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Probing D},(2317) in the decays of B to two charmed mesons
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We probe the inner structure of the meson D7;(2317) through the decays of By to two charmed mesons
within the pQCD approach. Assuming D%,(2317) as a scalar meson with ¢s structure, we find that the
predictions for the branching ratios of the decays B* — D*J(2317)D*)°, B® — D*(2317)D"*)~ can

H are estimated to

explain data within errors. The branching ratios for the decays B, — D’} (2317)D§*
reach up to 1073 order, which can be observed by the present LHCb and SuperKEKB experiments. In this
work, the decay constant of the meson D?,(2317) is an input parameter. Unfortunately, its value has been
studied by many references but with large uncertainties. Our calculation shows that a smaller decay
constant of the meson D},(2317) is supported by compared with the present data, say 55-70 MeV. We also
+ o 0_, p*+ -

the inner structure of D*;(2317) by compared with the experimental results. Our predictions for the
ratios R;, are consistent with the present data within errors. We expect that these two ratios can be
well measured by the future experiments through improving the measurement accuracy for the decays

calculate the ratios R| = , which are valuable to determine

Bt - D (2317)D*° and B® — D*; (2317)D*".

DOI: 10.1103/PhysRevD.103.116030

I. INTRODUCTION

The charmed-strange meson D},(2317) was first
observed by BABAR Collaboration in the inclusive Dy z°
invariant mass distribution [1], and confirmed by CLEO
[2]. Then BABAR and Belle collaborations probed the
properties of this meson through B meson to two charmed-
meson decays [3-5]. The branching ratios of these decays
measured by BABAR and Belle were averaged by the
Particle Data Group (PDG) and given as [6]

Br(B* — D! (2317)(— D 2")D°) = (8.07]%) x 1074,
(1)

Br(B* — Di;(2317)(— D{z°)D*%) = (9 £ 7) x 107,
()

Br(B? - D*1(2317)(— Di 2°)D™) = (1.06 £0.16) x 1073,
(3)
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Br(B® — D’} (2317)(— D} 2°)D*) = (1.5 +0.6) x 1073,
(4)

There have existed some unsettled puzzles since this
charmed-strange meson was observed in 2003: First, the
low mass puzzle. Its measured mass is at least 150 MeV/c?
lower than the theoretical calculations from the potential
model [7,8], lattice QCD [9]. Second, the significantly
large branching ratio of the decay D’y(2317) — z°Dy
compared with that of D%;(2317) — yDy. BESIII mea-
sured that Br(D’;(2317) — 2°D;) = 1.0010% +0.14
[10], which differs from the expectation of the conventional
¢s hypothesis. Third, uncertainties from the decay constant
of the meson D,(2317). It has not been directly deter-
mined in experiment, while the theoretical predictions
covered a very wide range (shown in Table I). Because
of these puzzles, the meson D?;(2317) attracts a lot of
attention. In order to solve these puzzles, many various
exotic explanations about its inner structure were proposed,
such as DK molecule state [11-15], a tetraquark state
[16-19], or a mixture of a ¢s state and a tetraquark state
[20-22]. Certainly, its structure was also interpreted as a
conventional ¢s scalar meson in many references. For
example, some people considered that D%,(2317) is close
to the threshold of DK, so the low mass puzzle is because
of the coupled-channel effects [23-26]. Sometimes, the

Published by the American Physical Society
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TABLE I. The values of f D, (MeV) given by different references.

Ref. [31] Ref. [47] Ref. [48] Ref. [49] Ref. [50] Ref. [51] Ref. [29]
I, 225+25 206 + 120 200 + 50 170 + 20 138 + 16 1144153 118.7

Ref. [52] Ref. [53] Ref. [30] Ref. [30] Ref. [54] Ref. [55] Ref. [56]
fo, 110 + 18 7441104 71 60 + 13 67+13 67.1+45 44
spontaneous breaking of chiral symmetry was regarded as ) M%( )xz 1 )
another possible reason [27,28]. Assuming the D%,(2317) ¢B<S> (x,b) = Np x (1 —x)*exp|— 2&)2 5 (wpb)* |,
as a conventional charmed-strange meson, its properties b
were studied by using constituent quark model [29], (6)

covariant light-front approach [30], QCD sum rules
[31,32], MIT bag model [33], potential model [34-36],
Regge trajectories [37] and so on. More detailed discussion
can be found in Ref. [38]. Its pionic decay [31] and
radiative decay [32] were researched in the light-cone
QCD sum rules, and obtained the results being consistent
with data. The productions of D},(2317) in the B, decays
[29,39-46] were also discussed. In Ref. [29], the branching
ratios of the decays B — D%;(2317)D*) were calculated in
the factorization approximation by using the constituent
quark model. The authors found that the meson D¥,(2317)
could be described as a conventional ¢s state by introduc-
ing the finite c-quark mass effects.

In order to further reveal the inner structure of
D?,(2317), we intend to study the weak production of
this charmed-strange meson through the two charmed-
meson B, decays, some of which have been studied by
using the light cone sum rules (LCSR) [41] and the
relativistic quark model (RQM) [46]. In layout of this
paper is as follows. First, in Sec. II, we present the analytic
calculations about the B/ decays to two charmed mesons
with D%,(2317) involved. Then, we give the numerical
results and discussions in Sec. III. A short summary of our
results is presented in the final part.

II. THE PERTURBATIVE CALCULATIONS

In the pQCD approach, the only nonperturbative inputs
are the light cone distribution amplitudes (LCDAs) and the
meson decay constants. For the wave function of the heavy
B(;) meson, we take [57,58]

1
V2N.

Dp, (x,0) = (Ps,, + mp))rss (x.0). (5)

Here only the contribution of Lorentz structure ¢p " (x,D) is
taken into account, since the contribution of the second
Lorentz structure qZB(\_) is numerically small [59] and has
been neglected. For the distribution amplitude ¢ (x. b) in
Eq. (5), we adopt the following model

where @, is a free parameter, we take w, =04+
0.04(0.5 4 0.05) GeV for B(By) in numerical calculations,
and N = 101.445(Ng = 63.671) is the normalization
factor for w;, = 0.4(0.5). For B; meson, the SU(3) breaking
effects are taken into consideration.

The wave functions for the scalar meson Djo,l we use the
form defined in Ref. [45]

(D3 (2317)(p2)I24(2)s,(0)[0)

1 .
\/W/dxelpz'z[(lfz)zj‘+thOIlj]¢DTo' (7)

It is noticed that the distribution amplitudes which
associate with the nonlocal operators ¢(z)y,s and ¢(z)s
are different. The difference between them is order of
AJmp. ~ (mp. —mc)/mp- . If we set mp: ~ m,, we can
get these two distribution amplitudes being very similar.
For the leading power calculation, it is reasonable to
parametrize them in the same form as

oy, (x) = Fo, 6x(1 = 2)[1 + a(1 = 2x)] (8)

in the heavy quark limit. Here the decay constant 70*-0 is
defined through the matrix element of the scalar current

(0[5¢[D3y(p)) = For,moy, ©)

and the shape parameter @ = —0.21 [41] is fixed under the
condition that the distribution amplitude ¢p: (x) possesses
the maximum at x = mc/mm0 with m, = 1.275 GeV. It is
worthwhile to point out that the intrinsic » dependence of
this charmed meson’s wave function has been neglected in
our analysis.

As for the wave functions of the mesons D), we use the
form derived in Ref. [60]

'From now on, we will use D%, to denote D%,(2317) for simply
in some places.
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d4 zkw N0
/ G 020}, (0)]D°)

- _2#1\’6 [(Pp + mp)rslpéo(x. b).  (10)

do . _
| e 00ep (O, () D)

=~ o+ o)t (5.0 (1)

where ¢/, is the longitudinal polarization vector. In this
work only the longitudinal polarization component is used.

Here we take the best-fitted form ¢§;‘> from B to charmed
meson decays derived in [61] as

$p(x.b) =

6x(1—x)[1+Cp(1—2x)]exp [_wzb 2] :

2\/W
(12)

For the wave function ¢, (x, ), it has the similar expres-
sion as ¢p(x,b) except with the different parameters.
These parameters are given as follows: fp = 223 MeV,
fp,=274MeV,and Cp  =0.5(0.4), wp , =0.1 (0.2) GeV
[61]. For the wave function ¢DZ}J (x,b), we take the same
distribution amplitude with that of the pseudoscalar meson
D) because of their small mass difference. The decay
constants f- and fp: are given by the relations

M, M,
fp-= M;)*- D for-= M;‘- p;-  (13)

For these processes considered, the weak -effective
Hamiltonian H.4 can be written as:

Her — ig{qzuvqbvw[a(m U(4) + Co() 0% ()]

Vi VID |:Z C

where V ;,py and Vp) with D = d, s are CKM matrix
elements. The local four—quark operators O;(i = 1, ..., 10)
include three type operators: current-current operators
(Oi’.z), QCD penguin (0Os.¢) and electroweak penguin
opettors (O07.10)»

o] f+ue.

O = (Gubp)v-a(Dpqa)y-a-

05 = (@ubo)v_a(Dpap)y_a- (15)

05 = (Daba)V—AZ(E];}q}})V—A’
q/

04 = (Dﬁba)V—AZ(q/aq;})V—A’ (16)
q/

= (Dyby) —AZ CIﬁQﬁ V+A>

O = (Dyb,) —AZ Gadp)vias (17)
3
0 E(Daba V- Aze QﬂQﬂ)V+A’
q
3
O3 E(Dﬂb 1% Aze ! q(lq/})V+A’ (18)
q
3
0y E(D by)y- Azeq f]/;‘]ﬁ) V-A»
q
3 _
O =3 (Dpba)v-nY_eq(@ad)y)y-a- (19)

q/

where (Gaqp)yia = Gar,(1 £75)q; with a, B being the
color indices and ¢’ represent the active quarks at the m,
scale, which can be u, d, s, ¢ and b. We calculate in the
light-cone coordinate, where a vector is defined as

Py+ Py Py—P
P—<0+ 320 3,P1,P2>. (20)

g V2 V2

When working in the rest frame of B ;) meson and defining
the direction where D7, moves as the positive direction of
z-axis, we can write the momenta of B, D},, D; mesons as

mp mpg 2
Pyp=—2-(1,1,0,), Pp = 1—r2 T s 0,),
B \/E( L) D, \/E( Dy» ' D; L)
B2 2
Pp =—=(rp , 1 =r5.,0,), 21
Dy \/z( D, DY, l) ( )

where rp. = meo/mB’ rp, = mp /mgand 0, is zero two-
component vector. If using k, k,, and k3 to denote the
momenta carried by the light quark in B and two charmed
mesons, we have

mp mp b
ki =|—=x;,0,k , kh=|—4=(1-=ry )x,,0,k ,
1 (\/E 1 u) 2 (ﬁ( Ds) 2 2L>
_ mg .. 5
k3 = (O,\/z(l rDifO)x3,k3J_>. (22)

Here we consider the decays BY — D’1(2317)D; and
B? - D?;(2317)Dy as examples, which will include all
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FIG. 2. Another part of diagrams contributing to the BY — D’;(2317)D; decay.

types of Feynman diagram amplitudes we need. For the
decay BY — D’/ (2317)Dy, we give a part of its Feynman
diagrams at leading order in Fig. 1, where the scalar meson
is in the emission (upper) position. If changing the
positions of D¥;(2317) and Dy for the annihilation type
Feynman diagrams (the second line in Fig. 1), we will
obtain another part of Feynman diagrams which can also
contribute to the decay BY — D’;(2317)D;. These
Feynman diagrams are given in Fig. 2. The Feynman
diagrams for the decay B — D*;(2317)D; are totally the
same as those for the decay BY — D?;(2317)D; and can
be obtained just by changing DI; (D) to D (D¥;) in
Fig. 1 and 2. There are two points we need to emphasize:
(D) Besides of the different positions for the final states in
the annihilation type Feynman diagrams between Fig. 1
and 2, another difference is that the former with c¢ pair
|

generated from a hard gluon, while the later with s5 pair
generated. (IT) In order to distinguish these amplitudes for
the decays B — D’ (2317)D; and BY — D5 (2317)D;
from each other, we add the character “c” in the subscript
for each amplitude which corresponds to the Feynman
diagram with a conventional charmed meson being the
emission (upper) position. For the amplitudes correspond-
ing to the annihilation diagrams with s5 pair generated from
a hard gluon, we add another character “s” in the subscripts.
In the following, we give the detail expressions of the
Feynman diagram amplitudes for the decay B —
D7 (2317)D;. Figure 1(a) and 1(b) are the factorization
emission diagrams, Fig. 1(c) and 1(d) are the nonfactori-
zation emission ones, the corresponding amplitudes can be
written as

1 ©
FH = $xCyi iy, [ dnides [ bidbibdb (1. b)o, ()

1
X 1+ rp, + (1= 2rp )x3] Ec(16) S, (x3) e (1, x5(1 = 73, ), by, b3)

+ 20 + 1)rp, = re = 3 JE (), (1 e (3, 1 (1 = 7, ), b3, b)), (23)
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1 00
FY = 168CoM fi o, [ dvides [ bidbubsdbg, (51,5, (2
X [+ rp, (24 rp, + x3(1 = 4rp ) Eo(8)S,(x3)he (1, x5 (1 = b, ) b1.b3)

+[=re(1=4rp) 4 2, (1= rp ) E(t7)S,(x1 e (x5, 21 (1 = 7. ), by, By )], (24)

1 )
M= 32Cymiy [VING [ duidrsdss [ bidbibadbay, (.61, (520, ()

x {[x, = rpx3(1 - 2rDS)]Een(t(€}1)>h£’}1)(xl’x27x37 by, by)
+ [Xz -1- (1 - rDS>x3 + rchjO]Een(tgn)hgl)('xl’x2’x3’ blv b2)}7 (25)

1 0
M = 32Cmiy [N [ dridvadss [ bidbibadba, (.51, (520, ()
x (1+ ”DJ){”D;O[Xz +rp (1 + er)XS]Een(tt(?il))hgln)(xl’x2’x3’ by, b,)
= [re + rDjO(l —x3) +rp (rp, + 1)rDEOXS]Een(IE%l))hgi)(xl1x2’x3v by, b,)}, (26)

1 0
M = 320Cymi, /AN [ dxidsds [ budbibadbas (31,5, (32) b, ()
x {2 = (rpe, = D3 Een (15 )] (6. 3233, b1, b)
— [l =X —rpx;— rchjO]EenUgl))h(E%l) (X1, X2, %3, b1, D7)}, (27)

where rp. = mp: /mB ,rp, =mp [mp, 1. =m./mp and fpr, is the decay constant of the scalar meson Dj 0(2317). As
we know that the double logarlthms a In’x produced by the radlatlve corrections are not small expansion parameters when
the endpoint region is important, in order to improve the perturbative expansion, the threshold resummation of these
logarithms to all order is needed, which leads to a quark jet function

2142°0(3/2 4 ¢)
V(1 +¢)

with ¢ = 0.35. It is effective to smear the end point singularity with a momentum fraction x — 0. This factor will also
appear in the factorizable annihilation amplitudes.

As to the (non)factorizable annihilation amplitudes for the second line Feynman diagrams in Fig. 1 can be obtained by the
Feynman rules and are given as

Si(x) = (1 = x)]°, (28)

1 0
M = 320Cm (/AN [ dxideadss [ bidsibadbsg, (31 b1, (), (1)

x{[xa =1+ rprp: (x2+x3 - 4)|E an(tan>)h£,l,,)(x1,x2,x3,bl,b3)
2
+ [ =x3 = rp rp: (x2 +x3 = 2)]E (1] )i (x1. 32, x3. b1 b3) . (29)

1 &)
MEE = 320Cym (/AN [ dxideadss [ bidsibsdbsg, (31 1), (v, ()
(1

x{[rps, (x2 + 1) = rp (x5 + 1)]E,,
2

t(zln>)hz(zln)<x1, Xy, X3, by, b3)
— [rp, (1= x3) + s (%2 = D] E (15 )1l (x1. 32, x3. b1 b3) . (30)

1 )
M3 = 320Cmy [N [ dridvady [T brdbibadba, (1,51 (32) o, ()

x {[1 = x5 = rp, rpy (X2 + X3 = 4)] gy (1) Y1l (1. %2, X3, by b3)

—[1—x - rDerjO(XZ +x3— 2)]Ean(t£lzn>)h£42n)(xl1x2’x3a by.b3)}, (31)
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FLL — _FLR

1 )
= 8aCyfy b, [ dusdrs [ badbabsdbsr, (e, x5} (s = 1+ 20,y (35 = 2)

X Ey(1))S,(x3) (1= 1 )30, (1 = 13 )5, b, b3)

(1= 3y = 21 iy (% = 2)Ea (1)), (x2) (1 = 7 s, (1= 7, )2, b3, b))}, (32)

FSP = 162C,fpm, / drdx, / sdbybsdbsby (x2)bo, (x3)
L (1

)8, (x3) k(1 —rp )%, (1= )x3,b2,b3)
+ [2rp, + 1o, (1 = 2] Ea(17) S, (xa) (1= 13, s, (1= 13, )3, b, b)), (33)

x{[2rp:, + rp (1 —x3)]E

where (1 —rp )x; = 1= (1 =rp, )xp, (1 = rzD*_.o)x3 =1-(1- rlz),fo)xy The hard scales, evolution factors, the expressions
of the Sudakov factors and the functions of the hard kernels in the above amplitudes can be found in the Appendix A.

Another type of annihilation Feynman diagrams contributing to the decay B, — D’ (2317)D5 is shown in Fig. 2, and
the corresponding amplitudes are written as

1 [
M, = =320Cymy VNG [ dxidsadss [ bidbibadbag, (31 b1, (), (1)
x{[x3 = rp,rp;, (X2 + x5 + 2)]E g (thaks) His (%1 X3, X2. by b3)

=[xy —rprp; (%0 + XS)]Ean(ti(li)CS)hé(lﬁzls(xl’x3’x2’ by, by)}, (34)

1 oo
Ml = =322Cym3 [ 2NCA dxldxzdx3A bydb bydbyp (x1,b1)¢p: (x2)¢p, (x3)

x{[rp,(2-x3) - I'pr, (x2 = 2)]Ean(t££>cs)hglll)cs(xl . X3, X2, by, by)

+ [rp, X2 + rD,.x3]Ean(t£1ﬁ>cs)hz(ir212:s(xl . X3, X, by, by) (35)

1 )
Ml = 320Cmi, /AN [ dxidadss [ budbibadbby 1.5y, (22, ()
XAy = rp rp: (X2 + x5 + 2)]E g (thaks) rins (%1 X3, X2. by b3)

— [x3 = 1, Py, (X2 + X3)) B (1S ids (x1. 23, %2, by )}, (36)
Fil = ~FiR
—=80C iy, [ dusdrs [ badbobidbsth, (52)n, (32
X[ = x2 4+ 27, i (32 = 2)))Ea(tacs) i (¥2) (33, (1= 73 = 75, )22, b3. )

s

= [1 = x5+ 2rp, s (63 = )] Eg(1605) S, (x3) ha (2, (1 = 13, = 13, )x3, b, B3))}, (37)

1 o
F ﬁﬁs = 167TCff meézt;.\. /) dx,dx; /0 bzdbzbadb3¢D;0 (x2)¢uy (x3)
x {[=2rp, + rpy (1= x2) + r] Ea(1665) S (x2) ha(x3, (1 = 1. = 13, )%, by, b)

+ [2rpy, = 1, (1= x3) = P Eg(1605)S1(x3)hy (x, (1 = 7, =13, )x3, b2, b3)) . (38)
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The amplitudes for the decay B, — D¥; D; are listed in Appendix B. As to the decays with a vector meson D’(‘S) involved,

the corresponding amplitudes can be also obtained from the Feymann rules, which are not listed for simplicity. Combining
these amplitudes, we can obtain the total decay amplitude of each considered channel

A(B™ - Dy D°) VeslFE(ay) + MEE(C))] + Vo Vs [FE=(ar) + MEE(Cy))]

Gr
= —{Vy*
\/i { cb

=V, Vi [Fe" (ay + aig) + MG (Cs + co) + Fo¥ (ag + ag) + Mg (Cs + Cq) + Fi*(as + ayp)

+ F3F(ag + ag) + MLE(Cy + Co) + MER(Cs + €)1}, (39)

A(B® = Dy D7) = Vs[FEE(ay) + MEE(Cy)] -

Gp

_ V*
\/E{ ch
+ MER(Cs 4 Cy) + FEL (

V?b Vts [F é,L

(ag + ayg) + F2¥(ag + ag) + MLE(C5 + Co)

a a Cy C
- 2“’) +FSP (a6 - 28> + MLL <c3 - 2) + MER <c5 27)] }

(40)

A(B) = Dy D) = \/—{V Ves[Fet(ar) + MEE(Cy) + Fik(a) + Mg (Co)] = Vi, Vi [FE* (ag + ayo) + FF (ag + as)
+ ML (Cs + Co) + MER(Cs + C7) + Fiki(as — as — a7 + ag) + M (C4 + Cyo)
+ M3 (Cs + Cy) Ft <a3 +as—as +% —% - a210> + My (Cs + G4 —% —1—20>
+ FSP <a6 —“28> + MSP <C6 —C2> + MLR <C5 (;7” } (41)
A(B} - Dy D*) = \/—{V VealFeb(a) + MEL(C))] = Vi, Vil Fet (ag + ay) + ME(Cs + Co) + M (Cs + C7)

PSP (ag + ag) + FLE (

The amplitudes for the decay B? — D*;D{ can be ob-
tained from those for the decay B — D’j Dy by deleting
(adding) the character “c" from (to) the subscrlpt of each
amplitude where there is (not) a character “c.”

III. THE NUMERICAL RESULTS
AND DISCUSSIONS

We use the following input parameters in the numerical
calculations [6,57]:

f5 =210 MeV,
My =528 GeV,

£, = 230 MeV,
My, =537 GeV, (43)

75 = 1.638 x 10725, 7 = 1.519 x 10725,
5 = 1.512 x 10725, (44)

My =8038 GeV.  Mp, =23178 GeV.  (45)

- %) +MEE, <C3

Co C,
_ 9 FSP MLR .
2 ) + “ < 2 ) + e (CS 2 ) ] }

(42)

|

For the CKM matrix elements, we adopt the Wolfenstein
parametrization and the updated values A = 0.7907007,
A = 0.22650 £ 0.00048, p = 0.141709\% and 7 = 0.357 +
0.011 [6].

Generally speaking that the branching ratio of the charged
channel should not be less than that of the corresponding
neutral one. For example, Particle Data Group(PDG)
gives that Br(B™ — D{D°) = (9.0 +0.9) x 1073, which
is larger than Br(B° — D{D~) = (7.2 £0.8) x 107 [6].
Similarly our calculations (given in Table II) also show
that the branching ratio of the charged decay BT —
D (2317)D™) is slightly larger than that of the neutral
decay B — D/ (2317)D*)~. But data are just the opposite
[6]. Certainly, there still exist large errors in the experimental
results, especially for the branching ratios of the decays
with a vector meson D* involved. We expect more
accurate experimental results in the future LHCb and
Super KEKB experiments. Theoretically, the decays BT —
D#(2317)D™° and B® — D7 (2317)D™)~ have the same
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TABLE II. Branching ratios (x10™) of the decays B* — D% (2317)D*)° and B — D/ (2317)D™*)~ with different values
f Dy, = 55, 60, 67 MeV, where the errors for these entries correspond to the uncertainties in the w, = 0.4 £ 0.04 GeV for B meson, the

hard scale ¢ varying from 0.75¢ to 1.25¢, and the CKM matrix elements.

Modes f D, = 55 f D, = 60 f Dy = 67 Data [6]
Br(5” ~ D3 (317D 1SR o 112 s0'1S
Br(B* — Dj (2317)D™") 12.0555519407 144103102400 18.355, 75 005 97
Br(B0 — D (2317)D") 70500102 83451550 1053570100 106+ 16
Br(8" — Dij (2317)D") 10574502 1265103 15910134108 1546

CKM matrix elements and Wilson coefficients for the
factorizable and nonfactorizable emission amplitudes, it is
different in the amplitudes from the annihilation diagrams,
while their contributions are small which will be discussed
later. Furthermore, there exist similar transition form factors
for isospin symmetry between each pair of decay channels.
So they should have similar branching ratios.

Certainly, here most uncertainty parameter is the decay
constant f DYy which is defined by the matrix element of the

vector current
(057,¢|D3o(P)) = 2, Py- (46)

It connects with another decay constant fon defined
in Eq. (9) at zero momentum by the formula fp. =
ijU(mc —my) /mp: . The decay constant fp. has been
computed by different approaches with results covering a
wide range (shown in Table I). It is interesting that the
works [30,54,55,62] about the analysis of the decay
constant f D, through B decays to two charmed mesons
are consistent with each other:f D, is in the range of
60-75 MeV, which is much smaller than the decay constant
of another P-wave meson Dj;(2460). That is to say that
there exists large disparity between these two decay
constants. And the corresponding analysis approaches
include the heavy quark symmetry (HQS), the light front
quark model (QM). While some authors considered that
fp:, is larger than 100 MeV by using the quark model [50],
lattice QCD (LQCD) [51] and so on.

From our calculations, we find that the smaller
decay constant f D, is supported by the present data, say
55-70 MeV. The values such as larger than 100 MeV seem
are not favored. So we calculate the branching ratios
corresponding to f . = 55, 60, 67 MeV and list in Table I1.

It is helpful to define the following two ratios

_ Br(B* - D} (2317)D°)
~ Br(B* - DI (2317)D*)’
_ Br(B” - Dy (2317)D")
~ Br(B" - DJ(2317)D*")’

1

2 (47)

They are in the range 0.61 ~0.67 (shown in Table III),
which are lower than the experimental values 0.89 and
0.71, respectively. Certainly, these two ratios can be
well determined by the future experiments through improv-
ing the measurement accuracy to the decays BT —
D’ (2317)D* and B® —» D*;(2317)D*~. It is very pos-
sible that the ratios R; and R, are less than 1, which is
contrary to the previous prediction [62].

Here we take B® — D’/ (2317)D~ as an example to do
the numerical analysis about the amplitudes from different
types of Feynman diagrams. The tree operators from the
factorizable emission diagrams give the largest contribution
because of the large Wilson coefficient C, + C;/3, and the
value of the corresponding amplitude is about 4.39 x 1072,
The amplitude from the nonfactorizable emission diagrams
is suppressed by the small Wilson coefficient C;, whose
value is about (1.32 4 i0.57) x 1072, The total amplitude
of penguin operators is about —(0.95 + i0.07) x 1072,
which comes from two parts: One is the factorizable and
nonfactorizable emission diagrams —(0.93 +i0.04) x 1072,
the other is the annihilation diagrams —(1.11 + i3.67) x
107*. The penguin operators receive severe suppression
from the Wilson coefficients and only contribute 3.9% to
the final branching ratio. The penguin operator contribu-
tions from the annihilation diagrams are even tiny and can
be neglected. So it is enough to pay our attention only to the
factorizable and nonfactorizable emission diagrams for the
investigation of the branching ratios. As to the branching
ratios for the decays of B, to two charmed mesons are
also calculated and listed in Table IV. In these decays,

B, — Dy (2317)D§*>+ have the largest branching ratios,
which are at 10~ order. They are consistent with the
predictions by the relativistic quark model (RQM) [46],

TABLE III. The ratios R, defined in Eq. (47) with different
values f D, = 55, 60, 67 MeV, where the errors are the same with

those in Table 2, but with them added in quadrature.

Modes fD.:(l =55 fD:O =60 tht) =67 Data [6]
R 0.631037  0.621050  0.61105; 0.89107
R, 0.6705  0.66103;  0.66705  0.71+£0.30
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TABLE 1V. Branching ratios (x107?) of the decays B, — Dj0(2317)D§*), D% (2317)D™) with different values [, =55, 60,
67 MeV, where the errors for these entries correspond to the uncertainties in the w;, = 0.5 £ 0.05 GeV for B; meson, the hard scale
varying from 0.75¢ to 1.25¢, and the CKM matrix elements. Some of these channels have been calculated by using the light cone sum
rules (LCSR) [41] and the relativistic quark model (RQM) [46], which are listed in the last two columns.

Modes fp, =55 MeV fp, =60 MeV fp:, = 67 MeV RQM [46]  LCSR [41]
*— + +0.6+0.240.1 +0.84+0.2+0.0 +0.940.3+0.1 +7
BS - DSO (2317)D5 1'4'—0.4—0.1—0.0 1'7—0.5—0.]—0.1 2'1—0.6—0.1—0.1 L1 13—5
Bv N D*6(2317)Da';+ 1 2+(());"5+(())A1+00A0 1 4+(())4§+(()).]l+0061 1 8+(()).69+(§).114r()011 23 6 0+222
s B . “£-0.4-0.1-0.1 “¥-0.4-0.1-0. -0-0.6-0.1-0. : Voo,
*+ - +0.35+0.02+40.03 +0.56+0.04-+0.03 +0.56+0.02+0.04
B5 - DSO (2317)D5 0'73—0‘24—0.04—0.01 0'86—0.27—0.03—0.03 1'11—0.37—0.04—0‘04
*+ *— +0.45+0.0740.03 +0.56+0.08+0.04 +0.69+0.05+0.06
Bs - DSO (2317)D9 0'97—0‘31—0.06—0.04 1'17—0.37—0.07—0‘05 ]‘48—0.46—007—0.05
*— + +0.023+0.004+4-0.002 +0.027+0.005+40.002 +0.034+0.006+0.002 +0.2
BJ - DSO (2317)D 0'043—0.014—0003—0‘00] 0'052—0.017—0‘003—0.002 0'065—0.021—0.004—0.002 0'5—0.2
*— *+ +0.018+0.003+0.001 +0.021+0.0034-0.001 +0.026+0.004+4-0.002 +0.1
35 - DSO (2317)D 0‘033—0.011—0‘002—0.001 0'040—0014—0.002—0.001 0'050—0017—0‘002—0‘001 0'2—0.1

while are much smaller than those by using the light cone
sum rules (LCSR) approach [41]. It can be tested by the
future LHCb and Super KEKB experiments. For the decays
B, — D’;(2317)D™)* their branching ratios are much
smaller than other four channels mainly because of the
smaller CKM matrix element V., compared with V., that
is to say there exists a suppressed factor |V .,/ V|* ~ 0.05
between the branching ratios of these two types of decays.

Through our calculations, we find that the direct CP
asymmitries of our considered decays are in the range of
107* ~ 1073, For example, A%, (BT — D{(2317)D°) is
about 0.75%. As we know that the direct CP asymmetry is
proportional to the interference between the tree and
penguin contributions, while the penguin contributions
are small as we mentioned above, so it is no surprise that
the direct CP violation of these decays are small. In a word,
the direct CP asymmetries in these decays of B to two
charmed mesons are tiny, any large direct CP violation
observed in the future experiments can be treated as a new
dynamic mechanism from the some special structure of
D7 (2317) or a signal of new physics.

IV. CONCLUSION

In summary, we probe the inner structure of the meson
D;((2317) through the decays of B, to two charmed
mesons within pQCD approach. Assuming D¥,(2317)
as a scalar meson with ¢s structure, we find that our
predictions for the branching ratios of the decays
B* — D’ (2317)D™)°,  B® - D*{(2317)D")~  can
explain data within errors. In our calculations, the decay
constant of the meson D?,(2317) is an input parameter,
and its value has been studied by many references but with
results covering a wide range. While a smaller value of the
decay constant for the meson D},(2317) is supported

in our work, say 55-70 MeV. We also calculate the ratios
_ Br(B*—D?/(2317)D") _ Br(B'-D’}(2317)D")
R, = Br(B+—>D:02(2317)D*°) and R, = Br(B“—»D:§(2317)D*’)’
which are valuable to determine the inner structure of
the meson D?,(2317) by compared between theory and

experiment. We expect that these two values can be
well measured by the future LHCb and Super KEKB
experiments through improving the measurement
accuracy for the decays Bt — D! (2317)D** and
B® — D! (2317)D*".
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APPENDIX A: SCALES, FUNCTIONS FOR
THE HARD KERNEL, AND THE
EVOLUTION FACTORS

The variables that are evaluated from the gluon and quark
propagators will be used to determine the scales and the
expressions of the hard kernels

Pen = m%x1x3(1 — rf);o),

PS) :m%x3(x|(1—r%:o)—xz(l—l%jo—F%)i\_)), (A1)
PR — ma[r2 = (1 = x; —x;)x3 — (1 —xz)x3r2D§
(1= x - w) (= x3)) (42)
Pon = _m%[l - (1 - r%):>x2 - (1 - rszo)x3
+ xx3(1 — r%s — r%)*o)], (A3)

1
PLl = m3[1+ (1= 1, Jxixs = (1= 7, = 1 )],

(A4)
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2
P = mi[x; +x, +x3 — 1 —xx3(1 = r%)jo) 02) _ max(\/|P— /“D 012, 1/})3) (A1)

—Xorp = X3rp. = Xox3(1=rp —rp. )l (AS)

Pancs = _m%(l - }"%)_ - r%:O)x2x3’ tancs = max( V ancs Y |P611"35| l/bl? 1/b2> (Alz)

PR = ma[x; (1 — rD ) (1- r%)s - rtho)xz])@, (A06)

(n _ < _ 2
&) = max (/1= (1= 1, )x3,1/b2,b3), (A13)
Panes = mln (14 (rhy, = Ds) - x05(1 = s ) ’
+ (1 =x3(1 =713 )+ (x5 = 1)r3))]. A7
2( 3( DSO) ( : ) DS)] ( ) t<GZ) :max(\/ 1_(1 _rzDS)XZal/bQ’bS)’ (A14)

Then the scales in each amplitude are determined as

(1 _ -2 _
) = max((y 5o~ Ao /b1 1/55). (A9 thes = max(\ /(1 =, =13 ), /b2, 1s). - (AL3)
122) :maX< xl(l—r%IO)mB,l/bl,l/lg), (Ag) 1‘5120)3 :ma)((\/(l —rD —rD )x3,]/b2’b3) (A]6)
A1.2) ( /P o/ | piL2) . 1/by, 1/ b2>, (A10) ;l.“hte(;lard functions for the hard part of the amplitudes are
isted as

he(x1,x3,b1,b3) = Ko(y/X1x3mp b1)[0(by — b3)Ko(y/x3mp by)Io(\/x3mp b3)
+0(b3 — by)Ko(\/x3mp b3)Io(\/X3mp by)], (A17)

.7\?
ha(x2,x3,by,b3) = (’5) H(()l)<\/x2x3mgxb2)[‘9(b2 b3)Ho (/x3mg by)Jo(\/X3mp b3)
+0(bs - ) (\/_mB b3)Jo(y/x3mp b)), (A18)
KO( ngn)bz) for PY) >0

7ol (01, %2, X3, by, ba) = [0(by = b2)Ko(\/Penb)lo(v/Panbs) + (by <> by)] _
iz h ( 1% |b2> for PY) <0

(A19)
B by, bs) =iz |0(by = b3)H" (\/Poiearbi Vo (/P onienb
u,,(”)(xlvxz,x& 1 b3) 12 (b 3)H, an(es)P1 Y0 an(cs)03
KO< Pifz(cs>b]> for PU) >0
+ (by < b3)] (A20)

mH (‘ /|P )lbl) for PEIQ(”) <0

where the functions H (()1), Jo, Ko, I are the (modified) Bessel functions and obtained from the Fourier transformations of the
quark and gluon propagators. The evolution factors evolving the scale ¢ are defined as

E, (1) = a,(t) exp[=Sp (1) = Sp (1)), (A21)
E,,(t) = a,(t) exp[=Sp (t) = Sp (1) = Sp, ()[4, =5, (A22)
E (1) = ay(t) exp[—Sp (1) = Sp, (1) = Sp: (), =5, (A23)
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Eq(t) = a,(1) exp[=Sp, (1) = Sp; (1)],  (A24)

where the definitions of the functions S;(#)(j = By, Dp: .,
Dy) in Eq. (A21), Eq. (A22), Eq. (A23), and Eq. (A24) are

given as
mp 5t dp _

Sp(t)=s|x1—=,b —|——/T a , A25
w0 =s(n ) 43 [ Fram). 029
Sp. (1) ( .2 b>+2/t W @), (A26)

=s|x , —vr,(a,(in)),
D 2\/2 2 l/b2/47q H
Sp- (1) s(x% b>+2/' P (@), (A27)
on 3\/5, 3 /b, ﬂ Yq s\H))-
Here the quark anomalous dimension y, = —a;/x, and the

expression of the s(Q,b) in one-loop running coupling

constant is used
A
in(3) -5 0-5 -+ (3-1)
26
A
(A28)

@)
d

A
_{Tﬁ%_rﬂln

~

q

~

b

A

4

b

A

25

~

b) +

A2
s(Q.b)

)

eZyE—l
2

~

with the variables are defined by § = In[Q/(v2A)],
g = 1In[1/(bA)] and the coefficients A"?) and S, are

33 —2ny 4
_20 T4y (OO p—_—
_ , A = A29
67 =2 10 8 1
A =1 _ 2 _ = —BiIn( <er= ), A30
93 27nf—|—3ﬂ] n<2e > ( )

where ny is the number of the quark flavors and yp the
Euler constant.

APPENDIX B: AMPLITUDES FOR THE DECAY
B! - D}y (2317)D;

The amplitudes for the decay B — D5 (2317)D; are
listed in the following. It is noticed that we add the
character “c” in the subscripts to distinguish them from
those for Fig. 1, which represents a conventional charmed
meson D being the emission (upper) position in the
Feynman diagrams.

1 [
Fit = ~Fi = a0 fo, [ dridvs [ bidbibsdbagy, (501, ()

x[L+rp +(1- 2VD;O)X2]Eec(t<elc))Sr(xz)he(xlvxz(l —1p,),b1.by)

+ [re(1=2rp: ) +rp (2= rp )| Eec(

SP __
]:ec_

2)

1 o0
—167[CFM%XfDSrDS/0' dxldX2/O' bldblbzde‘pBS(xl?bl)

1 0
ML = 302Cnt, [ /2N A dxydsds A bydbibsdbyds, (x1, b)), (x2)p, (x3)

x {[x3 = rp: xo(1 = 2rp: )| E,,(t

+ [X3 -1- (1 - rD;‘O)XZ + rch]Eenc(

LR _
Menc

x (rps, + D){rp [x3 + rp: (1 + rp: )xa] Ecne(

tec )Si(x1)he(xp, x1 (1 = rZDS)’bZ’bl)]’ (B1)

< {[1+ rp:, 2+ sy + 12(1 = A1 D Eec(t6) S (x2)he (x1.2(1 = 1, ). by by)
+ [re(1 =4rp: ) +2rp (1 - rD:O)]Eec(IE%))Sz(xl)he(XZ’xl(l — 1) by by)}, (B2)

g}'l)c)hg}'l>6(xlax3’x2a bla b3)
tere) e (1, X3, %3, by, b3) }, (B3)
1 o

_327rCfm}‘;x/\/ 2NCA dx]dxzdx3/0 bldbledb3¢B(\.(xl’bl)¢Dj0(x2)¢D‘v(x3)

g%‘t)c‘)hg?‘tl‘(x]’XSaXZ’ bl9b3)}’ (B4)

= [re +rp, (14 rp; ) (1 = x3) | Eeye (2
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1 0
M, = =320Cym VAN [ dxideadss |7 bidbibsdbsghy (1, b1, (32, ()

x {3+ (1 - rDjO)XZ]Eenc(tglr)c)th)c(xl’x3ax2, by, bs)

+ [xs + rpyxa — 1E gne (tere) (X1, X5. %5, by b3) }, (B5)

where these amplitudes are factorizable and nonfactorizable emission contributions, respectively. The nonfactorizable and
factorizable annihilation amplitudes are written as

1 ©
Miie = 32nCpmy [ v 2NCA dx,dxzdx3A bydb bydbygp (x1.b1)¢p: (x2)¢p, (x3)

x{[rs =1 - ’”DJD;O(xz +x3 - 4)]Ea”(t£,1,,)c)hgln)c(xl,x3,x2, by, by)
+ (1= xy + rp, iy (X2 + X5 = 2)Egy (tie) e (%1 x3. X2 by by) }. (B6)

M = =320Cym VNG [ dsidusdrs [ bids ooty (1,51 ), (52) i, 33

xA[rp, (14 x3) 4+ rp: (1 4+ x2)]E, o (thaie) Bl (31 X3. 3. by by)

+ [rp:, (1 = x2) + rp (1 —x3)]Ean(t5m)C)h(fn)C(x1,x3,x2, by, by)}, (B7)
M3 = 328Cms VNG [ dvidvads [ brdbibadbapy, (1,51 (32), (1)

X {[1 =xy 4+ rp,rp: (xa +x3 — A)]E 1 (tone) e (1. X3. 33, by by)

— (1 =3 + rp, e, (X2 + X3 = 2)|E gy (tie Vi (1. X3, X2 by b2) }, (BS)
Fit = —Fif
1 ©
= 87Cfpmy A dx,dx; A bydbyb3dbsdp: (x2)¢p, (x3)

x {2 = 1= 2rp, 1oy (12 = 2)|E(16)S,(x2)ho (1= 13, )63, (1= 13, ), b, by)

+[1 = x5+ 2rp rp: (x5 = 2)|E L1608, (x3) (1 = rh, )%, (1 =1 )x3.b2.03)}, (B9)

1 o
Fae =162Csfp, mB/O dxzdx3/0 bzdb2b3db3¢D;0(X2)¢Dx(x3)

x {[=2rp, + rp: (1 = 02| Eg(16d ) S, (x2) (1 = 13y )3, (1= 13 )3, b3, by)

+ (2, = 1, (1= 3 Ea(16)8, (63 ) a (1= 13, )2, (1= 1. )3, b, b)) (B10)

If changing the positions of the scalar and the pseudoscalar mesons in the final states, one can get another type of
annihilation amplitudes, which are given as

1 )
M, = =328y [N [ dvidvsdrs [ bidbibsdbsty, (1,51, (52) i, 33
x {[xa + rp rp:, (x2 +x3 + 2)]Ean(t£zlrz>‘v)h$1)s(xhxz’X3’ by.b3)

— [x3 + 7, e, (32 + %3)| Eo (1) i (1. 63, x2. b1 b)), (B11)

116030-12



PROBING Dj,(2317) IN THE DECAYS OF ... PHYS. REV. D 103, 116030 (2021)

1 0
MES, = =320Cymi /AN [ dnidnadrs [ bidbubsdbig, (51,00, (220, (32

x {[rp, (2 = x3) + rpy (X2 = 2) By (thals Bl (1. %2, X3 by 3)

- [rpjoxz - FDst]Ean(fﬁ)x)hﬁ)x(xl,xz, X3, b1, b3)}, (B12)
SP 4 : 0
M3, = 32Cyay (VNG [ dvidvad |7 budbibadbay, (1,51, (32), ()

x{[x3 + rp,rp: (2 + x5 + 2))E g (tirs ) s (x1. X3, 3. by . b3)

= [xa+rp rp: (X2 + 3] Eqn (1) s (31, X2, 5. By bs) }, (B13)
Fit = -1
1 0
— 8nCyfym, A dxydx, A badbsbdbdp, (x2)bp, (1)

x {[xs + 2rp, o (1 4+ 63))|Ea(16)S,(x3) (2, (1 = 7, = 1 )5, b, b))

— [ta + 2, e, (% + DIEL(1) S, (xa) R (x5, (1 = 1 = 13, ), b, b))} (B14)

P = 16C g, [ dvadss [ badbsbadbsg (o), (x3)
X {[2ry, + o3+ rEa(t0)S: () haxa. (1= by =1 )3, b 1))
+ [2rp, + 1oz %2 = ] Ealt ) S (x2) (s, (1= 13 =13, )32, by, b)) - (BIS)
From the previews contents, it is easy to know that the character “s” in each subscript represents ss pair generated from a

hard gluon in the corresponding Feynman diagrams. The scales, the functions for the hard kernel and the evolution factors
can be obtained for Eq. (A1) to Eq. (A24) by the following substitutions

Xy <> X3, b2<—)b3, rD;O <—>er. (B16)
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