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Decay processes B — Dggh (h = =, p) are studied in the framework of the confined covariant quark
model using the naive factorization assumption. We observe that the theoretical results on branching
fractions have a tendency to systematically exceed the experimental numbers. Such a behavior has already

been seen for similar processes by other authors.
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I. INTRODUCTION

The recent measurements by the Belle [1] and LHCD [2]
Collaborations complement the previous BABAR results
[3-5] on B decays into D particles and pions. Including
also reactions with the ¢ meson in the final state [5-8], we
focus in this analysis on a set of decay processes with a
rich mix of properties. The processes differ in spin and
flavor structure and are described by various diagram
topologies. Rather than addressing some specific ques-
tion, we see several broader motivations for our study.
First, we are interested in the ability of the confined
covariant quark model (CCQM) to describe the exper-
imental branching fraction values as established from the
new measurements. The importance of their good theo-
retical understanding stems from the fact that several of
the studied decay channels have a clean experimental
signature measured with a high statistical significance and
thus play an important role of a relative reference for
processes, which are more difficult to measure. Further, in
the framework we use, we rely on the naive factorization
assumption, which we in this way also indirectly test. The
assumption is presumed valid for the processes with the
spectator quark entering the D meson, which is justified in
the heavy-quark limit [9]. The latter can be no longer
upheld if the spectator quark becomes part of the light
meson. In addition, our description of the chosen proc-
esses depends on five CKM matrix elements, i.e., on all
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except V,, and those related to the top quark. So, our
ability to describe various decay processes within a single
framework can be also seen as a probe and a consistency
check of the weak sector understanding. Finally, our
previous works covered most of the interesting nonlep-
tonic B(. ) decays [10-14]. B decays to light unflavored
mesons and D particles were within the CCQM not treated
up to now.

In Sec. I we review the description of the selected
decays in the Standard Model a provide formulas for
amplitudes and decay widths. In Sec. III the main features
of the CCQM are discussed and hadronic form factors are
computed. In the last section we present results and
conclude the text.

II. AMPLITUDES AND DECAY WIDTHS

B mesons can decay only weakly via the internal W
exchange. Two-body decays have three different quark
topologies shown in Fig. 1.

The annihilation topology is not taken into account
since its contribution can be neglected (see Sec. 3.3.6
of [9]).

The weak decays are described in the effective
theory approach based on a Hamiltonian con-
structed from four-fermion operators Q; weighted by
scale-dependent Wilson coefficients C;(u) and CKM
factors V;

G
Hesr = —71%2 ViCi(u) Qi

where G is the Fermi constantand V; =V, V,Th,%. At
leading order two operators play a role,
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FIG. 1. Quark diagrams with three different topologies: color
favored (a), color suppressed (b), and annihilation (c).

01 = (71, (22)i,)y_4(@3)1,(q4)i,)y_>
0> = ((91);,(22)i,)y_4((@3)1,(94)1,) 4o
(7192)v-a = 710"q> = @17 (1 = 7°) 4,

where i , are color indices and g represents quark fields.

The calculation of the matrix elements describing the
nonleptonic decays of the B meson into D(:) and light
mesons 7z(p) proceeds in our CCQM by analogy with the
decays of the B, meson into charmonium and D(Dj)
meson (for great details, see Ref. [10]). A pictorial
representation of the matrix elements is shown in Fig. 2.
By using the Fierz transformations one can show that
diagram (b) with color-suppressed topology is equal to
diagram (a) times the prefactor £ = 1/N,. This corresponds
to the so-called factorization hypothesis. Therefore, the
combinations of the Wilson coefficients appear as a; =
C, 4+ &Cy and a, = Cy 4 £C,. In the numerical calcula-
tions we set the color-suppressed parameter & to zero. Then
one has

a,=C,=10111, and a, =C, =-0.2632. (1)
We take values of the Wilson coefficients from [15], where
they were computed at the matching scale py = 2My, at the
NNLO precision and run down to the hadronic scale
u, = 4.8 GeV.

Due to the above-mentioned factorization, the matrix
elements of two-body nonleptonic decays split into leptonic
weak decay of the one daughter meson and weak transition
of the B meson into another daughter meson. The leptonic

(@) (b)

FIG. 2. Pictorial representation of the matrix elements of the
nonleptonic B decays with color-favored (a) and color-suppressed
(b) topologies.

weak decays are characterized by the weak leptonic decay
constants which have been reliably calculated in our
previous papers.

The matrix elements of the B — H transition can be
described with help of covariant form factors where the
form of the parametrization depends on the spin of H.
For pseudoscalar particles (H = PS) and vector particles
(H = V) one has

(PS(3,.4,)(PE)|310" 42| Big, 4,1 (Pb))
=F.(¢*)P" + F_(¢*)q",

<V[l?3,q2] (pH’ €>|‘_]10HQ2|B[Z]3.41](17b)>
+
€
S A P-gA 2 PHPYA 2
mH+mV[gpy qAo(q”) + +(q7)

+q'P*A_(q°) + ie" P PoqyV(q)].

Here the momenta P = pp + py and ¢ = pp — py are the
sum and the difference of the ingoing and outgoing
momenta, respectively. Because operators Q;, do not
contain ¢** ¢, terms, the corresponding tensor form factors
do not enter our analysis. It is convenient to define helicity
form factors

(i) B— PS
1
H, = ——[(m} = m3)F, + ¢*F_).
q
2
Hy — mB|22|F+’
V4
(i) B>V
H, 1 mp|p;|

N mp +mHmH1/q2
x [(my —mpy)(Ay = Ag) + ¢°A],
1

H,=—— [—-(m% —m%)A, £2 V],
+ mB+mH[ (mp —my)Ag mp|pa|V]

1
Hy=—[—(m% —m?%)(m% — m? — ¢*)A
0 mB+mH[(B H)(B H 51)0

+ 4m%|p2|2A+},

with |ps|= \/ AKaen (2 m?,.m2,,)/2mp being the momen-
tum of the final state particles H and H’ in the rest frame
of B.

The decay width formula depends on the diagram
topology and spin structure. The studied processes can
be organized in Table I in the following way. The diagram
D, describes the contribution proportional to the Wilson
coefficient a,, the diagram D, describes the contribution
proportional to the Wilson coefficient a,, and the diagram
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TABLE I. Classification of processes.

Diagram type

Spin structure D, D, Ds

(A) PS>PS+PS B'5D 47t B’°=z°+D° Bt DO+ xt
B>z +D*
B’z +D}
Bt a°+Df

B°>D +¢" B>z°+D" B>
B> +Dit
BT > z°+D*t
B+—>7T0+DI+

(B) PS—»PS+V B >D+o"

(C) PS=V+PS B°>D*+7x" >D 47t
B'— o +Df

Bt —o°+D7f

BO—>QO+D0 Bt

(D) PS->V+V  B'SD* +o°
B—o~+Di*
B+—>Q0+Dﬁ+

BO _)QO_,_WO BT —>ﬁ0+g+

D5 describes the contribution proportional to the mixture of
a; and a,. Such diagram types are depicted in Fig. 3.

For the processes listed in Table I we underline the part
containing the transition of the spectator quark, for the D,
case we apply this rule to the first of the two diagrams. The
D, /»/3 decays are sometimes referred to as class-1/2/3
processes [16], D, are called color suppressed. In our
analysis we do not distinguish between u and d quarks and
denote both by ¢. In order to make the decay width
formulas compact we introduce the symbol 6, which takes
the value 1/+/2 if an unflavored light neutral meson is in
the final state and is equal to one otherwise. The formulas
for the D, decays are

H' _
_ 9
g, H
93
b=q, g, B= g,

B A 2 B 9, 4 H
G % 9 9
(D1) (D)

%
H' a
Gy H
9y
+
= _ b=q 2
b=q, A B ! *H
B . H S
(Ds)

FIG. 3. Diagram structures D, D,, and Dj.

Ciap, (81 = S+ 83) =

G le
16z m
x {Hs‘ﬁsz(ms)} :

G lpzl
167

x {HS‘*SZ(mzv)}Q,

Gt lp>
167

S—»V 2112
x {H‘ (m3,)}",
G Ipz
167
x Z{Hf‘”v‘ (m},)}.

i=0,+

|
|90 g Visa a1 fs,ms, |

Cipp (S = S +V)= |90Vq1q2V113‘I4a1fVmV‘

Lie, ](51 - V+S$,)= ||90 qquVl13II4a1fS2m52|

|
Tpp)(S=>Vi+V,) = | 00V 4,0,V inas @1 fvymy,

The decay formulas for the color-suppressed D, processes
can be written as a function of those for D;:

pl(B= H + H) =Tl (B H + H),

where the roles of the a; and a, coefficients are swapped.
The decay widths of the D5 processes are given by

F Ip2| 92

F[A,Dg](Sl - S2 + S3) 16 2 0| q19> ‘13‘14'2

X {alfsz’"SJ‘J{SI_)S2 (m%:;)

+ azfszmszHS'_)Sg( éz)}z’
G
167z
x {alfvmVHol_)SZ(m%/)

S,—=V
+a2f57m52H‘ (m3,)}2,

Cipp(Si = S+ V) = Visal?

Ip2|
m 9(2)|V111f12

F |p2‘ 21y
167 9| 49192

S1—=V
X {alfSZmSzH " (m sz)
+ ay fymyHy ™% (m3) 2,

Gy |I72|
167

x Z{alfvzmvsz*V%mzvz)

i=0,£

Cicp)(Si = V+S,) = Vj}sq4|2

92|V le3£14|2

F[D»D3] (u + Vz) 9192

+ axfy,my, HS_)VZ(’"%/] )}

The last ingredient necessary for the evaluation of
decay widths are the hadronic form factors. Because
of their nonperturbative nature, one has to rely on a

033006-3



DUBNICKA, DUBNICKOVA, IVANOV, and LIPTAJ

PHYS. REV. D 106, 033006 (2022)

model-dependent approach. We evaluate these form factors
within the CCQM.

III. HADRONIC FORM FACTORS IN CCQM

The description of nonleptonic heavy meson decays in
the framework of the CCQM was already presented several
times [10-14,17]. We summarize here the most important
attributes of our approach.

The CCQM uses the scheme where a hadron is before the
interaction converted into its constituent quarks. This is
expressed by the nonlocal effective Lagrangian

Line = guM (x)J y(x) + H.c.,

JM(x)_/dxl/dx2FM(X;xl’XZ)EIZ(XZ)FM‘]I(XI)’

which guarantees a full Lorentz covariance. The interaction
strength between the mesonic field M and its interpolating
quark current J, is given by the coupling g,. The current is
constructed from quark fields ¢, an appropriate Dirac
matrix I'y;, and a vertex function F';. The latter is chosen
to have a translational invariant form

Fa(x;x1,x2) = 8(x = wixy = wyxp )@y [(x) = x3)°]

with w; = m, /(m, +m,,), so that the meson position x
can be interpreted as the barycenter of the quark system.
The function ®,, is taken Gaussian in the momentum
representation

B—-mn

4

3

2
T —F.
LLt OF-_______ -F.

-1 -_"‘~~\\

") \\\

3 :

0 5 10 15 20 25 30
o? [GeV?]

0o 5 10 15 20 25
a? [GeV?]

4
Dy [(x) — )% = ﬂe—ik(xl—n@ (—k?)
M 1 2 (271_)4 M ’

Dy (—k2) = ¥/M

Here A, is a free parameter of the model which character-
izes the meson M.

The presence of both hadrons and quarks raises concerns
about the double counting. We remedy the latter by
applying the so-called compositeness condition [18]

Zy = 1= gy}, (mjy) =0, (2)

which originates in the works [19-21]. Here IT), is the
derivative of the mass operator corresponding to the self—
energy diagram of the meson field fluctuating into a pair of

quarks. Setting the renormalization constant Z}M/2 to zero
implies that the physical and the corresponding bare state
have no overlap, i.e., the physical state does not contain the
bare state and is therefore interpreted as bound. The
condition effectively excludes the constituent degrees of
freedom from the space of physical states because the
constituents exist in virtual states only. The equality in (2) is
reached by an appropriate choice of g, and in this way the
coupling constants are determined and do not appear as
model parameters.

Another notable feature of the CCQM is the confining
property. So as to prevent hadrons from decaying into
quarks in situations where the hadron mass is greater than
those of constituent quarks summed, an infrared cutoff 1/

B—-D
1.5
1 ///
N:?'t 0.5 L
o --F.
Y e e e S
-1
0 2 4 6 5 10 12
o? [GeV?]
B—-D
2
R ———
15
! ""'""—"':':':':':':':':':' ''''''
G 05f
t o
-0.5
-1
-1.5

2 4 6 8 10 12
a? [GeV?]

FIG. 4. Form factors of transitions which determine the investigated decays.

033006-4



S

DECAYS B — DE*)) h (h ==, p) IN A CONFINED COVARIANT ...

PHYS. REV. D 106, 033006 (2022)

TABLE II. CCQM parameters. Values are in GeV.

A Ap Ap Ap, Ap: Ay A, my my  my A
1.96 1.60 1.53 1.75 1.56 0.87 0.61 5.04 0.428 0.241 0.181

is introduced as an upper integration limit in the integration
over the space of Schwinger parameters. The latter appear
in the parametrization of quark propagators, which become,
after the cutoff being applied, entire functions with all
possible thresholds in the corresponding quark loop dia-
grams removed (more details given in [22], Sec. I C).

The evaluation of hadronic form factors within the
CCQM proceeds via standard computation techniques
based on evaluation of the corresponding Feynman dia-
grams. For the B — PS and B — V transition the form
factors are given by

F (¢*)P* + F_(¢*)q"
3gpgn [ d'k - 0
T a2 mq)B[_(k+Wpr)2]cDH[_(k+qupH)z]

X T[S, (k+ pu)O*Sy(k + pp)r°S, (k)r’],

6*
— M [—g"PgAy(q*) + P*P'A, (¢?)

mp + mpyg
+q'PPA_(q%) + i P PoqsV (q°)]
3ngH d4k ~ ~
= 472 4”21-(1)3 [_<k + Wpr)z]q)H [_(k + Wq,-pH)z]

x T[Sy, (k+ py)O*S,(k + PB)}’SSq,‘. (k) ey r*].

Here ¢, and ¢; denote the spectator and the interacting
quark of H, respectively (H being PS or V), S represents
quark propagators and e the polarization vector of H = V.
Giving the vertex functions the above-mentioned Gaussian
form and writing the propagators in the Schwinger repre-
sentation, one performs the loop integration and applies
the infrared cutoff in the integration over the Schwinger
parameters, this last integration being done numerically.
The model parameters were determined in our previous
works [18,23] and their numerical values are shown in
Table II. The predicted behavior of form factors in four
studied transitions is shown in Fig. 4.

IV. RESULTS, CONCLUSION

Our results are summarized in Table III. All model
parameters have been fixed using a y? fit to data (leptonic
decay constants, variuos coupling constants, etc.), taking
into account their experimental uncertainties. By propa-
gating these, we estimate the errors of our parameters to be
at the level of 10% which then translates as a 20% error of
our results.

The precision of the description of the experimental
data is limited, as seen in Fig. 5. The central values of the

TABLE II. Computed branching fractions compared with
experimental measurements [24].
Process Diagram  Bceoum/E Bppg/E E

Il B'SD 4zt D, 5.34+1.07 2.52+0.13 1073
2 B'sa 4Dt D, 11.1942.24 7.44+13 1077
3 B'sa +Df D, 3.48+0.70 2.16+0.26 107
4  Bt-z'+D} D, 1.88+£0.38 1.6+0.5 107
5 B'-sD +pt D, 14.06+2.81 7.6+12 1073
6 B-sa +D:t D, 3.66+0.73 2.14+04 107
7 Bt —-a'4+D*t D, 0.804+0.16 <3.6 107°
8 Bt-a%+D:t D, 0.197+0.04 <2.6 1074
9 B'->D"+z" D 4.74+£0.95 2.74+£0.13 1073
10 B°=p~+Df D, 2.76+0.55 <2.4 105
11 Bt =p'+Df D, 0.149+0.03 <3.0 107#
12 B®—= D* 4 p* D, 1458+2.92 6.84+409 1073
13 B'=»p +D:* D 509+1.02 4.1+£1.3 1075
14 Bt - p'+Dit D, 0.2754+0.06 <4.0 1074
15 BY'=7%+D° D, 0.085+0.02 2.63+0.14 10~
16 B°— 7%+ D0 D, 1.13+0.23 22406 10~

17 B—p04+ DO D,
18 BO—p04+D*0 D,

19 B+—>D0+ﬂ.’+ D3

0.675+0.14 3.21+021 104
1.50+0.30 <5.1 10

3.890+0.78 4.68+0.13 1073

20 Bt =DV pt D; 1.83+0.37 1.34£0.18 1072
21 B* = D04zt D 7.60+1.52 49+0.17 1073
22 Bt D4 pt D; 11.75+£235 98+1.7 1073

CCQM numbers are in agreement with those measurements
which provide upper limits and in two other cases they lay
inside 1o error of the measured value. For the rest, the
CCQM provides mostly fair estimates of the experimental
numbers, usually within the factor of 2. However, also
in these situations the difference in terms of standard

CCQM & Experiment (comparison)

14 ® PDG

& CCQM
12
10
w
S 8 { { ;
&

°[1
) {

° } } L4
2 '; é I
0 5 10 15 20 25
Process number

JE

.2 ;

V'S

FIG. 5. CCQM branching fraction predictions compared with
the experimental values listed in the PDG [24]. Processes are
numbered as in Table III.
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deviations can be large, if the measured point has a small
error. From this point of view large deviations are seen for
color-suppressed processes1 (15)(17) and for those with
B — D™ transition (1)(9)(21). Since the factorization
assumption has no solid justification for the color-sup-
pressed decays we address, we attribute the observed
difference in (15)(17) to its breaking. Concerning processes
(1)(9)(21), they have rather small experimental errors
which may partly explain the large differences in terms
of sigmas. One may also notice that they share the same set
of form factors which implies correlation in their behavior
and one indeed observes important overestimation also
for other B - D™ processes, e.g2., (5)(12). Actually, an
overestimation is seen for almost all D; and D; decays
[with the exception of (19)], the overestimation is just more
pronounced for some processes than for others. Such a
systematic shift is somewhat surprising, but we are not the
first to observe it, see [25,26]. The authors of [27] notice the
same behavior in similar decays too. They argue that it is
difficult to provide a solid explanation within the Standard
Model and thus propose new physics mechanisms. Our

'We use process numbers as in Table IIL

TABLE IV. Comparison of theoretical predictions for chosen
branching fractions (in units 1073).

Decay mode Our results [25] [28]

B’ - D rt 534+1.07 3.931048 474508
B’ - D nt 4.74£0.95 345503 4261040
B’ - Dp* 14.06 +2.81 10421133 1228149
B" —» D*p* 14.58 +£2.92 9.24707 11.6171)5

results seem to confirm their observations, which they label
as a “novel puzzle.” New physics explanations are also
investigated in [28]. The comparison of our results with
those of other authors is shown in Table IV.
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