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Scalar meson f;,(980) in heavy-meson decays
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A phenomenological analysis of the scalar meson f((980) is performed that relies on the quasi-two-
body decays D and D, — f;(980)P, with P = 7, K. The two-body branching ratios are deduced from
experimental data on D or D, — 7o, KK and from the f,(980) — 7+ 7~ and £,(980) —» K"K~
branching fractions. Within a covariant quark model, the scalar form factors for the transitions D and
D, — f,(980) are computed. The weak D decay amplitudes, in which these form factors enter, are
obtained in the naive factorization approach assuming a ¢4 state for the scalar and pseudoscalar mesons.
They allow to extract information on the £,(980) wave function in terms of uii, dd, and s5 pairs as well as
on the mixing angle between the strange and nonstrange components. The weak transition form factors are
modeled by the one-loop triangular diagram using two different relativistic approaches: covariant light-
front dynamics and dispersion relations. We use the information found on the f,(980) structure to evaluate
the scalar and vector form factors in the transitions D and D; — f;(980), as well as to make predictions
for B and B; — f,(980), for the entire kinematically allowed momentum range of g>.
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L. INTRODUCTION

Scalar mesons have been a recurrent topic over the past
30-40 years. Whereas the existence of the o/ f,(600) has
been a long-standing open question since the 1960’s, the
f0(980) and a((980) were firmly established in 77 scat-
tering experiments in the 1970’s [1]. The known 0**
mesons fall into two classes: near and about 1 GeV and
in the region 1.3—1.5 GeV. The scalar objects below 1 GeV
form an SU(3) flavor nonet [2]. This nonet contains two
isosinglets, an isotriplet, and two strange isodoublets.
Among these lighter scalars, the isosinglet f,(980) and
the isotriplet a((980) are rather narrow with their widths
I' ranging from 40 to 100 MeV [3]. Both scalars strongly
couple to the KK channel and lie close to its threshold at
987 MeV. This closeness alters the shape of their resonant
structure and the description of the f, and a, requires a
coupled-channel scattering analysis. The simple quark
model views these scalar mesons as orbitally (L = 1)
excited gg states and has been advocated, for example,
by Tornqvist and Roos [4] as well as in Ref. [5]. However,
some studies [6] tend to favor four-quark configurations of
the scalar mesons, as do coupled-channel analyses [7] or
potential models of molecular states strongly coupled to
7rar and KK channels [8].

The emergence of the f,(980) as a pole of the 77
amplitude in the S wave [9] is also well established in
three-body decays of B mesons [10]. Recent 77 effective
mass range distributions, obtained from an isobar model fit
of the B— 7t 7~ K and B — KKK Dalitz plots by the
Belle [11-13] and BABAR Collaborations [14—16], display
distinct peaks about 1 GeV. Scalar resonances have also
been observed in the charmed three-body decays D —
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ma, mmK, KKK at CLEO [17], FOCUS [18], ARGUS
[19], BABAR [20], E791 [21-23], E687 [24,25].
Remarkably, in Ref. [23] an experimental evidence for a
light and broad scalar resonance in the m ., spectrum of
the D — w7 decay was found, which may be identified
with the f(600) and a peak within the f;,(980) mass range
is also observed. Although a considerable amount of data
has been accumulated over the years, it has yet not been
possible to elucidate the precise f,(980) quark structure,
i.e. whether one deals with a two-quark or rather a four-
quark composite, and thus far there is no consensus on that
matter. On the other hand, viewing the f;(980) exclusively
as a gq or g>q* state may simply be too naive [26]. In this
context, an interesting proposition to shed light on the
constituent composition of the f,(980) was recently
made by Maiani, Polosa, and Riquer [27]. Their method
consists in comparing the ratio of the decay rates D] —
7t (KTK™) and D} — 7" (K¢Kj). This ratio is predicted
to be 1/2 if the f,(980) is an I = 0, Gq state, whereas the
composition f, = [sql[5G], ¢ = u, d, could yield a differ-
ent value owing to possible interference patterns between
I =0 and I = 1 amplitudes in the tetraquark picture of
these decays. For a general overview on scalar mesons, we
refer to the Particle Data Group review [3] and references
therein.

In the case of B — f;(980)K decays, one may advance
plausible reasons to limit oneself to the gq picture of the
f0(980). Because of the large B mass, the outgoing mesons
are virtually massless particles, which prompts to expand
the corresponding bound states in terms of Fock states.
Quark configurations like g°g* or G*g*g therefore belong
to higher Fock states. A handwaving argument by Cheng,
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Chua, and Yang [28] suggests that the §g component of the
energetic f,(980) may be more important, as two rapid gq
pairs are less likely to form a fast moving f,(980). In our
models we neglect higher Fock contributions to the
f0(980) bound state.

In the two-quark model of the light scalar octet below
1 GeV, assuming an ideal SU(3) mixing angle of the octet
states, the flavor content of the f,(980) is purely strange
(s5) while that of the o or f,(600) is purely nonstrange
(uit + dd) (see e.g. [28]). In such a picture the o is the
lightest scalar, the f,(980) the heaviest. However, there is
compelling experimental evidence, for instance from
f0(980) — 77 decays [3], that the f,(980) cannot be
made of strange quarks only. We therefore introduce in
this work some mixing between the strange and nonstrange
flavor content. Experimental implications on this mixing
have been the object of several studies (see e.g. [29-32])

In this paper we complete preliminary calculations of
B — f,(980) and D — f,(980) pseudoscalar to scalar
(P — §) transition form factors [33,34]. Transition form
factors are important for an understanding of the hadronic
component of heavy-to-light decay amplitudes and their
precise evaluation is crucial to a reliable determination of
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
The short-distance physics is calculated in perturbative
QCD, which comprises radiative vertex corrections to local
four-quark operators in the operator product expansion
[35] as well as hard-scattering corrections with the specta-
tor quark that go beyond the leading order [36]. In contrast,
the transition form factors are by nature long-distance
nonperturbative hadronic matrix elements. They provide
one ingredient of the factorizable amplitudes of the non-
leptonic B decays mentioned above. A variety of theoreti-
cal approaches to heavy-to-light transition (pseudoscalar to
pseudoscalar) amplitudes exist, either using light-cone sum
rules [37], light-front [38], or relativistic quark models
[39-42]. Most recently, a comprehensive set of B meson
heavy-to-light transition form factors, calculated with trun-
cated amplitudes based on Dyson-Schwinger equations in
QCD, was reported in Ref. [43]. Whereas the methods of
Refs. [37,38] only provide form factors for a small domain
of timelike momentum transfers g2, those in Refs. [39-43]
give access to the entire range of physical timelike mo-
menta. To our knowledge, P — S transition form factors
have only been evaluated so far with QCD sum rules
[28,44] at g*> = 0 four-momentum transfer. A functional
extrapolation is required to access all timelike g in these
studies.

The present work relies on two explicitly covariant
formalisms: the covariant light-front dynamics (CLFD)
and the dispersion relation (DR) approaches. Both require
two size parameters as well as a mixing angle between the
uit, dd and s5 components to specify the f,(980) wave
function. In order to deduce these parameters from experi-
ment, we fit D and D; — f,(980)P branching fractions,
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where P can be a pion or a kaon. Initially, decay amplitudes
at tree level in the naive factorization approach are em-
ployed and neither annihilation nor penguin topologies are
considered. Already at tree level, nonleptonic two-body D
decays can be reasonably reproduced within this simple
factorization since penguin amplitudes are strongly CKM
suppressed. However, since the charm mass m, is lighter
than the bottom mass by roughly a factor three, nonpertur-
bative contributions of order Aqcp/m, are more important
than in B decay amplitudes. The factorization approach
may then be less reliable. In order to study the discrepancy
between theoretical and experimental branching fractions,
we study the effect of phenomenological annihilation as
well as penguin amplitudes. The decay amplitudes are
proportional to the D and D, — f,(980) transition form
factors we are interested in.

The paper is organized as follows. In Sec. II, we present
the CLFD formalism and give a brief review on the DR
approach. The scalar f,(980) bound-state structure is de-
scribed in Sec. III. In Sec. IV, we list all physical con-
straints imposed in our model, namely, experimental
D-branching ratios and wave-function normalizations.
The electroweak decay amplitudes, the D-decay tree top-
ologies and all numerical inputs needed are presented in
Sec. V. In Sec. VI we introduce the P — S transition form
factors, derived in CLFD and DR approaches. Details
about the initial pseudoscalar wave functions, the pseudo-
scalar decay constant in the constituent quark model and
the calculation of the P — § transition form factors are
given in Appendices A and B. In Sec. VII, we discuss the
fitting method, give numerical results for the theoretical
branching ratios and then compare D), — f,(980) and
B(;) — f0(980) transition form factors obtained in both
relativistic applroaches.1 The final Sec. VIII summarizes
our work and some conclusions are drawn.

II. TWO DIFFERENT RELATIVISTIC
FORMALISMS

A. Covariant light-front dynamics

In CLFD [45], the state vector which describes the
physical bound state is defined on the light-front plane
given by w - r = o, where w is an unspecified lightlike
four vector (w”? = 0) which defines the position of the
light-front plane and r is a four vector position of the
system. CLFD proposes a formulation in which the evolu-
tion for a given system is expressed in terms of covariant
expressions. Any four vector describing a phenomenon can
be transformed from a system of reference to another by
using a unique standard matrix which depends only on
kinematical parameters and on w. The particle is described

"Here and in the following, the notation Dy refers either to the
D or to the D meson and similarly By refers to the B or to the
B; meson.
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by a wave function expressed in terms of Fock components
of the state vector which respects the properties required
under any transformation. The meson of mass M will be

described as a bound state of two constituent quarks with
|
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four momenta k; and k,. The state vector describing this
meson of four-momentum p, defined on a light-front plane
characterized by w, is given by:

1P, Ay = (22 f DI (kg Ky, p, @7)ab, (kp)ab, (k)|0)8W(ky + Ky — p — wr) explita)2(w - p)dr

&Pk, Pk,

X s
(2#)3/2,/281{1 (27T)3/2,/28k2

where &;, = 4/k? + m? and k; is the momentum of the
quark i with mass m;. The parameter 7 is entirely deter-
mined by the on-mass shell condition for the individual
constituents. In Eq. (1) A is the projection of the total
angular momentum J of the system on the z-axis in the
rest frame and o, is the spin projection of the quark i in the
corresponding rest systems. We emphasize that the bound
state wave function is always an off-energy shell object,
with 7 # 0 due to the binding energy, and depends on the
light-front orientation. From the delta function ensuring
momentum conservation, one gets:

P=p+wr=k +k. 2)

To keep track of this conservation law, a momentum, wT, is
assigned to the spurion but there is no fictitious particle in
the physical state vector, (see Fig. 1). The two-body wave
function ®(ky, k,, p, w7) in Eq. (1) can be parametrized in
terms of various sets of variables. In order to make a close
connection to the nonrelativistic case, it is more convenient
to introduce the following pair of variables [45] defined by

-

(D

where P = k; + k,, and L™ '(P) is the Lorentz boost. The
momentum, k, corresponds, in the center of mass frame
where k; + k, = 0, to the usual relative momentum be-
tween the two particles. Note that this choice of variable
does not assume that one is restricted to this particular
frame. The unit vector n corresponds, in this frame, to the
spatial direction of w.

One introduces the variables x and the vector R; =
(Ro, R, Ry) where R, R} denotes the perpendicular
and parallel components to the direction of the light-front:

x=— (5)
w-p
Ry =k — xp.
Since by construction R + @ = 0, and thus R} = —R7,

the light-front coordinates, which one will use in the
present work, are then (x, R ). These variables can be
expressed in terms of the ones in Egs. (3) and (4). All
details can be found in Ref. [45].

In terms of the variables (x, R | ), we have for the relative
momentum between two quarks of different masses:

P k,-P
k =L (Pk, =k ——(k —17), 3
( ) 1 1 \/ﬁ 10 \/ﬁ‘l‘?o ()
_ L"'(Plo =L Y(Pw
"Tr@el Y e @
|
k2

B. Dispersion relation approach

The dispersion relation approach, in the context of the
relativistic quark model, leads to transition amplitudes ex-
pressed as relativistic spectral integrals over spectral den-
sities of the corresponding Feynman diagrams. Here we
closely follow the derivation of Melikhov [42] to calculate
the P — § transition form factors. These are given by the
double spectral representation over the square of the in-
variant masses of the initial and final quark-antiquark
bound states. The spectral functions involve the wave
functions of the participating mesons and the double dis-

_ {RY +[(x — Dmy — xmpPHRE + [(x — Dmy — xmy 7}
4x(1 = O[R3 + (1 = x)m? + xm3] '

(6)

|
continuities of the corresponding triangle Feynman dia-
gram. Use of the Landau-Cutkosky rules allows us to
calculate these discontinuities and hence the transition
form factors in the spacelike region ¢> < 0. An analytical
continuation in ¢ gives the form factors in the timelike
region ¢> > 0.

As in Sec. I A, the meson of mass M is a bound state of
two constituent quarks of mass m; and m, and four-
momentum k; and k, with

s = (k; + k)%, k2 =m3, k3 = m3. (7)
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FIG. 1 (color online). Representation of the two-body wave
function on the light front.

The relativistic bound state corresponds to a pole in the
amplitude at s = M? and one can define a bound state wave
function ¢ (s) in the vicinity of the pole by

G,(s)
s — M*

Y(s) = ®)
The function G, (s) in Eq. (8) represents the vertex of the
bound state transition to the constituent quarks. The
constituent-quark rescatterings lead to the normalization
condition [42]

j‘oo G%(S)P(S: my, mZ)
( (s — M?)?

ds =1, C))

my+m,)?

where the spectral density p(s, m;, m,) for a pseudoscalar
meson reads

N2(s, m3, m3)
8rs
X 6(s — (m; + my)?), (10)

pp(s,my, my) = [s — (m; — mz)z]

while for a scalar meson one has

N2(s, m3, m3)
8rs
X 0(s — (m; + my)?). (11)

ps(s, my, my) = [s — (m; + my)?]

In Egs. (10) and (11), A(s, m3, m3) is defined as
A(s, m3, m3) = (s + m? — m3)* — dsm?3, (12)

and 6(z) is the step function, 6(z) = 1forz > 0 and 0(z) =
0 for z <0.

From Egs. (10)—(12), it can be inferred with m; = m, =
m that the threshold behaviors of pp(s, m;, my)
(s —4m?)Y/2? and of pg(s, m,, m,) = (s — 4m?)3/2 corre-
spond to those of an S and of a P wave, respectively.
Taking into account the intrinsic negative parity of the
Gq state, it implies the correct behavior under parity trans-
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formation of the bound state described by the gg state and
its associated vertex [see Eq. (18)].

III. STRUCTURE OF THE BOUND STATE FOR A
SCALAR PARTICLE

Assuming that the f((980) scalar meson is made of
components uii, dd, and s5, one can decompose the total
wave function as follows:

1
qffn = 75

(uit + dd) sinf,;, + $5cosl,,iy, (13)

or

v,

o ) COSO ik

=V sinb;, + V.
Jo fo

= Ng(¢" sinf, + ¢ cosOp),  (14)

where 6, is the mixing angle between the nonstrange,

V¥ _w, and strange, ¥ 95 flavor content of the wave func-
0 J0

tion.” In what follows, unless otherwise stated, m, will
denote the up or down quark mass (m, = m, = my), m;
that of the strange quark and Ny is the normalization
constant of the full wave function.

A. The scalar particle on the light front

The explicit covariance of this approach allows to write
the general structure of the two-body bound state. For a
scalar particle (see Fig. 1) composed of a quark-antiquark
pair of equal mass m, and four-momenta k, and k;, we
have (¢ = n or s)

P — \}_z_ﬁ(kz)A(‘f)(x, R )u(k)), (15)

where v(k;) and #(k,) are the usual antiparticle and parti-
cle Dirac spinors, and A@(x, R? ) is the scalar component
of the wave function. Note that the color factor is not
included in the wave function Eq. (15). Since the quark
masses m,, in each component AD(x, RZL), are identical,
the corresponding reduced mass is m,/2 and we chose the
following Gaussian expression:

A9 (x, R}) = exp(—16v,k2/m?), (16)

where v, is a size parameter to be determined from ex-
perimental data and theoretical assumptions while the
momentum squared, k2, given in Eq. (6) now reduces to

*Consequently this implies a strange component for the wave
function of the o, ¥, = (uii + dd) cosﬁmix/ﬁ — §58in6,;y.
However such a strangeness content does not seem to have an
experimental support (see for instance Ref. [32]). This certainly
points to a more involved structure of the o or f(600) than that
of a simple ¢g state.
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Ry + mi(2x — 1)?
4x(1 — x)

k2= (17)

B. The scalar particle in the dispersion approach

The soft constituent-quark structure of the scalar meson
is given in this approach by the vertex

0% (—ky)iQ%(ky)
VNc

where Q%(—k,) and Q%(k,) are the constituent spinor states
of color a normalized by the color factor N- = 3. For a
scalar meson made of a quark-antiquark pair of equal mass
m,, the wave function ¢'9(s) of Eq. (14) can be parame-
trized as

G,(s), (18)

o

1/4
\/— S—Wq(kq);
2 ‘/s —4m;

where k, is the modulus of the quark momentum in the
center of mass momentum such that

4k3 =5 — 4m%1. (20)

() = (19)

The functional form (19) is so chosen as will be seen later,
so as to simplify the normalization condition in Eq. (9).
The function w(k) is defined to have the same functional
expression as in CLFD:

w, (k) = exp(—16v,k2/m2), 1)

and here again the size parameter v, is to be determined
from experimental and theoretical considerations.

IV. PHYSICAL CONSTRAINTS FOR A NEUTRAL
SCALAR

As described in detail previously, the g bound states are
described in both formalisms by vertex functions which are
related to Gaussian wave functions. These have to be
normalized and their phenomenological size parameters
determined. A standard approach chosen in the quark
|

@ gt _ 1
Z Z (I)Mv)\zq)/\l,/\z - 5
color Ay, Ay color Ay, A,
1
2a,h,c,d AL Ay
1
2a,b,c,d
1
2
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model is to calculate the decay constant with the appro-
priate loop diagram and fix the size parameter that enters
the calculation so as to reproduce the experimental value of
that constant (see Appendix A). In this work, this is done
for the pseudoscalar D- and B-meson wave functions.
However, the lack of knowledge of the experimental
f0(980) decay constant makes it difficult to proceed simi-
larly for the scalar meson. Furthermore, the mixing angle
6.ix 18 not known a priori. We therefore resort to a differ-
ent parametrization prescription by making use of D decay
branching ratios which contain the f,(980) in the final
state. In this section, we discuss the constraints on the
scalar wave functions given by the normalization and the
experimental data set chosen to determine the mixing angle
O.ix as well as the various size parameters in both
formalisms.

A. Normalization in CLFD

According to the spirit of the constituent quark model,
the state vector is decomposed into Fock components, and
only the two-body component is retained. Since the state
vector is normalized as

(p', Nlp, Ay = 2py6°(p — p') M4, (22)

it gives for a zero total angular momentum state the follow-
ing normalization condition [45]:

1= f DA R)Y Y DY (23)
(X,Q,RJ_) Al/\Z

where D(x, 6, R |), is the invariant phase space element
given by:
~ 1 d°R,dx
Dx,,R|)=—F —————. 24
(x 1) (27)3 2x(1 — x) 24)
Using the condition of normalization for the Dirac spinors,
Saug(k)iy(k) = (K + m) gy and Yavi(k) vy (k) =
(¥ — m),;,, we sum over all spin and color states and get
for a ¢g component:

DY @ (ko) AV (k) DM (k) )A D (ky),
> > (k)i (kp) (AD) vy (ky )02 (ky )(AD) g,
D (K + m)go(AD) (K — m)pe(AD)y,

Til (K, + m)(K; — m)(A“@)?], (25)

where A@ is given by Eq. (16). The result is similar for both the n7i and s5 components. There is no mixing term between
the two components. With the scalar wave function written in Eq. (14), the normalization condition is therefore
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1= N2 [ [ - (AD)(x, R3)Psin0,
(X()RJ_) 4mn
K (A0, RE))2eos? i |0 8. R L), 26)
m
with k, given by Eq. (17).

B. Normalization in the dispersion relation approach

In the DR approach, for the scalar meson, the wave
function [see in Egs. (8), (14), and (19)] is normalized
according to Eq. (9). Taking into account the quark-content
assumption of the f;(980) introduced in Eq. (14) and
making use of the form for ¢ (s) or ¢ (s) given by
Eq. (19), the normalization condition for W, reads

1 =N [ IR (k)sin26,;, + w2(k)cos20, Jdk, (27)
0

since the cross contributions vanish because of the or-
thogonality of the flavor states. In Eq. (27) w,(k) is the

nonstrange Gaussian component of ¢ (s) whereas w(k)
|
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is the strange one of ¢(s), which implies two different
size parameters v, and v,. The form (21) for w (k) leads to
the normalization

2
s:—/[

(2

C. D meson branching ratios

32,
Sin“@ iy

)3/2 ] (1/2) 28)

The wave function for scalar meson f,(980)—denoted
hereafter for simplicity f,—is constrained by the experi-
mental branching ratios for the channels D — fy7™,
DO—’f()IZO, D+ _)f0K+’ DA-‘F _)f077+’ D;— _)f0K+’
and D° — f,7°. The experimental ratios are provided by
different collaborations, E791 [21-23], ARGUS [19],
CLEO [17,46,47], BABAR [20], FOCUS [18], and E687
[24,25]:

E791: B(D" — fomr) X B(fy— 7mr ) = (1.9 = 0.5) X 1074, (29)

ARGUS: B(D® — foK°) X B(fy— 77 ) = (3.2 £0.9) X 1073,
CLEO: B(D® — f,K%) X B(fo— w"7~) = (2.5708) x 1073, (30)
BABAR: B(D° — f,K°) X B(fo— K*K™) = (1.2 = 0.9) X 1073,

FOCUS: B(D+ - f0K+) X B(fo - K+

-+ 5
K7) =(3.84 =0.92) X 10~ 31)

FOCUS: B(D" — foK*) X B(fo— 77 ) = (6.12 * 3.65) X 1075,

E687: B(D — fom™) X B(fy— KTK™) = (4.9 = 2.3) X 1073,

E791: B(D} — fom™) X B(fo— w7~ ) = (5.7 1.7) X 1073, 32)
FOCUS: B(D} — fomr") X B(fy— 7mta™) = (9.5+2.7) X 1073,
FOCUS: B(D} — fom™) X B(fo— KTK™) = (7.0 £ 1.9) X 1073,

FOCUS: B(D; — fok*) X B(fy— K*K~) = (2.8 + 1.3) X 1074, (33)

CLEO: B(D° — fym°) = B(D* — 7" 7~ 7% X F(D°

In Eq. (34) F(D° — f,m°) represents the fit fraction of the
(D° — fom°) decay [46].° The f,(980) width is dominated
by the f, decay into 77 and KK. Combining their
partial wave analysis [48] of x., — 7 7w K'K~ with
their study [49] of x., — fofo— @ 7 7" am the BES
Collaboration [48] has determined the following ratio be-

3The value used for B(D° — w7 #°) is taken from
Ref. [47] in order to be consistent with that of Ref. [46]. The
more recent and precise value from Ref. [3] does not modify our
conclusions.

—’foﬂ'o) =

(1.1 £0.4) X 1072 X (1.0 = 0.8) X 1074, (34)

I
tween the partial widths of the f

U'(fo — mm)

R = —

=0.75"31%.  (35)

Applying isospin relations, one finds the following branch-
ing fractions

2R
Bfo—mta) = 5= 0.50+9:97, (36)
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B(fo— K'K™)= 1-R_ 0.12553.9%3. (37)
The two-body branching ratios B(D — f,P) entering
Egs. (29)—(34) are then deduced from the branching frac-
tions B(fy— 7t7m~) and B(f,— K"K~) given in
Egs. (36) and (37). It is worth emphasizing that the results
are strongly dependent on these branching fractions. Note
that their experimental uncertainties are large.

V. ELECTROWEAK AMPLITUDE

In any phenomenological treatment of the weak decays
of hadrons, the starting point is the weak effective
Hamiltonian, which is obtained by integrating out the
heavy fields from the standard model Lagrangian and reads

G
H o™ = 5 X VeruCilw)Ofw) + e, (38)

where G is the Fermi constant, Vi contains products of
the CKM matrix element, C;(n) are the Wilson coeffi-
cients, O;(u) are the operators entering the operator prod-
uct expansion, and u represents the renormalization scale.
In the present case, since we only take into account tree
operators, the matrix elements of the Hamiltonian (38)
read,

(M M| H G D)

— Gr * S q

- \/EZI:chqu Zl Ct(/-L)<M1M2|0, |D>(Iu)] + H.c,
q i=

(39)
|

A (D — foP) =

where a;(m,) is written as a; for simplicity. In Eq. (40), f
and f are the pion and kaon decay constants and

ar(my) = Cy(my) + E0)
N¢
o) (41)
aZ(mc) = CZ(mc) + ! ¢ N
N¢

where N = 3. The flavor content u or s of the D and f
has been written explicitly in the scalar transition form
factors \Té)_'f °(m%). With these factorized decay ampli-

G ® (02 2 D=1 2

TF Vcdvud(mD+ - mfo)alfﬂ-j:() (m77+) Sinfpix
G D+—>f(") .

Tf Vcdvljx(szJr - mjzfo)alfl(f() 0 (m2k+) Slnemix
G . DO—'f(") .

TF Vcs VZd(m%)O - mjzfo)anKT() 0 (mi(o) SlI'lgmix
Gy : D} —fg

Tg Vcs VZd(mZD\Jr - mjzfo)alfwfo 0 (mzfr) Cosemix
Gy —— 2 Di=f o

N VcsVus(mD;r - mfo)alfl(j:() (ml(+) €086 iy

G DO—»f(") .
(25 VeaVig(mp, = m7 )ayf - Foy 70 (m2) sinbiy
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where ¢ = d or s according to the transition ¢ — d or ¢ —
s. The scale w is chosen to be of order m, for D decays.
The amplitudes (M, M,|O0?|D)(w) are hadronic matrix el-
ements, M, and M, denote a pseudoscalar and a scalar
meson in the final state. In Eq. (39) the notation
(M M,|07|D)(w) reflects the fact that the hadronic matrix
elements also depend on the renormalization scale u. They
describe the transition amplitude between initial and final
states at scales lower than p and give rise to the main
uncertainties in the calculation, as they involve the non-
perturbative regime of QCD. The operator product expan-
sion divides the calculation of the amplitude
A(D — M M,) < C;(u){MM,|0;|D)(w) into two distinct
physical regimes. One regime deals with hard or short-
distance physics, represented by the Wilson coefficients
C;(w) and calculated perturbatively, the other concerns soft
or long-distance physics. The operators O;(u) can be
understood as local operators which govern a given decay,
reproducing the weak interaction of quarks in a pointlike
approximation. The Wilson coefficients C;(w) [35] contain
the physical contributions from scales higher than w. Since
QCD has the property of asymptotic freedom, they can be
calculated in perturbation theory and include contributions
from all heavy particles with m > u, such as the top and
beauty quarks, the W* bosons, and the charged Higgs
boson. The dependence of the hadronic matrix elements
and of the C;(x) on w must cancel in the final decay
amplitude which is a physical observable and thus scale
independent.

Working at tree level within the factorization formalism
one obtains the following decay amplitudes:

for DT — fomr™,
for DT — foK™,
for D° — f,K°,
’ (40)
for D — fomr™,
for Dy — foK™,

for D° — f,m°,

I
tudes, we can compute the decay rates using the following

expression [3],
1 Ipl )
F(D_’fop)—g——ﬂuq(D—’foP)L 42)
T m3,
where |p| is the modulus of the c.m. momentum of the
decay particles defined as

\/[m%) — (mp + mfo)z][m,z) — (mp — mfo)z]

2mD

Ipl = . (43)
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Finally, one defines the branching ratio B as the ratio
between the decay rate I'(D — fyP) and the total decay
width I'p):

:F(D—>f0P).

B T,

(44)

A. Numerical inputs

1. Values of CKM matrix elements
and Wilson coefficients

In the present numerical calculations, the CKM matrix
elements, expressed in terms of the Wolfenstein parameters
A and A [50,51] rely on the latest values extracted from
charmless semileptonic D decays [3]:

A = 0.2257, A =0.814. (45)

The Wilson coefficients, at the mass scale u = m,, are
Ci(m.) = 1.3777 and C,(m.) = —0.6941 (see Ref. [35])
from which we infer

a,(m.) = 1.1463, a(m,.) = —0.2349. (46)

2. Quark masses

We use the subsequent standard constituent quark
masses to calculate the transition form factors within the
quark model approximation.

m, = my = 0.350 GeV,  m, = 1.620 GeV,

(47)
mg = 0.510 GeV, my;, = 4.920 GeV.
For meson masses, the following values [3] are used:
mpg= = 5.279 GeV, mg = 5.369 GeV,
mp+ = 1.869 GeV, mp = 1.968 GeV,
mp = 1.864 GeV, myg= = 0.493 GeV, (48)

mgo = 0.497 GeV,  my, = 0.980 GeV,
mye =0.139 GeV,  m, = 0.135 GeV.

The pseudoscalar decay constants fp are defined as usual
by

Pp)lg1y* ¥’ q210) = —if ppl, (49)

pY' being the momentum of the pseudoscalar meson and
the numerical values we used are

Sz =132 MeV, fx = 160 MeV,
fp=222MeV,  fp =274 MeV, (50)
fp =180 MeV,  fp =259 MeV.

The Fermi constant is G = 1.166391 X 1073 GeV 2 [3]
and the world average D life-time values:

PHYSICAL REVIEW D 79, 076004 (2009)
Tpo = 0.410 = 0.001 ps,
Tpe = 1.040 = 0.007 ps, G
7pe = 0.490 = 0.001 ps.

yield the total D decay widths I'yy = 1/7p.

VI. WEAK DECAY FORM FACTORS FOR P — §
TRANSITIONS

A. Standard form factor notation

The decays of » and ¢ quarks are given by the weak
current Jl’f(c) (even though only the Qy”yqu(C) term is

relevant in our case),
Jll:(c) = gy*(1 = ¥)qp(e) (52)

where ¢ is a light u, d or s quark. As usual, one can define
the physical amplitude for a semileptonic decay X — Ylv,
by the expression

GrV;; 1
M = (S| PP, 53

where Jifp is the leptonic current. In Eq. (53), (S|J#|P) is
the hadronic matrix element including the weak current as
defined previously. Introducing the total four-momentum
K= P+ P, and the four-momentum transfer g =
P, — P,, where P, is the four-momentum of the pseudo-
scalar meson and P, that of the scalar meson in the final
state, the hadronic matrix element can be decomposed as:

(S(PYIIHIP(PY)) = K- fo(q®) + q*f-(qg7),  (54)

where 1. (g% and f_(g?) are the transition form factors
and P; and P, are, respectively, the four-momentum re-
lated to the initial and final particle states of the hadronic
current. Introducing then the scalar Fy(g?) and vector
F.1(g?) form factors, the amplitude can be expressed as

(SR = F il K7 - Kq;q o]

K .
qz" g* ] (55)

+ F o(qz)l:
since K - ¢ = M} — M3, and M, and M, being the masses
of the initial and final meson. It is straightforward to derive

the relationship between the two sets of form factors. One
obtains

Filg®) = f+(g?), (56)

2
Folg) = fo(@) +Z—F- (). 6T
q

Note that at g* = 0, F,(0) = F(0) = £(0).
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B. CLFD formalism

In the covariant light-front dynamics formalism, the
exact transition amplitude does not depend on the light-
front orientation but in any approximate computation the
dependence is explicit. However one can parametrize this
dependence since the formalism is covariant. Hence, the
approximate amplitude expressed in CLFD is given by the
following hadronic matrix,

(SPIWEIPPY)T = K27, (q) + g f ()

+ w*B(q%), (58)
where B(g?) is a nonphysical form factor which has to be
zero in any exact calculation. The last term represents the
explicit dependence of the amplitude on the light-front
orientation w with w? = 0. In order to extract the physical
form factor f.(g?), without any dependence on ®, from
the amplitude (S(P,)|J*|P(P,))*™P, we will proceed as

follow. First, we calculate the scalar products X, Y, and Z
which are defined by

X =K, - (S(P)|J#|P(Py))HFP
=Kf(¢?) + K- qf (¢°) + K- wB(q?), (59)
Y = g, - (S(P)|J#|P(Py)) P
=K qf (") + ¢*f-(¢>) + q- ©B(¢*),  (60)
and finally,
wPiZ=w,  (Py]J*|P)LID
=K-ofi(¢®) +q-wf-(¢°). (6])

We define a variable y as the ratio between the scalar
product of w - P, and w - Py,

_a)'Pz_M%+P1‘P2
w-P, M?+P P

y with

Ly 2 2 62)
PI'P2:§(M1 +M; — q°).
Since P, = (K + ¢)/2 and P, = (K — q)/2, we may also
write
w'P, w-(K—q) 4M3+K*—¢q?
w-P w-(K+q) 4M?+K>—qg*
with w - K = (1 + y)wP; and w - ¢ = (1 — y)wP,. For
g* >0, it is convenient to restrict ourselves to the plane
defined by @ - q = 0. This condition is allowed in the
system of reference where P; + P, = 0 with P;j — Py #
0. From the scalar products X, Y and Z we can isolate the
|

y (63)

1

(S(PIT#IP(P S — f 5

(x6,R})
1
1 —x

D(x,6,R)) Tr[—

X

7’
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(Py, My)

Bg (P, M) 3@ (k3,mg) @Bq

FIG. 2 (color online). The triangle diagram (leading contribu-
tion) and momentum flow in the weak-hadronic P — S transition
amplitude of the CLFD approach. In the present case: m, > m;.

form factors f.(g?) from B(g?). Then, one gets the ex-
pressions for the form factors f-(g?):

fi(qz) = Q\Pt()” 42) XY, 2), (64)

where () is identical for both form factors f. (¢?) and can
be written as

0- 1
AAMI(y — 1) + g%y — (y — )M3]
1
[ DK+ O+ Dl
where the functions V- (y, ¢%, X, VY, Z) are:
Y (nah XY, 2) =0 - DX+ (+1)2Y
+[(1 = 3y)M3 — (y — 3)M3
+ (- Dg*lZ, 66)
V.nh XY, D)= - 1)PX+0"- 1Y
+[(v = DMi = (v — DM3
+ (v + 1g’]Z,
or in terms of the variables K and g,
Y (nah XY, 2) =0 - DX+ (+1)2Y
+[0=yK> =1+ K- q]Z
V.t XY, 2) = (- 12X+ (2= DY 67
+[y - DK g+ ¢+ 1]Z

(65)

The second step is to express the amplitude
(S(P,)|J#|P(P,))° P without using the form factors
f+(g?). The leading contribution to the transition ampli-
tude (S(P,)|J*|P(P,))°“FP is given by the diagram shown
in Fig. 2. By using the CLFD rules, one can derive the
matrix elements from the diagram (Fig. 2) and one has,

Ag(, R)(my + Ky)iyyS(my + h)izA;qq’)(x, R?)(m; — 1@)]

75
(68)

076004-9



EL-BENNICH, LEITNER, DEDONDER, AND LOISEAU

where Af[f"’/)(x, R?) and Ag(x/, R’?) are the pseudoscalar
and scalar wave functions defined in Eq. (A2) and (16),
respectively. Note that x and x’ are the fraction of the
momentum carried by a quark g5 (the spectator quark) as
given by

w-k X
and x' = 3 then y = —,
w 1 (l)'Pz X

(69)
and one also has R/, = R — x'q. Now, one can replace
the hadronic matrix element (S(P,)|J*|P(P,))“™P, which
appears in the scalar products X, Y, Z [Egs. (59)—(61)], by
the hadronic matrix elements (S(P,)|J#|P(P,))$P calcu-
lated by applying the CLFD diagrammatic rules and given
in Eq. (68). Hence, by using Eq. (64) we are able to
compute the form factors f-(g?) as a function of ¢> and
this over the whole available four momentum range 0 <

7 < Ghax-

C. Dispersion relation approach

The pseudoscalar to scalar transition amplitude is calcu-
lated from the triangular Feynman diagram shown in
Fig. 3, where also the kinematical variables are displayed.
For the evaluation of the spacelike transition form factor
(¢> < 0) the internal constituent quarks are put on-mass
shell. Moreover the external momenta are considered off-
shell with

P % =S

P% = Sy, (131 - Pz)z = qz. (70)

To derive the transition amplitude (54) we need the con-
stituent quark matrix element of the weak axial current
which we write

(01 (kg1 (0)(=iy*¥°)q2(0)| 05 (k2))

= —if21(g?) Q¢ (k)y* ¥ O, (ky). (71)
|

PHYSICAL REVIEW D 79, 076004 (2009)
w

(q, M)

a2
(Ko, mo)

a1
(K1, mq)

(Py, M>)

@ (P, M) 3 (ks,m3) B0

FIG. 3. Same as in Fig. 2 but for the DR approach.

The function f,,(g?) is the constituent quark transition
form factor. Since no formal derivation of the quark model
from QCD exists, it is unknown. In the following we make
the assumption f,; = 1 and drop the factor altogether
owing to the fact that constituent quarks behave very
much like bare Dirac particles [52].

In the DR approach the transition form factors f. (¢?) of
Eq. (54) are expressed through the double spectral repre-
sentations:

ds2Gv2(S2)

(s, — M3)
% [dsle](Slz)
(s — M])

ft(qz) =

A (sy, 59, g% my, my, m3).

(72)

The functions A (s, 55, g*; my, my, m3) in the above equa-
tion are the double spectral densities of the triangle
Feynman of Fig. 3 in the P3- and P3- channels. They can
be obtained [42] from the following equation

(Py + PYPA (51, 50, g% my, my, m3) + (P — P)PA_(sy, 59, g% my, my, m3)

1 - -
- [ Pl dkd s 5K — m)3(2 — mD)(U2 — m2)8(By — ks — k3)8(By — ks — ky)

X Trl =Ky + my)y*y> (K, + my)iy®(my — K3)i], (73)

where m, > m;,. Explicit expressions for A (sy, 55, g*; m,, m,, m5) are given in Appendix B. An analytical continuation in
g? allows us to write the transition form factors for ¢> < (m, — m;)* as

dSZGv2 (52)

s (52,4%) dSle1 (Sl)

fi(q2) = / 2 2 3/2 2
(my+m3)? m(sy — Mz) sy (s2,4%) 167(s; — Ml) A2(sy, 82, q7)

B. (s, 52, ¢%) _|_29(q2)/°° dS2Gv2(s22)
) sy — M3)

X fff(szqu) dsl [ le (Sl)Bt(sl’ 52, q2) _ Gu| (Sf)Bi(sf! 82, q2) ]
s (sy — s2)32(sy — M?) '

R(spq?) 167(s) — Sf)S/z

oG ) (74)

The functions s (s, %) = (/53 — Vg)? and s¥(s,, ¢%) = (\/53 + /¢°)? are the roots of A(sy, 5, ¢%) = (s, + 55 — ¢%)* —
4s,5,. The expressions for B. (s, s, ¢*) are given in Appendix B along with the integration limits s7 (s5, ¢%), s7 (s2, %)

and 59(¢?).
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We note that although the diagrams for D — f,(980)
and 77 — £,(980) are very similar in the calculation of their
spin trace, the main difference is that no kinematical factor
is involved at the triangle apex where the interaction vertex
¥,(1 — s) in the case of the heavy meson decays stems
from the weak interaction. In the = — f,(980) form factor
all constituent masses are identical, while in the present
case there are two mass scales, namely, the charm and a
light or strange quark. It can be seen, in Appendix B, that
the expressions for the functions B-.(sy, s,, g*) which enter
the spectral densities vanish identically for m; = m, =
ms3. Indeed, in Ref. [53], which relies on the method
developed in Refs. [54,55], the transition amplitude for
7 — f1(980) calculated on the light front was shown to
vanish as t = g5 — 0. This is in contradiction with experi-
mental findings in 7~ p — 7 7%n reactions. We can make
the parallel for the behavior of our transition amplitude in
the limit qzl — 0 and confirm the vanishing of our form
factor for t = g> — 0 if all internal quark masses are equal.
Thus, had we calculated the transition to f,(980) from a
pion, we would obtain f. (g?) = 0 for g> — 0. We ascribe
this discrepancy to our simplified gq picture of the f,(980)
whereas other contributions, likely from pion and kaon
clouds, may modify the form factors, in particular, at low
momentum transfer. For m, # m; = mjs, however, we de-
duce from the expressions of our dispersive representation
that the integrands in Eq. (74) do not vanish for ¢g> — 0, nor
do the integrals as confirmed by our numerical
calculations.

As mentioned before, the form factor in the region 0 <
g* < (m, — m,)? can be obtained by analytic continuation
of the expression in Eq. (72) for ¢> < 0. In this spacelike
region, the function A(sy, s,, ¢>;m;, my, m3) in Eq. (B6)
has no square-root cuts related to the zeros of
M/2(sy, 55, ¢%) (they lie on the unphysical sheet) and both
form factors are given by just the first term in Eq. (74).
Note that the vertex functions G,(s) are not singular
for s> (my +ms)> and s> (m; + m;)> and that
B. (s, 55, g%) are polynomials. Thus, the analytic proper-
ties of the form factors are determined by the sole behavior
of the function A'/2(sy, 5,, ¢?) for positive ¢>. One may
study the structure of the singularities of the integrand in
the complex s; plane for a fixed real value of s, > (m; +
ms)?, which implies external s, integration and internal s,
integration (interchanging the integration order leads to an
equivalent integration contour). At g> > 0, the square-root
cut endpoint s& moves onto the physical sheet through the
interval from s to s to the left of s . This occurs for a
value of s, > 59(¢%), where s5(g?) is obtained as the solu-
tion to the equation sR(s,, ¢*) = s7 (52, ¢>) and given in
Appendix B. The integration contour of s; in the complex
plane must be deformed so it encompasses the points sf
and s7 . It therefore contains two integration segments, one
being the normal part from s to s{ and the other the
anomalous part from s% to s; . The double spectral density

PHYSICAL REVIEW D 79, 076004 (2009)

for this anomalous part, on the other hand, is obtained from
the discontinuity of the function A'/2(s,, s,, ¢*) which can

be written as A'/2(sy, s,, %) = \/(sl — sb)(s; — s%), bear-
ing in mind that the branch point s¥ lies on the unphysical
sheet. Hence, one has to calculate the discontinuity of
1/(sy — s®)!/2 which is just twice the function itself [56].
This explains the integration limits and the factor two in
front of the second integral in Eq. (74). The subtraction
term in the third line of Eq. (74) stems from the function
1/A(sy, 55, g*) that enters the complete expression for
A (sy, 55, g% my, my, m3) in Eq. (B1) and which is singular
in the lower integration limit sf . It was shown in Ref. [57]
that an accurate application of the Cauchy theorem yields
this subtraction term.

VIL. NUMERICAL RESULTS
A. The fit procedure

As we have discussed in the preceding sections our final
aim is to predict form factors for B(;) — f transitions. To
achieve this goal, we first have to acquire a good knowl-
edge of the f(, wave function. This will be done through the
evaluation of theoretical branching ratios [Eq. (44)] for
D,y — fo transitions, which implies the calculation of
form factors that rely on the f, wave function, as can be
seen in Egs. (68) for CLFD and (74) for DR. Since on the
one hand meson masses and decay constants are measured,
and on the other hand constituent quark masses as well as
Wilson coefficients are known from theoretical consider-
ations and given in Sec. V, the evaluation of the branching
ratios depends only on the f;, wave function parameters:
two size parameters v,, v, and the mixing angle 6,,;.. The
overall normalization Ng in Eq. (14) is fixed by means of
Eq. (26) for CLFD and Eq. (28) for DR. Once the f, wave
function parameters are given, the form factors

F OD‘”ﬁf °(g?) and hence the branching ratios can be deter-
mined. These parameters will thus be constrained, via a
least-square y? fit,* by the experimental branching ratios
given in Egs. (29)—(34). Note that there are two equivalent
solutions for 6,,;,, as the mixing angle enters quadratically
into the decay rate formula Eq. (42). As an additional
physical constraint, we choose to impose the relation

v, = s vy, (75)
mM

between the strange and nonstrange components of the
f0(980) wave function. This forces the strange component
to be wider in momentum space, the size parameter v,
being divided by m? in the Gaussian wave functions given
in Eq. (16) or Eq. (21), assuming that |5s) is more tightly
bound and compact in configuration space. This effectively

“The routine MINUIT [58] has been used to minimize the X2
in this work.
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reduced parametrization proves to be decisively more sta-
ble, while not spoiling the fit.

We will see that this first simple approach, a two
parameter fit attempting to reproduce all data listed in
Eqgs. (29)—(34), to which we will refer to as fit 1, provides,
partly because of the large experimental errors, a fair
agreement with the data though not entirely satisfactory.
Indeed, so far we a priori miss relevant physics in these
decays such as corrections to simple tree-order topologies.
We must include higher-order and power suppressed con-
tributions in the appropriate channels. We here consider
penguin and annihilation topologies which we now discuss
in turn.

In the decays discussed in Sec. IV C, penguin topologies
only contribute to the D™ — fom™, D} — f,K* and
D — fom® amplitudes. The magnitude of the CKM ma-
trix elements [3] implies that for charmed penguins the
penguin contributions can be and are usually discarded
since V.V, = V.V, is 3 orders of magnitude larger
than V., V;,. Nonetheless, in order to try to even more
constrain the scalar mixing angle, we have inserted phe-
nomenological penguin amplitudes where they are
operative.

We have parametrized these contributions by a universal
amplitude so that we have only modified the linear combi-
nation of Wilson coefficients, a;:

a;=a; + X,(p, 8, with X,(p, 6,) = p,exp(id,),
(76)

which leads for the amplitude A(D* — fymr") to the
substitution

AD" — fom*) =AD" — fomr™)

GF .
T VeaVialmye = i)
Di—fe . .
X fﬂf() (m77-+) SIHGmixXp(pp’ 8p)’

(77)

and similarly for the other two channels with the same
Xp(pp, 6,) = ppexp(id,).

As has been argued in Refs. [29,59], weak annihilation
amplitudes are not negligible for the decays D — PP, SP
and are comparable to the tree amplitudes. This occurs
because these annihilation amplitudes, denoted in the lit-
erature by W exchange or W annihilation topologies, can
receive contributions from long-distance final-state inter-
actions. At the hadronic level, the quark rescattering is
manifest in s channel resonances and the W-exchange
topologies receive contributions from, for example, the
0~ resonance K(1830) [59]. Thus, we introduce a phe-
nomenological annihilation term, X,(p,, 8,), in the D? —
f0(980)K° decay channel such that

PHYSICAL REVIEW D 79, 076004 (2009)
A(D° = f,(980)K°) = A(D° — f,(980)K°)

sinﬂmix

>
with X,(p,, 8,) = p,exp(id,). The modulus p, and phase
o, are free parameters, the natural scale of p, is in prin-
ciple given by the decay constants f3, f%, and f;. We
stress that neither the contribution from penguin nor from
annihilation amplitudes will allow to resolve the ambiguity
on the mixing angle ;.

In the following we introduce the effective transition
form factors which, in the nonstrange sector, read

+ GFXa(paJ 6(1) (78)

sinﬁmix

For (@) = Fo (@) 7% (79)

and in the strange one
For""(q?) = Fo1"(¢%) cosOimy. (80)

In principle, the six parameters should be fit to the
branching ratios listed in Egs. (29)—-(34). It turns out, as
expected from the arguments given above, that in both
approaches, CLFD and DR, the contributions of the pen-
guin amplitudes are vanishingly small and do not lead to
any improvement of the fit while the mixing angle maxi-
mally changes by 1°. In fact, the phase of the penguin
amplitude is nearly zero and the modulus is very small. We
conclude that we may just ignore its contribution. We will
therefore refer from now on to fit 2 as a four parameter fit
which includes solely the annihilation amplitudes as cor-
rection to the tree level.

Before discussing in details the results of our calcula-
tions, we wish to point out the large experimental errors
that appear in the constraining data. There are furthermore
inconsistencies in these data as can be seen for instance in
the FOCUS experiment [18], for the D" — f,7" channel.
Here, we observe a discrepancy in the decay magnitude
between the channels where the f,(980) decays into a two-
pion or two-kaon pair as well as in their errors. Partly, this
may be ascribed to the use of the different branching
fractions B(fy — 7+ 7 ) and B(f, — KT K™).

Considering the theoretical ratio R, = A(D" —
for ")/ A(D* — f,K") and the corresponding one for
the D] meson, R,= A(D} — fou*)/AD] —
foK™), one observes that they are equivalent when work-

ing at the tree level approximation for the decay amplitude

D

if one assumes that F; —fo (¢?) has roughly the same value

for g = m2 and m% and similarly for F57/°(¢%). Using
Eq. (40) for the decay amplitudes of these channels, the
ratios R, and R, are proportional to the same CKM matrix
elements, V', and V;, and to the pion and kaon decay
constants; they are of the order of 4.

Experimentally, though, this order of magnitude is
strongly violated when data from FOCUS (BR(D* —
foK*) = (3.07 £ 1.65) X 10~%), from E687 (BR(D; —
forrt) = (3.92 £ 2.63) X 1072), as well as from FOCUS
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Fit 1 (12 branching ratios and 2 parameters): comparison of experimental with theoretical branching ratios. The fit

parameters are found in Table II and a best fit yields y?/d.o.f. = 33.25/(12 — 2) = 3.33 with DR and y?/d.o.f. = 30.63/(12 — 2) =

3.06 with CLFD.

Channel BR Exp. BR Th. (DR) X’ BR Th. (CLFD) X’
D — fom*
(E791 [22]) (3.80 = 1.17) X 10™* 2.7 X 1074 0.88 2.90 X 10~* 0.58
DO —>f0120
(ARGUS [19]) (6.40 =2.07) X 1073 8.32 X 1075 9.30 1.86 X 10~* 9.00
(CLEO [17]) (5.00 = 1.52) X 1073 8.32 X 1077 10.37 1.86 X 1074 9.94
(BABAR [20]) (9.60 = 8.55) X 103 8.32 X 1073 1.24 1.86 X 1074 1.21
D+ —_— f0K+
(FOCUS [18]) (3.07 = 1.65) X 1074 1.43 X 1075 3.16 3.26 X 1075 2.77
(FOCUS [18]) (1.22 = 0.75) X 1074 1.43 X 1073 2.04 3.26 X 107 1.41
D{ — fomr*
(E687 [24.,25]) (3.92 +2.63) X 1072 1.43 X 1072 0.89 1.42 X 1072 0.89
(E791 [21]) (1.14 = 0.38) X 1072 1.43 X 1072 0.56 1.42 X 1072 0.56
(FOCUS [18)) (1.90 + 0.61) X 1072 1.43 X 1072 0.58 1.42 X 1072 0.57
(FOCUS [18,29]) (5.60 * 3.08) X 1072 1.43 X 1072 1.82 1.42 X 1072 1.82
D{ — foK™
(FOCUS [18)) (2.24 + 1.49) x 1073 0.77 X 1073 0.96 2.13 %1073 0.01
D() - fo,n.()
(CLEO [46,47]) (1.10 £ 0.97) X 107° 2.20 X 1076 1.31 2.41 X 107° 1.84

TABLE II.

The scalar-meson parameters, v, and 6,,;,, obtained in the CLFD and DR approaches with fit 1 (see Table I). Note that v,

and Ny are given by Eq. (75) and by Egs. (26) or (28), respectively.

Vll

amix Vs NS

CLFD (3.20 = 0.40) X 1073
DR 0.014 = 0.012

32.0° = 4.8°
41.3° £5.5°

(4.64 = 0.58) x 1073 2.00
0.021 £0.017 341

(BR(D] — fom™) = (5.60 = 3.08) X 1072) are used.
These data appear to be incompatible with the other data.
Hence, we shall study two cases in the four parameter
minimization space, one with 12 data, referred to as fit
2a, the other with 9 consistent data referred to as fit 2b.

B. The f, wave function

Table I, which corresponds to fit 1 (with 2 parameters
and 12 branching ratios), shows that the factorization
model at the tree level order allows for a fair representation
of the data with reasonably well defined parameters v, and
O mix given in Table II. An obvious discrepancy occurs for
the Dy — f,K° channel, the apparent agreement with the
BABAR data [20] being only due to the very large experi-
mental error.

The stability of our fit is illustrated in Fig. 4 for both
approaches. The x?/d.o.f. function is, in both cases
(CLFD and DR), smooth and has well defined minima
as a function of the mixing angle 6,,,. We find a mixing

y/d.of.
T
|

4
P B T A S S I
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

)

mix

= N\
) T NI N X T TN S T T B i

FIG. 4 (color online). The variation of x?/d.o.f. as a function
of the mixing angle 6. It corresponds to the fit 1 where 12
branching ratios are fitted with 2 parameters. The full and dashed
lines correspond to the DR and CLFD results, respectively.
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1.37 with CLFD.
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TABLE III. Fit 2a (12 branching ratios and 4 parameters): comparison of experimental with theoretical branching ratios. The fit
parameters are found in Table IV and a best fit yields xy?/d.o.f. = 12.73/(12 — 4) = 1.59 with DR and y?/d.o.f. = 10.95/(12 — 4) =

Channel BR Exp. BR Th. (DR) X’ BR Th. (CLFD) X’
D — fom*
(E791 [22]) (3.80 = 1.17) X 10™* 2.64 X 1074 0.97 2.73 X 1074 0.80
DO —>f0120
(ARGUS [19]) (6.40 = 2.07) X 1073 5.58 X 1073 0.16 5.57x 1073 0.15
(CLEO [17]) (5.00 = 1.52) X 1073 5.58 X 1073 0.15 5.57 X 1073 0.14
(BABAR [20]) (9.60 = 8.55) X 103 5.58 X 1073 0.22 5.57 X 1073 0.22
D+ —_— f0K+
(FOCUS [18]) (3.07 = 1.65) X 1074 1.40 X 1075 3.16 3.09 X 107 2.81
(FOCUS [18)) (1.22 £0.75) X 10~* 1.40 X 1075 2.05 3.09 X 1073 1.46
D{ — fomr*
(E687 [24.,25]) (3.92 +2.63) X 1072 1.44 X 1072 0.88 1.43 X 1072 0.89
(E791 [21]) (1.14 = 0.38) X 1072 1.44 X 1072 0.61 1.43 X 1072 0.58
(FOCUS [18)) (1.90 = 0.61) x 1072 1.44 X 1072 0.54 1.43 X 1072 0.56
(FOCUS [18,29]) (5.60 * 3.08) X 1072 1.44 X 1072 1.81 1.43 X 1072 1.81
D{ — foK™
(FOCUS [18)) (2.24 + 1.49) X 1073 7.78 X 1074 0.95 2.14 X 1073 0.01
D() - fo,n.()
(CLEO [46,47]) (1.10 £ 0.97) X 107° 2.16 X 1076 1.20 2.28 X 107° 1.49
TABLE IV. Same as in Table II but annihilation included (fit 2a, see Table III).
Vy Gmix Pa Vg NS
CLFD (3.19+0.32) X 1073 31.2° =3.7° 0.23 = 0.05 (4.62 = 0.46) X 1073 2.00
DR 0.014 = 0.012 40.9° *+ 7.4° 0.35 = 0.42 0.021 = 0.017 3.42

TABLE V. Fit 2b (9 branching ratios and 4 parameters): comparison of experimental with theoretical branching ratios. The fit
parameters are found in Table VI and a best fit yields y?/d.o.f. = 6.82/(9 — 4) = 1.36 with DR and x*/d.o.f. = 5.37/(9 — 4) = 1.07

with CLFD.
Channel BR Exp. BR Th. (DR) X2 BR Th. (CLFD) X2
D+ _’f()77+
(E791 [22]) (3.80 = 1.17) X 10™* 2.63 X 1074 0.99 2.68 X 1074 0.91
D° — f,K°
(ARGUS [19]) (6.40 = 2.07) X 1073 5.57 X 1073 0.15 5.57 X 1073 0.16
(CLEO [17]) (5.00 = 1.52) X 1073 5.57 X 1073 0.14 5.57 X 1073 0.14
(BABAR [20)) (9.60 = 8.55) X 1073 5.57 X 1073 0.22 5.57 X 1073 0.22
D+ — f0K+
(FOCUS [18]) (1.22 +0.75) x 10~* 1.42 X 107 2.04 3.03 X 1073 1.48
Df — forr*
(E791 [21]) (1.14 = 0.38) X 1072 1.37 X 1072 0.37 1.35 X 1072 0.32
(FOCUS [18]) (1.90 + 0.61) X 1072 1.37 X 1072 0.71 1.35 X 1072 0.76
Df — foK*
(FOCUS [18]) (2.24 = 1.49) X 1073 0.75 X 1073 0.98 2.05 X 1073 0.01
D’ — fom®
(CLEO [46,47]) (1.10 = 0.97) X 10°° 2.15x 107 1.18 2,22 X 107° 1.35
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TABLE VI. Same as in Table IV but for fit 2b (see Table V).
vy emix Pa Vs NS
CLFD (3.09 = 0.36) X 103 31.5° =5.0° 0.23 = 0.25 (4.49 = 0.52) X 1073 1.93
DR 0.017 £ 0.010 41.6° £17.1° 0.34 = 0.41 0.024 = 0.014 3.84

angle 6, = 32° =4.8° with the CLFD model and
Omix = 41.3° £5.5° for the DR model and the symmetric
angles with respect to 90°. These value are in fair agree-
ment with the ones estimated from D" — f,(980)7" and
D} — ¢ decays [3], which cover the rather wide range
20° = 0 < 40° and 140° = 6 =< 160°.

The addition of an annihilation amplitude in that channel
D — £,(980)K" does considerably improve the quality of
the agreement with the complete set of data (fit 2a), as seen
in Table III. The results for the parameters v, and 6,
(Table IV) are extremely stable as compared to those of fit
1 (Table II).

Finally, retaining only the nine consistent data as ex-
plained above, we obtain (fit 2b) a further improvement of
the x?/d.o.f. illustrated in Table V. The wave-function
parameters (Table VI) for the CLFD model are stable as
compared to those in Tables II and IV, whereas for the DR
model, the range parameter increases by about 20% while
the mixing angle remains stable. As for fit 1, the stability of
fit 2b is illustrated in Fig. 5 in both approaches. The
)(2 /d.o.f. function is, in both the CLFD and DR models,
smooth and has well-defined minima as a function of the
mixing angle 6,,.

The prediction for 6,,;, differs by about 10° in the two
approaches. This can be explained as follows; in both
approaches we employ equal Gaussian parametrizations
of the vertex functions introduced in Egs. (16) and (21),
yet the dynamics that enters the loop diagram associated
with the meson normalization differs somewhat in each
case. In particular, in the DR approach the condition in

D B B o B e e e e e B B mea o B

PR Y Y I I S I T I N I A O B B
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

mixing

FIG. 5 (color online). Same as in Fig. 4 but for the fit 2b where
9 branching ratios are fitted with 4 parameters.

Eq. (9) implies a vertex renormalization due to soft rescat-
tering of the constituent quark in the vicinity of the meson
pole mass M?. These modifications in the calculation of the
normalization already cause differing normalization values
in the case of the heavy pseudoscalars. As seen in Table IX
in Appendix A, although the values of » are very close in
both models, the normalizations are quite different. This
feature of the normalization is even more apparent for the
f0(980) but, in addition, the size parameters v are an order
of magnitude apart which results in different weights and
ranges of the bound state vertex functions. These unequal
weights enter the form factor calculations where they are
compensated by the different normalizations Ng in both
models. However, another degree of freedom comes into
play here, namely, the f,(980) mixing angle whose value
can also compensate the Gaussian weights and thus com-
petes with the normalization. Since for small momentum
transfers, g> = m% and m%, the effective form factors of
CLFD and DR [see Egs. (79) and (80)] must be very close
in order to fit the data, the product of Ny, the Gaussian
weights and the sine or cosine of the mixing angle in the
decay amplitudes Eq. (40) must agree up to small varia-
tions inherent to a fit with two different models. The
normalization Ng being not equal in CLFD and DR, this
results in the observed variation of about 10° in the mixing
angle.

Al fits of the branching ratios only constrain the f,(980)
wave function at very small relative momenta k2, of the
quark pair as given in Eq. (20). Though the introduction of
the annihilation amplitude considerably improves the fit,
its consequences on the scalar-meson parameters are rather
limited.

C. P — S transition form factors

With the parametrization of the scalar-meson wave
function in Table VI, resulting from fit 2b, we compute
the pseudoscalar to scalar transition form factors D —
£0(980)™, D, — £,(980)®) and can now predict B —
£0(980)" and B, — £,(980)"). Indeed, with the values
of Table IX in Appendix A, we can compute, employing
Egs. (56), (57), (64), and (74), the PS — S transition form
factors D — £(980)"), D, — f(980)), B — £,(980),
and B, — f,(980) for any kinematically allowed mo-
mentum transfer g2. In the CLFD formalism this is done
for g2 > 0 whereas in DR these form factors are evaluated
for spacelike and timelike values of ¢>. Since we compare
the two models, we only consider the positive range of g2
The momentum-transfer dependence of the effective
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TABLE VII. Effective scalar and vector form factors Fy(g?)
and F,(g?) [see Egs. (79) and (80)] for various typical timelike
momentum transfers, ¢*, in D — f,(980) transitions in the
CLFD and DR approaches, respectively, (see Figs. 6 and 7).
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FIG. 6 (color online). Effective form factors F(¢*) and F,(q?)
[see Eq. (79)] calculated with the parameters of fit 2b for D —
f0(980) transitions. In the DR model, the full and dotted lines
correspond to F,(g*) and F,(q?) respectively, and similarly for
the dashed and dot-dashed lines in the CLFD model.
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FIG. 7 (color online). Same as in Fig. 6 but for D, — f,(980)
transitions [see Eq. (80) for the definition of F(¢?) and F,(g?)].

Fy(¢?) and F,(q?) form factors is plotted in Figs. 6 and 7
for the D and D transition form factors in both models. It
is worthwhile to mention that, in the DR formalism, the
anomalous contribution to the form factors, namely, the
second term in Eq. (74), only sets in for momenta of g*> =
0.6 GeV? in D(;) — f(980) transitions. Therefore, in the
momentum range of interest here, this contribution is
negligibly small and only the Landau part of the integrals
is of interest. To make these effective form factors readily
available, we assemble in Tables VII and VIII a list of their
values for a few specific values of ¢, namely ¢*> = m%, m%
and m?.

As can be read from Table VII and Fig. 6 and 7, both
models are in fair agreement for the range of timelike

momenta 0 < g?> < 0.1 GeV? in the transitions D —

2

2

2

2

q mZ my my,
CLFbD DR CLFD DR CLFD DR
Fé)_'f” (g% 0.21 0.22 0.28 0.18 0.38 0.17
FP7(g%) 021 022 033 022 094 026
FP=h(g?) 045 046 067 041 102 032
FP™h(g?) 045 046 075 048 186 053
TABLE VIII.  Same as in Table VII but for B, — f((980)
transitions (see Figs. 8 and 9).
CLFD DR CLFD DR CLFD DR CLFD DR
Fg_’f‘](qz) 0.12 012 0.13 012 0.14 0.12 0.23 0.13
Ff_’f‘)(qz) 0.12 012 0.14 012 0.15 013 0.28 0.15
F g s—Fo (¢®>) 040 029 041 030 047 030 074 0.29
F?‘Hfo (¢®>) 040 029 043 030 051 031 089 035

£0(980)™ and D, — f,(980)"9). This is expected as in the
fit we fix the model parameters via the effective form factor
Fo(q?) for g*> = m2 and m% barring any other changes in
the decay amplitudes of Eq. (40).

For the B to scalar transitions,5 the kinematically al-
lowed range is much larger than extending the momentum
transfer squared up to 15 GeV?. Hence, once again, we
do not consider contributions of the anomalous term in
Eq. (74) in the DR formalism. The effective form factors
Fy(g?) and F,(g?) are plotted in Figs. 8 and 9. Table VIII
gives a few values at g> = m%, m, m3 and m}. In Fig. 8,
for the B — f, transition, one observes similar results to
those obtained for the D to scalar transitions, whereas for
the B, — f, the difference between the DR and CLFD
predictions is considerable as can be seen in Fig. 9.

The magnitude of the slopes for F(¢g?) and F;(g?) point
at different dynamical features for larger ¢> despite the use
of similar vertex functions in both CLFD and DR. This is
true, in particular, for large g> =~ m? values in B — f,(980)
transitions where one expects perturbative QCD effects to
be relevant. It is likely that the Gaussian vertex form of the
Bethe-Salpeter amplitudes which describe both the heavy
pseudoscalar and the light(er) scalar bound states are not
appropriate at large momentum transfers. In the D decays,
the differences are even more pronounced—whereas at the
maximum recoil point g> = 0 the DR approach values for

SQur attention has been drawn by R. Dutta [60] to a work with
S. Gardner where they obtained similar results with the use of the
constituent quark model combining heavy quark effective theory
with chiral symmetry in the light quark sector.
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FIG. 8 (color online).
transitions.

Same as in Fig. 6 but for B — f;(980)

F,(g?) are slightly larger in magnitude than those from
CLFD, they evolve more slowly and at g2,, the CLFD
predictions are considerably larger, as seen in Figs. 8 and 9.
In this case, the momentum transfer range 0 =< ¢’ <
0.6 GeV? is lower than the meson mass m?, and the process
should be more dominated by soft physics. Therefore, the
deviations between DR and CLFD cannot be ascribed to
the behavior of the vertex functions and are intrinsic to the
dynamical assumptions in either model. A feature of the
DR model is that the function f_(g?) decreases more
rapidly than f, (¢?) increases, in particular, for the D —
f0(980) transition form factors. This steeper slope as well
as the factor ¢°/(mp —m7) which is larger than
q*/(m% — m}o) in Eq. (57) also explain the negative slope
of Fy(g?) for the D — f,(980) transitions. However, the
difference with the CLFD form factor prediction is striking
and only in the momentum domain of the pion and kaon
mass can agreement be found. The problem of model
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FIG. 9 (color online). Same as in Fig. 7 but for B, — f,(980)
transitions [see Eq. (80)].
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dependence appears at larger momentum transfer, where
various models yield rather different results, whereas at
g*> = 0 Ref. [60] seems to confirm our results.

Regarding the general behavior of the transition form
factors, in DR one observes that they are very sensitive to
the function b, which strongly depend on the quark mass
difference [Eqs. (B4) and (B5)]. In CLFD, the form factors
are controlled by the function (), introduced in Eq. (65),
which forces Fy(¢?) and F,(g?) to behave as 1/(a + B¢?)
and therefore become very large at the kinematical limit
whenever the denominator tends to zero.

It is worthwhile to recall that quark model predictions
have a constituent mass dependence causing a systematic
error in the computation of the form factors. This is in
particularly true for the light sector where it is known that
the dressed-quark mass receives strong momentum-
dependent corrections at infrared momenta, an expression
of dynamical chiral symmetry breaking. The enhancement
of the mass function in the light-quark propagators is
central to the occurrence of a constituent-quark mass scale.
On the other hand, the impact on heavy-quark propagators
of chiral symmetry breaking is much less marked for
c-quarks and even less so for b-quarks. It can be shown
that the heavy propagator S(p) = (f — mg)~" is justified
for b-quarks and to a certain extent also for c-quarks [61].
Thus, in the approach of identical propagators for light and
heavy quarks, with a light constituent mass of m, , =
0.35 GeV, a certain mass-dependent uncertainty is im-
plicit. We also remind the reader that both D and B mesons
are lightly bound and that the bound state condition M? <
(m; + m,)? is only fulfilled in the quark model if the light-
quark mass is chosen to be large. However, since we make
use of the features of confining models, this constraint does
not affect our predictions.

As an example, if we choose for the light-quark mass
m, , = 0.25 GeV, modifications of the form factors mag-
nitude at larger g> values are not insignificant. In the DR
approach, for instance, a decrease of the light-quark mass,
which implies a readjustment of the meson parameters to
fit their decay constants, Fy(g?) and F,(g>) evolve more
rapidly and overall we observe modifications of the order
of 10% for g? up to the squared kaon mass. Changes in the
strange quark mass scarcely alter these form factors on the
other hand. This observation is more striking for D —
f0(980) transitions, where the heavy-light quark mass dif-
ferences (m, — m,)?> and (m, — m,)> are smaller than
when a b-quark is involved. A proper treatment of dressed
light-quark propagators should remedy this situation.

VIII. EPILOGUE

We have investigated the role of the scalar meson
f0(980) in quasi—two-body decays of Dy and B(;) mesons

focussing on the weak transition form factors D) —
£0(980)) and By — £,(980)), which are of particular
interest to flavor physics. In order to obtain a consistent
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parametrization of the f;(980) wave function, we first
applied a simple factorization ansatz to these D decays
where the approach is reasonable. Here, the quasi—two-
body D(;) — f((980)P branching ratios are deduced from
the experimental ones for D) — wm, KK and the
knowledge of the f,(980)— 77~ and f,(980)—
K*K~ branching fractions. Once the scalar-meson pa-
rameters are determined by fitting the matrix element
D) — f0(980)) to experimental data, they are readily
available for other flavor changing matrix elements involv-
ing the b-quark although in that case the approach is on less
firm grounds. The short-distance physics in the factoriza-
tion is known from perturbation theory applied to the
operator product expansion and codified in terms of
Wilson coefficients. The long-distance effects concern
two sets of form factors; namely, the experimentally known
decay constants and the heavy-to-light transition form
factors. The latter are nontrivial objects which involve
quark as well as hadron degrees of freedom. In our ap-
proach, we have modeled these form factors with triangle
diagrams (at the tree level) in the impulse approximation.
The mesonic Bethe-Salpeter amplitudes are described by
Gaussian two-quark vertex functions which introduce size
parameters. In the case of the scalar meson, we also need a
mixing angle between the strange and nonstrange compo-
nents of its wave function for which we assume the sim-
plest possible quark structure. That is to say, we neglect
higher Fock states or possible hadronic dressings which
may enrich the gg state with other components such as
|KK), |7rm) etc. in order to perform an actual calculation.
As noted previously in Secs. [ and II, a consequence of the
mixing is the presence of a strange component in the o or
f0(600) state, strange content which does not seem to be
experimentally observed. A specific discussion of the
structure of this broad state is outside the scope of the
present study and would require, as we just pointed out, to
work beyond the simplest two-quark structure.

In this work, we have examined two different but ex-
plicitly covariant approaches to establish the model depen-
dence of the form factors. In both model calculations, the
impulse approximation is used and quark masses as well as
dynamical assumptions are the identical, though certain
kinematical aspects differ. In particular, in the DR ap-
proach internal quarks are put on-mass shell and the am-
plitudes are expressed as double dispersive integrals of the
triangle diagram’s discontinuity over initial and final mass
variables. In contrast to the DR approach, in the CLFD
calculation the integration is performed over the internal
loop momenta. Moreover, even though the Bethe-Salpeter
amplitudes of the D ;) and f,(980) have identical Gaussian
forms, the meson vertex normalization is not identical in
both models.

These differences may be the origin for certain discrep-
ancies we find in our results. In fitting the set of experi-
mental D) — f,(980)P branching ratios, we do obtain

PHYSICAL REVIEW D 79, 076004 (2009)

similar values for the mixing angle. Overall, the fit quality
is comparable and rather good given the large experimental
errors. However, while at small momentum transfer,
around the light meson masses m2 and m%, we find very
similar transition form factors, for larger values of g?
where no experimental constraints exist the discrepancy
is obvious. In the case of B, — f((980) transitions,
stronger deviations between both models are observed.
For the D) — f((980) transitions, the discrepancy is al-
ready obvious for g> =< m?% as seen, in particular, in the
different slopes of F,(g?) obtained in DR and CLFD. This
is also a hint that the constituent quark model may be
reliable solely for a certain domain of g>.

Clearly, dynamical aspects of QCD, such as running
quark masses, are important in the computation of these
form factors.

Furthermore, the parametrization of the heavy mesons
depends on the precise knowledge of the pseudoscalar
decay constant. As confinement is only approximately
achieved and dynamical chiral symmetry breaking not
realized in either model calculation, some of the uncer-
tainty defies any quantification. When these formalisms are
applied to calculations which can be compared to observ-
ables such as decay constants, typical deviations from the
experimental values are of the order of 10%—15%. Given
the large errors in the experimental D) — w7, KK
branching fractions and the still elusive structure of the
scalar f,(980), assuming a gg composition, this provides a
lower bound of our theoretical error® which we estimate to
be of the order of 25%.

Nonetheless, we consider that there is a domain of
validity for these models which overlaps with the typical
momentum transfers ¢> that occur in leptonic as well as
nonleptonic weak decays of D(, and B(, mesons. The
present study provides a first calculation of heavy pseudo-
scalar to scalar meson transition form factors at the exact
momentum-transfer values ¢*> = m%, m%, m} and m}
without resorting to any extrapolation. Surely, this work
leaves plenty of room for improvement; obviously a better
understanding of the scalar-meson structure is of foremost
concern, but a more genuine realization of confinement and
dynamical chiral symmetry breaking is also desirable.
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APPENDIX A: PSEUDOSCALAR MESONS IN THE
QUARK MODEL

1. CLFD

For a pseudoscalar particle composed of an antiquark
and a quark, of mass m; and m, respectively, the general
structure of the two-body bound state has the form:

¢(qq’)’
fmmﬁwun)%wm

(99" _ :
Yp with (Al

(qq") _
P

where v(k;) and ii(k,) are the usual Dirac spinors, and
A(qq )(x, R2 1) is the scalar component of the wave function

written as

AYD(x, R3) = AYT(k?) = exp(—4vk?/m2,),  (A2)

where Np and v are parameters to be determined by
comparison with experimental data; the reduced mass is
my, = mym,/(m; + m,) and k? is given by Eq. (6). For
the pseudoscalar mesons we make use of the experimen-
tally well established values for their decay constant.

In CLFD the normalization condition for a pseudo-
scalar meson of zero total angular momentum reads as
follows:

1=[ D, 0,R)Y i)y
ORy) AZAZ n Y

(qq')*

P (A3)

where, in close analogy with Egs. (25), one has

i N3
> O =5 Tl + mo)AT (6 RY)

A Ay

X ys(ky — m)AY (x, R )ys], (A4)

so that, finally,

1=N,%/ ~ D(x,6,R))
(x,6,R )

o[

_ X)ml)z][Ag]q/)(x’ Ri)]2}’

(A5)

where one recalls that D(x, 8, R |) is the invariant phase
space element already defined in Eq. (24).

2. Dispersion approach

Similarly, the two-body bound state for pseudoscalar
meson is given here by

PHYSICAL REVIEW D 79, 076004 (2009)

O0(—ky)iys0“(ky)
VN¢

where Q%(k;, m;) represents the spinor state of the con-
stituent quark of color a and N = 3 the number of quark
colors. Since for a confining potential the strong interaction
does not produce a pole at s = M? in the physical region
(in the harmonic oscillator approximation of the quark
model the Gaussian functions are smooth), the vertex
function G,(s) can be related, as in Eq. (8), to a wave
function representation of the form

(P(ky, ky)|0Q) = G,(s),  (A6)

Yp(s) = Gy(s)/(s = M?) = Nppp(s), (A7)
where Np is a normalization factor and
— (2 — 12)2
bl = V= M L. )
m
In Eq. (A8), the function w(k) is chosen to be
w(k) = exp(—4vk?/m?,), (A9)

where m, is again the reduced mass. As in CLFD, we
determine the normalization, Np, and fit the size parameter
v so as to reproduce the experimental decay constants. In
the dispersion approach the relativistic normalization
Eq. (9), by the appropriate choice for the wave function,

reduces to the simple integral
2 (8v\i4
=y ms,)

(A10)

1=N2 [ T WAk)iRdk,  with Np =
0

3. Decay constant of the pseudoscalar mesons

According to the usual definition, the decay amplitude is
E# = (0|J°*|P) where J* is the axial current. Since our
formulation is explicitly covariant, we can decompose Z*
in terms of all momenta available in our system, i.e. the
incoming meson momentum p* and w#. We have there-
fore:

E* = fpp* + Bow*, (A1)
where fp is the physical decay constant. In an exact
calculation of = o B should be zero. Since w? = 0, the
decay constant can easily be obtained according to

il

cw

fr= .
*p

(A12)

g

Using the diagrammatic rules of CLFD, we can calculate
E# and including color factors, one gets
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TABLE IX. The pseudoscalar-meson parameters, Np and v, in
the CLFD and DR approaches. The normalization Np is either
calculated with Eq. (A5) or Eq. (A10). The wave-function range
parameter v, which enters the theoretical evaluation of the decay
constants in Eq. (Al4) and (Al15), is fitted to reproduce the
experimental values of the decay constants of Egs. (50).

D D, B B,
CLFD N, 9976 7340 5880 3833
v 0.046 0.061 0.049 0.059
DR Np 4.395 3.443 3.937 2.646
v 0.043 0.057 0.049 0.057
4= VN, [ DWARy)
(x,a,Rl)
- 1 ,
x Tr[— 3 (K + my)—— A (x, R? )
YEY K2 2 \/5 1
X y3(my — Iél)], (A13)

where the notation O is defined as usual by O = Y2010,

The decay constant is therefore given by

fr :2\/6pr

(X,é,RL)
X Al49)(x, R?).

D(x, 0, R )[m,;(1 — x) + m,x]

(Al4)
|

2. —
Ai(sl) §o, 475 my, My, m}) -

where

B.(sy, 52, ¢%)
)l(sl’ sz: qz)
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Similarly, in the dispersion approach, taking into ac-
count soft rescatterings of constituent quarks, one obtains
a series of dispersion graphs that involve the spectral
density pp(s, m;, m,) of the Feynman quark—antiquark
loop graph given in Eq. (10). These graphs yield the
following expression for the pseudoscalar decay constant
[42]

0 ds m; +m
fp = NpNc f( — %pp(s, my, my)dp(s).

my+my)? T

(A15)

Then applying the normalization condition with the
decay constants as constraints for modelling, we obtain
the parameters listed in Table IX.

APPENDIX B: DETAILS OF SPECTRAL
DENSITIES

Note that the double spectral densities for the
pseudoscalar to  scalar transition form factors
A (sy, 5, g% my, my, m3) in Egs. (72) and (73) may be
obtained from Melikhov [42] (Sec. IIC) by the substitution
m; into —m;. This substitution is the consequence of the
different expressions of the operators in the trace entering
in Eq. (73) in the case of pseudoscalar to scalar transition
and in the case of pseudoscalar to pseudoscalar transition
[42]. Nevertheless, for completeness, we give here the
explicit expression. One has

A(sy, 50, g% my, my, ms), (B1)

B (s1, 82, ¢%) = b (s, 55, ¢P)alsy, my, m3) + alsy, my, —my) — alg?, —my, my)] + a(g?®, —my, my)A(sy, 55, ¢, (B2)

B_(sy, 53, 612) =b_(s1, 5, 42)[a(51, my, m3) + a(sy, ms, —my) — a(qz’ —my, mz)]

+ [a(sy, m3, —my) — a(sy, my, m3)]A(sy, 52, %),

with’

b_(s1, 52, ¢*) = (m3 —m3)(2s; + 255 — ¢*) + (s; — 52)(s1 + 55 — ¢* + m} + m3 — 2m3),

with a(x, y, z) = x — (y — z)?. Furthermore,

(B3)

bi(sy, 52, ¢%) = —q*(s; + 55 — ¢* + md + m3 —2m3) — (m3 — m3)(s; — s), (B4)
(BS)

a(b%—(sb $2, 612) - )l(S], 52, qz))‘(q2> m%’ m%)) ] (B6)

A(sy, 55, 612§m1, my, ms) =

16A12(sy, 55, ¢2)

The allowed intervals for the integration variables s; and s, are obtained by solving the step #-function of Eq. (B6),

s3> (my + m3)?,

(B7)

"In the expression of b_(sy, 54, ¢2) given by Melikhov [42] [see his Eq. (2.76)] there is a misprint: the relative sign between the two

term should be + as here in Eq. (BY).
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51 (52, ¢%) < 51 <57 (52, ¢%),

with

sz(m% + m% - g%+ qz(m% + m%) — (m%

— m3)(m7 — m%) -+ /\1/2(S2, m%, m%))\l/z(‘]z, m% my

PHYSICAL REVIEW D 79, 076004 (2009)
(B8)
2

2 2

Slt(sz» q2) =
2m3

The solution of the equation

K= (5 + PP =57, (BIO)
which reduces to
2 + 2 _ 2
s+ T v m—mi=0, (Bl

V7
so therefore the limit s9(¢?) appearing in Eq. (74) is
2

2 2 _
/Sg(qZ) _ g tmi—m
2g?

2 2 2
+ m7 — m5\?
+\j(7q 1 2) +m} — mi.

WG

(B12)

(B9)

2m3

Note that in Egs. (B1)-(B5) we have introduced, following
Melikhov, a lightened writing for the functions
B. (s, 55, ¢%) and b (s, 55, g°) which, we stress, depend
parametrically on the quark masses m;, m,, and ms. This is
obviously the case also for s; (s,, ¢?) and s5(g?).
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