Eur. Phys. J. C (2015) 75:170
DOI 10.1140/epjc/s10052-015-3382-0

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Analysis of the semileptonic B, — D;’ transition in QCD sum

rules and HQET

R. Khosravi®

Department of Physics, Isfahan University of Technology, 84156-83111 Isfahan, Iran

Received: 9 February 2015 / Accepted: 31 March 2015 / Published online: 28 April 2015
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract We investigate the structure of the D?(2420
[2430])(J¥ = 17) mesons via analyzing the semileptonic
B, — D(l)lv transition in the frame work of the three-point
QCD sum rules and the heavy-quark effective theory. We
consider the D? meson in three ways: as a pure |cu) state,
as a mixture of the two |2 P;) and | P;) states with a mixing
angle 6, and as a combination of the two mentioned states
with mixing angle 8 = 35.3° in the heavy-quark limit. Tak-
ing into account the gluon condensate contributions, the rele-
vant form factors are obtained for the three above conditions.
These form factors are numerically calculated for |cu) and
the heavy-quark limit cases. The obtained results for the form
factors are used to evaluate the decay rates and the branching
ratios. Also for mixed states, all of the mentioned physical
quantities are plotted with respect to the unknown mixing
angle 6.

1 Introduction

There is some difference between the measured and predicted
masses of the even-parity charmed mesons (J© = 1%),
observed in the laboratories [1-5] and considered in many
phenomenological models [6—11]. So many efforts have been
made to realize this unexpected disparity between theory and
experiment [12—18]. Therefore the study of the processes
involving these mesons is important for understanding of the
structure and quark content of them. Some physicists pre-
sumed that these discovered states are conventional cu and
cs mesons [19-27]. Among these mesons, we focus on the
non-strange D(l) meson. So far the two confirmed D(l) states,
with mass of 2423.4 4+ 3.2 and 2427 + 26 £+ 25 MeV, have
been observed [5]. The narrow-width state with lower mass
is known as D?(2420) and the wide-width state with higher
mass is identified as D?(2430) [28]. Theoretically, the dis-
covered states do not fit easily into the cu spectroscopy [22].
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One of the proposals is the introduction of the D? meson as
a mixture of two |} P;) and |3P1) states with the cu quark
content [19-22,29,30]. In this work, we plan to analyze the
D(l) meson as a conventional meson with pure |ci) state and
also as a combination of | P;) and |3 P;) states.
Heavy-light mesons are not charge conjugation eigen-
states and so mixing can occur among states with the same
JP and different mass that are forbidden for neutral states
[22]. So the mixing of the physical Dy and D] states can be
parameterized in terms of a mixing angle 6, as follows:

[D1) | | cos@ sin® I'Py)
|:|D’1):|_|:—sin9 cose:|x|:|3P1):|’ M

where we used the spectroscopic notation 25+ L ; for intro-
duction of the mixing states. Considering |*P)) = |D;1) and
I1P;) = |D,2) with different masses and decay constants
[22,29], we can apply these relations, beyond the heavy-
quark model, for axial vectors Dj(2420) and D;(2430)
mesons with two different masses, i.e.,

|D1(2420)) = sin@ |D11) + cos@ |D;2),

2
|D1(2430)) = cos6 |Di1) —sin@ |D;2). @

The masses and decay constants of the D1 and D;2 states
are presented in Tables 1 and 2.

In the heavy-quark limit where the quark mass m,. — oo,
both axial vector D(l)(2420) and D(l)(2430) mesons can be
produced and identified with |P13 / 2) and | Pll/ 2), respectively.
It is useful to change from the L—S§ basis 25+ to the j—j
coupling basis L’,, where j is the total angular momentum
of the light quark. The relationship between these states is

given as [22,29,30]

D420 = P ] \f%\/g X{|012>=|1P1>}
172 /53| Liem=rey

DY(2430) = |P,'7)
3)
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Table 1 Masses of D; 13 P;) and D;2(! P)) states in GeV

References Godfrey and Pierro and Godfrey and
Isgur [19] Eichten [21] Kokoski [31]

D113 Py) 2.49 2.42 2.47

D12(' Py) 2.44 2.49 2.46

Table 2 Decay constants of D1 G P1) and D12(1 Py) states in MeV

Reference Thomas [29]
Di1CP) 183
Di2("Py) 89

These relations occur for the mixing angle 6 = 35.3° in Eq.
(1). But note that the value of the mixing angle can be positive
equal to & = 35.3° or negative corresponding 6 = —54.7° if
the expectation of the heavy-quark spin—orbit interaction is
positive or negative, respectively [22].

The B, — D*0lv [32] and B, — DIl/vv [33] have
been studied via three-point QCD sum rules (3PSR). In this
work, we analyze the semileptonic B, — D?(2420[2430])l %
decays in 3PSR and heavy-quark effective theory (HQET).
To this aim, we consider the structure of the D? meson in
three conditions:

1. The D(l) meson as a pure state (|cu)).

2. The D(1) meson as a mixture of two states of the |' P ) and
1> P;) with a mixing angle 6 [see Eq. (2)].

3. The D? meson as a combination of two |' P;) and | P;)
states with the mixing angle 6 = 35.3° in the heavy-
quark limit [see Eq. (3)].

Taking into account the gluon condensate corrections, as
the important term of the non-perturbative part of the corre-
lation function, the form factors of the B, — D? transition
are obtained within 3PSR for the conditions 1, 2 and within
the HQET approach for the condition 3. For the conditions 1
and 3, the form factors of the B, — D?(2420[2430]) tran-
sitions are a function of the transferred momentum square
g°. So, we plot these form factors and decay widths of these
decays with respect to ¢2. Also the branching ratios for these
cases are evaluated. But it should be remarked, when we
consider the D(l) as a mixture of two states with mixing angle
0 in the region —180 < 6 < 180, that the transition form
factors of the B, — D?(2420[2430]) decays are functions
of two variables, 6 and qz. Since the decay width of the
B, — D? transition is related to the form factors, it is a
function of the mixing angle 6 and ¢, too. For a better anal-
ysis, we plot the form factors and the decay widths of the
B, — D(l) (2420[2430]) in three dimensions. In this case, the
branching ratios are shown with respect to the mixing angle
6. Detection of these channels and their comparison with the
phenomenological models like QCD sum rules could give
useful information as regards the structure of the D(l) meson
and the unknown mixing angle 6.
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This paper is organized as follows. In Sect. 2, we calcu-
late the form factors for the B, — D? transition in 3PSR
for above conditions 1 and 2. In Sect. 3, the transition form
factors are evaluated via HQET approach for condition 3.
Finally, Sect. 4 is devoted to the numeric results and discus-
sions.

2 Sum rules method

In this section, we study the transition form factors of the
semileptonic B, — D(l)l v decay by QCD sum rules mecha-
nism. To this aim, first, we consider the D‘l) meson as a pure
state. The B, — D?l v process is governed by the tree level
b — ulv transition and ¢ quark is the spectator, at quark level
(see Fig. 1).

The three-point correlation function is considered for the
evaluation of the transition form factors in the framework of
the 3PSR. The three-point correlation function is constructed
from the vacuum expectation value of time ordered product
of three currents as follows:

M (P2, P, g%
. . 0
=i2/d4xd4y etipx—ipy <0‘T{JUD‘ (x)JjV(O)JBf*(y)}‘O>,

“

where JVD v (x) =cyyysuand J Be( y) = c¢ysb are the interpo-
lating currents of the D(l) and B, mesons. J y =uy,(1-ys)b
is the current of the weak transition.

We can obtain the correlation function of Eq. (4) in two
respects. The phenomenological or physical part is calcu-
lated saturating the correlation by a tower of hadrons with the
same quantum numbers as interpolating currents. The QCD
or theoretical part, on the other side is obtained in terms of the
quarks and gluons interacting in the QCD vacuum. To derive
the phenomenological part of the correlation given in Eq.
(4), two complete sets of intermediate states with the same
quantum numbers as the currents J DY and Jp, are inserted.

Fig. 1 The bare-loop diagram for B, — D?l v transition
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Fig. 2 Contribution of two gluon condensates for B, — D(l) transition

Table 3 Input values in numerical calculations The general expression for the hadronic matrix element of
the weak current with the definition of the transition form
(G2 0.044 4 0.007GeV* 381 factors is given by the formula:
Vbl (3.84£0.5) x 1073 [39] .
o, 220 + 12 MeV [40] (DY(p', &)y, (1 — y5)b| Bo(p))
B, 395 + 15 MeV [41] = fr @ epape™ pp'”
—ilfo@el + £ E P)Pu+ f(@) (E P)gul,
This procedure leads to the following representations of the (6)
above-mentioned correlation:
s n where
My (p”, Pl .q7)
DY 2fv(4*)
<0|Jv : ID?(P’, 8))(D?(P’, S)IJ,YVIBc(P)HBc(P)IJB”TlO) f\//(qz) = ) f(;(qz) = folg?) (mBC +mD?> ’
- (s +mp)
2 2 2 . .
p2—m o) (P~ m3,) ) 2(¢?)
( o} " {0 yp—_ L 7P SR - L )
+ higher resonances and continuum states. (®)] (m B, +m D(I)) <m B, +m D(l))
—f——f,——f, t,| —f—— £, ==t t,|
0.4 0.4 1
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0 - 0
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Fig. 3 The dependence of the transition form factors on the Borel parameters for the B, — D? (2420) transition

@ Springer



170 Page 4 of 18

Eur. Phys. J. C (2015) 75:170

Table 4 The value of the form factors of the conventional B, —
DY(2420, 2430) transitions at ¢ = 0, M7 = 15GeV?, and M? =
8 GeV?

Form factor Value
Do
5( D} (2420,2430) () —0.51£0.12
—~po
‘ fOB[ D}(24202430) 0.23 £0.07
g 0 )
lec DY2420.2430) 0.33 £0.09
0
szc_)Dl (2420,2430) ) —0.55+0.14

Table 5 Parameters appearing in the fit function for the form factors
of the B, — D1(2420,2430) at M? = 15GeV? and M? = 8 GeV?

Form factor a b i
d 0 ’
f‘fc DPQI02430) 2 —0.34 —0.17 4.94
0
fOBC—>Dl (2420,2430) @ 0.19 0.04 6.88
0
leC—> DO(2420,2430) ) 0.24 0.09 591
Do
szC 01(2420,2430)(q2) —0.35 —0.20 4.82

and the fy (qz), fo(qz), fi (qz), and f> (qz) are the transition
form factors, P, = (p + p' )y qu = (p — p'), and € is the
four-polarization vector of the D(l) meson. Also the following
matrix elements are defined in the standard way in terms of
the leptonic decay constants of the D? and B, mesons:

(0150100 &) = fipgmpge”s (01, 1Be(p)

2
— fB(,~mBC
mp +me’

(®)

where f DY and fp_ are the leptonic decay constants of D(l)
and B. mesons, respectively. Using Eqs. (6) and (8) in Eq.
(5) and performing summation over the polarization of the
D(1) meson, we get the following result for the physical part:

2
_ chch
(mp +me)
c p/z _ sz‘l) <p2 _ m%f)

X [if\//(qz)guvaﬂpap/ﬁ + fé(qz)guu

+ f{(qZ)Pupv + fg/(qz)qitpv]
+ excited states. )

Jpom po
M, (p?, p%, %) = L1

The coefficients of the Lorentz structures i€, ,qg p* p/ﬂ s 8uvs
Py py, and g, p, in the correlation function IT,, will be
chosen in determination of the form factors fy (¢2), fo(¢?),
f1(g?), and f>(¢g?), respectively. So the Lorentz structures
in the correlation function can be written down as

H;w(]’za Plza qz) =i Hvsuvaﬂpaplﬁ + HOg/w
+ I Pupy + g po, (10)

@ Springer

where each IT; function is defined in terms of the perturbative
and non-perturbative parts as

I (p?, p% ¢ = T (p, ™, g%
+ I (p%, p?, gP). (11)

With the help of the operator product expansion, in the deep
Euclidean region where p? < (mp+m.)?>and p> « mg, the
vacuum expectation value of the expansion of the correlation
function in terms of the local operators is written as follows
[32,34]:

M0 (P2 P2, %) = (Co)pw + (C3),00(q) + (Ca) 1 (G?)
+ (CS)/LU (go'aﬂGaﬁQ)
+(C6) v (@TqqT q), (12)

where (C;),,, are the Wilson coefficients, Gg is the gluon
field strength tensor, I' and I are the matrices appearing in
the calculations. The non-perturbative part contains the quark
and gluon condensate diagrams. We consider the condensate
terms of dimension 3, 4, and 5. It is found that the heavy-
quark condensate contributions are suppressed by inverse of
the heavy-quark mass and can be safely omitted. The light u
quark condensate contribution is zero after applying the dou-
ble Borel transformation with respect to the both variables p?
and p'?, because only one variable appears in the denomina-
tor. Therefore in this case, we consider the two gluon conden-
sate diagrams with mass dimension 4 as an important term
of the non-perturbative corrections, only, i.e.,

I (p?, p%. q%) = " (p%, p%. %)
G? o
+1'I§ >(p2, p/z’q2)<;sG2>. (13)

The diagrams for contribution of the gluon condensates are
depicted in Fig. 2. To obtain the contributions of these dia-
grams, the Fock—Schwinger fixed-point gauge, x*Aj, = 0,
are used; here AZ is the gluon field. The procedure of the
evaluation of such as diagrams in Fig. 2 has been discussed
in Ref. [32] completely.

Using the double dispersion representation, the bare-loop
contribution is determined:

L @2n)? (s — pH(s’ — p?)

+ subtraction terms. (14)

By replacing the propagators with the Dirac-delta functions
(Cutkosky rules) we have

1

g s —2ins(k*> — m?), (15)
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and the spectral densities ,oip er(s, s,, qz) are found as

per N Q2s'A = Nu)(mp —me)  (25'A — Au)(m, +m)
= — —mg, ,
v =G s ) X, 5, 4% 3(s. 5", 4%) ‘
—_N.
per _ c A _ 2 _ _
oy = WG D) {A(mc +my) — A(mp —me) +2m(mp —me — my)
2(4ss'm2 —sA? —5'A? — uPm? + uAN)(mp — me
(s my = s i ! T‘ U )mp = me) +mcQCmpmy —u)
A(s, s, q°)
per N, 2s'A — Au)mp —3me)  2sA — Au)(m. +my)
PL= 02,5 ) (5,5 4% (5,5 4%)

2(8ss"?m? — 255’ A2 — 652 A2 — 2u’s'm> + 65 uAN — u? A'?)(mp — m,)

A2(s, 5", q%)
2(4ss'um? + 4ss' AN — 3suA? — 3uA2s’ — uPm? + 2u? AN Y (mp — m¢)
+ —mc¢,
A2(s. 8", q%)
P N, 2sA" — Au)(m, + my,) B 2s'A — ANu)(mp + m,)
2 2x12(s, 57, g2) (s, 87, q?) (s, s, q?)

2(8ss’2m% — 255’ A? — 652A% — 2u2s’mg + 65’ uAA — u2A*)(mp — mg)

A2 (s, s, q%)
2[dss’'um? + 4ss' AN — 3suA'? — 3uA>s’ —

(16)

A2(s, ', q%)

wm? 4 2u> AN J(mp — my) }
+mey,

where A(a, b, c) = a’ + b* + ¢ — 2ac — 2bc — 2ab. The
N, = 3is the color factor, u = s+s'—¢g%, A = s—i—mg —m%,
and A" = 5" +m?2 — m?.

For the heavy quarkonium bc, where the relative velocity
of quark movement is small, an essential role is taken by
the Coulomb-like o /v-corrections [35]. It leads to the finite

renormalization for ,olp ' so that

piC = Cpfer, (17
with c

4 |
2= 1% (18)

3v < 4710536) ,
I —exp|—
3v

where ozSC is the coupling constant of effective coulomb inter-
actions. Also v is the relative velocity of quarks in the bc-
system,

dmpm,

”#“m- 1

The value of oesc for B, meson is [35]
aC[bc] = 0.45. (20)

By performing the double Borel transformations over the
variables p? and p’? on the physical parts of the correlation

functions and bare-loop diagrams and also equating two rep-
resentations of the correlation functions, the sum rules for
the f/(g?) are obtained:

2 2
"B "Dy
flad) = )
chchfD‘l’mD?
Lo = =
- — ds’ pl(s, s q2)6M1 e
e [0 [ vt
b L
o ct
—iM2M2<JG2>—’ , 21
My~ 5 2D

wherei = V, 0, 1 and 2, s¢, and s(/) are the continuum thresh-
olds in the pseudoscalar B, and axial vector D? channels,
respectively, and the lower bound integration limit of s, is
as follows:

B (m% +4% — mlz) - s')(ml%s’ -

m2q?)
(my — g*)(m2 —s')

SL

The explicit expressions for Cf are presented in Appendix
A.

Now, we would like to consider the form factors related
to the B, — D(l) transition when the D? meson is a mix-
ture of the two |'P;) and |?P;) states. To this aim, first
the ]‘i/B“_)Dl 1@ (g?) are obtained from the above equations,

@ Springer
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Fig. 4 The dependence of the form factors as well as the fit parametrization of the form factors on 2. The small boxes correspond to the form
factors, the solid lines belong to the fit parametrization of the form factors

replacing the f DY by decay constant fp,1(2), and m DY with  form factors of B, — D?(2420) transition are found as fol-
mp1(2), i.e., lows:

2
'"%C "D11(2)
(mp +m¢) T

"B +mpy1\ .B.—Dil, 2\ ..
fiB D@ (42) = _ e Mo M (24200 2y _ [ "B 1 =D sin 6
fB(m2BCfD11(2)mD11(2) fo @ mp, + m po fo @)
1 S‘/) , 50 , =5 l/
g [0 [ e e e o BEID2 ) D22 cos,
m?2 SL mp, —+ mD(l)
mp, + M po
C4 .(/2430) 2y _ c 1 B —Di1 sin®
_iM12M2< G2> o [ (22) fl @) mp, + mp,1 (6] ) st
N ch+mD? fB —>D12( ) cosé.
where fp,1 = (183 £ 25) MeV, and fp > = (89 £ 7) MeV mp, +mpa) 1
[29]. Then by straightforward calculations, the f;>**” (¢2) (23)
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Table 6 The branching ratio value of the semileptonic B, —
DY(2420, 2430)1v decays

MOD BR

B, — DY(2420, 2430)lv (0.71 £ 0.18) x 10~4

0.6
=
= 0.5 4
—
—
>
=~ 0.4
o
NN
[aN}
S o 0.3 7
s o
N T
o\o“ﬁ
.2
7 0
o
m
~—
&
2 0.1
0+ T T T
0 5 10 15

2
q

Fig. 5 The dependence of the decay width of the B, —
DY (2420, 2430) decays on ¢>

0.3 A

024

0.1 4/

0.0 4

fi(2420)(0)

-0.1 4

-0.2 4

-0.3 4

/
\\//
\-\_,v/

-100  -50 0 50 100 150
0

-150

Fig. 6 The dependence of the form factors on 6 at g% = 0 for the

B, — D(2420) transition

where i’ = V, 1, 2. Note that the fl.(2430) (qz) form factors of
the B, — D? (2430) decay are obtained from the above equa-
tions by replacing the sinf — cos6 and cos# — —sin6.

3 Heavy-Quark Effective Theory

In this section, we apply the HQET to analyze the form factors
of B, — D(l)lv calculated by 3PSR. As mentioned in the
introduction, in the heavy-quark mass limit, when m, —
00, the D? meson can be considered as Eq. (3). Therefore,

to estimate the fl.HQ form factors in this approach, first, we

1}(2430)(0)

-0.2 4

-0.3 4

-150 -100 -50 0 50 100 150
¢]
Fig. 7 The dependence of the form factors on 6 at g> = 0 for the

B, — D?(2430) transition

present the dependence of the f; HQ(B.— Dik) (k=1,2)ony
where
2 2 2
my +m —q
y=v/ = B DIk (24)

2mp,mpk

Here, v and V' are the four velocities of B, and D1k mesons,
respectively (for some details see Refs. [36,37]). After some
complicated calculations, the y-dependent expressions of the
fiHQ(B‘_)D‘k) (y) are obtained as follows:

HQBc—~Dik), y _ | £ £ 1

fy () =—5—F—elle

7 _ 2
(1 +Z)z5,) =2

fBCfle
x[=3+ 3@y + DVZ — 6 (y> + 1) Z]

/ dv/ dv'e” 2Tle 2T29
(277)2

2_ 2y

S}

><(2yvv, —v

> (27)

+ 223 — 1T
0+ VD)

x lim_Ccp@ET L, (25)
mp—> 00
FHQBDI () oot 1
Fo.foik 20+ Z)3z1 /—1+y

x[=3 =3y — DVZ —63y* =2y —1)Z
+12(° 4y — y)Z%

(27_[)2/ / dv'e” 2Tle "20

><(2yvv 2P
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Fig. 8 The dependence of the transition form factors on g% and @ = £Nx/6, N = 1,2, 3 for the B, — D(l) (2420) transition

i 3
2z —6(y> =y +5y+ 122
sarvz ™ <GZ> (y4y3y2) 2
31 ++2)3 1208 12y —y +y)Z
HQET dv e 271 e 2729
x lim CgOTE (26) Gy / /
X(Zyvv —vz—v’z)
1 A A 1 227
fHQ(B(;—>D1k)(y) =— ¢Tien e " 2
i 5. foi 41+ V2 (C)iZ R T 75 ( )
_ _ 2 _
x[-9+9(5y + WWZ 3(%6y +15y —=2)Z . CHQET} o)
+6(9y3 + 11y2 — 3y + ])Z? mp—>00

—120* +2y° — y2 4+ y)2? - . =
T2y =y +y) ] Intheseheavy quarkhmltexpresswnsA_mB —mp, A =

(2 )2/ / d])e 2Tle ZUTZQ mpk _mc’ == y+ a4 ch = fBN fD]k =
J

Me bk The continuum thresholds vy, vO, and integration

2 /2 /
x @y =7 —v'?) variables v, v are defined as
227
+ ( ( G2>> 5 )
31 +Z) so —m sy — mg
7 w= = (29)
x lim C{{QET} , 27 ‘
Mh =00 s — m% , s —m?
V= , V= —=. (30)
N 1 A A 1 mp m
szQ(B( D]k)(y) = ———ehehl { B FRCRERNT ¢
TB.fDik A0+ VZ)(=55)3z7 Also we apply Ty = M?/2myp, Ty = M3/2m., and m, =
x[=9 493y + DVZ — 92y2 + 3y — 2)Z my/NZ.
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Fig. 9 The dependence of the transition form factors on g% and @ = £Nx/6, N = 1,2, 3 for the B, — D(l) (2430) transition

Fig. 10 The decay width for
B, — D?lv with respect to g2
and = £Nn/6, N =1,2,3

The explicit expressions of the coefficients C
given in Appendix B. In the expressions of the C

) .1017

dBr(B,—D{(2420)1 v
dq®

Io(a,b,c), Lipy(a,b,c), Ij(a,b,c); j

Is(a, b, ¢) are defined as

Ip(a,b,c) =

(_1)a+b+5
1672 T (@T ()T (c) (

x (2myp,

vz

4—2a—b—c p2—a—b p2—a—c
) Tl T2

7 A

6 = -90[90]

HQET

i Q are
HQET
i >

3,4,5, and

)2—[1—6

hiy@ b o =i T ©

HQET
X UO

(_1)a+b+c+l

(a+b+c—4,1—c—>b),

X (zmb)5—2a—b—(,‘ T]

1 4—a—c—1(2)
(%)

1—a—b+1(2) T4—a—c— 1(2)
2

XU(I){QET(a—I—b—}—c—S,l—c—b),

(_ 1 )a+b+c

I_j(a,b,c)zi

1672 T (@)L (B)T(c)

()
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% (Zmb)6—2a—b—c Tl_a_b_l+J T27—a—C—J

 OET

(_1)a+b+c+l 1 3—a—c
3272 T(a)[ (b)) (c) (ﬁ)
)672a7b7c T137a7b T237a7c

(@a+b+c—6,1—c—0>b),

Ig(a,b,c) =i

X (2myp,

xUp P @+ b+c—62-c—b). (31)

HQET
Uy

The function (m, n) takes the following form:

© X 7 \"
u(?QET(m,n)z/o Qmp)" <%+Tl+ﬁ) X"

B -
X |:—— — By — B1xj| dx, (32)
X
with
- NZ [mb? _, 1 s o
= | = — T\ Th(m? — ,
1 T1T2|:Z 2+ﬁ12(mb Q)]
= vz 2 Lo s 2
B = T jy=— ’
0 2myTi T |:mc l+ﬁ(mb+mc)i|
B ! (33)
1= —F=—
4«/2T1T2

Then by considering D? meson as a combination of the two
states |D1k) (k = 1,2) the £ (y) and Q50 (y)
form factors for the B, — D?(2420)l v and B, —
D?(2430)lv decays are obtained as

@ Springer

1 N 2 -
f}HQ(2420)(y):\/;f(§'IQ(B(' D]])(y)+\/;f(§‘lQ(Br D]2)(y)’

2 — 1 —>
fiHQ(2430) ) /g fiI;IQ(BC D) l)(y) /g fiI/-IQ(B( D2) ),
(34)

wherei =V, 0,1, 2.

4 Numerical Analysis

Now, we present our numerical analysis of the form factors
fi(g® (i = V,0,1,2) via 3PSR and HQET. From the sum
rules expressions of the form factors, it is clear that the main
input parameters entering the expressions are gluon conden-
sates, element of the CKM matrix V,,;, leptonic decay con-
stants fp_, fD(lJ (see Table 3), fp,1,and fp,2, Borel param-

eters M 12 and M22 as well as the continuum thresholds sg and
50-

The sum rules for the form factors contain also four auxil-
iary parameters: Borel mass squares M 12 and M22 and contin-
uum thresholds so and s). These are not physical quantities, so
the form factors as physical quantities should be independent
of them. The parameters so and s(’), which are the continuum
thresholds of B, and D(l) mesons, respectively, are determined
from the condition that guarantees the sum rules to practi-
cally be stable in the allowed regions for M 12 and Mzz. The
values of the continuum thresholds calculated from the two-
point QCD sum rules are taken to be so = (45-50) GeV? [41]
and s, = (6-8) GeV? [42]. We search for the intervals of the
Borel mass parameters so that our results are almost insensi-
tive to their variations. One more condition for the intervals of
these parameters is the fact that the aforementioned intervals
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Fig. 12 The dependence of the HQET form factors on q2 for the B, — D? (2420) transition

must suppress the higher states, continuum, and contribu-
tions of the highest-order operators. In other words, the sum
rules for the form factors must converge (for more details,
see [43]). As a result, we get 10 GeV? < M12 < 25 GeV?
and 7GeV? < M22 < 13GeV?2. To show how the form fac-
tors depend on the Borel mass parameters, for example, we
depict the variations of the form factors for B, — D(l) (2420)
at ¢> = 0 with respect to the variations of the M} and M3
parameters in their working regions in Fig. 3. From these
figures, it is revealed that the form factors weakly depend on
these parameters in their working regions.

For an analysis of the form factors of the semileptonic
B, — D(l) (2420[2430])/v decays, first, we consider the D(l)
meson as a pure state, i.e., |cu) and analyze the form fac-
tors and the value of the branching ratios of the B, —
D(1) (2420[2430]) transitions in 3PSR. Then the form factors,

decay widths, and branching ratios of these decays are plotted
when the D(l) meson is a combination of two states with mix-
ing angle 6. Finally, considering the D(l) meson as Eq. (3), we
investigate and estimate this mentioned physical quantities
via the HQET approach in my(m.) — oo limit. Therefore,
there are three conditions for the study of the form factors of
the B, — D?(2420[2430])l v decays, related to the structure
of the D‘l) meson as follows.

e Pure state or |cu) state

If the D? meson is the pure |cu) state, using Egs. (7) and
(21), the values of the form factors at g2 = 0 are presented
in Table 4. In this case, the values of the transition form
factors at g2 = 0 for B. — D(l)(2420)l v decay are the same
as those for B, — D?(2430)l v. Our calculations show that
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the other physical quantities of these decays are nearly the
same.

The sum rules for the form factors are truncated at about
9GeV?, so to extend our results to the full physical region,
we look for a parametrization of the form factors in such a
way that in the region 0 < q2 < (mp, — mDo)2 GeV?Z, this
parametrization coincides with the sum rules predictions. Our
numerical calculations show that the sufficient parametriza-
tion of the form factors with respect to q2 is as follows [44]:

a b

2 + 2°
(%) (-2)
fit mg,

The values of the parameters a, b, and mg; are given in
Table 5. Figure 4 depicts the fit function of the form

filg® = (35)

@ Springer

factors = V,0,1,2) of the B, —
D(l)(2420, 2430)lv decays with respect to the transferred
momentum square ¢>. This figure also contains the form
factors obtained via 3PSR [see Eq. (21)]. The form fac-
tors and their fit functions coincide well in the interval
0 < ¢? <9GeV>.

By using the expressions for the form factors, the differ-
ential decay width dI"/dg? for the process B, — D(l)l v in
terms of H; can be presented as follows:

2420,2430 .
A '@?) G

dT4 (B, — D{lv)
dgq?

GVl

2,172 2 2 2 5
= omrns M (b a?) 1P,
B.
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Table 7 The value of the form factors of the B, —

DY(2420) and
B, — D?(2430) transitions via HQET at q2 =0

Form factor Value Form factor Value

QR0 @) _070+0.15 Y0y _0.66+0.14
£Heea0 o) 0.16£0.05 £ () 0.16 £ 0.04
FHQE20 () 038+0.10  fQ@H0 036 £0.10
e Q) 0104003 0 0)  _0.104+0.03

Table 8 The branching ratio values of the semileptonic B, —
DY(2420)1v and B, — DY (2430)v decays via HQET

MOD B, — DV (2420)lv B, — D)(2430)lv

BR (1.56 £0.41) x 1074 (1.05 £0.33) x 1074

dTo(B, — Dlv)
dgq?

GVl

= oz 1 (i i a°) 1P
B

dT o (B, — Dilv)
dq2

_dI'+(B. — D{lv) N dlo(B. — D{Iv)
a dg? dq? ’

(36)
H. and H, are defined as

2172 <m%{_,m%?,q2>

mp. + mpo
B, D]

e

fv(g?),

Hi(g?) = <mB[ +mD<1>> folgH) F

2.5 1

) lv) .1017

1.5 4

(2420

0
1
dq?

dBr(B,—D

0.5

0 5 , 10 15
q

0
1
dg?

2N 1 2 2 2 2
Hy(g") = W (WlBr _mD? —q )(H’le +mD(])) fo(g?)

A (méc, mé(l, qz)
-2 filgH |,

m m 0
B+

where =+, O refer to the D? helicities. Note that in the limit
of vanishing lepton mass (in our case the electron and muon)
the f>(g?) form factor does not contribute to the decay width
formula.

To calculate the branching ratios of the B, — D1(2420,
2430)Iv decays, we integrate Eq. (36) over ¢ in the whole
physical region and use the total mean life time 75, =
(0.46 +0.07) ps. Our numerical analysis shows that the con-
tribution of the non-perturbative part (the gluon condensate
diagrams) is about 13 % of the total and the main contribu-
tion comes from the perturbative part of the form factors.
The value for the branching ratio of these decays is obtained
as presented in Table 6. The function of decay width of
B, — D?(2420, 2430)Iv decays with respect to ¢ is shown
in Fig. 5.

e Mixture of |2 P;) and |! P;) states

Now, we would like to analyze the form factors of the B, —
D(l) transition when we consider the D? meson as a mixture of
two |2 P1) and |! P;) states with mixing angle 6 [see Eq. (23)].
The transition form factors of the B, — D?(2420[2430])l v
at q2 = 0 in the interval —180° < 6 < 180° are shown
in Figs. 6 and 7. The dependence of the form factors of the
B, — D{(2420) and B. — DY(2430) decays on the mixing

2_

1.5 1

) lV) _1017

(2430

0.5

dBr(B,—D

Fig. 14 The decay widths of the B, — D?(2420[2430]) decays in HQET approach with respect to q2
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angle 0 and the transferred momentum square g2 are plotted
in Figs. 8 and 9 in the regions 0 < q2 < (mp,— mD(l))2 GeV?
and 0 = =Nz /6, N = 1,2, 3. Using Eq. (36), we denote
the variation of the decay widths with respect to ¢> and 6 in
the same regions for each decay in Fig. 10. Also the branch-
ing ratios only in terms of the mixing angle 6 are shown in
Fig. 11.

e Compound state in the heavy-quark limit

Eventually, we study the structure of the D(l) meson as a mix-
ture of two |>P;) and |' P;) states with the mixing angle
6 = 35.3° in the heavy-quark limit. The HQET form factors
ofthe B, — D(l) transition were evaluated in Eq. (34). Figures

12 and 13 depict the fiHQ(2420) and fiHQ(2430) with respect
to the ¢? for B, — DV(2420)lv and B, — D?(2430)lv,
respectively. It is noted, at y = 1 in Eq. (24) called the zero
recoil limit [corresponding to q2 = (mp, —m D?)z], that
the HQET limits of the form factors are not finite. For other
values of y and the corresponding ¢2, the behavior of the

fi(2420‘2430) form factors shown in Fig. 4 and their HQET

form factors fiHQ(2420) and fiHQ(2430) in Figs. 12 and 13 are

the same, i.e., when q2 increases (y decreases), both the form
factors and their HQET values increases.

The values of the HQET form factors at ¢g> = 0 are pre-
sented in Table 7.

Also using Eq. (36) and the HEQT form factors, we eval-
uated the branching ratios of the B, — D?(2420[2430])l v
decays as given in Table 8. Figure 14 depicts the depen-
dence of the decay widths of these decays on the g2 in HQET
approach.

Conclusion

In summary, we analyzed the semileptonic B, — D(])
(2420[2430])v decays in the framework of the 3PSR and
HQET approach. First, we assumed the D(l) (2420) and
D(l)(2430) axial vector mesons as the pure |cu) state. In this
case, the related form factors were computed. The branch-
ing ratios of these decays were also estimated. Second, the
D(l)(2420[2430]) mesons were considered as a combination
of two states |°P;) = |D;1) and |' P|) = |D;2) with dif-
ferent masses and decay constants. We evaluated the transi-
tion form factors and the decay widths of these decays with
respect to the mixing angle 6 and the transferred momen-
tum square ¢ 2. The dependence of the branching ratios on 6
was also presented. Finally, we obtained all of the mentioned
physical quantities in the HQET approach. Any future exper-
imental measurement on these form factors as well as decay
rates and branching fractions and their comparison with the
obtained results in the present work can give considerable

@ Springer

information as regards the structure of these mesons and the
unknown mixing angle 6.
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Appendix A

In this appendix, the explicit expressions of the coefficients
of the gluon condensate entering the sum rules of the form
factors f;(¢%) (i = V,0,1,2) are given:

Y = —10113,2, 2mp’m2 +10 1,3, 2, 2)mp*m.>
+10 13, 2, 2)mp’me> + 10 Ip(3, 2, 2)mp>me>
+60 I (1,4, Dmp*me — 20 13, 2, Dmyp>me
+10 713, 2, 2)mp>me — 20 Io(3, 2, Hmy*m,
+101;(3, 2, Dmpme® + 40 12, 3, Dmpm>
—10 13, 2, Dmpme? +20 12, 3, Dmpm?
—101p(3,2,2)m> +201; (3,2, Dmp>
+10 12,2, 2)mp,> — 20112, 3, Hmy®
+1019(3,2, hm> —10L@3, 1, 2)m.>
—201p(2,2,2)m:> —20 (2,2, 2)m.>
—101o@3, 1,2m> +20 11 (3,2, 2)m,>
—50 12,2, hmp +20 1112, 3, hym,,

—20 1113, 1,2)mp — 20 Ip(2, 2, Hymy,
+3017,(2,1,2)mp + 100 Ir(1, 3, 1)m,
+3010(2,2, Hme 430 1113, 1, 2)m,
+20 %13, 2, yme + 10113, 2, Him,
+20 52,2, Dme — 30 1>(2, 1, 2)m,
+10foG3, 1, me 420 012, 2, 2)m,
+207°Y2,2,2)m. =10 1,3, 1, Hm,
—2010,(2,1,2)me — 3012, 1, 2)m,,

Ct = —2016(3,2,2)m:> — 40 I5(3, 2, Hm.>
—201/6(3, 1,2)m* + 40 1% 3, 2, 2)m>
+20 I6(2, 2, 2)mp> + 5 Iy (2, 2, Hmy®
—120 Is(1, 4, Dmp> + 40 I(2, 3, 1ymy>
+10 "1 @2, 2,20mp> = 5 ip(1, 2, 2)mp>
—201"13,2,2mp> +20 11213, 1, 2)m,
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+51°13, 1, Yme +5Ib(1, 1, 2)m,
+20176(2, 1, 2)me + 40 I6(3, 1, Dm,
—10 1811, 3, hmp —15Ip(1, 2, Hymy,
—4015(2,2, mp +15 152, 2, Hymy,
—201"M@2,2,2mp, +20 1?3, 2, 2)my,
—40 1113, 1,29mp — 15 Ip(1, 1, 2)my,
+1071Y@3, 1, Dmy — 151123, 2, 1)

0 s 1, b 0 , 2, L)myp
—2016(1,2,2)mp — 40 112, 3, ymy,
—10 o2, 3, Dmctmp + 15 113, 2, 29m*my,
+2016(3, 2, 2)m mp — 15 102, 2, 2)yme*my
+510(3,2, 2)mmp? — 30 Ip(1, 4, Dmemp*
=513, 2, 2memp* + 10 Ip(3, 2, Hmemy®
—10 71093, 2, 2)ymmp? + 5153, 2, DHmmy2

0 (vr)mcmb+ 0(7’)mcmb
+ 15104, 1, Dm3mp? +20 I6(2, 2, 2)me>my
+10 Io(1, 3, Dmc2mp +20 113, 2, Hm2my,
—201o(1,2,2)m2my, — 15 102, 1, 2)memy
—101o(3, 1, DmZmp +20 I6(3, 1, 2)me>my
+15102,2, m2mp 4+ 20 B2, 3, Hm2my,
+ 15102, 1, 2)memp? + 5 1o(3, 1, Dmemy?
—20 113, 1, 29memp? =20 (2, 2, 2)memy?
—10 102, 2, hmemp? +5 1123, 2, 2)memy?,

—40 712, 3, ymy +20 1123, 2, 2)m,,
—40 732, 2, Dmp — 20 11.(1,2,2)my, — 20 1212, 2, 2)my,
—20£5(1, 2, 2)mp — 20 i4(1,2, 2)my, — 1071012, 3, Dy,

—15113,2,2me> — 45113, 2, Dme> — 20 I4(3, 1, 2)me>
—2015(3,2, Dme> — 45114, 1, Dme> — 20 14(3, 2, 2)me>
—510(3,1,2)me> — 40 132, 2, 2)me> — 15 Ip(4, 1, Dym,>
—553, 1,2)m —101p(2,2, 2)me> —20 1,3, 1, 2)me
—2013(3, 2, 2)me2my> + 20 14(2, 2, 2)me2my,
—2010(2,3, Dme2my, + 40 143, 2, Dme2my

+20 133, 1, 2me2mp + 20 132, 2, 2)me2my,

+50,3,2, 2m*mp +20 133, 2, 2ymemy

+1511(3.2, 2m3mp? +20 133, 2, 2)m3my?

—2014(3, 2, 2)meZmp> — 51,3, 2, 2)memp

—50 712, 3, DmeZmp — 101113, 2, 2)mc2my,

+35 113, 2, Dme2my 420 I4(3, 1, 2)me2my,

+40 132, 3, hmp> +20 132, 2, 2)mp> —
+40 I4(2, 3, Dmp> + 20 14(3, 2, Dmp> + 10 1,2, 3, Dmy>

—301; (1,4, Dmp> — 40 [4(2,2, 2)me> — 20 Iy (2, 2, 2)memp?

—307,(3,2, Dmemp® +90 11 (1, 4, Dmemp?
+120 I3(1, 4, Dm3ymp? +40 [3(3, 1, Dime
—5002,2, hme + 107012, 2, 2)m

20,1
5193, 2, 2m°

+20 i4(2 1, 2)me +40 1113, 2, Dme
+40 71012, 2,2me + 51,3, 1, Hme
+20 142, 2, 2)mp> + 30 (1, 4, Dymemyp?
+30 [r(1, 4, Dmemp® — 20 143, 2, Dmemp?
+15 71013, 2, 2memp? — 10112, 2, 2)memy,?
i'°*2'(3 2, 2me + 51 (2 2, Dme
+40 7113, 2, Dme + 107913, 2, Dm,
—509%3,2,2)m, + 40 71 ”(2, 2, 2)me
+20 1}(2 1, 2me — 15192, 1, 2)me
+20 13 23,2, 2)mp, — 40 I3(1, 3, ymy,
—40 7193, 1, 20mp + 1011, 3, Dmy,
+10 10(1 3, ymy, —20 111 3,2, m,,
—20 13 23,2, 2)me — 10 Iy(3, 1, Dme,
1554, 1, Ym2my, — 40 11213, 2, 2)m,2my,
— 40 143, 2, Dm2mp — 10 1>(2, 3, Dm:2my,
+ 40 7113, 2, 2)m2my, — 60 I4(4, 1, Dym:2my,
+ 40 I4(2, 3, Dmc2mp + 20 132, 2, 2)mmy,
— 20 143, 1,2)m2my, + 10113, 2, 2)m >
+60Is(4, 1, Dm> —20 133, 1, 2)me>
— 1554, 1, hmS —563,2, Hm>
+101°1@3,2,2m> + 5103, 1,2)m.>
503, 1,2)m> +15Ip(4, 1, Hm>
—205,3,2, hm> + 20113, 2, 2)m)
—20 113, 2, 2memp> + 5 b3, 1, 2)memy>
—2013(3, 2, Dmemp® +20 142, 2, 2)memy?
—10 152, 2, 2)ymemp® — 30 Io(1, 4, Dmemp?
+120 151, 4, Dmemp? +5 113, 2, 2)mem)?
+2014(3, 2, Dmemp? — 10 113, 2, Dmemy?
+30 L1, 4, Dmemp? +20 [3(2, 2, 2)my>
—2014(3,2, hmy® +10 L2, 3, Dmy,*
+10 53,2, Dmyp® — 120 [3(1, 4, Dmy,>
+5002,2, hme + 151113, 1,2)m,
—5197@3,2,2)m, — 1511"13,2, hm,
+40 133, 1, Dme + 51,3, 1, Dme
—20 7113, 1,2m, + 10 io(3, 1, lym,
+10 1Y@, 2,2)m,. +20 1113, 1, 2)m,
—2014(2,1,2)me +20 132, 1, 2)m,
+552,2, DHme 4+ 101112, 2,2)m,
—155L@2, 1,2m, — 15113, 1, 2)m,
—40 1513, 1,2)mp + 40 113, 1, 2)my,
—20 52,1, 2)mp +20 113, 2, Hymy,
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+51°%3,2,2mp, + 10 1p(2, 2, ymy,
—2013(2,1,2)mp, — 10 [,(2, 2, Dymy,
—201r(1,2,2)mp + 20 I4(2, 1, 2)my,

—40 153, 1, Hmyp — 10 Ir(1, 3, 1)my,

+20 1193, 2, 2)my, — 40 132, 2, 1ymy,
+2071°92,2,2)my, +40 112, 3, ymy,
+10 L3, 1, 2)mmyp + 20 14(3, 2, 2)m,>
+510(3,2,2)m> —5 53,2, 2)m.>

+40 143,2, hm> +40 111 3,2, 2)m,>
+20 143, 1, 2)me> 4+ 5 13,2, 2)me my,
+20 153, 2, 2)mmp? — 20 14(3, 2, 2)ymemp?
+553,2, 2)mlmp? — 563, 2, 2)mEmp>.

where

2i. /] = (m3) (113 ]d—ld—]
il (a,b,C)—<M1) (Mz) d(mM2) a(M3)

X |:<M12>l <M22>] fn(a, b, c)] .

Appendix B

In this appendix, the explicit expressions of the coefficients
of the gluon condensate entering the HQET limit of the form

factors f‘],{Q, fé{Q, leQ, and szQ are given:
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) . 02321
43000 ¢ ) 50212 I )
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ph21y 1622 0 11"73,2,2)
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10U 2 2) 13, 1,2 11°12,2,2)
+20 2 +20 +20
N N Ny
710,1] = =
i"M@3,2,1 h2,2,1) h@2,1
+20-2 +30 +20
JZ VZ VZ
L3, 1,1 In(1,2,2) L3,1,1)
—10 - 20 +
VZ VZ JVZ
= 710,11 =
1(1,2,2) 13,1,2) LG, 1,1)
—20 + 30 — 10
JZ N2 NI

+601(1,3,1) +2011(1,3,1) —2071%1 3,2, 1)
+1071%%(3,2,2) +2017(1,2,2) + 20 11%1 2,3, 1)
—20171%Y2,2,2) + 100 p(1,3, 1) = 50 [; (2,2, 1)
—205(2,2,1) = 201p(2,2,1) =20 11%"(3,1,2)
+3071(2,1,2) +40 11" 2,3, 1),
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LG, 1, 1) M3, 2,1 1@3,1,2)

+40 7" 7z +4 7
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20 Y0222 hha1ny 102,22
VZ NG NG
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140143, 1, ) + 401121 (2,3, 1)

+10 +107°13,2,1)

+4014(1,3, 1) +40 1113, 1,2)
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where

i, b o) =

i+j r ; 7 i i dj
2 ) s )
x [ (1) a,b,0).
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