-Q €a-Q
W (P_>A) m MAQP+ 2M AA QQ Qu (Mi+Mf)A-1A <€Z_ QQ QM

A €A~ Q P+ : Q
Wh(P — A) = —iT{'e"AQP 1 TPy - Qe — (ea - Q)P
1t @ @ - QQQP“}

+5 ZVaﬁn ’““QP*}, (3.25)

where VA, A A4, AOA, T, T3, T:{‘, Tf,}mn, TA . and V2 are the form factors.

ann

3.5 Numerical results of form factors

In this part, we present the numerical results of form factors and the according discussions.

3.5.1 Parameters in the calculations

Here we specify the involved parameters. First, the masses and the lifetimes of B. and
D((:)) ; are required in our calculations and we take their values from ref. [22]. Second, the
BS-inputs are also needed, which include the Cornell-Potential-Parameters (CPPs) and
the masses of the constituent quarks. The CPPs can be found in ref. [57]. The masses of
the constituent quarks are taken as my = 4.96 GeV, m. = 1.62 GeV, mys = 0.5 GeV and

mg = 0.311 GeV [47].
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3.5.2 Results and discussions on form factors

From the aforementioned parameters and the derivations in section 3.3, the form factors
can be evaluated. In the following paragraphs, we will show and discuss them.

In figure 3 (a), the form factors of W(‘,fp)(Bc — D7,(2317)) are presented. These form
factors are all positively related to @2. This behavior can be understood from the facts
that 1) as shown in egs. (3.1)—(3.2), our hadronic currents W(‘ép)s are obtained from the
integrals over the overlapping regions of the initial and final wave functions and 2) due to
the retarded relationship in eq. (3.15), the overlapping regions grow with increase in the
variable Q2.

In recent years, W(“T) (B. — D7%,(2317)) have also been calculated in the three-point
QCD sum rules [23] and light-cone quark model [24]. The definitions of the W(”T) form
factors in refs. [23, 24] are different from the ones in this paper. But if the same definitions
are taken, the absolute values of our form factors are comparable with theirs.

Figure 3 (b) shows the form factors of Winn(B. — D},(2317)). We see that BS are
complex. The reason is that in the calculations of the Wy, the quark propagators are
involved, as shown in egs. (3.3)—(3.6). In order to deal with these propagators, we sepa-
rate them into two parts: the principal value terms and 0 function ones. The real part
of BY comes from the principal value terms, while its imaginary part is caused by ¢ func-
tion terms.?

Figures 4 (a,b) display the results of W(“T)(Bc — D*,(2573)). Similar to W(‘r})(BC —

¥0(2317)), the form factors of W(“T)(Bc — D7,(2573)) also increase monotonically as
Q? grows. This similarity comes from the facts that both W(@F)(Bc — D7%,(2317)) and
VV(“T)(BC — D*,(2573)) are evaluated by eqgs. (3.1)—(3.2).

In figures 4 (c,d), the Ann form factors of B, — D7,(2573)ll process are plotted. One
may note that the absolute values of these form factors are quite smaller than the ones of
Winn(Be — D%,(2317)). To see how this happens, one should recall that the Ann currents
Wann are the sums of the terms Wann1,.. annas. In the case of Wi (B. — D%,(2317)), the
four terms all contribute. But as to Winn (B, — D¥,(2573)), the vanishing decay constant
of the final meson forbids the Wyn1,ann2 contributions and leaves only Wypn3 anna terms.
Compared with the sums of Wy,,1 and Wynpne, the contributions of Wy,,3 and Wenna
are fairly suppressed.®> Thus, we see the smaller Wiy, (B. — D?5(2573)) form factors in
figures 4 (c, d).

In figures 5(a,b) and figures 6(a,b), we plot the BP form factors of B. —
Dg1(2460,2536)11. First, we see that the form factors of W(’rfp)(Bc — D41(2460,2536))
are not of the same sign. To understand this feature, recall that in order to calculate

VV(‘,})(BC — D1(2460,2536)), the hadronic currents Wp)(B. — Dgip, 3p,) are first evalu-

2The monotonicity of the BP form factors and complexity of the Ann form factors can also be found in
the case of B, — DE:))Hﬂ processes [31]. And in ref. [31], there is a more detailed discussion on them.

3The reason of this suppression is that Wanns and Wanna correspond to the diagrams where the virtual
photons are emitted from the final quarks. Under the non-relativistic limit, the propagated quarks of these
diagrams are highly off-shell and therefore when calculating the amplitudes of these diagrams, the denom-
inators are considerably large. Even though the relativistic effects are included, this kind of suppression is
still not obviously ameliorated.
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ated and then we mix the results according to the mixing relationship in eq. (3.22). The
form factors of Wy (Be — Dgip, 3p,) are all of the same sign. But in the mixing step, we
need to evaluate the sums and differences of the Wz (B. — Dg1p, sp, ) form factors. Hence,
as illustrated in figures 5 (a, b) and figures 6 (a, b), the form factors with the different signs
emerge.

Second, from figures 6 (a, b), one may note that the absolute values of V4, Af, TlA and
T3' are much smaller than those of A(‘?’Q and T§'. This feature implies that the hadronic
matrix element Wr)(B. — D;1(2536) 1) obtained in the BS method is suppressed signif-
icantly compared with W) (B. — Ds1(2536))). Here Ds1(2536) () stands for the final
meson Dy;(2536) which is transversely (longitudinally) polarized.

Figures 5(c,d) and figures 6(c,d) present the Ann form factors of B. —
D,41(2460,2536)11. Due to the suppressions from the small decay constant of Dy (2536) [35],
we see that the form factors corresponding to Wann(B. — Ds1(2536)) are much smaller
than those of Wann(B. — Ds1(2460)).

In figures 7-10, we illustrate the form factors of B, — DS*)
of W7y ann(Be — Df,*) ) behave similarly to the Wy ann(Be — DS})) ones. This is because

Il decays. The form factors

1) as discussed in section 3.3, Wiy ann(Be — DS*)) and Wip) ann(Be — DS})) are calcu-
lated within the same formalism and 2) in the BS method, due to the constituent mass
relationship ms ~ mg < m,, the wave functions of DS*) are quite comparable with the

DS]) ones.

4 The observables

In the previous section, we calculate the hadronic matrix elements within the BS method
and express the results in terms of the form factors. Using these form factors, the total
amplitude Mrota in eq. (2.7) can be estimated. From the obtained total amplitude, in
this section, we evaluate the physical observables.

4.1 The calculations of observables

In this part, we employ the helicity amplitude method [32] to calculate observables.

First of all, we need to split the total transition amplitudes as
Mrotal = MY Tyl + MYy, (4.1)

where M’f@) can be determined by matching eq. (2.7) to the equation above.
And then by projecting M{b) to the helicity components e, (¢,0,£1), the helicity

amplitudes can be obtained, that is [32],
Htl’(z& 0o~ 6H(tv +, 0) : M1(2)' (42)

The explicit expressions of €4 (t,0,+1) are specified in appendix B.
Finally, according to the derivations in ref. [32], the differential branching fractions
dBr/dQ?, the forward-backward asymmetries Arp, the longitudinal polarizations of the
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final mesons P, and the leptonic longitudinal polarization asymmetries Ay py, can be ex-
pressed in terms of helicity amplitudes, which are

dBr 1 2@ [ Am] mg
dQ? ~ (2)’Tp, 24M3, Q2
3 U (1) 1) (1) 1)
Arp =5 —QZ/\/@{{R (H i ) Re(H H )}
1 (1) i) 2m 212 dmi\ | 2m} @) i)

_dBry—_1)5/dQ* — dBrj,_y 5/dQ*
~ dBri—_1/2/dQ? + dBry_y 2/dQ?

— 1 45;1/\32 {Re (A HI®) + Re (HY HI®) 4 Re (HEVH]P) ), (4.3)
H

Arpr =

where h denotes the helicity of [~, while the denotation A = (M? — MJ%)2 +Q*(Q*—2M? -
2Mf2) is employed. And the definition of My is

2
M = (BOH £ BOE 10 H) <1 N mz) N

2
4Q ) (4.4)
(#OH® + B 4 g H{gm) < _ % ) g;z 5@ @)

Plugging the helicity amplitudes H, (sz o into eq. (4.3), the observables are obtained.

4.2 Numerical results of the observables

Within figures 11-18, the numerical values of the observables are presented in the solid
(or dash-dot) lines, while their theoretical uncertainties are illustrated in the pale green
(or pink) areas. In this part, we lay stress on the introductions of numerical results of the
observables. And in next section, the systematic discussions on the theoretical uncertainties
will be shown.

When the numerical values of observables are calculated in this paper, we have consid-
ered the BP, Ann, CS and CF diagrams. In order to show their influences clearly, for each
channel, we plot 1) the observables where only BP contributions are considered, 2) the
ones where BP and CS effects are contained, 3) the ones with BP and Ann influences and
4) the ones including the BP, Ann, CS and CF diagrams. In the following paragraphes,
their comparisons and discussions will be presented.

4.2.1 The observables of B. — D¥,(2317)upn decays

In figures 11 (a,b), the differential branching fractions of B. — D,(2317)uf process are
illustrated.

For dBr/dQ? which includes only BP contributions, as shown in the dash-dot line
of figure 11 (a), we see that dBr/dQ? is biggest around Q* ~ 10.5 GeV? and suppressed
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considerably at the end points. This is similar to the result in ref. [24] but quite different
from the one in ref. [23]. If the Ann effects are added, as plotted in the dash-dot line of
figure 11 (b), dBr/dQ? is enhanced un-negligibly around @ ~ 12.5 GeV?.

For dBr/dQ? which contains BP and CS effects, as plotted in the solid line of fig-
ure 11 (a), because of the Breit-Wigner propagators in C'gcs, the significant enlargements
emerge around the resonance regions. If the Ann and CF diagrams are included, as dis-
played in solid line of figure 11 (b), dBr/dQ? around Q? ~ M; 1 continues enlarging. But
in light of the node structure of the (25) wave function, which leads to the cancela-
tions in the Wep(Be — DZ(2317)¢(25) — D%,(2317)ufi) calculation, dBr/dQ? around
Q? ~ Mi(zS) changes imperceptibly. This feature can also be found in the processes
B. — D(S)M,UJ [31].

In figures 11 (¢, d), we illustrate Az prs of the B, — D%;(2317)ufi process.

For Appr which includes only BP diagrams, as shown in dash-dot line of figure 11 (c),
we note that Azpr, ~ —1 in the region Q? € [2,15] GeV?2. In order to see how this happens,
note that due to the relationship C§T ~ Cg > 2m,C<®/(M; + My), M&p contributes to
Mgpp dominantly. (Hereafter, Még@nn
leptons are all left (or right) handed.) This makes that for the relativistically boosted u*,
dBrh:H/Q/szs are much bigger than dBrh:,l/Q/dQQS over the domain Q2 € [2,15] GeV?.
Hence, from the definition of A py, in eq. (4.3), we have Appr, ~ —1. This feature can also
be found in the decays B, — DE:))M;Z [31].

s stand for the BP (or Ann) amplitudes whose final

If the Ann effects are added, as given in dash-dot line of figure 11 (d), Appy, deviates
from —1 strongly over the low Q2 area, while in the high @2 region, this kind of deviation
becomes weaker. To understand this feature, recall that the real part of Ann form factor
S‘E[Bfann] is positive within the low Q? domain but turns negative when Q2 > 12 GeV?, as
shown in figure 3 (b). When R[B2,,,,] > 0, ML, interferes destructively with M%p,, making
dBry_1/2/dQ* suppressed. But if R[BS.,..] < 0, there are constructive interferences
between ML —and ML, leading to the enhanced dBrj,_., /2 /d@Q?%. Hence, based on
eq. (4.3), Appr should be quite larger than —1 in the low Q2 domain but become smaller
with the increase in Q2.

Once the BP, Ann, CS and CF contributions are all considered, as seen in solid line
of figure 11 (d), one may find that Appy ~ —1 in the low Q? region. This is due to the

cancelations between Ann and CF transition amplitudes.

4.2.2 The observables of B. — D¥,(2573)upi decays

Figures 12 (a-h) depict observables of the B. — D¥(2573)up transition. Considering
Wer(Be. — D%(2573)) = 0 as discussed in section 3.1, the B. — D% (2573)uf process
does not receive any contributions from the CF diagrams. Hence, in figures 12 (a~h), we
do not illustrate the observables which include CF effects.

Within figures 12 (a,b), we plot dBr/dQ?s as the functions of Q2. First, we see
that dBr/dQ? (B, — D, (2573)uji)s are much bigger than dBr/dQ?(B. — DZ,(2317)uji)s
around the Q2 ~ 0 GeV? point. To understand this behavior, note that 1) from eq. (4.3),
dBr/dQ?s are almost proportional to the sum of HE_L{’OQ)HL%Q)S and 2) in the low Q? area,
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the transverse contributions HEQ)HL(M)S can be enhanced significantly by the ~ propa-
gators. For B. — D¥,(2573)ppu decay, both HSI’Q)Hg(l’Q)S and HE’Q)HL(I’Q)S contribute.
But in B, — D},(2317)uji process, only Hél’2)Hg(1’2)s participate. Hence, around the
Q? ~ 0 GeV? point, there are enhancements in dBr/dQ?(B. — D*,(2573)ufi) but not in
dBr/dQ?*(B. — D},(2317)ufi). Second, from figures 12 (a, b), one may note that dBr/dQ?
including the BP and Ann effects deviates imperceptibly from the one with only BP con-
tribution. This is because that as plotted in figures 4 (c,d), the Ann form factors are quite
small, which suppresses M, considerably so that the Ann contributions are much less
than the BP ones. Hence, as illustrated in figures 12 (a, b), dBr/dQ?s show the insensitiv-
ities to the Ann diagrams.

Figures 12 (c,d) are devoted to presenting the results of Appr (B, — D% (2573) ).
When the BP (and CS) effects are included, we see the similarities between Arpr (B, —
D%, (2573)pjn)s and Appr(Be — D%(2317)up)s. If the Ann contributions are added, in
analogy to the case of dBr/dQ?*(B. — D, (2573)uji)s, Arpr(Be — D2y (2573)uji)s also
change slightly.

In figures 12 (e, ), we display Apps of the B, — D%,(2573) i process. In figure 12 (e),
we see that Apps are positive over the high Q2 domain (except the resonance regions), while
due to suppressions from the « penguin diagrams, Arpgs turn negative in the low Q? region.
Once the Ann influences are take into account, likewise for dBr (B, — DZ,(2573)uji)/dQ%s
and Arpr(Be. — D% (2573)ppn)s, Apps behave insensitively to Ann effects.

Figures 12(g,h) show the results of Pr(B. — D>, (2573)uji)s. When only the BP
diagrams are contained, P;, is positively related to @Q? in the low Q? region but inversely
to @Q? in the high @? domain. If the Ann effects are added, Prs change negligibly.

4.2.3 The observables of B, — Ds(2460)upn decays

Figures 13 (a—h) present the observables of B. — Dg;(2460)ui process. When the BP (and
CS) contributions are under consideration, the B. — Ds;(2460)u /i observables are similar
to those of B, — D%, (2573)up decays.

But once the CF and Ann effects are included, the B, — Dg1(2460)up observables
behave quite sensitively. More specifically, we see that 1) in figures 13 (c,d), Arpr which
includes the BP (and CS) diagrams is negative in the low Q2 region. But if the CF
and Ann contributions are taken account of, Ayppy turns positive; 2) in figures 13 (a, b),
dBr/dQ?*(B. — Ds1(2460)uji)s around Q? = Mg/w are enlarged considerably by the CF
contributions; 3) in figures 13 (e-h), Prs and Apps are suppressed fairly after the Ann and
CF effects are added.

These sensitive behaviors imply that the CF and Ann contributions play impor-
tant roles in the B. — Dg4;(2460)uii process. Therefore, when the observables of
B. — D41(2460)ui transition are calculated, besides the BP and CS Feynman diagrams,
it is necessary to include the CF and Ann diagrams.

4.2.4 The observables of B, — Dy (2536)up decays

In figures 14 (a-h), the observables of the decay B, — D;;1(2536)ui are illustrated. The
behaviors of these observables are very different from those in the B, — D1(2460)ui
process.
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First, we see that if only the BP contribution is considered, dBr/dQ?*(B. —
D41(2536)ufi) is much smaller than dBr/dQ?(B, — D41 (2460)ufi). To understand this
smallness, note that, as discussed in section 3.5.2, the BP form factors of the B. —
D,1(2536) 1z process have different signs. This makes that when Mpp (B, — Ds1(2536)uft)
is calculated, the cancelations emerge between the positive BP form factors and the neg-
ative ones. Hence, as shown in figures 13, 14 (a), dBr/dQ*(B. — Ds1(2536)ufi) <
dBr/dQ*(B. — Ds1(2460)uji).

Second, we see that when only BP Feynman diagrams are included, App ~ 0 and
Pr ~ 1 within the area Q% € [1,6] GeV?. To see how this happens, we note that as
concluded in section 3.5.2, the hadronic current Wz)(B. — Ds1(2536) 1) obtained in BS
method is much smaller than Wpy(B. — Ds1(2536))). This implies that, if only BP
effects are considered, the transverse helicity amplitudes in the B, — Ds1(2536)ui decay
are considerably suppressed compared with the longitudinal ones, namely, Hj([w) < H(gl’2).
Hence, according to the expressions of App and Pp in eq. (4.3), over the domain Q? €
[1,6] GeV?, |App| has a quite small value, while Py, almost equals one.

Third, if the Ann and CF influences are contained, the B, — D1(2536)uii observables
show the insensitivities. This is because the decay constant of Dg;(2536) is fairly small,
which suppresses M, and Mcr strongly so that the BP contributions are quite bigger
than the others. Hence, as illustrated in figures 14 (a~h), when the Ann and CF diagrams
are added, there are no obvious deviations in the B. — Dg1(2536)ufi observables outside
the resonance regions.

4.2.5 The observables of B, — DS*)M;Z decays

In figures 15-18(a,b), the differential branching fractions of B, — DS*)uﬂ are dis-
played. One may note that dBr(B. — DS*)uﬂ)/dQQS are much smaller than dBr(B, —
DS,) pii)/dQ?%s. We attribute this smallness to their suppressed CKM matrix elements.
More specifically, for B, — DE*J) wit, the CKM matrix element of BP diagrams is Vi, Vi ~
—AM? [22], while the one corresponding to Ann, CS and CF effects is V, V5 ~ AN? [22].
But as to B, — D(J*)p,a, the CKM matrix element for BP diagrams is Vj, V5 ~ AN3 [22],
while the one of Ann, CS and CF contributions is Ve,V ~ —AN3 [22]. Hence, when
dBr/dQ?*(B, — DS*) wii)s are calculated, the small parameter \ suppresses their numeri-
cal values.

In figures 15 (¢, d) and figures 16-18 (¢-h), the Apprs, Apps and Prs of B, — DS*)Mﬂ
are shown. We see that these observables behave similarly to those in B, — Di’f,)uﬁ
decays. The reasons are 1) in the present work, the Feynman diagrams corresponding
to B, — DS*) uii are analogous to those of the B, — DS,) pii processes; 2) as shown in

section 3.5.2, the B, — Df,*) i form factors are quite similar to the B, — DS,) [4fL Ones.

4.3 The experimentally excluded regions and integrated branching fractions

Using the results of dBr/dQ?s, as shown in figures 11-18 (a, b), now we define the experi-
mentally excluded regions. According to the sensitivities to the CF effects, the decays B, —

DE:))J/L,L_L fall into two categories. The first category includes B, — D{(2400)(D?,(2317)) uf,
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Modes

BrBP—i—Ann

BTBP—&—Ann—&-CS—l—CF

B, — D§(2400)17)

8.9728 x 10711

1105 x 10710

B, — Dy(2317)ufi)

4.0713 x 1079

54135 x 1079

Be — D1(2420) /1)

8.3 x 10710

71T x 10710

B, — D1(2430) pj1)

1.2705 x 1077

9.7135 x 10710

4.7t2x 1078

45715 x 1078

3.7108 x 1078

3.4105 x 1078

9.572¢ 10710

9.8%32 x 10710

45113 x 1078

4.7 < 1078

Table 1. Branching ratio for each channel.

B. — Ds1(2460)pp and B, — D1(2430)uii channels, which are quite sensitive to the CF
contributions. Through comparing dBr/d@Q?s which contain only BP and Ann effects with
the ones which include BP, Ann, CS and CF contributions, we define their experimentally

excluded region as

Region : Q% > 5 GeV?. (4.5)
The second category contains B, — D3(2460)(D%,(2573))ufi, Be — Ds1(2536)up and
B. — D1(2420)pup transitions, which are not sensitive to the CF contributions. So their
experimentally excluded area is defined as

Region : Q% > 7 GeV?. (4.6)

Based on the experimentally excluded regions introduced above, the integrated branch-
ing fractions are calculated and shown in table 1. As seen in table 1, the branching fractions
including BP and Ann effects are comparable with the ones containing both BP, Ann, CF
and CS contributions. This implies that our experimentally excluded regions defined in
egs. (4.5), (4.6) are workable.

5 Discussions

5.1 Estimations of the theoretical uncertainties

(*)

In the previous section, the numerical results of the B, — D(:) s observables are dis-
cussed. In this part, we discuss their theoretical uncertainties.

In this paper, we estimate the theoretical uncertainties of the observables including two
aspects. First, the theoretical errors from hadronic matrix elements are considered. Recall
that our hadronic currents are calculated in the BS method and the obtained form factors
are dependent on the numerical values of the BS inputs. In order to estimate the according
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systematic uncertainties, we calculate the observables with changing the BS inputs by
+5%. Second, the systematic errors aroused by the factorization hypothesis are included.
In the derivations of Mann cs,cr, the factorization hypothesis [33] is employed. In this
method, in order to include the non-factorizable contributions, the number of colors N, in
the expression (Cy/N. + C3) or (Cy + C2/N,.) is treated as an adjustable parameter which
should be determined by fitting the experimental data [58-61]. But since that the present
experimental data on B, meson is still rare so that this parameter can not be obtained at
the moment, we calculate the observables with N, = 3 but change the numerical values of
N, within the region [2, oo] for estimating systematic uncertainties brought by factorization
hypothesis.

Actually, in recent years, several methods, dealing with the non-factorizable contribu-
tions more systematically, have been devoted to investigating the B, decays, such as pertur-
bative QCD approach(PQCD) [62, 63] and QCD factorization (QCDF) [64]. However, the
channels in which the PQCD and QCDF are workable must have energetic final particles.
Moreover as to B, — D((:))
domain. Hence, in this paper, we choose to employ the factorization method [33]. Similar
situations can also be found in the calculations of B, — Dg:)) Il 32, 65-73] in which the

factorization method has to be used extensively to account for the non-factorizable effects.

Jlf, the finial mesons have small recoil momenta in the high Q2

Here we stress that using the factorization assumption to deal with the non-factorizable
effects is a temporary way in the early stage of investigating the rare B, decays. A more sys-
tematical method is important and necessary. Hence, more work in the future is required.

5.2 Testing the hadronic matrix elements

In the previous subsection, by changing the BS inputs within +£5%, we estimate the theoret-
ical uncertainties from hadronic currents. Strictly speaking, this only measures parts of the
uncertainties, because the systematic uncertainties from the approximations made within
the BS method are not considered. Considering that this kind of uncertainties are rather
difficult to be systematically estimated, in fact, we do not control the hadronic uncertain-
ties confidently.* Hence, testing whether the hadronic currents are properly evaluated is
important.

From eq. (2.1), we see that within the transition amplitude Mpp, the hadronic currents
are multiplied by the Wilson coefficients C’?%, C1o which are sensitive to NP. This makes

that from the observables of B, — D((:)) Jli , it is quite involved to tell whether each hadronic
current is correctly estimated. Hence, in order to test them, it is beneficial to analyze the
channels in which the short distance interactions are not sensitive to NP and the hadronic
matrix elements are similar or identical to the ones participating in B, — DE:)) Jl[ .

First, we pay attentions to the decays B. — DS*) pvy,. The processes B. — DS*) i

are induced by the transitions b — uui,. From the experiences of B decays, b — uui,
is dominated by the SM contributions [22]. In the SM, the according amplitude reads

* _ . * 4G
M(Be = D) = —ivy, *51

(DS*)|ﬂ7a(1 —5)b| Be)lyva (1 —75)l,. In light of the isospin

4To our knowledge, most (maybe all) of models, which are employed to calculate the hadronic matrix
elements, suffer from this problem.
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Figure 2. Typical diagrams of B, — lllD.

symmetry of u and d quarks, <D§*)|ﬂ7a(1 —75)b| B..)s are almost identical to (DS*) |dy (1 —

v5)b| Be)s. Hence, by means of investigating the B, — DS*)

pv, observables experimentally,
we can test the form factors of <D§*)|J7a(1 — 75)b|Bc). In our previous paper [39], the
decays B, — DS*) pvy, have been calculated.

Second, we turn to investigating B, — lalalp¥p, whose typical diagrams are illustrated
in figure 2. For figure 2 (a), the according hadronic matrix element is (0|¢v,(1 — 75)b|B.),
which can be obtained from the future experimental data on pure leptonic decays B, — 7.
As to figure 2 (b), the according hadronic matrix elements are the same as Wiann + Woann

in eq. (2.4), except the absence of (f|5(d)v,(1 — v5)c|0). Likewise, for figure 2 (c), its
hadronic current is similar to Wer in eq. (2.6), except lacking (f|5(d)7, (1 —~s5)c|0). Hence,
through experimentally detecting B. — l4l4lgPp, we can examine the hadronic currents
Wiann + Woann and Wep. (or, parts of Wiann + Waann and Wep.) Considering that in
this paper we focus on the calculations of B, — D((:)) Jll_, we do not show the results of
B. — lalalgvp here but put them into our future work.

However, for the other hadronic matrix elements Wp, Wsann, Wiann and W(B, —
DS])), the ideal channels to examine them are difficult to find unless extra hypothesis
is introduced. Hence, we attempt to test them in an indirect way: we use the same
framework and the same set of inputs as the ones, which are used to calculate Wy, Wsann,
Wyann and W (B, — DS})), to investigate the processes Bs — DI,uv, B — D%puv and
B. — xcjuv. The reasons for choosing these channels are that 1) these channels are induced
by b — c(u)uv transitions, which are dominated by SM contributions from experiences of
B decays [22]; 2) unlike the non-leptonic decays, these semi-leptonic processes do not
suffer from the theoretical uncertainties from the factorization problem. In our previous
papers [50, 74], the processes Bs — D ;uv, B — D% uv were calculated, while in ref. [51],
Be — Xeguv were analyzed.

In the paragraphs above, the channels B, — D(J*);ufu, B, — lalslgvg, By — D7 v,
B — Diuv and B, — XxcjuP are recommended in order to test our hadronic matrix
elements. At present, only the experimental results on B — D puv [22] are available and
most of them are comparable with our theoretical results [50, 74] within the systemic
errors. If in the future more experimental results on the B, decays are reported, we can
continue examining our hadronic matrix elements. Once the deviations appear between
)17, Be = Lalalpip, By — D*,uir, B = D, By — Xespiv
and the future experimental observations, we need to check whether these deviations come

our predictions on B, — DS*

from 1) the BS inputs or the approximations of the BS method; 2) our assumption that

D((:)) ; can be categorized as the conventional charmed(-strange) meson family.
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In order to examine the BS inputs and the approximations of the BS method, we should
g*g w(Me, J/¥) pv decays whose finial mesons are of S-wave

states. In our previous papers [48, 75], the observables of the processes B — DE:))

pay attentions to the B, ,.q — D
uv are
estimated and the results are in good agreements with the experimental observations [22].
In ref. [76], the B, — J/¢(n.)uv are analyzed and we expect that these channels can
be tested by the future experimental data. If our results deviate from the future data,
constraining our BS inputs or modifying BS method is required.
%
mesons. However, there are still contréversies on the natures of D¥,(2317) and Dg;(2460)

In this work, we take all the DE )) ; mesons as the conventional charmed(-strange)

mesons (A recent review on this problem can be found in ref. [77].) For examining whether
D?,(2317) and Dy;(2460) mesons are pure ¢s states, we need to lay stress on their electro-
magnetic and strong decays. If the future data implies that this assumption is not suitable,

(%)

we should modify our wave functions describing D(:) ; mesons.

6 Conclusion

In this paper, including the BP, Ann, CS and CF contributions, we re-analyze the
process B, — D?,(2317)ppn and first calculate the decays B. — Dg;(2460,2536)uk,
B, — D% (2573)up and B, — D(J*)MZ. Their results are illustrated in figures 11-18.
And our conclusions contain

1. If only BP effects are considered, our results on the B, — D7,(2317)up transition
are agreeable with the ones in ref. [24] but quite different from the ones in ref. [23].
Once Ann, CS and CF Feynman diagrams are contained, the B. — DZ,(2317)up
observables change considerably, as shown in figures 11 (a-d).

2. As plotted in figures 14, 18 (a-h), the observables of the B, — D;;(2536)(D1(2430))p/t
processes behave quite sensitively to the Ann and CF influences. This makes that
when these channels are analyzed, besides the BP and CS diagrams, it is necessary
to include the Ann and CF ones.

3. Unlike the case of B. — D41(2536)(D1(2430))uf, the observables of the B, —
D%, (2573)pji, B. — D3(2460)pii, B — Dg1(2536)up and B, — D1(2420)up
processes are influenced by Ann and CF diagrams slightly. Hence, if only BP
effects are interesting, these channels offer purer laboratories than the B, —
D;1(2536)(D1(2430))pft processes.
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A Definitions of 3, . and Fg, ,

Here we present the explicit expressions of Fy;,_» and F§;_5.

Fpy =dgea M7 (—gh") 1900 4 dge P10t (2ey (g P' — gl PY) + eaMg"”) + 71792 (dgey
MfMigl“’ — 2d8€4 (g’“’Pi S qQp + quPj’ — qll;PZH)) + €aPiqaqb (d763MfMig””+
2ges (9" Py - P, — PyP + PYPY)). (A1)

Do = — M1 (dgey Mgy + dees My Py) — dsM; (eaMig), + exPY) e Tr% 4 Meh e

(dresMyP} — dgesM; Pf) + P57 (=2PY (dgeaqa - qv + deMy) + gl (2dgesP; - qy
P; - qy — dees M M;) + dges Mgy ) + €79 (es My M; (drqy + dsPf) — 2e4 (ds (PFP; - q
—quf . Pz) + d5M]%PZV)) + etofia (sz (2d7Mf — 2d8€4Pf . qa) + qZ (d7€3MfMZ‘
+2d864pf . PZ) + dg@ngP}j)) . (A2)

‘/—'.‘0}3 :Mie’upfqaqb (d864M1'gaV — d463quiy> + E#priqa (264 (qg (dg - dQMf) Piy —+ dg (gaupi *qp
—ay P)) — esM; (dagfia + doeMpg®”)) + e Ti9® (e3M; (dagyy P — drMpg™) — 2eq (ds
Myqy P} +ds (9" Py - P; — Pfypia))) + et PrPite (—g (dyesMiel - gy + 2dsescr - Py)
—2 (d4 — d864) quiV - dgegMigaV) . (A3)

54 :MiEVanqa (d8€4Miq;; + dgeng]Diﬂ) + dgMz (e4Miq5 + 62131-#) EVanqb + MiGVaq”% (d8€4

MZP;: — d763MfPZH) + eV PP (2_Pz“ (d864qa “Qp + dGMf) + qg (d663MfMi — 2dgesP; - qb)
—dgesMigf) + "% (2eq (ds (P Py av — aff Py - Pi) + dsMFPI') — e My M; (drdl)
+d6P}L>) + GVaPi’qb (2PZH (dg€4Pf *(aq — d7Mf) — qg (d763MfMi + 2d864Pf . Pz)
—dgegMiP)’f)> . (A.4)

]:35 —evPrPiay (M,L. (d4€3q5qg + ds@ggaﬂ) + 2Piﬂ (d4q§“ _ dge4q2‘) + 2d8€4quia) + Mieupfq“%
(daeqy Pf' — dseaMyg™) + 71759 (2eq (qif (do My — ds) PJ' + ds (g5 P — 9" P; - qp))
+esM; (daqp gl + deMpg™")) + ¢ Fidedr (€3Mi (d7Mf9°‘“ - dwz?Pf) + 24 (dsMyqy P
s (gWPf P, - P;%Pf))) . (A.5)

Firg =M P (M; (dseaqa - v + deMy) + dgeaP; - qy) + €7 (=2 (Py - P; (dgesqq - gy
+deMy)+d7r My P; - qy) + My M; (dsea My — e3(d7qa - gy + d6 Py - qa)) +2dsea Py - qa Pi - qv)
— My M;e"" % (es (d7 P; - q» + dg Py - P;) + dsea My M;) — M;et" % (M; (dgea Py - qq
—d7My) + dsea Py - P;). (A.6)
Fr =M Frav (M; (dsesq? — daqfy) + dsea PY) + 1P (2P (dgeaqq - gy + deMy) (A7)
+4q (deesMyM; — 2dses P; - qp) + gy (Mi (daesqa - gy + €2 (d2My — ds)) + 2ds P - qp))
+ MyetPrie (g (dyesP; - qp + eaM; (dg — doMy)) + dees M P?) + e Fida (g (2e4
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(dsMyP; - qy + (doMy — dg) Py - P;) — esMyM; (dy My + dr)) + 2dsea M7 P) + e 7o
(q? (]\4z (d4€3Pf “Qa— dgeng)+2d4Pf )+2Pa (d8€4Pf Qo — d7Mf) — qa (d7€3MfM
+2dS€4Pf - P; )) + M; et 9av (qb <d3€4MfM + d4€3Pf ) d7€3MfP )

Fay = —deMy (—q 9" Py - gy + 49" Pi - qy — 459" Pi - o + 9°" P/ qa - o — 9" Pl'qa - @ (A.8)
+9" Pqa - av + @y P — aq @y Pl — qgay PP+ aqay P+ dgay P — ahay P
+ dagy (9" qa - @ Pr - Pi — 9" Py - qa P - qu + qiqy Py - Pi — ¢biqy Py - Pi — ¢, PY Py - qa
+ay Pl'Py - o + @t PfPi- gy — qu Py Pi - gy — P{ P{'qa - qv + P{ P/ qa 'Qb) + di M7 gy
(= (¢4 P —azP}")) — dsMy (—qg 9" Py - Py — qug™' Py - P + qlyg™" Py - P;
+9*" P! P - qu—9" P{'Py - qu+g"" P{" Py - qo+qq P{ P' —q3 P} Py — ¢4 P Pa+qZP“P“)
Fio =doMysqy (—9””Pf - P+ PyP!' - P}‘P{’) — dsMyqy (9" Pi - qu + qj PY — gy P/')—ds  (A.9)
(—qé"g“”Pf Py —qy g™ Py - P+ qy g™ Py - Py + P g™ P; - qy — Py g*" Pi - qv + gy P{ P}'
—qy Py P/ — qy PY P + QZP”P“> + di M7 (—q5) g* — de My (g5 9™ — q}/ 9™ + a5’ 9"")
—dagiy (af P — ai P}) = dsMF (9P = g°“ Pl + g P?) = dgM; ((Pfg®" = Pig™ ).
Fis =d2Myqy (_QWPJ" “Ga + a4 Pf — qi P ) —dsMyqy (9" qa - @b + quqy, — 4\ qy) (A.10)
—ds (—qi‘g’”Pf Q0 — 49" Py qa + a4y 9" Py - 4o + P{ 9™ 00 - @ — P{ 9™ 40 - 0

+ahay Pf — anay Py — aqay P+ dqq P}‘) +ds M7 (= (qh g™ — al'g™ + a5 g"")) .

B Definitions of P;, Py, €a, €r and €y

During calculating the physical observables, we must specify the P;, Py, €4, er and €f;. In
the initial meson rest frame, we have P = (M;,0,0,0) and P¢ = (EY,0,0, Pf) The polar-
ization vectors €9 are chosen as € (£1) = %(O, +1,44,0) and €4(0) = ﬁf(—P?, 0,0,—FEy).
The polarization tensors e?ﬁ can be constructed in terms of the polarization vectors €9,
which are written as

2P (+2) = ea(£1)%ea(£1),

aBii1y— /L ag (08 o 8

21) = [ {eatin)ea0)” + ex0reatzn)?) (B.1)
(0 = | H{ealr)ea(-1)" + ea(-Drea+ 1)} + 1\ Zea(0)en(0)”

Besides, we define the helicity amplitudes as [32]

1
el (t) = ﬁum — Ef,0,0,—P}),
1 .

m
o=
S

]

~
3
|
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(a) Form-Factors of W* and W/ induced by penguin (b) Form-Factors of Wk, induced by annihilation
and box diagrams diagrams

Figure 3. Form-Factors of B. — D?,(2317)ll, where B2 stands for Re[BS,,], while B,

zAann
s
denotes Im[B2, ..]-

ann

— 26 —



Q(GeV?)

(a) Form-factors of W* induced by Z° penguin and (b) Form-factors of W4 induced by v penguin dia-
box diagrams grams

T T T T
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A0 ——
10 T1Bann
T
_--TzBann
.\.\
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] T ] Sy EETEE
0 5 10 15 0 5 10 15
Q' (GeV!) Q' (GeV’)

(c¢) Real parts of Wk, Form-Factors induced by an- (d) Imaginary parts of Wk, Form-Factors induced
nihilation diagrams by annihilation diagrams

stand for Re[V,]

Figure 4. Form-factors of B. — D?,(2573)ll, where ViL —and T, on) and

,zAann
Re[T},ann, respectively, while Vi, ., and T} 5., denote Im[V,] ] and Tm[T . ].
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Q(GeV?)

(a) Form-factors of W* induced by Z° penguin and (b) Form-factors of W4 induced by v penguin dia-
box diagrams grams

'0“"5‘”'10“‘15" o”"5””1o””15'
Q(GeV) Q0 (GeV?)

(c¢) Real parts of Wk, Form-Factors induced by an- (d) Imaginary parts of Wk, Form-Factors induced
nihilation diagrams by annihilation diagrams

Figure 5. Form-factors of B. — Dg1(2460)ll, where V. —and T7

,zAann
Re[T7},.nn), respectively, while Vi1, | and Tf}zBmm denote Im[V;}, ] and Im[T7,, |-

stand for Re[VA

ann

] and
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(c¢) Real parts of Wk, Form-Factors induced by an- (d) Imaginary parts of Wk, Form-Factors induced
nihilation diagrams by annihilation diagrams

Figure 6. Form-factors of B. — Dg1(2536)ll, where V. and T7

,zAann
Re[T7},.nn), respectively, while Vi1, | and Tf}zBmm denote Im[V;}, ] and Im[T7,, |-

stand for Re[VA

ann

] and
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Figure 7. Form-Factors of B. — D}(2400)ll, where B2\, stands for Re[Bj,,.], while B,
denotes Im[B2 .
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(a) Form-factors of W* induced by Z° penguin and (b) Form-factors of W4 induced by v penguin dia-
box diagrams
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(c¢) Real parts of Wk, Form-Factors induced by an- (d) Imaginary parts of Wk, Form-Factors induced
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Figure 8. Form-factors of B. — Dj(2460)ll, where Vi  and T{, Aann stand for Re[V,] ] and
Re[T},ann, respectively, while Vi, ., and T} 5., denote Im[V,] ] and Tm[T . ].
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Figure 9. Form-factors of B. — D;(2420)Il, where V&  and Tﬁ1 ] and
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(a) Form-factors of W* induced by Z° penguin and (b) Form-factors of W4 induced by v penguin dia-
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